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Part 1
Microbial Genetics and Breeding



Isolation and Characterization

of a Virulent Phage H6 Infecting
Lactobacillus brevis from the Fermented
Chinese Cabbage

Kechong Huang, Tian Zhang and Hongjiang Yang

1 Introduction

Nowadays, traditional vegetable fermentation products contain fermented cucum-
ber, kimchi, sauerkraut and fermented Chinese cabbage, and etc. They are prepared
by a variety of lactic acid bacteria (LAB) naturally present on surfaces of vegeta-
bles. The metabolic activities of LAB determine the quality and safety of the final
fermentation products [1]. Recent studies have analyzed the diversity and dynamics
of the microflora in several fermented vegetables, such as kimchi [2], sauerkraut [3]
and fermented cucumber [4, 5]. Phage is the most abundant biological entity living
on the earth widely distributed in nearly all natural niches. Many phage species
have been discovered in the fermented vegetable products. The presence of diverse
phages against LAB strains in vegetable fermentation processes can potentially
cause significant mortality to LAB, causing loss or damage to the productions.
Now, the phage ecology of several vegetable fermentations has been reported,
including sauerkraut fermentations [6, 7], and cucumber fermentations [8]. In
addition, the novel LAB phages against Weissella cibaria have been isolated from
the commercial kimchi fermentations [9].

Fermented Chinese cabbage is one of the most popular traditional fermented
Chinese foods, and it is a mainly LAB fermented vegetable product. In the cabbage
fermentation, Lactobacillus plantarum, Lactobacillus brevis and Lactobacillus
pentosus are detected as the dominant species, and others including Lactobacillus
acidophilus, Lactobacillus fermentum and Leuconostoc mesenteroides [10].

In this study, lactic acid bacteria and the corresponding phages were isolated
from the fermented Chinese cabbage samples collected in a village of Ji County,

K. Huang - T. Zhang - H. Yang (I<)

Key Laboratory of Industrial Fermentation Microbiology, Ministry of Education Tianjin,
Key Laboratory of Industrial Microbiology College of Biotechnology, Tianjin University
of Science and Technology, Tianjin 300457, China
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Tianjin. The isolated phage was further characterized, including morphology, burst
size, latent time, genome size and host range. The data of this study may provide
valuable information for the prevention of phage infection in the production of the
fermented Chinese cabbage.

2 Materials and Methods

2.1 Growth Conditions

MRS medium was composed of 20 g/l glucose, 10 g/l peptone, 8 g/L. beef
extract, 4 g/L yeast extract, 5 g/LL sodium acetate, 2 g/L. ammonium citrate, 0.2 g/L
MgS0O4, 0.05 g/ MnSOy4, 2 g/ KH,PO4, and 0.1% Tween-80 [11]. MRS
(pH = 5.0) and MRS (pH = 6.4) were used for lactic acid bacteria (LAB) isolation
and cultivation, respectively. Broth was used for liquid cultures, 1.5% solid agar
medium was used for bacteria plating, and 0.5% semi-solid agar medium was used
for phage plaque-forming assays. Both plates and liquid cultivations were statically
incubated at 30 °C.

2.2 Isolation and Identification of Lactic Acid Bacteria

The fermented Chinese cabbage samples were collected in Ji County, Tianjin,
China on March 16th, 2016. To isolate lactic acid bacteria, serial dilutions of nine
fresh fermented Chinese cabbage samples were spread on MRS agar. The identity
of these strains were determined by analyzing the 16S rDNA gene sequence [12].

2.3 Isolation and Propagation of Phage

The isolated LAB strains were used as indicator for isolating phage from the
fermented Chinese cabbage samples. In brief, added 1 mL samples to 100 mL
MRS medium, and incubated at 30 °C for 48 h to enrich phages. The phages were
isolated by the double-layer plating technique. The propagation of phage was done
as previously described in order to obtain high titer lysates [13]. Phage lysate was
filtered through a 0.2 um-pore size sterile filter and stored at 4 °C for future use.
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2.4 Transmission Electron Microscopy

The phage preparations was further treated with DNase I (1 pg/mL) and RNase A
(1 pg/mL) at 37 °C for 30 min. The treated lysate was washed ten times with
0.1 mol/L ammonium acetate solution (pH = 7.0) using the 100 kD Amicon filters.
The retained phage solution was used directly for negative staining as described
previously [14]. Photographs were taken with a JROL1011 transmission electron
microscope operating at 100 kV.

2.5 Host Range Determination

As described previously [15], spotting assay was conducted to determine the sen-
sitivity of the isolated phages to the host strains. The double-layer method was used
to further confirm the above results.

2.6 Restriction Analysis of the Phage Genomic DNA

The 100 mL phage lysate was used for phage DNA extraction using the
phenol-chloroform method described previously [16]. Purified phage genomic
DNA was subjected to digestions with several restriction endonucleases, including
EcoRl, EcoRV, Xbal, Hindlll, Smal, Stul and BamHI, respectively. The genome
size was estimated by compilation of DNA fragment sizes resulting from the seven
restriction enzymes digestion profiles.

2.7 SDS-PAGE Analysis of the Phage Structural Proteins

Purified phage particles were further filtered through the Amicon-100 filter, and
washed three times with 0.1 mol/L ammonium acetate solution (pH = 7.0). Treated
phage particles were subjected to SDS-PAGE directly, and the gel stained with
Coomassie Blue R-250.

2.8 One Step Growth Curve

One-step growth experiment was carried out according to the previous descriptions
[17]. In brief, 50 mL bacterial cells were incubated to mid-exponential-phase
(ODggp = 0.5-0.6) and harvested by centrifugation at 6000 rpm for 10 min.
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The pellet was resuspended in 0.5 mL fresh MRS medium and mixed with 0.5 mL
phage solution (I x 10° pfu/mL). Phage was allowed to adsorb for 1 min and the
mixture was subjected to centrifuge immediately at 13,000 rpm for 30 s to remove
free phage particles. The treated pellet was resuspended in 100 mL fresh MRS
medium and the culture was continuously incubated at 30 °C. Samples were taken
at 15 min intervals and phage titre was determined by the double-layer plate
method. The latent period was deduced from the triphasic curve. The burst size of
phage was calculated by dividing the phage titers at the plateau phase by the
infective centers number at the latent phase.

2.9 The Lysis Curve of Host Strain by Phage

The logarithmic cultures of the strain J68 were mixed with the phage lysate at
different MOIs (MOI = 100, 10, 1, 0.1, 0.01, 0). The 96-well plate was filled with
the 300 pL mixture per well, and the value of ODggg was measured at 2 h intervals
by ELISA reader (GS40A24).

3 Results
3.1 Identification of Lactic Acid Bacteria

Eight isolated strains from the fermented Chinese cabbage samples were confirmed
the identity by analyzing their 16S rDNA gene sequence. The resulted sequences
were deposited to GenBank and aligned to search for the most similar sequences. In
final, six collected strains were validated to be Lactobacillus brevis, other two
strains belonged to Lactobacillus plantarum.

3.2 Isolation and Titer of Phage

L. brevis J68 was used as indicator strain for virulent bacteriophages screening from
the fermented Chinese cabbage samples. A phage was eventually isolated and
named H6. Its plaques were circular, clear and transparent with smooth edge,
showing 1-2 mm in diameter. At the MOI = 0.01, titer of phage H6 reached
1 x 10° pfu/mL in MRS and 5 x 10° pfu/mL in MRS with CaCl, (2.375 g/L).
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3.3 Host Range Analysis

The susceptibility to phage H6 was investigated with isolated strains from fer-
mented Chinese cabbage samples and other strains, they included six L. brevis, six
L. plantarum, two Lactobacillus vaginalis, nine Lactobacillus reuteri, two
Weissella cibaria, one Lactobacillus curvatus and one Lactobacillus johnsonii. We
found that all six L. brevis strains were sensitive to phage H6, and other strains all
were resistant to phage H6. The sequences of 16S rDNA showed that there were
differences among six L. brevis strains. The result indicated that phage H6 might
have a broad host range and was capable of infecting multiple isolates of
Lactobacillus brevis, however, phage H6 didn’t infect lactic acid bacteria from
other genera.

3.4 Morphology Study by Transmission Electron
Microscopy

The treated phage solution was used directly for negative staining. Images of phage
H6 were developed using transmission electron microscope (Fig. 1). The obtained
image showed that phage H6 had an icosahedra head of 93.3 nm in diameter and a
long contractile tail about 166.6 nm in length, and it was classified as a lytic phage
of Myoviridae in Caudovirales.

Fig. 1 Morphology of phage
H6 with the transmission
electron micrograph method.
The scale bar represented
100 nm
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3.5 Restriction Fragment Analysis of Genomic DNA

Phage H6 was amplified and its genomic DNA was extracted. Purified genomic
DNA was digested with several restriction endonucleases, including EcoRI,
EcoRV, Xbal, HindIll, Smal, Stul and BamHI, as subsequently subjected to elec-
trophoretic analyses (Fig. 2). Based on the digestion profiles of EcoRI, EcoRV,
Xbal, and Hindlll, the genome size was determined to be approximately at the
range of 59.6-61.2 kb. The restriction enzymes analysis also indicated that phage
H6 was a dsDNA virus.

3.6 Proteomic Analysis of Phage Structural Proteins

Purified phage particles were subjected to SDS-PAGE and proteomic patterns were
obtained after Coomassie Blue R-250 staining (Fig. 3). Totally, six protein bands
were displayed on the gel with the molecular weights ranging approximately from
30 to 60 kD.

Fig. 2 Restriction fragments
analysis of phage genomic
DNA. Phage genomic DNA
was digested with EcoRI
(lane 1), EcoRV (lane 2),
Xbal (lane 3), Hindlll (lane
4), Smal (lane 5), Stul (lane
6), and BamHI (lane 7),
respectively. M1: 15 kb DNA
marker 1; M2: 5 kb DNA
marker 2
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Fig. 3 SDS-PAGE of the M  phage H6
viral structural proteins. Solid )
arrows indicated the major

proteins bands; open arrows 97.2kDa — s
showed the minor proteins 66.4 kDa — »-
bands

443 kDa — .-

AAAA A

29.0 kDa — s

20.1kDa —

143 kDa —

3.7 Latent Time and Burst Size of Phage H6

One-step growth experiment was performed to determine the latent time and burst
size of phage H6. As inferred from the triphasic curve (Fig. 4), the latent period was
about 90 min and the burst size was about 40.4 pfu/infection center.

Fig. 4 One-step growth 1.ODE+05 3
curve. Latent time and burst
size of phage H6 were
inferred from the triphasic
curve. L: latent phase; R: rise
phase; P: plateau phase

1.00E+04 4§

3 L i R =P
1.00E+03 M
1 *

1.00E+02

Plaque titer (pfu/mL)

0 15 30 45 60 75 90 105120135150 165 180 195 (min)
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Fig. 5 Lysis curve of host
strain by phage H6 with
different MOIs

0 ' T . T . T L T ' T ' T b 1
0 2 4 6 8 10 12 14 (b)

3.8 Lysis Curve of Host Strain by Phage H6

The lysis ability of phage H6 to the Lactobacillus brevis J68 was measured at
different MOIs. As shown in Fig. 5, with the increase of phage titeres, the bacte-
riostatic ability of phage H6 gradually strengthened. At the MOI = 1, the growth of
strain J68 appeared to decline in the 10th hour; the strain J68 hardly grew at the
MOI = 10 or 100.

4 Discussion

To achieve high quality of fermented products, knowledge about the diversity,
abundance, and property of phages in vegetable fermentation products are essential
for developing phage control strategies. Lu et al. [6] investigated the ecology of
phages infecting lactic acid bacteria in commercial sauerkraut fermentations, the
result indicated that the phages against Leuconostoc, Weissella and Lactobacillus
were widely existed in sauerkraut fermentations. In one recent study, a high abun-
dance of phage DN A was found in kimchi fermentation [18]. And several LAB phages
against L. plantarum and Pediococcus sp. have been isolated from commercial
cucumber fermentations [7, 19]. Bacteriophage infection was a well-recognized
problem in industrial food fermentations and a variety of countermeasures were
employed to control the problem [20]. Therefore, the gain of more information about
bacteriophages in vegetable fermentation products was essential to the phage-control
strategies.

In this study, a virulent phage infecting L. brevis was isolated from fermented
Chinese cabbage samples, and its biological characteristics were determined. The
restriction analysis indicated that phage H6 was a dsDNA virus with an approxi-
mate genome size of 59.6-61.2 kb, but, it was uncertain that phage H6 genome was
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linear or circular. The analysis of phage H6 structural proteins showed that there
was a huge protein band at 60 kD, we speculated that it contains several protein
bands and this assumption can be verified by mass spectrometry. The data from this
study can provide more information about L. brevis bacteriophages. The objectives
of this study were to provide more formulation in order to prevent infection of
bacteriophages in fermented Chinese cabbage.

Acknowledgements This work was partly supported by The National Natural Science
Foundation of China (Grants 31370205 and 30970114).
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Molecular Cloning and Biochemical
Characterization of Oligo-1,6-Glucosidases
from Bacillus subtilis and Bacillus
licheniformis

Xiaoming Hao, Ke Cai and Zixing Dong

1 Introduction

Oligo-1,6-glucosidase (O-1,6-G, EC 3.2.1.10), belonging to the subfamily 31 of the
glycoside hydrolase family 13 (GH13_31) [1] catalyzes the exo hydrolysis of a-1,6-
glucoside bonds from the non-reducing ends of o-limit dextrin, isomaltose and
other isomaltooligosaccharides (IMOs), but has no activity towards o-1,4-glucoside
bonds of malto-oligosaccharides [2]. Acting together with maltase, oligo-1,6-glu-
cosidase can completely hydrolyze o-amylase dextrins, allowing the complete
digestion of starch in the gastrointestinal tract of mammals [3, 4]. Moreover, since
novel oligosaccharides are finding increasing applications in biotechnological and
chemical industries, the debranching enzymes containing oligo-1,6-glucosidases are
also valuable [5].

In our study, two genes encoding oligo-1,6-glucosidases from Bacillus subtilis
and B. licheniformis were cloned and overexpressed in Pichia pastoris, and their
enzymatic properties were comprehensively investigated.
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2 Materials and Methods

2.1 Bacterial Strains, Plasmids

Escherichia coli IM109, P. pastoris strain GS115 and vector pPIC9K were
obtained from Invitrogen (Carlasbad, CA).

2.2 Gene Clone

Gene encoding oligo-1,6-glucosidase from B. subtilis (bsog) was amplified by PCR
using the primer sets Bs-1 5'-GTAAGTGAATGGTGGAAAGAAGCTGTC-3" and
Bs-2 5'-TGCTCTAGATCATATACTAATGCCCATCACTGCTT-3". And primer
sets BI-1 5-GTAAGCCAATGGTGGAAAGAGGC-3'" and Bl-2 5-TGCTCTAGA
TCATGATGTGTAATCCTTTGCCC-3" were used for blog.

2.3 Enzyme Assays

The described method [6] was used to measure the activities of oligo-1,6-gluco-
sidases from B. subtilis and B. licheniformis.

2.4 pH and Temperature Dependence of Activity

pH optima of BsOG and BIOG were analyzed by incubating them for 15 min at
37 °C as described above.

The optimal reaction temperatures of BsOG and BIOG were determined at
temperatures ranging from 15 to 70 °C at pH 6.8.

2.5 Determination of Kinetic Parameters

For determination of enzyme kinetics, various amounts of pNPG were used as
substrates, and the activities of BsOG and BIOG were measured. Isomaltose and
isomaltotriose which were dissolved in 0.2 M phosphate buffer (pH 7.0). An
Agilent 1200 HPLC system (Waldbronn, Germany) equipped with an evaporative
light-scattering detector was used for quantification and identification of various
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oligosaccharides in the samples. Separation of oligosaccharides was carried out
using a Prevail™ Carbohydrate ES 5p column (GRACE, 4.6 mm x 250 mm i.d,;
particle size, 5 pm).

2.6 Specificity Towards Natural Substrates

Isomaltose, isomaltotriose, isomaltulose, panose, maltotriose, maltose, sucrose,
amylose, amylopectin and maltodextrin used as substrates to study the specificity
towards natural substrates, were dissolved in 0.2 M phosphate buffer (pH 7.0).

2.7 Hydrolysis of Isomaltotriose and IMOs by OGs

Hydrolysis of isomaltotriose and IMOs by BsOG and BIOG were performed and
analyzed as described above except that isomaltotriose were dissolved in 0.2 M
phosphate buffer (pH 7.0) to a final concentration of 4 mM and that samples were
withdrawn at different times for HPLC analysis.

3 Results

3.1 Gene Cloning and Expression of Oligo-1,6-Glucosidases

With genomic DNA as templates, respective genes encoding oligo-1,6-glucosidases
from B. subtilis and B. licheniformis were amplified by PCR, and the fragments
obtained were 1700 bp, consistent with their theoretical sizes (bsog, 1686 bp; blog,
1707 bp). After five days of shake flask fermentation, the activities of oligo-1,6-
glucosidases of these GS115-bsog and GS115-blog were 1085 and 1037 U/mL.

3.2 Effects of Temperature on the Activity and Stability
of Recombinant Oligo-1,6-Glucosidases

Effects of temperature on the activity and stability of recombinant oligo-1,6-glu-
cosidases were examined. The temperature optima of BsOG and BIOG were 40 and
45 °C, respectively. BsOG retained 80% of its maximum activity at temperatures
ranging from 35 to 50 °C, while BIOG had 80% of its maximum activity at tem-
peratures between 40 and 50 °C. For determination of the thermostability,
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BsOG and BIOG were pre-incubated in 0.2 M phosphate buffer (pH 7.0) at 50 °C,
and the residual activities were measured at the indicated times. Incubation at 50 °C
for 20 min, BsOG and BIOG activity were not detected.

3.3 Effects of pH on the Activity and Stability
of Recombinant Oligo-1,6-Glucosidases

The relative activities of BsOG and B1OG at various pHs were measured with two
different buffer systems at 37 °C. The effects of pH over a range of 4.0-10.0 on the
activities of BsOG and BIOG. The optimal pH of BsOG and BIOG were 7.0 and
6.5. BsOG had a relatively broad pH optimum ranging from 6.0 to 9.5. The opti-
mum pH range of BIOG was 5.5-7.5.

3.4 Kinetic Parameters of Recombinant
Oligo-1,6-Glucosidases

Michaelis-Menten and Lineweaver-Burk plots were used to calculate the kinetic
parameters. Although both enzymes hydrolyzed pNPG, isaomaltose and isomal-
totriose, their kinetic parameters were different. BsOG catalyzed pNPG, isomaltose
and isomaltotriose with K, of 0.1, 0.59 and 8.60 mM. BIOG showed K, values of
0.27, 0.86 and 10.8 mM for pNPG, isomaltose and isomaltotriose.

3.5 Substrate Specificity of Recombinant
Oligo-1,6-Glucosidases

The ability of BsOG and BIOG to hydrolyze various di- and maltooligosaccharides,
as well as a-glucan polymers, such as amylose and amylopectin, was determined.
As shown in Table 1, both BsOG and BIOG hydrolyzed isomaltose, isomaltotriose,
isomaltulose, panose, sucrose, amylopectin and maltodextrin, and exhibited weak
activity against amylose. However, no activity was observed toward maltose and
maltotriose. BsOG and BIOG also exhibited o-1,2-glucosidase activity on sucrose,
in accord with the substrate specificity of isomaltase from S. cerevisiae [2]. This
restricted substrate specificity indicated that these two enzymes were oligo-1,6-
glucosidases [7]. Oligo-1,6-glucosidase prefers isomaltotriose, and hyrolyzes IMOs
and dextran [7]. On the other hand, S. cerevisiae isomaltase preferentially cleaves
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Table 1 Substrate specificity — qupgtrate BsOG BIOG

of recombinant enzymes

BsOG and BIOG Isomaltose + +
Isomaltotriose + +
Isomaltulose + +
Panose + +
Maltose - -
Maltotriose + +
Sucrose + +
Amylose —/+ —/+
Amylopectin + +
Maltodextrin + +

Note Plus sign (+) indicates exhibiting activity toward the
corresponding substrate; minus/plus sign (—/+) represents have
weak activity; minus sign (—) means no activity is detected

isomaltose and methyl o-pD-glucopyroside, but does not act on isomaltotriose and
isomaltotetraose [8]. These differences in the specificities for substrate chain-length
may be partly accounted for by the differences in the shapes of the active sites.

3.6 Hydrolysis of Isomaltotiose by Recombinant
Oligo-1,6-Glucosidases

As shown in Fig. 1, both BsOG and BIOG hydrolyzed isomaltotriose, their
hydrolysis rates were similar. Glucose increased throughout the course of the
reactions, whereas isomaltotriose decreased continuously. When isomaltotriose
was hydrolyzed by BsOG, isomaltose rapidly accumulated during the first hour
and the relative content of isomaltotriose decreased to 6.4%. At the end of this
period, the highest content of isomaltose (36%) was achieved, preceding a quick
fall in this sugar level. The relative content of panose resulting from the isomer-
ization of isomaltotriose was maintained between 6.5 and 8.0%. In contrast, iso-
maltotriose hydrolyzed by BIOG was the same as BsOG. The amount of
isomaltose rose gradually and reached a maximum (38%) at 1 h of reaction, and
slowly decreased since then. The content of panose was between 4 and 5.5% in the
process. All these findings indicated that isomaltotriose can be hydrolyzed by
BsOG and BIOG to glucose by cleaving single glucosyl groups from the non-
reducing end. After hydrolysis by BsOG and BIOG for 18 h, isomaltotriose was
completely converted into glucose, and there were no detectable panose and iso-
maltose (data not shown).
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Fig. 1 The hydrolysis process of isomaltotriose by BsOG and BIOG. a BsOG; b BIOG; down
triangles isomaltotriose; up triangles panose; closed squares glucose; circles isomaltose. The
initial concentration of isomaltotriose was set as 100%. The error bars indicate standard deviations
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Fig. 2 HPLC profiles of IMOs hydrolyzed by BsOG and BIOG for different times. a BsOG;
b BIOG; red and light blue lines represent the samples that were hydrolyzed for 1 and 4 h,
respectively. Green line represents IMOs
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3.7 Hydrolysis of IMOs by Recombinant
Oligo-1,6-Glucosidases

HPLC analysis showed only three products in each digest of IMOs (Fig. 2). One
was shown to be glucose, which was the sole product from isomaltose. Another was
identified as maltose from panose. The third product was isomaltose from isoma-
Itotriose. The hydrolysis modes of panose and isomaltotriose suggested that the
linkage to be split in each isomaltosaccharide was at the non-reducing terminal [7].
We found that isomaltotriose in IMOs was nearly completely converted into iso-
maltose and glucose after hydrolyzed by BsOG for 4 h, only a small amount of
panose left. When IMOs was hydrolyzed by BIOG, isomaltose and isomaltotriose
were rapidly converted into glucose, while panose was hydrolyzed into maltose and
glucose. At the end of the reaction, isomaltotriose was almost completely hydro-
lyzed and only a small quantity of panose and isomaltose left.

4 Discussion and Conclusion

In our study, the oligo-1,6-glucosidases of B. subtilis and B. licheniformis were
cloned and extracellularly overexpressed with the signal peptide (o-factor) of
pPICO9K in P. pastoris GS115. Previously, oligo-1,6-glucosidases from
B. thermoglucosidasius and B. cereus ATCC7064 were expressed in E. coli, only
1.7 and 22.8% of recombinant enzymes were secreted into the medium [9]. The
high activities of two oligo-1,6-glucosidases show their industrialization prospects.
Some characteristics of the recombinant enzymes BsOG and BIOG were then
investigated. Despite BsOG and BIOG, oligo-1,6-glucosidases from Bacillus
mycoides, Thermomyces lanuginosus Bifidobacterium, Aspergillus niger, A. oryzae,
S. cerevisiae, were also being expressed and characterized by our group (report
elsewhere). Our results have provided a foundation for exploiting oligo-1,6-glu-
cosidases with desired biochemical properties from various microorganisms.
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Transcriptomic Analysis of CYP Genes

in Rhizopus nigricans and Identification
of the Steroid 11a-Hydroxylase Candidate
Genes

Jianguo Zhao, Pengcheng Sui, Ruijie Wang, Ziyin Zhang, Fuping Lu,
Zhengxiang Wang and Xiaoguang Liu

1 Introduction

Steroids are an important class of drugs widely used as anti-inflammatory, anabolic
and anticancer agents, and contraceptives as well [1-3]. Oxyfunctionalization of the
steroid core structure at specific positions is required for the appropriate pharma-
ceutical activities of steroids. However, insertion of an oxygen atom in certain
positions of a steroid molecule by synthetic chemistry is inefficient and requires
multiple complex protection and deprotection reactions owing to the unique
chemical characteristics of steroids [4]. In the steroid industry, microbial bio-
transformation is routinely used to effect specific oxygenation of steroids because of
its high regio- and stereoselectivity and better efficiency of the process [5-7].
Rhizopus nigricans is the major fungal species used in China for selective
hydroxylation of 16,17a-Epoxyprogesterone (EP) on a industrial scale for the
preparation of 1la-hydroxy-16,17a-epoxyprogesterone (HEP) [5], a key steroid
intermediate in the synthesis of a variety of glucocorticoid drugs. However, in the
industrial setting, the low conversion (40-50% with concentrations of 20-25 g/L of
EP) of the current R. nigricans production strains is one of the major factor limiting
the process efficiency. It is known that the fungal steroid hydroxylase of
R. nigricans is a cytochrome P450 protein (CYP) associated with the endoplasmic
reticulum [8]. However, the genetic determinant of the responsible hydroxylase in
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R. nigricans remains to be identified even though it has been used for commercial
steroid hydroxylation reactions for over half of a century since the discovery of its
ability to perform selective 1lo-hydroxylation of progesterone in 1952 [9]. It is
expected that the cloning and identification of the steroid 1la-hydroxylase gene in
R. nigricans will aid in the engineering of more efficient industrial strains for steroid
11a-hydroxylation reactions.

In the present study, we took advantage of the power of RNA-sequencing
technology and also the fact the fungal steroid 11o-hydroxylase is a member of the
cytochrome P450 superfamily to establish the list of CYP genes expressed under
biotransformation conditions, then used quantitative RT-PCR to determine the
highly induced CYP genes to identify steroid 11a-hydroxylase candidate genes in
R. nigricans.

2 Materials and Methods

2.1 Materials

16,17a-Epoxyprogesterone (EP) and 11a-hydroxy-16,170-epoxyprogesterone
(HEP) were obtained from Solarbio (Beijing, China). Peptone and Yeast Extract
were purchased from Oxoid Ltd. All other chemicals were of analytical grade and
purchased from Merck.

2.2  Microorganisms and Cultural Conditions

The filamentous fungus N. nigricans TCCC41047 from the microbial strain col-
lection of the applied microbiology lab of Tianjin University of Science and
Technology was routinely maintained on potato dextrose agar (PDA) slants.

2.3 Determination of Induction of R. nigricans Steroid
Hydroxylase Activities

R. nigricans TCCC41047 was cultivated on a PDA agars slant at 28 °C for 5 days,
and then conidia were collected using sterile water and adjusted to about
10° spores/ml. Conidia suspension (50 pl) was inoculated into 50 ml PDA medium
and cultivated at 28 °C on a rotary shaker at 180 r/min. After 12 h, the culturex
were treated with 0.05% (W/V) EP in ethanol, while the control was treated by an
equal volume of ethanol only. After 6 h induction, mycelia were collected and then
filtered, rinsed three times with saline water and resuspended in 20 ml of fresh
phosphate buffer (1 mM sodium phosphate, 0.2 mM EDTA, 0.04 mM glutathione,
pH 5.5). EP and cycloheximide (100 mg/ml) was then added together to respective
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final concentrations of 1 and 0.03 mg/ml for each treatment, incubated for 24 h at
28 °C with shaking at 180 rpm, and one milliliter fermentation broth was extracted
with ethyl acetate and analyzed by thin layer chromatography (TLC).

2.4 Total RNA Isolation and Transcriptome Sequencing

Total RNAs were isolated using Trizol reagents (Promega, USA) from R. nigricans
TCCC41047 cultures treated with 0.01% (W/V) EP for 6 h and without EP respec-
tively. After the RNA integrity and purity were assessed by the NanoDrop (NanoDrop
Technologies, USA), RNA samples were delivered to BGI-Beijing (Beijing
Genomics Institute) for sequencing using Illumina HiSeq™ 2000 (Illumina, Inc.
USA) (http://www.genomics.cn/index) for transcriptome sequencing BGI.

2.5 Identification of CYP Genes Expressed Under
Steroid Induction

The returned RNA sequencing data were analyzed to identify expressed CYP genes
under substrate induction. A set of prediction algorithms were used to identify the
full length of Open Reading Frames (ORFs) of CYP genes, including ORF Finder
(http://www.ncbi.nlm.nih.gov/gorf/gorf.html). The catalytic domains of predicted
CYPs were identified by InterProScan (http://www.ebi.ac.uk/Tools/InterProScan).
The sequences of CYP genes were analyzed to identify their similarity to known
putative sequences using NCBI BLAST (http://blast.ncbi.nlm.nih.gov/).

2.6 First Strand CDNA Synthesis and Real Time RT-PCR

Reverse transcription of the first cDNA strand was performed using 3 pg of the
total RNA with PrimeScript Reverse Transcriptase (TaKaRa, Dalian, PR China) in
a 20 pl reaction volume according to the manufacturer’s instructions. To quantify
expression levels of expressed CYP genes under induction and no-induction, real-
time quantitative PCR (qQRT-PCR) was performed as follows: the total volume of
PCR reaction is 20 pl containing 10 pl of Master Mix with SYBR (Solarbio,
Beijing, China), 300 nmol/l of both primers (Table 1) and 1 pl of cDNA template.
The qRT-PCR amplification parameters comprise denaturation (95 °C, 10 min), 40
cycles of denaturation (95 °C, 30 s) and annealing (60 °C, 30s) (Applied
Biosystems, USA). The transcript level of glyceraldehyde-3-phosphate dehydro-
genase gene (GAPDH) was used as an internal control and relative to a calibrator, is
given by amount of target = 27247 [10].
Primers for real-time PCR reactions were as follows (Table 1):
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Table 1 Primers for qRT-PCR of expressed CYP genes
Gene name Upstream (5'-3") Downstream (5'-3")
Unigene4381 CCTGCATATGTTACCACCG CAATGTCGGCTGCCACTAC
Unigene5826 TGGCCAGATGGTACACATG CAAGTGCCTCAAGTGTTGC
Unigene2681 GACACGAAGTGAGGATTGC TGTCCAACCTGCTGTGGTG
Unigene8057 TAGCCATGCATTCCAACC GGAATCAAGTTCTGGTGC
Unigenel1442 | TACAGGAGAGGATGGTAG ACTCCCATTCATCAGACGC
Unigenel1598 | CGATCCTTTGCGATGGATC TAATCAGACTTGGGCACACC
Unigenel2673 | GTGTCTGTGGTTACTGGC TGGGTACTACATAGGGAC
Unigene9260 CATGGCTTCCTTCACAGAC AGGTGGTGTGAATACTAGCG
Unigene13341 ACTACTGCTGTTGTCTGTTC CACACAAGATAATTCACCAC
Unigene3103 ATCAAGACCTACCGTGACGA GATCAGACACCATCTCAGTC
Unigenel4584 | CAATGCTTTGCCTTATCTG AACGCGATGGGTTAAATC
Unigene6658 TTGGTGACGAAACACCTTC CCAACCTTGTCAGTCTTCC
Unigene2821 ACACGATCCATGTATGCTTC GCACTGGTCCAACTGTGAC
Unigene612 CAATGGACGAATTCGGTGC CAAAGAAGGCATGCTTGAC
GAPD AAA GAC TGG AGA GGT GGT ACC GCT TTC AGA CGC TGT
CG C

3 Results and Discussion

3.1 EP Induction of R. nigricans Steroid 11a-Hydroxylase
Activity

R. nigricans TCCC41047 is a production strain currently used for commercial
preparation of 1lo-hydroxy-EP. Previously it was reported that steroid
11o-hydroxylase activities in R. nigricans were induced by substrate [8, 10, 11, 12].
To facilitate the search for the target steroid 11a-hydroxylase gene, we first eval-
uated whether 1la-hydroxylase activity was induced by the steroid substrate in
strain TCCC41047 and also the extent of induction. Protein synthesis inhibitor
cycloheximide (100 mg/ml) was used to examine its effect on EPC 11a-hydro-
xylase activity. As shown in Fig. 1, treatment of strain TCCC41047 cultures with
cyclohexmide inhibited the formation of HEP product, whereas HEP was produced
in the control, indicating that the target enzyme 11a-hydroxylase, which converts
EP to HEP, was produced only after the addition of substrate EP. The above result
demonstrated that the expression of the steroid 11a-hydroxylase gene was strongly
induced at the transcriptional level and its expression under non-induction condi-
tions is likely to be at a very low level.
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Fig. 1 TLC assay of induction of steroid 11a-hydroxylase activities in R. nigricans by EP. The
detailed biotransformation procedure was described in materials and methods. / Authentic EP, 2 non-
induction + EP + cycloheximide, 3 substrate induction for 6 h, followed by EP + cycloheximide, 4
Authentic C11a-OH EP

3.2 Transcriptomic Profiling of CYP Genes in R. nigricans
Under Substrate Induction

Given that the steroid 11a-hydroxylase in R. nigricans TCCC41047 is known to be
a member of the cytochrome P450 superfamily, we focused on mining CYP genes
expressed under substrate induction. Analyses of RNA-seq data identified 14
unique transcript sequences capable of encoding CYP enzymes (Table 2), indi-
cating that at least 14 CYP genes were expressed under EP induction. The above
results also suggest that one of 14 expressed CYP genes could encode the target
11o-hydroxylase in R. nigricans TCCC4104.

3.3 Identification of Candidate Steroid 11a-Hydroxylase
Genes by qRT-PCR

Since we demonstrated that the steroid 11o-hydroxylase was expressed only under
EP induction, real-time RT-PCR was employed to determine the degree of
expression induction of the 14 CYP genes, and a GAPD gene was used as an
internal control. As shown in Tables 2 and 3 genes (Unigenel11442, Unigene3103
and Unigene612) were highly induced after 6 h EP treatment, thus establishing
these three CYP genes are the 11a-hydroxylase candidate genes in R. nigricans.
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Table 2 Cytochrome P450 genes expressed under substrate induction in R. nigricans

Number | Gene id Swissprot-annotation COG-function-description

1 Uni Cytochrome P450 3A5 Cytochrome P450
gene4381

2 Uni Cytochrome P450 524A1 Cytochrome P450
gene5826

3 Uni Cytochrome P450 61 Cytochrome P450
gene2681

4 Uni O-methylsterigmatocystin Cytochrome P450
gene8057 oxidoreductase

5 Uni Cytochrome P450 509C Cytochrome P450
genel 1442

6 Uni Lanosterol 14-alpha demethylase Cytochrome P450
genel1598

7 Uni Cytochrome P450 72A15 Cytochrome P450
genel2673

8 Uni Ent-kaurene oxidase Cytochrome P450
gene9260

9 Uni Cytochrome P450 503A1 Cytochrome P450
genel3341

10 Uni Paxilline synthesis protein P Cytochrome P450
gene3103

11 Uni Cytochrome P450 52A2 Cytochrome P450
genel4584

12 Uni Cytochrome P450 52A3 Cytochrome P450
gene6658

13 Uni Phenylacetate 2-hydroxylase Cytochrome P450
gene2821

14 Uni gene612 | Bifunctional P-450:NADPH-P45 Cytochrome P450

Table 3 CYP genes highly induced in R. nigricans by substrate as revealed by qRT-PCR

Gene id Ct/Non-induction Ct/Induction (6 h) Fold differences
GAPDH 17.91 18.05 -
Unigenel1442 30.54 22.60 270.60
Unigene3103 30.48 22.99 198.09
Unigene612 28.10 21.58 101.13

4 Conclusions

Transcriptomic analyses revealed that an expression repertoire of 14 CYP genes
under EP induction in the production strain R. nigricans TCCC41047 and qRT-
PCR identified 3 CYP genes that were highly induced by steroid substrate as the
11o-hydroxylase candidate genes.
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Identification of Genes Encoding
Receptors for Six Pseudomonas
aeruginosa Phages

Jiajia You, Xiaoli Cui, Li Sun, Xiaojing Yang and Hongjiang Yang

1 Introduction

Pseudomonas aeruginosa is one of the main pathogens of nosocomial infection,
due to the ever increasing occurrence of multidrug resistant clinical isolates, there is
an urgent need for development of new types of antimicrobial agents [1]. Phages
can specifically lyse host bacterial cells, and can be used as alternatives to antibi-
otics. Phage therapy has been practiced in the control of P. aeruginosa infection for
50 years, and some animal experiments have confirmed the effectiveness of the
relevant phage therapies [2-5].

The emergence of phage-resistant strains has become a big obstacle in the
practice of phage therapy [6-9]. Phage cocktails are often used in the treatments.
Phage cocktails can expand the host range and effectively reduce phage resistant
strains in the process of treatment. In Georgia, phage cocktails have been widely
applied in the treatments of suppurative skin, wounds, and lung infection causing
by some pathogenic bacteria such as Staphylococcus, Streptococcus, Proteus,
Escherichia coli, and P. aeruginosa [10].

Receptor recognition and adsorption is the first step of the phage infection
process. A variety of molecules can be used as phage receptors, such as the different
components of LPS, outer membrane proteins, teichoic acid, polysaccharide cap-
sule or mucous layer, pilus, and flagella. In E. coli, phages K2, SST, T5, and H8
adsorbed to OmpA, OmpC, TonA, and FepA, respectively. Phage K20, Ox2, Tull,
T2, and T4 can recognize LPS and some outer membrane proteins as receptors [11].
Phage CP-T1 and ¢YeO3-12 adsorbed to the side chains of O antigen of Yersinia
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enterocolitica serotype O:3 [12]. Several Salmonella phage receptors are including
FhuA, TolC, BtuB, OmpC, Vi capsular antigen, LPS, and flagella [13]. The
receptor of Vibrio cholera phage CTX® is TCP pili. Phage fs1, fs2, VGJ, and KSF
recognize MSHA pili as the receptor. In P. aeruginosa, phage receptors include
LPS and pilus [14-19].

In this study, the receptors of 6 previously isolated P. aeruginosa phages were
studied by constructing the Tn5G transposon insertion library of P. aeruginosa
PAK. The phage resistant mutants were characterized and the disrupted genes were
identified with inverse PCR. The results will provide the basis of the potential
applications of the P. aeruginosa phages.

2 Materials and Methods

2.1 Bacterial Strains, Plasmids, and Phages

Pseudomonas aeruginsa strains used in this study were listed in Table 1
P. aeruginsa phages O1, 02, K1, K2, K3, and C11 were previously isolated using
different P. aeruginosa strains as the indicators [11].

2.2 Construction of Tn5G Transposon Library

As described previously, the Tn5G transpon insertion libraries of P. aeruginosa
PAK were constructed [24]. P. aeruginosa phages O1, 02, K1, K2, K3, and C1,
were applied to screen the phage-resistant mutants, respectively. Spotting assay and
the double-layer plate methods were used to test the phage sensitivity and phage
titers. The adsorption rate of the selected phage-resistant mutants was analyzed as
previously described [11].

2.3 Inverse PCR Identification of the Tn5G Insertion Sites

Genomic DNA was extracted from the phage-resistant mutants with the phenol-
chloroform extraction method [25]. The restriction enzymes Tagl enzyme was used
to digest the purified genomic DNA at 65 °C for 4 h. After purification, the
digested DNA was ligated with T4 DNA ligase at 16 °C for 12 h. The ligation
product was subsequently used as templates for amplification using the primers
OTnl and OTn?2 listed in Table 2. The sequences obtained from the PCR products
were analyzed by searching the database in GenBank of NCBI.
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Table 1 Strains and plasmids used in this study
Strain/plasmid/phage | Description | Source
P. aeruginosa
PAK Wild-type [20]
ROI-1, RO1-5 wbpO::Gm® mutant of PAK, resistant to phage O1 This study
ROI1-2 whpV::Gm® mutant of PAK, resistant to phage Ol This study
RO1-3, RO1-6 whpR::Gm® mutant of PAK, resistant to phage O1 This study
ROI1-4 whpL::Gm® mutant of PAK, resistant to phage O1 This study
RO2-1* wzy::Gm® mutant of PAK, resistant to phage 02 This study
RKI1-1 PA4367::Gm® mutant of PAK, resistant to phage K1 This study
RK1-2 PA0583::Gm® mutant of PAK, resistant to phage K1 This study
RK2-2 PA5004::Gm® mutant of PAK, resistant to phage K2 This study
RK3-1 whpR::Gm® mutant of PAK, resistant to phage K3 This study
RK3-2 whpT::Gm® mutant of PAK, resistant to phage K3 This study
RK3-4 PALES_16971::Gm® mutant of PAK, This study
resistant to phage K3
RK3-8 whpV::Gm® mutant of PAK, resistant to phage K3 This study
RC10-1 PA5001::Gm® mutant of PAK, resistant to phage C10 This study
RC10-2 PALES_16971::Gm® mutant of PAK, This study
resistant to phage C10
Plasmid
pUCP18 Broad host range shuttle vector, Ap® [21]
pRK2013Tn5G used for transposon mutagenesis, Gm" [22]
pLY1201 wzy gene driven by Py,. promoter cloned in pUCP18, Ap" | [23]
pPXW1501 PA5001 gene driven by P, promoter cloned [23]
in pUCPI8, Ap"
pZM1502 wbpT gene with promoter region cloned in pUCP18, Ap" | This study
pXW1503 wbpO gene driven by P, promoter cloned in pUCP18, [23]
Ap"
pPXW1502 wbpL gene driven by P;,. promoter cloned in pUCPI8, This study
Ap"
pFJ1501 wbpV gene driven by P, promoter cloned in pUCP18, [23]
Ap"
pXL1504 wbpR gene with promoter region cloned in pUCP18, Ap" | [23]
pXL1509 DifA gene driven by P, promoter cloned in pUCP18, Ap" | This study
pXL1510 PA0583 gene driven by P;,. promoter cloned This study
in pUCPI18, Ap"
pXL1511 PA5004 gene driven by P;,. promoter cloned This study
in pUCPI18, Ap"
Phage
0Ol, 02, K1, K2, K3 | P. aeruginosa lytic phage [11]
C10 P. aeruginosa lytic phage [11]

2The mutants RO2-1, RO2-2, RO2-3, RO2-8, RO2-10, RO2-13, RO2-15, and RO2-25 also had the

gene wzy disrupted
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Table 2 Primers used for PCR

Primer Primer sequence (5'-3") Target region

OTnl GATCCTGGAAAACGGGAAAG Genome DNA regions
OTn2 CCATCTCATCAGAGGGTAGT bordering the Tn5G
bifA-F CCCAAGCTTCGCATCCCTTCATTCTCTC Gene bifA

bifA-R CCCAAGCTTATTTCGCTGCCTGAGTCTG

WbpL-F CGCAAGCTTATGAAAACCCGCCAAGTG Gene wbpL
WbpL-R CGCGGATCCGGGCAGTCCATTTCCTTG
PA0583-F CCCAAGCTTTGCAGAGCTTCGACGTGT Gene PA0583
PA0583-R | CCCAAGCTTTCGCATTTCCAGTTGGTG
PA5004-F CCCAAGCTTACTTCGCTCAATCGCCGTG Gene PA5004
PA5004-R | CCCAAGCTTCCCAACCCAGGTAACGCAC

2.4 Complementation Experiment

The target genes disrupted in the phage-resistant mutants were amplified using the
primers listed in Table 2, the products were cloned the vector pUCP18, and the
resulting recombinant plasmids were transformed into the corresponding phage-
resistant mutants. With the spotting assay, the phage sensitivity of the transformants
was tested as described previously [26].

2.5 Swimming and Swarming Analysis

The ability of swimming and swarming was analyzed according to the method
previously described [27]. Briefly, one single colony was inoculated in 5 ml LB
medium. The overnight culture was transferred into fresh LB medium and cultured
to the logarithmic phase. Take 1 pl culture and drop on the surface of the casein
medium with 0.3% agar. After standing at desktop for 30 min, the plates were
incubated at 37 °C for 8-12 h.

3 Results

3.1 Host Range Analysis

Host ranges of P. aeruginosa phages O1, 02, K1, K2, K3, and C10 were deter-
mined by spotting assay. Sixteen clinical P. aeruginosa strains were included in the
assay. With the tested strains, phage K1 and O2 displayed the same host ranges and
the other phages showed different host ranges (Table 3).
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Table 3 Host range analysis of the bacteriophages

Strains Phages®
(0)} 02 K1 K2 K3 C10

PAK @) @) O @) O @)
TIC135 O O O O O O
TIC196 [ ) [ ] ([ J o ([ J o
TIC102 @) @) O [ [ @)
TIC204 @) @) @) o O @)
TIC124 O O O O O O
TJC283 [ ) O O o O O
TJC285 [ [ ) [ [ [ [
TIC1107 [ ) [ ) [ ] o [ o
TICT729 [ J o (] [ J (] O
TJC730 [ J [ ] ([ J o ([ J o
TIC487 @) @) O @) O @)
TIC422 (@) @) O @) @) @)
TJC337 [ J o [ [ J [ [ J
TJC304 [ ) [ J ([ J o ([ J o
TIC415 [ [ ) [ ] o [ @)
TIC307 [ [ [ [ [ ] [ ]

%Open circle tepresented transparent zones in spotting assay; filled circle represented no
transparent zones in spotting assay

3.2 Screening Phage-Resistant Mutants

To further analyze phage receptors, the Tn5G transposon insertion banks of PAK
were constructed and used in the screening of the phage-resistant mutants. After
verifying with the double-player plate method, totally 23 mutants were selected,
including 6 strains resistant to phage O1, 8 strains resistant to phage O2, 2 strains
resistant to phage K1, 1 strain resistant to phage K2, 4 strains resistant to phage K3,
and 2 strains resistant to phage C10 (Fig. 1).

3.3 Adsorption Rate Determination

The adsorption efficiency was tested between phage-resistant mutants and the
corresponding phages. As shown in Fig. 1, all adsorption rates were significantly
lower than the parent strain PAK, ranging from 13.84% to 55.41% (Fig. 1). The
results implied that all the isolated phage-resistant mutants had their phage recep-
tors impaired.
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Fig. 1 Adsorption rates of the isolated phage-resistant mutants. PAK was used as control

3.4 Discrimination the Phage-Resistant Mutants

With the spotting assay, the isolated phage-resistant mutants were discriminated by
testing the sensitivity to the six phages. The majority of them showed the same
patterns as the other members isolated from the same group with a few exceptions,
including RO1-4 and RO1-6, RK1-1, and RK3-1 (Table 4). The results suggested
the six phages may share common phage receptors.

3.5 Identification of the Tn5G Insertion Sites

With inverse PCR, totally 10 different genes were found disrupted in the 23 phage-
resistant mutants (Table 1). In the mutants resistant to phage O1, four genes were
found disrupted, including wbpO gene encoding UDP-glucose/GDP-mannose
dehydrogenase-like protein, wbpR gene encoding a glycosyltransferase, wbpL gene
encoding a glycosyl transferase group 4-like protein, and wbpV gene encoding a
NAD dependent epimerase/dehydratase-like protein. All mutants resistant to phage
02 had the gene wzy disrupted and it encoded an O-antigen polymerase [28]. In the
mutants resistant to phage K1, RK1-1 had Tn5G inserted in the gene PAK_04826,
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Table 4 Sensitivity test of the phage-resistant mutants

Mutants Phages®
Ol 02 K1 K2 K3 C10

RO1-1 o [ ] [ ) [ ) [ [
RO1-2 ] [ [ ] [ ] [ ]
RO1-3 ([ [ [ [ [ ] [ ]
RO1-4 o [ ] [ [ ) [ @)
RO1-5 ) [ ] [ [ ) [ [
RO1-6 (] [ [ ] [ ] @)
RO2-1 ® [ [ [ [ ] [
RO2-2 o [ ] [ [ ) [ [
RO2-3 o [ ] [ ) o [ [
RO2-8 (] [ [ o [ ] [ ]
RO2-10 ® [ [ [ [ ] [
RO2-13 o [ ] [ [ ) [ [
RO2-15 o [ ] [ ) [ ) [ [
RO2-25 ® [ [ ] [ ] [ ]
RK1-1 @) @) [ @) ©) @)
RK1-2 ) [ [ [ ) [ [
RK2-2 ] [ [ ] [ ] [ ]
RK3-1 ([ [ [ [ [ ] @)
RK3-2 ® [ [ [ [ [ ]
RK3-4 o [ [ [ ) [ [
RK3-8 (] [ [ ] [ ] [ ]
RC10-1 ® [ [ [ [ ] [
RC10-2 ([ [ [ [ ) [ [

4Open circle represented transparent zones in spotting assay; filled circle represented no
transparent zones in spotting assay

highly similar to gene bifA of PAOI, encoding a Cyclic-Di-GMP phosphodiesterase
located on the cell membrane, RK1-2 had gene PAK_00800 disrupted. Its coun-
terpart PAO583 encodes a protein with the 2-amino-4-hydroxy-6-hydro-
xymethyldihydropteridine diphosphokinase activity, involved in the biosynthesis
of folic acid. The mutant RK2-2 resistant to phage RK2 had gene PAK_05511
disrupted, which is 99.08% similar to wapH gene in PAO1. In the mutants resistant
to phage RK3, RK3-1 had gene wbpR disrupted, RK3-2 had gene wbpT disrupted,
RK3-4 had gene wzy disrupted, RK3-8 had gene PAK_02045 disrupted, encoding
the NAD-dependent dehydratase WbpV. In the mutants resistant to phage C10,
RC10-1 had gene PAK_05508 genes disrupted identical to gene ssg in PAOIL,
RC10-2 had gene wzy disrupted.
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mstant gewe  PALES 1497 whp)

Fig. 2 Confirmation of the phage-resistant mutants. The recombinant plasmids carry the
corresponding genes, pXL1201 carrying wzy gene, pXL1503 carrying wbpO gene; pFJ501
carrying wbpV gene, pXL1509 carrying PA4367 gene, pXL1502 carrying wbpL gene, pXL1511
carrying PA5004 gene; pXL1504 carrying wbpR gene, pZM1502 carrying wbpT gene, and
pXL1511 carrying PA5001 gene

Fig. 3 Swarming motility
test of the bifA mutant

RK1-1/pUCP18  RK1-1/pXL15(

3.6 Confirmation of the Phage-Resistant Mutants

The target genes disrupted in the phage-resistant mutants were amplified and cloned
into the plasmid pUCP18. The resulting constructs were transformed into the
mutants to test the phage sensitivity of the transformants. As shown in Fig. 2, all the
cloned target genes can trans-complement the disrupted genes and restore the phage
sensitivity individually.

3.7 Gene bifA Affects Swarming Ability of PAK

Gene bifA encodes a phosphodiesterase and can degrade the intracellular second
messenger c-di-GMP. In bifA mutant, the elevated c-di-GMP level inhibits the
swarming motility of bacterial cells [29]. The bifA mutant displayed the least
mobility ability, and the marginal region of the colony was much smaller than the
strain RK1-1/pXL1509 and the parent strain PAK (Fig. 3).
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4 Discussion

Phage adsorption is the first step in the phage infection. P. aeruginosa phages
recognize a variety of molecules on the cellular surface as receptors to initiate the
infection process, such as flagella, pili, and LPS. LPS is composed of three parts,
including lipid A, core polysaccharide, and O antigen which has two different
forms, CPA (common polysaccharide antigen) and OSA (O-specific antigen). OSA
is L-heteroglycan, formerly called B-band. Multiple gene clusters are involved in
the biosynthesis of LPS. In our work, the disrupted gene wbpV, wbpR, wbpP,
wbpO, ssg, and wbpL direct involved in biosynthesis LPS [23]. The gene whpL
encoded the enzyme that involved in synthesis of the O-antigen side chain of LPS.
Those gene were found related to the synthesis of phage receptors, demonstrating
that all the six P. aeruginosa phages recognize LPS as their receptors, though it’s
possible that the phages may recognize the different structures of LPS during the
adsorption step.

Among the ten disrupted genes, bifA gene was the only exception not directly
involved in the biosynthesis pathway of LPS. BifA is predicted to be a c-di-GMP
phosphodiesterase controlling the concentration of the second messenger c-di-GMP
which affects cell motility, extracellular polysaccharide production, and biofilm
formation [27]. The bifA mutant has the increased level of c-di-GMP, which leads
the increased synthesis of a polysaccharide produced by the pel locus and decreased
synthesis of OSA LPS [30]. And that’s may be the reason the bifA mutant is
resistant phage K1 infection.

In conclusion, all the six P. aeruginosa phages recognize LPS as their receptors.
The minor difference in the host ranges may imply different phages adsorb to the
different structures of LPS.
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High Efficiency Expression of Trehalose
Synthase in Escherichia coli and Its Use
in the Production of Trehalose

Hong-Ling Liu, Rui-Ming Wang and Teng-Fei Wang

1 Introduction

Trehalose (also known as a-p-glucopyranosyl-o-p-glucopyranoside, mycose or
mushroom sugar) is a kind of white, odorless powder with 45% relative sweetness
of sucrose. In nature it can be found in many biological species [1] as carbon energy
source [2], structural component of bacterial cell wall [3, 4]. It is a non-reducing
sugar formed from two glucose units joined by an o-1,1-glycosidic bond, this
special bonding can prevent Maillard reaction with protein or amino [5], and then
make it very stable at high temperatures or acidic conditions. Because of those
special properties, trehalose have been used as osmoregulation [6], dessication
protectant [7, 8], cryoprotection [9], immunogenicity [10], stabilization of drug
molecules, vaccines and liposomesgainst sTreSs [11-13], preservation of mam-
malian cells against dessication [14] and cryoprotection of human fibroblasts and
oocytes [15, 16], etc. in various industrial processes including food processing,
cosmetics, pharmaceutics. In 2000, trehalose was accepted as a novel food ingre-
dient under the generally recognized as safe (GRAS) terms in the U.S. and EU,
which certainly increased the scope of trehalose application. Although trehalose is
present quite widely in the nature, the commercial application of this sugar was still
limited by their low yields and expensive production costs.
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TreS (TreS, EC 2.4.1.245) can catalyzes the trehalose synthesis by a one-step
conversion with a low-cost substrate maltose. Comparing with other enzyme-based
trehalose synthesis methods, the pathway catalyzed by TreS may be more suitable
for industrial-scale production. Although many strains have been identified and
characterized for industrial production of trehalose, such as Mycobacterium
smegmatis, Thermobifida fusca, Pseudomonas stutzeri CJ38, Pseudomonas putida,
Enterobacter hormaechei, Arthrobacter aurescens CGMCC 1.1892, Coryne
bacterium glutamicum ATCC13032 and Meiothermus ruber CBS-01. the produc-
tion of TreS was still restricted because of the growth characteristics of strain itself.
Heterologous expression of TreS in E.coli has provided a more abundant source of
these proteins for industry production of trehalose. Although the gene of TreS in
different strains have been cloned and expressed in E.coli systems [17-20] were
reported, the studies on industrial-scale production of trehalose by recombinant
TreS in E.coli were still not involved.

In this paper, a recombinant E.coli BL21(DE3) harboring a treS gene from
Pseudomonas putida ATCC47054 was constructed, the effect of environmental
factors such as growth temperature and the concentration of transcription inducer
for improving the expression of TreS in E.coli BL21(DE3) was investigated and
compared. We also established a set of batch fermentation strategy to improve the
enzyme activity of unit dry cell weight. And the cell lysis containing TreS was
directly used to convert maltose into trehalose.

2 Materials and Methods

2.1 Strains and Plasmids

E.coli BL21(DE3), restriction enzymes, T4 DNA ligase, agarose gel DNA purifi-
cation kit were purchased from TaKaRa (Dalian, China). DNA sequencing and
primer synthesis were performed by Sangon Biotech (Shanghai, China) Co. Ltd.
The Pseudomonas putidaATCC47054 containing the treS gene was obtained from
American Type Culture Collection (ATCC; Manassas, VA, USA). All the chemi-
cals used in this study were purchased from Sinopharm Chemical Reagent Co. Ltd.
(Shanghai, China) unless otherwise specified. The strains, plasmids, and oligonu-
cleotides used in this study are summarized in Table 1.

2.2 Construction of Expression Vectors

The DNA fragments containing treS gene from Pseudomonas putida ATCC47054
were prepared with bacteria genome DNA extracting kit. The primer pair (P1/P2,
P3/P4 as shown in Table 1) were designed and synthesized for amplification of the
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Table 1 Strains, plasmids, and oligonucleotides

Strain, plasmid, Relevant genotype or phenotype1 Source

ligonucleotide

E.coli

BL21(DE3) F~ ompT dem lon hsdSp (rg) gal (DE3[lacl ind 1Sam7 nin5 | TakaRa
lacUV5-T7 gene 1))

DH5a F (y80 lacZ M15) A(lacZYA-argF)U169 deoR recAl endAl | Lab stock
hsdR17(rg, mg) phoA supE44 j-thi-1 gyrA96 relAl

Plasmid

pET15b Expression vector, Pr::lacOp::6 X his, Ori (pBR322), Ap® | Novagen

pET22b Expression vector, Py::lacOp::6 x his, Ori (pBR322), Ap® | Novagen

oligonucleotides

Pl 5'-GGGAATTCCATATGATGACCCAGCCCGACC-3' This study
(Ndel italic)

P2 5'-CGCGGATCCTCAAACATGCCCGCTGC-3'(BamHI This study
italic)

P3 5'-CGCGGATCCATGACCCAGCCCGACC-3'(BamHI This study
italic)

P4 5'-CCGCTCGAGAACATGCCCGCTGC-3'(Xhol italic) This study

Designed restriction sites are underlined and introduced mutations are in italic

treS gene (gi = 1042893, NCBI). By using these primers, the treS gene was
amplified using pfu DNA polymerase by polymerase chain reaction (PCR) (2720
Thermal Cycler, Applied Biosystems, Foster, CA) and purified by using a QIA
quick polymerase chain reaction purification Kit (Qiagen, Valencia, CA). The PCR
products were cloned into pET15b and pET22b and transformed into E.coli DH5a
and screened. The DNA sequencing was performed to ensure no mutations
occurred during PCR. The purified pET15b-treS and pET22b-treS vector contain-
ing treS gene fragments were respectively digested by Ndel/BamHI and BamHI/
Xhol and respectively chem-transformed into E.coli BL21(DE3) for expression of
TreS. The pET15b expression vector containing N-terminal six His-tag used in the
experiments was generated for cytoplasmic expression of TreS under control of the
T7 lac promoter. The pET22b expression vector containing C-terminal six His-tag
was for periplasmic space expression of TreS under control of the T7 lac promoter.
The recombinant E.coli BL21(DE3)/pET15b-treS and E.coli BL21(DE3)/pET22b-
treS were obtained and named BLO1 and BLO2, respectively.

2.3 Characteristics of TreS

The culture sample was appropriately diluted with sterile water, the cell suspension
were centrifuged at 4 °C and 8000 x g for 10 min and washed two times by sterile
water. The cell pellet was fastly dried for determining dry cell weight of per unit
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volume. The cells were harvested by centrifugation at 8000 x g for 10 min at 4 °C.
The wet cell pellet was suspended in 10 mmol/L potassium phosphate buffer (pH
7.5) and cells were cyclically disrupted two times by high-pressure homogenizer
(APV-2000, Germany) at 880 bar. The insoluble cell debris were removed by
centrifugation at 8000 x g for 20 min 4 °C. The recombinant TreS was purified
using nickel-nitrilotriacetic acid affinity chromatography (Ni-NTA, Qiagen) as the
manufacturer recommended. The purified enzymes were analyzed on 15%
SDS-PAGE and protein concentration was determined by the method of Bradford
using BSA as a standard.

The optimal pH was determined by measuring the activity of purified TreS at pH
3.0-10.0 (pH 3.0-6.0, 20 mM citrate buffer; pH 6.0-8.0, 20 mM sodium phosphate
buffer; pH 7.0-9.0, 20 mM Tris-HCI buffer; and pH 9.0-11.0, 20 mM sodium
carbonate buffer). The optimal temperature of purified TreS in 10 mM sodium
phosphate buffer (pH 8.0) was measured at 10-65 °C by using maltose substrate.
The pure TreS in various pH values of buffer (as shown above) was incubated at
25 °C for 60 min to determine the pH stability. An equal volume of 10 mM sodium
phosphate buffer (pH 8.0) was added to maintain the pH at 8.0. The TreS in 10 mM
phosphate buffer (pH 8.0) was incubated at 10-65 °C for 60 min and then chilled in
ice water immediately for 5 min to determine the thermal stability.

The mixture reaction suspension was diluted to 10 times and centrifuged at 4 °C
and 12,000 g for 10 min. After removal of insoluble fraction, the supernatant was
filtrated by 0.45 pm filter membrane. The content of trehalose was identified by
high pressure liquid chromatography (HPLC, Shimadzu-GL Sciences, Japan). One
unit (U) of TreS was defined as the amount of enzyme required to produce 1 pmol
trehalose per hour.

2.4 Optimization of Inducing pH and Temperature

Luria-Bertani (LB) medium (10 g/L peptone, 5 g/L yeast extract, 5 g/L. NaCL) was
used for flask cultures. The recombinant BLO1 and BLO02, stored at —80 °C, were
revived in 250 mL Erlenmeyer flasks containing 50 mL LB medium with 50 pg
ampicillin and grown at 37 °C and 200 rpm on rotary shakers for 10 h. Primary
seed culture (1 mL) was used to inoculate two 100 mL secondary LB medium and
grown for a further 8 h in a rotary shaker at 37 °C and 200 rpm. When the cell
density reached approximately 3.0 ODgponm, the culture temperature was slowly
cooled down and lactose was added to induce TreS expression for another 7 h.
Shake flask cultivation was performed in different culture conditions in order to find
optimal induction and growth conditions. To check the effects of the inducer
(lactose) concentration, induction temperature, induction pH and induction time on
the soluble intracellular expression of TreS, the recombinant BLO1 was induced by
final concentration 4 g/L lactose at different temperature (22, 24, 27, 30, 34 and
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37 °C) and different pH (pH 6.0, pH 6.5, pH 7.0, pH 7.5 and pH 8.0. During shake
flask cultivation, samples were taken for analysis of cell density and enzyme
activity of unit cell dry weight. All experiments were conducted at least in triplicate.

2.5 Batch Fermentation

Aliquots (25 pL) from frozen cell banks of BLO1 were used to inoculate 50 mL
primary seed culture with 50 pg ampicillin and grown at 37 °C for 10 h. Primary
seed culture (10 mL) was used to inoculate 100 mL secondary seed cultures with
100 pg/mL ampicillin and grown for a further 8 h at 37 °C. 200 mL secondary seed
cultures were used to inoculate 2.6 L defined mediumin the reactor vessel of a 5-L
bioreactor (Shanghai Bailun Co. Ltd). The optimized batch fermentation medium
was glucose 35 g/L, NH,C1 5 g/L, K,HPO,4-3HO 8 g/L, KH,PO, (3 g/L), peptone
(7.5 g/L), yeast extract (5 g/L), MgSO,4-7H,0 (1.5 g/L), trace elements (0.5 mL/L),
and ampicillin (100 mg/L). Trace elements (400x) was composed of CoCl,-6H,O
(1 mg/mL), MnCl,-4H,O (6 mg/mL), CuCl,-2H,O (0.6 mg/mL), H3BO;
(1.2 mg/mL), Na,MoO4-2H,0 (1 mg/mL), Zn(IT)acetate-2H,O (5.2 mg/mL) and Fe
(III) citrate(40 mg/mL). Batch fermentation was carried out in fermentation medium
with initial glucose concentration of 35 g/L. Agitation was regulated at 800 rpm to
keep the dissolved oxygen nature with a constant sterile air flow rate 1 vvm or
maintain dissolved oxygen at between 20-30% by stirring and passing into the
oxygen. pH was maintained at 7.0 & 0.2 by automatic pH control with additions of
250 g/L sodium hydroxide solution, and pH was maintained at 8.0 £ 0.2 by 10%
H3PO, phosphoric acid solution. The temperature was controlled by a heating sleeve
and an integrated cooling system to 37 °C for cell growth, and 27 °C for induction
expression of TreS. Sampling was done every 2 h for analysis of residual glucose
concentration, acetic acid concentration, dry well weight (DCW) and the enzyme
activity of TreS after induction.

2.6 Production of Trehalose Using High Maltose Syrup

High maltose syrup (about 90.5 + 1.2% maltose, 3.3 £+ 0.8% glucose, 1.3 + 0.2%
maltotriose, 4.5 £ 0.5% other polysaccharides) was used as substrate for its low
cost and easy available. High maltose syrup was mixed reaction with cell disrup-
tionsolution containing TreS (200 &+ 10.0 U/g maltose) for 0-24 h with 100 rpm
agitation rate at 50 °C in a 10 L bioconversion tank. The weight % (w/v) of
trehalose was analyzed by HPLC (Shimadzu-GL Sciences, Japan). The apparatus
was equipped by an inertsil-NH, column (4.6 x 250 mm, Shimadzu) at 40 °C.
Separation was achieved by pumping acetonitrile: water (75:25 v/v) through the
column at a flow rate of 1.0 mL/min for 20 min. The trehalose content in the
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sample was identified by comparing with the HPLC curves produced by the tre-
halose standard (Sigma Co., St. Louis, USA) of various concentrations. The weight
conversion of trehalose (%) is ratio of the weight (g) of trehalose and the weight
(g) of maltose in high maltose syrup.

3 Results

3.1 Expression and Properties of Recombinant TreS

To evaluate the effect of the plasmid on TreS expression, pET15b-treS and
pET22b-treS containing treS gene regulated by the T7 promoter was used. The two
recombinant plasmids were successfully transformed into competent E.coli BL21
(DE3) by heat shock, and the TreS was successfully expressed, respectively. The
growth curves characteristics of two recombinant strains (BLO1 and BL02) showed
that the change of plasmid did not affect the growth of the two recombinant strains
in LB medium, The two recombinant strains come to the logarithmic growth phase
at 2 h, and retains this period at 7-8 h. The stability of recombinant plasmid
pET15b-treS and pET22b-treS in E.coli BL21(DE3) were determined by the plating
test. The consecutive vaccination analysis of 60 times showed that pET15b-treS
plasmid loss rate maximum was less than 8%, and the pET22b-treS plasmid loss
rate was less than 14%, indicating that the two recombinant plasmids are relative
stability, and can be applied to large scale production.

When using IPTG as inducer, the recombinant TreS protein content can reached
45.5% of total protein in BLO1, and reached 20.1% of total protein in BL02,
respectively. When using the final concentration 4 g/L lactose as inducer, the
recombinant TreS content can reached 34.3% of total protein in BLO1, and reached
19.9% of total protein in BLO2. The results showed that No TreS protein and
enzyme activity could be detected in the extracellular fermentation liquid of two
recombinant strains. Although the pET22b-freS recombinant plasmid include
secretion signal peptide, it also could not secrete TreS into culture medium. By
comparing the soluble expression of TreS protein in BLO1 and BLO02 intracellular
using lactose as inducer, the intracellular expression of TreS protein in BLO1 was
higher than that in BLO2, so BLO1 was selected for a further study.

For identify the enzymatic characteristics of TreS, TreS purified by nickel
nitrilotri acetic affinity chromatography mixed reaction 1 h with maltose (100 g/L
final concentration) as a substrate in different pH, temperature. The enzyme activity
of TreS at various pH was studied at 25 °C in 100 mM phosphate buffer (pH 3.0—
10.0) for 60 min, using 100 g/ maltose as a substrate. To examine the stability of
TreS, the TreS were preincubated at various pH values (pH 3.0-10.0) for 60 min at
25 °C. The residual activities were measured at pH 8.0. The results in Fig. 1
showed that the optimal enzyme activity pH was pH 8.0, and was relatively stable
in pH 6.5-9.0. The enzyme activity of TreS at various temperature was studied in
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Fig. 1 Effects of pH on the
activity and stability of the 1004
recombinant TreS. The filled
square (M) represents effects 50
of pH on the activity of TreS;
the filled circle (@) represents
effects of pH on the stability
of TreS. Data are averages of
three independent
experiments
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100 mM phosphate buffers (pH 8.0) for 60 min, using 100 g/L maltose as a sub-
strate. To examine the thermal stability of TreS, the TreS were preincubated at
various temperatures (2060 °C) for 60 min at pH 8.0. the residual activities were
measured at 25 °C. The optimal enzyme activity temperature was 25 °C, and was
relatively stable from 15 to 40 °C as shown in Fig. 2. But when the reaction
temperature was over 40 °C, and with the extension of time, the enzyme activity of
TreS decreased rapidly.

In order to better meet the scale-up application of recombinant TreS. The equal
amounts of purified TreS was added into phosphate buffer solution (pH 8.0) for
conversion reaction. The substrate maltose concentration in conversion system was
adjusted to 300, 200, 150, 100, 50 g/L, and the system temperature was controlled
at 20, 25, 30, 35, 40, 45, 50, 55 and 60 °C, and the conversion time was 12 h. The
yield of trehalose was analyzed by HPLC, and the conversion rate of maltose to
trehalose was compared. The results were as shown in Fig. 3. When the substrate
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Fig. 3 The maltose conversion rate curves in different substrate high maltose syrup concentration
as with different temperature

maltose concentration was 50-100 g/L, the conversion ratio was firstly increased
and then decreased with the increase of system temperature, when the system
temperature was higher than 40 °C, the conversion rate decreased rapidly. When
the substrate maltose concentration was between 150-200 g/L, the conversion rate
was higher at 10-30 °C, with the increase of system temperature, the conversion
rate was slightly decreased. When the substrate maltose concentration was 300 g/L,
with the increase of system temperature, the conversion rate tends to balance, and
the conversion rate was over 58% at 50 °C. This reaction temperature is conducive
to prevent microbial contamination of conversion system. This phenomenon
showed that high substrate concentration of maltose syrup is beneficial to the
thermal stability of TreS. Therefore, the enzyme activity unit of TreS was defined as
the amount of enzyme required to produce 1 pmol trehalose per hour at 50 °C and
pH 8.0, when the substrate maltose concentration was 300 g/L.

3.2 Optimization of Induction pH and Temperature

For increasing the solution expression of TreS, the induction conditions were
optimized in LB medium. As shown in Fig. 2, the pH value of the medium was
gradually increased with the growth of BLOI in the LB medium of different initial
pH values. The occurrence of this phenomenon may be caused by the release of
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ammonium ions in amino acids and so on. This phenomenon is good for the
stability of enzyme activities in the later stage of fermentation, because the optimal
pH of TreS was 8.0. The recombinant BLO1 fermented for 6 h in pH constant LB
medium, and the fermentation temperature 37 °C, induction temperature 27 °C and
induction time 7 h by final concentration 4 g/L lactose, the growth curves as shown
in Fig. 4, the enzyme activity of unit dry cell weight as shown in Fig. 5. The results
showed that the growth of recombinant BLO1 was optimal in pH 7.0-7.5, and the
enzyme activity of unit dry cell weight was optimal in pH 8.0. Under this condi-
tions, the enzyme activity could reach 17,730 & 673 U per gram dry cell weight.
So neutral environment was conducive to the growth of BLO1, and the partial
alkaline environment (pH 8.0) was conducive to the expression of TreS.

The recombinant BLO1 fermented for 6 h at 37 °C in LB medium of constant pH
7.0, and induced for 7 h using final concentration 4 g/L lactose at different tem-
perature, the growth curves as shown in Fig. 6, and the enzyme activity as shown in
Fig. 7. The results showed that the induction temperature at 27-30 °C was not only
beneficial to the growth of the bacteria, but also was beneficial to increase the
enzyme activity of unit dry cell weight. When the induction temperature was at 22
or 24 °C, the biomass of BLO1 was decreased firstly and then increased slowly, and
the biomass and enzyme activity was lower at the end of induction. When the
temperature was at the 34 or 37 °C, the cell growth rate was faster, the final ODggq
value was higher in the same fermentation time. But with extension of induction
time, the enzyme activity of unit dry cell weight was lower than 27-30 °C, and cell
autolysis in the late stage of induction. Although the amount of bacteria at
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27-30 °C induction was slightly lower than that of 34 and 37 °C, but the enzyme
activity of unit dry cell weight was relatively higher, and avoided cell autolysis. So
the induction temperature 27-30 °C was the optimal choice for high efficiency

soluble expression of TreS in BLOL.
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3.3 Batch Fermentation in 5-L Fermentor

Upscalling of active TreS production in BLO1 was performed firstly in batch fer-
mentation. Seed culture (200 mL) was inoculated into a 5 L fermentor with 2.6 L
culture medium for fermentation. The pH was automatically controlled at 7.0 by
adding NaOH solution (5 M) before induction, and the pH was naturally increasing
to pH 8.0 after induction, and was automatically controlled at 8.0 £ 0.5 by adding
10% phosphoric acid solution. The temperature was maintained at 37 °C before
induction and 27 °C after induction. The ventilation quantity was controlled at
1 vvm, and stirring speed was controlled at 800 rpm. When the dissolved oxygen
increased rapidly from the lowest, adding 4 g/L final concentration lactose into
culture medium for 7 h induction and the dissolved oxygen (DO) level was
maintained 15-20% of saturation by cascading the agitation speed (100—400 rpm)
and aeration rate (0.5 vvm). Figure 8 showed that dissolved oxygen in fermentor
decreased close to zero at fermentation 6 h, and dissolved oxygen rised rapidly the
continued after 2 h, and the content of reducing sugar in the medium was reduced
to 1.67 £ 0.4 g/L by HPLC analysis. At this time, the lactose was added to induce
for avoiding the metabolism of glucose repression. As the dry cell weight growth
curve shown, the maximum dry cell weight can be reached 10.1 £ 0.4 g/L, and the
dry cell weight was 9.64 + 0.38 g/L after induction. The acetic acid curve in Fig. 9
showed that and the acetic acid content in fermentation broth was rising with
recombinant bacteria growth, and reached 8.65 + 0.11 g/L at 9 h. Subsequently,
acetic acid content has a downward trend, because the carbon source reduced in
culture medium, the recombinant bacteria use acetic acid as carbon. Acetic acid
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content was still greater than 7 g/L at the end of fermentation, this is the main cause
of cell autolysis in the induction process. Figures 10 and 11 showed that the
enzyme activity of unit dry cell weight began to increase rapidly from 2 h in the
induction process, and the enzyme activity of unit dry cell weight tended to be
stable at 7 h, and the highest enzyme activity reached 39,866 £ 1420 U per gram
dry cell weight. the pH value showed an upward trend with extension of induction
time during induction.

Oxygen represents an important regulatory stimulus in aerobic bacteria. To
obtain the optimal growth of E.coli resulting in high yields of active TreS, oxygen
saturations of about 10 and 50% and a lack of oxygen were analyzed. Fermentation
with an oxygen level of about 20% resulted in a dry cell weight of
15.68 + 0.33 g/LL before induction and 12.6 + 0.48 g/L after induction. the
enzyme activity of about 38,967 + 1223 U per gram dry cell weight. The 10%
oxygen saturation during the fermentation process was responsible for a massive
loss of enzyme activity although a dry cell weight of 9.68 + 0.93 g/L was reached.
An increase of the oxygen level to 40% yielded very high dry cell weight of
15.98 £+ 0.73 g/L, whereas the enzyme activity reached nearly the same value as
fermentation at 20% oxygen saturation. The maximum content of acetic acid in the
fermentation broth reached 2.76 £ 0.13 g/L in 20% oxygen saturation, far less than
the uncontrolled oxygen fermentation. So using 20% oxygen saturation during
batch fermentation higher dry cell weight and higher enzyme yield could be
achieved.
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Fig. 8 The enzyme activity curves of BLOl unit dry cell weight with different induction
temperature



High Efficiency Expression of Trehalose Synthase in ...

12 4 12 140 -
104 104 3 3 P NG 1120
sy P R y
- . N 100
%8— ,‘\8— + ,,q S
FIREE 2 % F/ B P
o = J / g
= 64 =6 / * | 2
{;; z / 460z |
—| \ / o
E4- Sa- . v
2 £ /. J40%
g \ / *.__ \ a |
o /
= 24 24 \ ¥ o e " Lo 420
o Ay ]
¥ * T
e i . %
o4 04 T x- S do b
T T T T T T T hd T
0 4 6 8 10 12 14 16
Time(h)

50

40

30

Reducing sugar(g/L})

Fig. 9 The parameter variation curves of BL fermentation process in batch fermentation

45000

40000
35000

300004

Enzyme activity(U/g)

5000+

0+

250004
20000+
15000

10000 4

1
15
Time (h)

T
18

19

53

Fig. 10 The enzyme activity of BLO1 unit dry cell weight in with different fermentation time



54 H.-L. Liu et al.

1h 2h 3h 4h Sh 6h 7h 8hM

- e e e

‘___H_ <— 100KDa
-.-.- <— 80KDa

| . 1M < 60KDa
&hn-an

pp.nug:a.

Fig. 11 The TreS SDS-PAGE of BLO1 under the same cell mass with different fermentation time

TreS—>

3.4 Preparation of Trehalose

The recombinant cells containing TreS were crushed by high pressure homoge-
neous machine. Then the cell disruption was directly used to convert high maltose
syrup for 24 h with 60 rpm agitation rate at 50 °C and pH 8.0. The content of
trehalose was analyzed by HPLC. In order to improve the yield of trehalose in
conversion system, the effects of temperature and pH on enzyme activity were
studied respectively. As shown in Fig. 12, the highest production of trehalose was
193.5 4+ 5.0 g/L at pH 8.0 for 24 h with 300 g/L high maltose syrup as substrate.
Under this condition, the trehalose conversion rate can reach 64.5 + 1.6%. The
yield of trehalose was decreased when the temperature was higher than 60 °C or
lower than 45 °C. The reason why the trehalose yield reduced below 45 °C may be
caused by protease degradation in cell lysate or pH descent for microbial con-
tamination, while the low yield of trehalose when the temperature was higher than
60 °C may be caused by enzyme denaturation. The results showed that higher
reaction temperature (50 °C) not only reduced microbial contamination, but also
promoted the yield of trehalose. Therefore, this temperature was beneficial for
industrial production in our process. As shown in Fig. 13, the highest trehalose
yield was reached 193 & 2.0 g/L at 50 °C for 24 h with 300 g/L. maltose as sub-
strate, and 64.3 £+ 0.6% maltose was converted into trehalose. Meanwhile, the TreS
was highly stable over a broad pH range of 6.5-8.5, retaining more than 92% of its
original yield. Above all, the optimal conditions of converting maltose into tre-
halose was 50 °C, pH 7.5-8.0 and 300 g/L maltose as substrate.
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4 Discussion

In recent years, the production enterprises of high maltose syrup was gradually
increasing, the price of high maltose syrup was reduced gradually because of
enterprise competition and market oversupply. So this pathway of converting
maltose into trehalose has been considered to be an effective way to bring economic
benefits for enterprises and a convenient and economical biocatalyst process for
industrial production of trehalose. However, scale-up production of TreS is still a
main limited factors for large-scale production of trehalose. In this study, we have
solved the problem by constructing recombinant E.coli that expressed soluble TreS,
which promoted the industrialization pace. The high level expression of recombi-
nant TreS in E.coli, the production of trehalose by recombinant TreS were the
objects of these investigations.

In order to obtain high enzyme activity of unit dry cell weight, induction con-
ditions were optimized. Solubility is a key issue for the production of recombinant
protein in heterologous expression systems. Soluble recombinant proteins are often
properly folded, functional and easier to purifiy than aggregated proteins from
inclusion bodies. We have developed a strategy to drive the expression of TreS in
BLO1. Our strategy was designed for expression of TreS under the control of the T7
lac promoter. Our data show that we have achieved the expression of TreS as an
intracellular soluble in the BLO1. This results were achieved at a growth temper-
ature of 37 °C and at a growth pH of 7.0, induction temperature of 27 °C, induction
pH of 8.0, induction lactose final concentration of 4 g/L, induction time of 7 h. The
enzyme activity of unit dry cell weight reached 3.9 x 10* U per gram dry cell
weight.

In order to reduce the purification cost of recombinant TreS and the loss of
enzyme activity in the purification process, the cells lysis solution of BLO1 was
directly used to product trehalose, and the application of crude enzyme avoided the
tedious purified steps of TreS. More than 64% maltose using substrate high maltose
syrup concentration 300 g/L can be converted into trehalose at 50 °C, and pH 8.0
for 24 h in a 10 L reaction system.The research showed that 300 g/L. maltose
concentration as substrate has a protective effect on TreS, which improves the
temperature tolerance and thermal stability of TreS. The high conversion temper-
ature not only avoided microbial contamination, but also save energy and reduce
consumption.

In this study, TreS was expressed in BLOI intracellular by lactose induction,
which avoided the use of IPTG, so the production process of trehalose was safe
without any chemical addition. The production process of TreS using the break
fluid of recombinant E.coli BL21(DE3) is a new technological breakthrough. It will
provide a new direction for the industrial production of trehalose. We expect such
high efficient and green process can be widely applied in industrial production.
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Functional Modification

of the Substrate-Binding Site

for Isomaltulose Production Based

on Predicted Structure of Sucrose
Isomerase from Pantoea dispersa UQ68 J

Huijie Liu, Xueyan Xing, Fuping Lu and Yu Li

1 Introduction

Isomaltulose (o-D-glucopyranosyl-1, 6-p-fructofuranose) is a naturally occurring
isomer of sucrose commonly referred to as palatinose. As a nutritional sugar found in
honey with trace amount [1], it can prevent tooth decay and control insulin levels in
the bloodstream. Furthermore, it is healthy for diabetics and non-diabetics, because it
is digested more slowly than sucrose in intestine. Therefore, it is a potential func-
tional sugar for human consumption [2]. Compared with chemical synthesis of
isomaltulose, the bioconversion of isomaltulose could be carried out at ambient
temperature and atmospheric pressure, thus avoiding the use of more extreme
conditions causing problems with isomerization, racemization, epimerization and
rearrangement [3]. The reaction process of sucrose isomerases (SIs) consists of
sucrose binding, sucrose hydrolysis, glucosyl-enzyme intermediate occurrence,
fructose release and sucrose isomer formation [4]. The immobilized microbial cells
using chitosan embedding of Serratia plymuthica can only convert 40% of sugar-
cane to isomaltulose [5]. SmuA from Propionibacterium rubrum produces 85% of
isomaltulose, together with a minor amount of trehalulose, monosaccharide and
isomaltose [6]. Therefore, improving isomaltulose production while controlling the
amounts of side reaction products remains the considerable industrial problem.
Sucrose isomerases are widely used in industry for the production of isomal-
tulose and trehalulose. However, only a narrow range of bacterial species are
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known to be able to convert sucrose into isomaltulose and trehalulose catalyzed by
sucrose isomerase or o-glucosyltransferase (EC.5.4.99.11), in which they produce
trace amount of fructose and glucose as by-products. These bacterial species include
Klebsiella sp. LX3 [7], Protaminobacter rubrum [5], Serratia plymuthica [4],
Pantoea dispersa UQ68 J [8], and Enterobacter sp. FMB1 [9]. SIs catalyze the
isomer of sucrose to produce isomaltulose and trehalulose with various proportions
of glucose and fructose as by-products. Some purified SIs, such as Erwinia
rhapontici [10], Klebsiella sp. LX3 [7] isomaltulose synthase predominantly pro-
duce isomaltulose (80%) [11], and others (Agrobacterium radiobacter MX-232,
Pseudomonas mesoacidophila MX-45 trehalulose synthase) produce trehalulose
(90%) [12]. However, Sim1 showed the high conversion ratio of isomaltulose in the
sucrose isomerase family.

In this paper, the Sim1 was cloned and overexpressed in Escherichia coli. The
3D structure of Sim1 was simulated using the crystal structure of Klebsiella sp. LX3
isomaltulose synthase (PDB ID: 1M53) as template. Furthermore, we performed the
structure-based functional modification, and evaluated the effect of Y296, P297 and
E299, which located close to the substrate-binding site, and were considered to
affect the conversion rate of isomaltulose by site-directed mutagenesis.

2 Materials and Methods

2.1 Bacterial Strains and Plasmids

The Siml was cloned into pET22-b vector, E. coli DH5a was used for genetic
manipulation, and E. coli BL-21 (DE3) was used for the expression of Siml and its
mutants. Bacterial strains and plasmids used in this study are summarized in
Table 1. The mutants were further confirmed by DNA sequencing.

2.2 Plasmid Construction

The sequence from the P. dispersa UQ68 J (Gene accession number AY223549)
has a 1797-bp of open reading frame (ORF) encoding 598 amino acids residues.

Table 1 Bacterial strains and plasmids used in this study

Strain/plasmids Description Source

E. coli BL21 (DE3) Expression host Laboratory

E. coli DH5a Cloning host This study
Pantoea dispersa UQ68 J Source for Siml gene This study
pET-22b Expression vector and PCR sample Laboratory
PMD-18-T Cloning vector Takara Dalian




Functional Modification of the Substrate-Binding Site for ... 61

The amino acids residues of Siml include the predicted 33-amino-acid signal
peptide, and PCR primers were designed for cloning the Siml gene (without
noncoding regions and signal sequences) into expression vector of pET-22b. The
forward primer (5'-CGC GGA TCC AAT GGC AAC GAA TAT AGA-3’) included
a BamH 1 restriction site and a start codon. The reverse primer (5'-CCC AAG CTT
GTT CAG CTT ATA GAT CCC GG-3') included a Hind III restriction site and a
stop codon. The wild-type Sim1 was set up in 5 mL of LB medium with 50 pg/mL
of Ampicillin in 30-mL test tubes. Cells were grown at 37 °C with shaking at 250
rev/min. Isopropyl-B-p-thiogalactopyranoside (IPTG) was added to a final con-
centration of 0.5 mM until an OD600 of 0.6—0.8 is reached, and the cultures was
continued to incubate for 12 h at 20 °C. After the incubation, an appropriate vol-
ume of culture was used for protein quantification, sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE), and quantification of the conversion
efficiency from sucrose to isomaltulose and trehalulose.

2.3 Protein Purification

Cells were harvested by centrifugation at 3000g, 4 °C for 10 min, re-suspended in
50 mM Tris-HCI (pH 6.0) and then re-centrifuged, and washed twice with 50 mM
sodium phosphate lysis buffer (pH 6.0). The cells were then re-suspended in the
same lysis buffer containing 200 mM of NaCl, 10 mM B-mercaptoethanol and
10 mM of imidazole, disrupted by sonication, and centrifuged at 10,000g for
30 min at 4 °C. The supernatant was pooled. The recombinant protein was purified
by nickel-nitrilotriacetic acid (Ni-NTA) affinity column chromatography (Qiagen),
and eluted with a linear gradient from 20 to 250 mM of imidazole in 50 mM of
sodium phosphate buffer (pH 6.0) after being washed extensively with 20 mM
imidazole. The purified protein was concentrated by ultrafiltration after dialysis
against 50 mM of sodium acetate buffer (pH 6.0) and used for further investigation.
The protein concentration was measured by the Bradford method using the
Bradford reagent kit (Solarbio, Dalian China).

2.4 Activity Assay of Siml

Enzyme activity was measured by incubating 5 pL of purified enzyme with 95 pL
of a 10% sucrose solution in 0.1 M citrate/phosphate buffer (pH 6.0) at 30 °C. The
sugar profiles in the reaction mixture were analyzed at intervals by
high-performance liquid chromatography with electrochemical detection as
described [13, 14]. Briefly, resolution and quantification of sucrose, isomaltulose,
trehalulose, glucose, and fructose were achieved by isocratic high-performance
liquid chromatography. The HPLC system (Waters Alliance 2690) was equipped
with the refractive index detector (Waters 410). The samples were diluted and
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20 pL of samples were injected into the TSK gel Amide-80 (TOSOH) column
(4.6 mm x 25 cm) for measurement of the sugar composition in the reaction
products. The isocratic mobile phase was acetonitrile: water (90:10), and the
temperature was 80 °C [16, 17]. All sugar quantification data presented below were
obtained by this method, and calibration against a dilution series of sugar standards
was performed for every sample batch. One unit of activity is defined as the amount
of enzyme required to catalyze formation of 1 pmol of isomaltulose in 1 min under
assay conditions [15].

The effect of pH and temperature to enzyme activity was evaluated between pH
4.0 and 9.0 and 20-60 °C using 0.1 mM of sodium citrate (pH 4.0-6.0), sodium
phosphate (pH 6.0-8.0), and Tris-HCI (pH 8.0-9.0) buffers. Heat inactivation of the
enzyme was examined at 30, 40, 50, and 60 °C.

2.5 Conversion of Sucrose

The conversion of sucrose was carried out in the test tube containing 10 mL of 50%
sucrose solution and 1 mL of enzyme at 35 °C in the shaking water bath for 4-6 h,
the reactions were stopped by boiling for 10 min [16, 17]. To study the effects of
mutants on product formation, the same amount of enzymes of wild type and
mutants were incubated separately with the 10 mL of 50% sucrose at 25-45 °C
intervals, and the products were subjected to HPLC analysis as described above.

2.6 Site-Directed Mutagenesis of Sucrose Isomerase

Site-directed mutagenesis was performed with QuikChange (Stratagene) by PCR
and pET-22b-Siml plasmid as a template. Each desired amino acid residue
replacement was generated using two synthetic oligonucleotide primers. The PCR
fragments were amplified using Pfu turbo polymerase (Solarbio, Dalian China). The
obtained mutants were expressed and purified according to the method described
for wild-type Siml.

3 Results and Discussion

3.1 Characterization of the Recombinant Siml

To investigate the isomaltulose conversion of recombinant strains, we studied the
effects of pH, temperature, and substrate concentration on the production of isoma-
Itulose. As shown in Fig. la, the optimal temperature for Sim1 activity was 40 °C.
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Fig. 2 The Siml1 stability of pH (a) and temperature (b)

The activity decreased rapidly when the temperature was over 50 °C. Siml was
active at pH 4.5-8.0, and the high activity was observed at pH 5.5-6.5 (Fig. 1b).
Sim1 showed the maximal isomaltulose conversion concentration at 50% substrate
sucrose (Fig. 1c). Therefore, the best conversion condition of isomaltulose is 50%
of sucrose solution at 40 °C and pH 6.0.

The stability of Sim1 were investigated. It exhibited the pH stability was well at
pH 4.5-6.5, and more than 80% of the maximal activity was retained (Fig. 2a). The
enzyme activity was examined at different storage temperatures, and 80% of the
enzyme activity was retained when the enzyme was incubated at 20-50 °C for
30 min. However, there is only 32% residual activity at 55 °C (Fig. 2b).

3.2 Products Analysis

Four products catalyzed by Siml were analyzed with HPLC and saccharides were
identified by comparison with standards. Figure 3 showed the HPLC results of the
reaction products catalyzed by Siml. Four products (isomaltulose, trehalulose,
glucose, and fructose) were identified by the method described above. We calcu-
lated the relative percentage of individual sugar based on its peak area.
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3.3 The Structure of the UQ68 J Sucrose Isomerase

Dispersa UQ68 J, which was previously reported to show the high efficiency and
specificity for production of isomaltulose from sucrose, has a sucrose isomerase
gene that was different from other characterized SI family members previously [18].
The protein sequence alignment of Sim1 exhibited 64—74% with/without the signal
peptide to other known SIs encoding sequences.

The sequence of Siml revealed that it is different from those of other species. It
contains a 1698-bp ORF encoding 565 amino acids, excluding a 33-amino-acid
signal sequence (GenBank accession number AY223549). The protein sequence of
the Siml1 was submitted in NCBI, it showed that the sucrose isomerase from
Klebsiella sp. LX3 is the highest similarity sequence as the model structure. The
obtained 3D structure of the Siml was energy minimized using Smart Minimizer
algorithm (Discovery Studio 3.0, default parameters) until the potential energy of
the system became constant. The 3D structure of the Sim1 was simulated based on
the crystal structure of Klebsiella sp. LX3 isomaltulose synthase (PDB ID: 1MS53).
The structural model of Sim1 obtained by energy minimization showed the relative
positions of a-helices and B-sheets in the 3D structure of the proteins (Fig. 4a). The
predicted 3D model of Sim1 seemed to share a conserved barrel (0/f)8 domain for
sucrose-binding and glycosidase activities with all other SIs and glycosidase [19,
20]. A “RLDRD” motif in proximity to the active site is also well conserved in the
predicted 3D model of Siml1. This motif is considered to be responsible for sucrose
isomerization. The substrate sucrose was located over the TIM barrel and was
bound to the residues D69, R206, D208, E262, R292, R300, H335, D336, E395,
and R423 through hydrogen bonds. It also formed hydrophobic interaction with
F152, and F264 (Fig. 4b).
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Fig. 4 The simulated 3D structure. a The simulated 3D structure of the P. dis Siml; b The
interaction between sucrose and Siml. The sucrose was modeled based on the alignment of Siml
and sucrose isomerase NX-5 (PDB ID: 4HPH)

3.4 Isomaltose Production by Mutated Siml

It was reported that the specificity for major product formation was regulated not
only by the “RLDRD” motif [21], but also by some other region(s) or other key
residues surrounding the binding site. Table S3 includes residues in these enzymes
that vary from the residues in other Sls particularly close to the “RLDRD” motif.
The F296 was located behind “RLDRD” motif in Siml. However, it was not
conserved in the isomerase family. Isomerase enzymes from Klebsiella sp.,
E. rhapontici, P. rubrum and P. mesoacidophila showed aspartic residue. There is
tyrosine residue from P. mesoacidophila at this position. Therefore, Y296 was
replaced with aspartic, glutamic, phenylalanine, and histidine, respectively (Y296D,
Y296E, Y296F, and Y296H). The P297 was replaced with aspartic and glutamic.
The Q299 was replaced with glutamic, aspartic, asparagine, and knocking down,
respectively (Q299E, Q299D, Q299N, AQ299). The siml mutants kept the similar
activity to wild type (Table 2).

The Siml was cloned into pET22-b vector, and overexpressed in BL21(DE3).
Furthermore, the culture conditions were determined. To investigate Sim1’s activity
and the importance of residues located behind “RLDRD” motif at active site, the
mutants of Siml kept the similar activity with the wild type. However, the
replacement of Q299 to glutamic acid (Q299E) increased the percentage of iso-
maltulose and decreased the percentage of trehalulose in the reaction products,
while the mutants has minor impact on the formation of productions compared with
wild-type. It is interesting that the mutant of deleting Q299 showed the contrary
phenomenon to Q299E. It decreased the conversion percentage of isomaltulose, but
increased trehalulose in the reaction products. It is suggested that the conserved
Q299 is important for the products specificity at the active site. On the other hand,
the replacement of Tyrosine 296 to Aspartic enhanced the percentage of glucose
and fructose in the reaction production by about 2-fold.
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Table 2 Sugar compositions of reaction mixtures of the enzymes

H. Liu et al.

Siml Activity Glucose Fructose Isomaltulose Trehalulose
U/mL (%) (%) (%) (%)

Wide 20.7£0.2 36+04 [3.0x£05 90.3 £ 0.8 31+03
type

Q299E 19.8 £ 0.2 234+£02 [21+£02 942 + 04 1.6 £ 0.1
Q299D 20.1 £0.2 324+03 [26=+0.1 90.2 + 0.7 3.8 £0.1
Q299N 19.5 £ 0.2 334+09 [3.0+£02 89.8 £ 0.5 354+02
AQ299 20.6 £ 0.3 42+0.1 |38+£0.1 81.0 £ 0.6 11 £0.2
Y296D 19.9 + 0.1 106 £0.5 |9.6 £0.3 76.3 £ 0.6 3.6+04
Y296E 203 £ 0.2 39+01 |[3.1+0.1 89.7 £ 0.3 33£0.6
Y296F 189 £ 0.2 37+£03 [29+£02 909 + 04 24 4+02
Y296H 204 £ 0.3 47 +£0.1 |34+£02 87.9 £ 0.6 4.1+£05
P297D 20.0 £ 0.2 344+£03 [3.1+£02 90.3 + 0.6 33+05

(b)

Isomaltose

T

Fig. 5 a The docking simulation of isomaltulose (yellow orange) and trehalulose (green) to the
Sim wide-type. b The hydrogen bond between isomaltulose and Q299 of Siml

3.5 Substrate Docking Simulation

To explain the product specificity of SIs, isomaltulose and trehalulose were docked
into the binding site of Sim1 using the CDOCKER protocol in Accelrys Studio (DS
3.5). The docking results are listed in Table 2. The isomaltulose and trehalulose
products were well docked in the active site (Fig. 5). Q299 could form hydrogen
bond with the fructofuranose moiety of isomaltulose at substrate-binding site rather
than trehalulose, which preferred to bind isomaltulose. Q299E was considered to
strengthen the hydrogen bond interaction between isomaltulose and Glutamine. The
simulated model is consistent with the experimental data (Table 2). In Table 3, the
calculated binding energy of isomaltulose bond to Siml is higher than that of
trehalulose. In the docking simulation of Siml mutants with isomaltulose, Q299E
(48.68 kJ/mol) exhibited higher binding energy than wild-type (45.33 kJ/mol), and
AQ299 (43.64 kJ/mol). Furthermore, AQ299 (42.08 kJ/mol) exhibited higher
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Table 3 Docker interaction energy and the percentage of product

Number Name -cDocker interaction energy (kJ/mol)
1 sim-isomaltulose 45.3
2 sim-trehalulose 39.1
3 Q299E-isomaltulose 48.7
4 Q299E-trehalulose 36.9
5 AQ299-isomaltulose 43.6
6 AQ299-trehalulose 42.1

binding energy than Siml (39.04 kJ/mol), and Q299E (36.87 kJ/mol) in docking
simulation of those with trehalulose. Furthermore, siml (AQ299) broke down the
charge balance because the negative charge of glutamine was missing. Therefore, it
could affect the binding ability with sugar molecular and change the product
specificity. The analysis of binding energy to isomaltulose and trehalulose are also
consistent with the experimental data that the isomaltulose is more suitable for
binding to the substrate-binding site of Siml.

Our molecular docking simulation and experimental data studies demonstrated
the loop 296-299 of Siml, as well as the mutants of Q299E, AQ299, and Y296D
showed significant difference on product specificity. This research will provide a
platform for solving the problem of converting sucrose to isomaltulose and tre-
halulose effectively.
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Construction of the Escherichia
coli-Bacillus subtilis Shuttle Vector pBE2R
and Identification of the Critical Residues
Involved in the Autoprocessing
of the Propeptide of the Alkaline Protease

Run Wei, Xiao-mei Liang, Mei-juan Xuan, Hao-yu Yuan, Fu-ping Lu
and Ming Li

1 Introduction

The serine alkaline protease, secreted from a wide variety of Bacillus species, is an
important industrial enzyme and a model system for protein engineering. The
alkaline protease can be widely used in washing powders and dehairing hides for its
high activity and stability. The alkaline protease generally secreted extracellular for
the purpose of scavenging nutrients is specific for aromatic or hydrophobic resi-
dues, such as tyrosine, phenylalanine and leucine. However, they are highly sen-
sitive to phenyl methyl sulphonyl fluoride and diisopropyl-fluorophosphate. The
Bacillus-originated alkaline proteases are mesophilic enzymes with a molecular
weight range of 15-30 kDa and an isoelectric point near pl 9. They reflect high
activity at 50-70 °C, however, the activity were reduced significantly at low
temperature, like 20 °C [1].

Directed evolution has rapidly emerged as a powerful strategy for improving the
characteristics of various enzymes in a targeted manner. To generate large gene
variant libraries, it is possible to optimize an enzyme for its specific applications
through combining error-prone PCR or DNA shuffling with the high-throughput
screening which is used to select the specific properities of an enzyme, such as
thermostability, catalytic activity and substrate specificity [2]. Therefore, it is
available to improve the activity of the alkaline protease at low temperature through
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the directed evolution. The construction of the mutant library was a key step in the
process of the alkaline protease directed evolution. In this report, a new Escherichia
coli-Bacillus subtilis shuttle vector pBE2R was constructed to establish a platform
for the high-throughput screening of the alkaline protease in the process of the
alkaline protease directed evolution.

The alkaline protease derived from Bacillus alcalophilus TCCC11263 can be
expressed successfully in B. subtilis WB600 by using the pBE2R vector [3]. Apart
from this, in the process of construction of the pBE2R vector we found that the
correct cleavage of the propeptide after secretion was significant for the formation
of the functional protein. As other subtilisins, the B. alcalophilus TCCC11263
alkaline protease of 380 residues is synthesized as an inactive precursor that is
composed of a 27 residues signal peptide for protein secretion, a 84 residues
propeptide for folding and formation of the active protease and a 269 residues
mature peptide for the catalytic protein. The signal peptide is cleaved as the protein
crosses the inner membrane, and the propeptide remains covalently attached until
the protein is secreted from the cell [4]. The propeptides are relatively common in
Bacillus secretory proteins, and they are divided into two different kinds, long and
short [5]. The propeptide region generally functions as a facilitator of folding,
stability, and even secretion of the protein. In most cases, the propeptide domain is
cleaved from the enzymatic domain autocatalytically to release an active protease.
Removal of the propeptide by autocleavage during processing is crucial for the
secretion and production of subtilisins [6]. Takahashi et al. [7] showed that the
autoprocessing efficiency of a subtilisin E mutant with altered specificity for acid
residues was improved by substituting the autoprocessing site Tyr-1 with Asp or
Glu. Grande et al. [8] reported that insertion within a 9-amino-acid region in the
propeptide caused dramatic reduction in LasA enzymatic activity. All mutant
proLasA proteins were still secreted, but extracellular stability was low due to
clustered insertions within the propeptide. However, little is known about the
critical residues involved in the autoprocessing of the B. alcalophilus alkaline
protease. Therefore, another primary goal of this study was to identify the critical
residues correlated to the autocleavage of the propeptide of the B. alcalophilus
alkaline protease.

2 Materials and Methods

2.1 Strains and Plasmids

E. coli DH5a, B. subtilis WB600, B. alcalophilus TCCC11263 were stored by
Tianjin university of science and technology laboratory. The plasmid pWB980 was
kindly provided by Sui-Lam Wong (University of Calgary, Canada). The plasmid
pBE2 was kindly provided by NanKai University.
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2.2  Growth Medium and Conditions

E. coli DH5a., B. subtilis WB600 were cultured aerobically in LB medium at 37 °C.
For recombinant selection, the kanamycin and ampicillin were applied to the above
media. The final concentration of Kanamycin and Ampicillin was 30 and
100 pg/mL respectively. The skim milk plate containing Kanamycin (30 pg/mL)
was used for the preliminary screening of the mutants.

2.3 Related Enzymes and Reagents

GeneRuler, restriction endonuclease and T4 DNA ligase were purchased from
TaKaRa Biotechnology (Dalian) Co., Ltd. Tag DNA polymerases and Unstained
Protein Molecular Weight Marker were purchased from Fermentas. PCR primers
were synthesized by Shanghai Sangon Biological Engineering Technology &
Services Co., Ltd. All other reagents were analytically pure.

2.4 Construction of the pBE2R

P43 promoter is a strong promoter containing two overlapping promoters which are
recognized in vitro by 655- and c37-containing RNA polymerase holoenzymes
from B. subtilis [9]. The 317 base pair length fragment P43 promoter was released
from the plasmid pWB980 by digestion with EcoR I and Kpnl. The fragment was
isolated by gel purification and inserted into the MCS of the pBE2 vector direc-
tionally. Cohesive ends ligation of both fragments resulted in the plasmid pBE2a.
Then the DNA fragment containing signal peptide and pro-peptide of alkaline
protease derived from B. alcalophilus TCCC11263 was amplified by the
Polymerase Chain Reaction (PCR). Based on the DNA sequence of the alkaline
protease (aprE) of B. alcalophilus reported on NCBI, a primer pair (Pspl and Psp2)
(Table 1) with indicated engineered restriction sites were designed to amplify the
signal peptide and pro-peptide gene (sp).

Table 1 Primers used for PCR experiments

Targert gene Primer sequence

Signal peptide and pro-peptide gene

Forward 5'-CGGGGTACCATTATAGGTAAGAGAGGAATGTACA
CATGAAGAAACCGTTGGGGAAAATTG-3' (Kpnl)

Reverse 5-CGCGGATCCCGCCATTGTCGTTACTTCTGCATCC-3(BamH 1)

Mature peptide encoding gene

Forward 5-CGCGGATCCCAATCAGTGCCATGGGGAATTAGCCG-3' (BamH I)

Reverse 5-ACGCGTCGACTTAGCGTGTTGCCGCTTCTGCATTGAC-3' (Sall)
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The Kpnl-BamH 1 fragment of the PCR product was inserted into pBE2a
directionaly, forming plasmid pBE2R. Then the pBE2R was transformed into
E. coli DH5a. The pBE2R was sent to Shanghai Sangon Biological Engineering
Technology & Services Co., Ltd for DNA sequencing.

The mature peptide encoding gene of alkaline protease was introduced into the
pBE2R to detect the function of the new shuttle vector. A primer pair (Pmpland
Pmp2) (Table 1) were designed to amplify the mature peptide encoding gene. The
BamH 1-Sall fragment of the PCR product of the mature peptide (mp) was intro-
duced into pBE2R directionaly to generate pBE2R-mp. Then the recombinant
plasmid was transformed into B. subtilis WB600 to express the alkaline protease.

2.5 Construction of the Mutants with Different Insertional
Positions of the Restriction Sites Around the Region
Between Propeptide and Mature Peptide

Four pairs primers were designed to amplify the fragment of signal and
pro-sequences of alkaline protease with the different insertional positions of
restriction site around the region between propeptide and mature peptide. The
BamH 1-Sall fragments of PCR products were inserted into the pBE2a to construct
plasmids containing different insertional positions. According to the insertional
position, The recombinant plasmids were named pBE2a:Rs109, pBE2a:Rs110,
pBE2a::Rsl111, pBE2a:Rs112, respectively. The mature peptide encoding gene was
amplified by PCR. Then the PCR products were introduced into the recombinant
plasmids described above, generating plasmids pBE2a::Rs109-mp’, pBE2a::Rs110-
mp', pBE2a::Rs111-mp’ and pBE2a::Rs112-mp’. Meanwhile, a recombinant plas-
mid pBE2a-apr containing the signal and pro-sequences, as well as the mature
sequence of the alkaline protease was constructed without the insertion of restric-
tion site at the junction between propeptide and mature peptide. Then these
recombinant plasmids were transformed into the B. subtilis WB600 to express the
alkaline protease. The skim milk plate containing Kanamycin (30 pg/mL) was used
to screen the mutants preliminarily.

2.6 Assay of the AprE Activity

The B. subtilis WB600 carrying recombinant plasmids were cultured in 100 mL LB
medium containing Kanamycin (30 pg/mL) at 37 °C for 48 h. The culture super-
natants were collected by centrifugation at 4 °C and 12,000 r/min for 10 min. The
supernatants were used as crude enzyme solutions for the activity determination of
the AprE protease. The general methods of determination for industrial enzymes
was employed to assay the activity of the alkaline protease quantitatively.
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2.7 SDS-PAGE Analysis

The SDS-PAGE was employed to detect the relative content of the extracellular
proteins. The hosts were cultured in 100 mL LB medium containing Kanamycin
(30 pg/mL) at 37 °C for 48 h. Supernatants and the cells were harvested by cen-
trifugation at 4 °C and 5000 g for 10 min, respectively. Supernatants were precip-
itated with 100% TCA at —20 °C for 5-10 min and then 4 °C for 12 h. Centrifugating
at4 °C and 5000 % g for 10 min to collect the precipitate. The precipitate was washed
by acetone for three times and volatiled thoroughly. Then the precipitates were dis-
solved with the 1x loading buffer before they were boiled. The cells collected by
centrifugation described above were suspended with 40 pL of distilled water and
10 pL of 1x loading buffer. Then the solutions were boiled at 100 °C for 20 min
before loading. SDS-PAGE was performed in a 30% polyacrylamide gel.

3 Results

3.1 Expression of the Alkaline Protease (AprE)

The Escherichia coli-Bacillus subtilis shuttle vector pPBE2R was constructed by
fusing P43 promoter and signal as well as pro-sequence of the aprE gene to the
pBE2 vector (Figs. 1 and 2). The plasmid was verified by double digestion (Kpnl/
BamH 1). The results demonstrated that the sequences inserted into pBE2.

The mature peptide encoding gene of alkaline protease was introduced into
pBE2R to generate pBE2R-mp, which was transformed into B. subtilis WB600 to
detect the function of the new shuttle vector. The transformants were cultured on
the skim milk plate containing Kanamycin (30 pg/mL) at 37 °C for 16 h. It was
observed from the production of the proteolytic ring that the shuttle vector pBE2R
can express the alkaline protease successfully in B. subtilis WB600 (Fig. 3).

Fig. 1 Verification of the
recombinant plasmid pBE2a

P43
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Fig. 2 Verification of the M 1
recombinant plasmid pBE2R

pBE2a

Pro-sequence

Fig. 3 Expression of the
pBE2R-mp in the B. subtilis
WB600

3.2 Deduction of the Critical Residues Involved
in the Autoprocessing of the Propeptide

The new constructed shuttle vector pPBE2R can be used in the directed evolution of
the alkaline protease. The mutational gene encoding mature peptide of the alkaline
protease produced by error-prone PCR and DNA shuffling can be inserted into the
MCS of pBE2R with the connection of BamH I. Therefore, the pBE2R provided a
convenient tool for the high-throughput screening of the forward mutation in the
directed evolution of the alkaline protease.

In the process of pPBE2R construction, we found that the insertional position of
BamH I which was located at the junction between the propeptide and mature peptide
had a significant effect on the activity of the alkaline protease. It was indicated that the
inactive protease was due to the aborting autoprocessing of the propeptide after
secretion. Five recombinant plasmids pBE2a::Rs109 ~pBE2a::Rs112 and pBE2a-
apr were constructed to detect the critical residues involved in the autoprocessing of
the propeptide. Then the mature peptide encoding gene amplified by PCR was ligated
to the pBE2a:Rs109 ~pBE2a:Rs112 to generate pBE2a:Rs-mp’ respectively.
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Finally, the plasmids pBE2a::Rs-mp' and pBE2a-apr were transformed into B. subtilis
WB600 to express the alkaline protease.

It was observed that the proteolytic ring could be produced by the hosts carrying
pBE2a-apr and pBE2a:Rsl112 but could not by the others carrying
pBE2a::Rs109 ~ pBE2a::Rs111. The results showed that the activity of the alkaline
protease produced by the hosts carrying pBE2a-apr and pBE2a:Rs112-mp’ could
be detected and were parallel. While the activity of the protease produced by the
hosts carrying pBE2a:Rs109-mp’ ~pBE2a:Rs111-mp" could not be detected
(Table 2). The determination of the activity of AprE was consistent with the results
of the proteolytic ring.

To determine if there are mutations in the coding domain of the alkaline protease
which couldn’t produce the proteolytic ring. DNA sequencing was used to detect
the mutation in the mature peptide encoding gene which was probably produced by
PCR. However, the results of the DNA sequencing revealed that there was no
mutation in the coding region of the mature peptide. The protein electrophoresis
was employed to determine if the insertions adversely affected the secretion of the
alkaline protease. The electrophoresis result of the intracellular protein showed that
no increased accumulation of 41-kDa proAprE protein was observed in cell
(Fig. 4a). The results of the extracellular protein electrophoresis showed that there
was no obvious difference in the secretion level between the two active proteases
which were produced by the hosts carrying pBE2a-apr and pBE2a:Rs112-mp’,
respectively, while there was a great difference between the active protease and the
inactive protease. The active proteases, a 38-kDa protein bond could be detected in
the hosts producing inactive proteases, while the mature peptide which is 29-kDa in
molecular mass was not detected (Fig. 4b). The results described above implied that
the mutant proAprE protein resulted from the different insertions of BamH 1
appeared to be secreted normally but abnormally in autoprocessing of the
propeptide outside of the cell.

In our experiments, the insertion occured at the residues 109, 110, 111 and 112,
respectively (Table 3). The insertion of the restriction sites between propeptide and
mature peptide might interfere with the recognition of the autoprocessing site so
that the pro-peptide couldn’t be cleaved from preproenzyme correctly. It was
deduced from the experimental results described above that the amino acids

Table 2 Determine result of the enzyme activity of the samples

Plasmid Average value of OD600 | Activity of AprE Standard
designation (U/mL) deviation
pBE2a (control) 0.000 0 +0.1
pBE2a-apr 0.478 18 +0.9
pBE2a:Rs109-mp’ | 0.000 0 +0.2
pBE2a:Rs110-mp’ | 0.000 0 +0.3
pBE2a:Rs111-mp" | 0.000 0 +0.2
pBE2a=Rs112-mp’ |0.484 18 +2.0
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Fig. 4 The SDS-PAGE results of the intracellular and extracellular protein from different
Samples. a The SDS-PAGE result of the intracellular protein. The strains examined were as
follows /-5 hosts carrying pBE2a::Rs109-mp’ ~ pBE2a::Rs112-mp’ and pBE2a-apr, respectively;
6 protein marker. b The SDS-PAGE result of the extracellular protein. / Protein marker; the strains
examined were as follows: 2-3 hosts carrying pBE2a-apr and pBE2a:Rs112-mp'; 4-6 hosts
carrying pBE2a::Rs109-mp' ~pBE2a:Rs111-mp'; 7 host of carrying pBE2 (negative control)

Table 3 The insertional position of the BamH 1

Plasmid designation Insertion position Amino acids sequence
pBE2a-apr - TTMAQS
pBE2a::Rs109-mp’ 109 TGSTMAQS
pBE2a:Rs110-mp’ 110 TTGSMAQS
pBE2a:Rs111-mp’ 111 TTMGSAQS
pBE2a::Rs112-mp'(pBE2R-mp) 112 TTMAGSQS

The pBE2a-apr is the plasmid carrying the intact peptide of alkaline protease without the insertion
of the BamH 1. pBE2a::Rs109 ~pBE2a::Rs112 are plasmids containing different insertional
positions of BamH I between propeptide and mature peptide. The black body “GS” represents two
amino acids introduced by insertion of BamH 1

“TTMA” which located at the junction between propeptide and mature peptide, as
well as its arranging sequence were critical in autoprocessing of the propeptide. The
autoprocessing would be disturbed when this amino acid sequence was destroyed.

4 Discussion

This report described the construction of the Escherichia coli-Bacillus subtilis
shuttle vector pBE2R and the identification of the critical residues involved in the
autoprocessing of the propeptide in alkaline protease. The new shuttle vector
contained P43 promoter and the signal as well as pro-peptide encoding gene of
alkaline protease. It was demonstrated that the signal peptide of the alkaline pro-
tease could guide the foreign protein to secrete effectively. The propeptide acting as
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an intramolecular chaperone had a significant effects on the folding and stability of
the protease, as well as the formation of the active protease [10-15]. In our
experiment, It was shown that the deletion of the propeptide resulted in the acute
instability of the alkaline protease. The alkaline protease could not fold itself into a
suitable state without the assistance of the propeptide so that could be recognized
and digested by the proteases produced by the host (not data shown). On the other
hand, the correct cleavage of the propeptide after the secretion of the protein was
also indispensable to an active protease. It was revealed from the mutant experi-
mental results that several crucial amino acids “TTMA” locating at the 3’ terminal
of the propeptide, as well as the maintenance of its integrated sequence played a key
role in the autoprocessing of the propeptide. The autoprocessing might be disturbed
when this amino acid sequence was destroyed. In addition, the inactive protease
caused by the aborted autoprocessing of the propeptide suggested that the
propeptide was a potent inhibitor of the mature domain although it was needed in
the folding of the protein before secreting.

The pBE2R could be used to express the alkaline protease in B. subtilis WB600
successfully. The shuttle vector pPBE2R not only provided a convenient tool for the
expression of the foreign protein in the B. subtilis, but also established a platform
for the high-throughput screening of the alkaline protease in the process of the
directed evolution of the alkaline protease. The mutated encoding genes of the
mature peptide which were produced by error-prone PCR and DNA shuffling were
introduced into the pBE2R to express the alkaline protease with the different
mutation in B. subtilis WB600. The desired mutant containing different positive
characters was obtained after multiple rounds of error-prone PCR and DNA shuf-
fling as well as the high-throughput screening.

The test for the expression of mesophilic alpha-amylase gene in B. subtilis
WB600 by using pBE2R revealed that the long propeptide of the alkaline protease
could not guide the alpha-amylase which belongs to the short propeptide protein to
produce the functional protein.
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Effects of ATF2 Overexpression
with BAT2 Deletion on the Higher
Alcohols and Esters in Beer Yeast

Xiaoer Liu, Jia Xu, Li Pi, Cuiying Zhang and Dongguang Xiao

1 Introduction

In the yeast fermentation process, the by-products, carbon dioxide and alcohol form
a unique beer flavor. The by-products include higher alcohols, esters, phenolic
compounds and so on [1]. Among them, esters and higher alcohols are two of the
most important groups of volatile flavor compounds. As we all known, beer
alcohols and esters are generated in the main fermentation stage. However, levels of
higher alcohols in the fermentation solution are often too high for favorable beer
development, while beer yeast strains display low capacity for ester production.
Thus, development of methods by which to decrease the generation of higher
alcohols and increase the production of aromatic esters in beers, particularly
through the use of industrial brewer’s yeast, is of great importance.

Alcohol acetyltransferases (AATases), which catalyze the transformation of
alcohols and acetyl-coenzyme A into acetate esters, are key enzymes involved in
ester synthesis [2-4]. Three types of AATases (namely, AATase, AATase I, and
AATase II) have been studied, and they are encoded by the ATF1, Lg-ATF1, and
ATF?2 genes respectively [5-9]. Several researchers have reported that, compared to
ATF 1, overexpression of ATF2 caused slight increase in the process of synthesis of
ester. Similarly, Lg-ATF1 has a very limited role in the synthesis of volatile esters
[10-12]. In the previous study, the ester production was observed to increase
significantly when overexpressed ATFI in beer yeast, which leaded to the dishar-
mony of beer flavor [13]. Overexpression of ATF2 in industrial brewer’s yeast is
observed for appropriately increasing the production of ester, thus beer flavor
behave more harmonious.
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Higher alcohols, also known as fusel alcohols, include propyl alcohol, isoamyl
alcohol, isobutyl alcohol, active amyl alcohol and so on. About 80% outputs of
higher alcohols are formed during the primary fermentation. Higher alcohols are
one of the inherent flavor ingredients of beer, and the coordination between all
kinds of higher alcohols can make beer palate soft and unique taste [14]. In the
amino acid catabolism pathway, knocking out the amino acid transaminase
(BCAT), which is encoded by BATI and BAT2 gene, can reduce the concentration
of isobutanol and isoamyl alcohol [15]. The product of the BAT2 gene has been
previously reported to play an important role in the production of higher alcohols
than the BATI gene [16].

In this article, the brewing yeast strain with part BAT2 allele insteaded by ATF2
gene was constructed to improve a moderate amount of acetate content and reduce
higher alcohol content. Our data show that ATF2 overexpression and BAT2 deletion
can improve the acetate ester content in beer while significantly reducing its iso-
amyl alcohol content. The results in this article are useful in future developments in
the beer industry.

2 Materials and Methods
2.1 Strains and Media

Escherichia coli DH5a, the parental strain Saccharomyces cerevisiae S5, and
plasmid pUC-BBAK, pUC-PIA2K were obtained from the Microbiological Culture
Collection Center of Tianjin Industrial Microbiology Key Laboratory, Tianjin
University of Science and Technology, People’s Republic of China.

Plasmid pUC-BBAK contained two homology DNA fragments of upstream and
downstream of BAT2 gene and loxP-kanMX-loxP gene disruption cassette, named
BA, BB and K, respectively. Plasmid pUC-PIA2K was used in the preparation of
the PGKp-PGKy expression cassette and the ATF2 expression genes. The ATF2
gene was connected between the promoter and the terminator, the direction is
consistent with them.

E. coli DH5a used for the preparation and construction of the plasmid, was
grown at 37 °C in Luria-Bertani medium (1% Bacto-tryptone, 0.5% yeast extract,
and 0.5% NaCl). Ampicillin was added to the medium at a final concentration of
100 pg mL™" to select positive E. coli transformants. The parental strain S. cere-
visiae S5 was usually cultured in YPD medium (1% yeast extract, 2%
Bacto-peptone, and 2% glucose). G418 was added to the medium at a final con-
centration of 100 pg mL™" to select positive yeast transformants. The optimum
growth temperature of S. cerevisiae was 30 °C. During fermentation, the yeast cells
were cultured in wort medium. Wort medium was prepared from crushed malt and
distilled water according to the ratio of material to water 1:4, and saccharification
was performed according to certain routes with sugar meter adjusted to 10 °Brix.
All of the solid media used in this study contained 2% agar.
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2.2 DNA Manipulation

The DNA operation in this study was performed according to the standard proce-
dure described by Ausubel [17]. In-Fusion DNA ligase, TaKaRa LA Taq DNA
polymerase, 5000 DNA Marker, 15,000 DNA Marker and restriction enzymes were
used for DNA manipulation, and these reagents were purchased from the TaKaRa
Biotechnology.

2.3 Plasmid Construction

The polymerase chain reaction (PCR) primers used in this work are listed in
Table 1. A 3379-bp PGKp-ATF2-PGKt fragment was amplified via PCR from the
plasmid pUC-PIA2K, which contained ATF2 gene (1608-bp) under the control of
phosphoglycerate kinase I gene promoter and terminator (1771-bp). A 5309 bp
BB-pUC19-BA-KanMX fragment was amplified via PCR from the plasmid
pUC-BBAK, which contained the homology arms BA (488-bp) and BB (522-bp)
and loxP-kanMX-loxP fragment (1613-bp). The recombinant plasmid pUC-PABBK
was obtained from the ligation of PGKp-ATF2-PGKt fragment and
BB-pUC19-BA-KanMX fragment reacted for 30 min with the use of In-Fusion
DNA ligase under 50 °C.

2.4 Yeast Transformation and Screening

Transformation fragment PABBK was obtained by PCR amplification from the
constructed plasmid pUC-PABBK, and then transformed into yeast genome
through the method of LiAc transformation. G418-resistant transformants were
selected and identified via PCR.

Table 1 Primers used in this study

Primer Sequence (5’ = 3')

BB-U TTCGTTACGGATCCCGGCGTTTTTTCTACTGAGTTAAGGGGTC
BK-D CGGGATCCGGCATAGGCCACTAGTGGATCTG

PGK-U CCTATGCCGGATCCCGTCTAACTGATCTATCCAAAACTGA
PGK-D CGGGATCCGTAACGAACGCAGAATTTTC

BA-U TACCAAACCGCTAACTTCCTTC

BB-D AGTTTTCATCATCTTTGGGGTC

U-® ATGTCGCCGCCGTCAATA

D-® CAAGACTGTCAAGGAGGGTA

U-@ GTTCGGGTTCAGCGTATT

D-@ TGACAAAGGGAGTAGCAT
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2.5 Fermentation Method

First of all, the yeast cells were cultured in tube containing 7 mL. wort medium and
static cultured for 24 h in 30 °C incubator. The culture was added to the 150 mL
triangle bottle containing 45 mL wort medium with 10% inoculation quantity, and
static cultured for 24 h in 16 °C incubator. Then 15 mL of the culture was trans-
ferred into 250 mL triangle bottle containing 135 mL wort medium, and static
cultured 7-9 days in 10 °C incubator. Weight lost of Carbon dioxide was detected
every 12 h, until the data is less than 0.2 g.

2.6 Gas Chromatography (GC) Analysis

After fermentation, samples were filtered and distilled from the wort medium, then
used for GC analysis. Analysis was performed on an Agilent 7890C GC system.
Capillary column was 30 m x 320 um x 0.5 um and column temperature was
75 °C. The temperature of the flame ionization detector (FID) was adjusted to
230 °C, the injector temperature was 200 °C, and the split ratio was 20:1. Nitrogen
was used as the carrier gas, and the injection volume was 1.0 pL. Butyl acetate was
used as the internal standard. A specific amount of each of the analytes was mea-
sured and used as a standard for machine calibration. Ethyl acetate, amyl acetate,
isoamyl acetate, isobutanol and isoamyl alcohol were purchased from Merck.

2.7 Other Basic Performance Test

Weight lost of Carbon dioxide, residual sugar, alcohol degree, appearance fer-
mentation degree and real fermentation degree were referred from People’s
Republic of China country.

3 Results and Discussions

3.1 Construction of Recombinant Plasmid pUC-PABBK

The construction process of the recombinant plasmid pUC-PABBK was showed in
Fig. 1.

Plasmids pUC-BBAK and pUC-PIA2K were used as templates, and
BB-pUC19-BA-KanMX (5310-bp) and PGKp-ATF2-PGKrt (3379-bp) fragments
were obtained by PCR amplification with primers BB-U, BK-D and PGK-U,
PGK-D, respectively. Data was shown in Fig. 2. The two fragments were connected
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pUC-PABEK

3691bp

Fig. 1 Construction process of plasmid pUC-PABBK

with In-Fusion DNA ligase. For PCR verification, the 6005-bp size of a fragment
(Fig. 3a) would be gotten with the primers BA-U and BB-D. For enzyme digestion
verification, the 8691-bp size of a fragment (Fig. 3b) would be gotten using the
restriction enzyme Nco 1.

3.2 Construction of Engineered Brewer’s Yeast Strains

The transformation fragment PABBK was amplified via PCR from the plasmid
pUC-PABBK and integrated into the homologous genome of the S5 strain via LiAc
transformation (Fig. 4). The resulting transformants were screened on YPD plates
containing 0.50 mg mL™" G418 [18]. The strain S5-L was selected as the correct
recombinant after PCR analysis using the primer pairs U-(D, D-(D and U-@), D-®),
separately (Fig. 5).
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(a) (b)
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Fig. 2 a M 15,000 DNA marker; lane I PCR amplification results of BB-pUC19-BA-KanMX
fragment (5310-bp). b M 5000 DNA marker; lane I PCR amplification results of PGKp-
ATF2-PGKr fragment (3379-bp)

Fig. 3 a M 15,000 DNA
marker; lane 1 the result of
PCR verification using primer
BA-U and BB-D. b M 15,000
DNA marker; lane I the result
of enzyme digestion
verification using restriction
enzyme Nco |

3.3 Basic Fermentation Performance of S5 and S5-L

The fermentation performance of S5 and S5-L were detected. The results (Table 2)
showed that there was no significant difference in the basic fermentation perfor-
mances of the engineered strains S5-L and the parental strain S5.
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Fig. 4 Construction of engineered brewer’s yeast strain
Fig. 5 lanes 1, 2 were PCR 1 2 0 3 4

amplification results from the
recombinant (S5-L) genome
and the parental strain (S5)
genome using the primer pairs
U-@, D-O; M 5000 DNA
marker; lanes 3, 4 were PCR
amplification results from the
parental strain (S5) genome
and recombinant (S5-L)
genome using the primer pairs

U-@, D-©

3.4 Production of Volatile Flavor Compounds During
Fermentation

After fermentation, the esters and higher alcohols in parental strain and engineering
strain were determined by GC analysis. The results showed that the content of
acetate esters in engineering strain S5-L was improved than that of the parental
strain S5. The content of ethyl acetate in engineering strain S5-L reached
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Table 2 Fermentation performances of the parental strain and the engineered strain
Yeast | Weight Ethanol (%, | Residual Appearance Real appearance
strains | loss of CO, | v/v, 20 °C) | sugar fermentation fermentation

(2) (g L_l) degree (%) degree (%)
S5 6.6 £ 020 [4.27 £0.23 |85+ 0.32 |67.90 £ 0.55 58.27 £ 0.40
S5-L 6.6 £0.15 |4.12 £0.02 |9.33 £ 0.80 |66.22 &+ 0.70 57.62 £ 0.38

Results are averages from three parallel independent experiments. Values are means £+ SD from

three different tests

Table 3 Content of volatile compounds in the parental strain and engineering strain

Yeast Ethyl acetate | Isoamyl acetate | Isoamyl alcohol | Isobutanol Propanol
strains | (mg LY (mg LY (mg LY (mg LY (mg LY
S5 592 +£ 038 - 60.74 &+ 0.40 11.35 £ 0.33 | 12.23 £ 0.16
S5-L 7.60 + 0.47 - 51.49 + 045 8.30 £ 0.58 | 9.72 £ 0.37

Results are averages from three parallel independent experiments. Values are means £+ SD from

(TR

three different tests.

represents not detected

7.60 mg L™', which was 1.28-fold of that of the parental strain S5. Isoamyl acetate
in engineering strain and parental strain was not detected. It was probably the result
of that the content of isoamyl acetate was lower than the GC detection. After
fermentation, the content of isoamyl alcohol in the engineering strain S5-L. was
reduced to 51.49 mg L%, which was 84.77% of that of the parental strain S5.
Isobutanol and propanol were reduced to 8.30 and 9.72 mg L™, which was 73.13%
and 79.47% of that of the parental strain S5 (Table 3), respectively.

4 Conclusion

In this work, with the action of PGK promoter, ATF2 gene, which encodes the
AATase II, was overexpressed to increase acetate content. On the other hand, BAT2
gene, which encodes the amino acid transaminase, was knocked out to decrease the
content of higher alcohols. The results of the final fermentation showed that ethyl
acetate content was moderate increased while higher alcohols concentrations were
effectively reduced. In this paper, the ester content has been improved, but there’s
still a lot of work to do in order to achieve better results.
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Study on a Staphylococcal Tat Signal
Peptide Guided EGFP Translocation
in E. coli

Qiu-Xiang Zhou, Jun Zhang, Mei-Na Wang, Wen-Hao Yang,
Jian Zhang and Qiang Gao

1 Introduction

A variety of protein transport systems have been found in bacteria for decades.
Based on their structure, the signal peptide can be mainly divided into the following
kinds: Sec (Secretion Translocation Pathway), Tat (Twin Arginine Translocation)
[1], LIP (Lipoprotein), Com (type IV pili structure), and ATP-binding cassette
(ABC) signal peptide [2]. To date, Sec pathway is widely used for exogenous
protein secretion in genetic engineering, but Sec transport system can only secrete
unfolded or partially folded proteins [3]. However, Tat signal peptide secretion
system can secrete the correctly-folded protein to the outside of the cell [4, 5]. Tat
pathway was first found in E. coli. Bolhuis et al. found that two integral cytoplasmic
membrane proteins, TatB and TatC, consist a structural and functional unit of the
twin-arginine translocases in E. coli. In the field of genetic engineering, it can be
used to secrete heterologous proteins that cannot be transported by Sec transloca-
tion pathway [6]. Currently, it has become a focus of protein transportation research
in the world due to its feature to help translocate fully folded proteins across the
bacterial plasma membrane [7].

Green fluorescent protein (GFP) can be well expressed as a reporter protein in a
large number of prokaryotic [8] and eukaryotic cells without affect by the biolog-
ical, tissue or genotype [9]. In addition, GFP possesses a small molecular weight
(ca. 27 kDa), and does not affect the property and function of other fused proteins
[4]. Thus, the target protein can be fused with GFP for the localization analysis
[10]. Moreover, its expression has the advantages of easy detection, high sensi-
tivity, stable fluorescence, non-toxic to cells, among others. Therefore, GFP can be
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directly used for the determination of living cells characteristics, and is widely used
in various research fields of the life sciences [11].

In this study, the enhanced green fluorescent protein (EGFP) was used as a
reporter protein to study the protein secretion properties by Tat pathway in E. coli
[12]. A Tat signal peptide from Staphylococcus carnosus TM300 [7, 13, 14] was
ligated with EGFP gene to construct the Tat-EGFP fusion gene. The EGFP and
fused Tat-EGFP (EGFPs) were employed to investigate its role in EGFP translo-
cation in E. coli host.

2 Materials and Methods

2.1 Strains and Plasmids

E. coli DH50 was obtained from the preservation of Tianjin Municipal Industrial
Microbiology Key Laboratory, Tianjin, China. Staphylococcus carnosus TM300 and
plasmid pBT2 (Cm', Amp") were kindly offered by Professor Dr. Friedrich Goetz of
the Department of Microbial Genetics, Eberhard-Karls-Universitaet, Tuebingen,
Baden-Wuerttemberg, Germany. The plasmids pBT2-ETG encoding the Tat-EGFP
fusion protein with a Tat signal peptide of iron-dependent peroxidase EfeB (GenBank
ID: CAL29117.1) in S. carnosus TM300 and pBT2-ET-EGFP only encoding EGFP
gene without signal peptide were constructed in our previous work [12—-14].

2.2 Media and Culture Condition

LB broth (10 g/L tryptone, 5 g/L yeast extract, 10 g/L. NaCl) was employed for the
cultivation of E. coli. The solid LB medium was prepared by the addition of 20 g/L
agar. The ampicillin resistance was used for the screening of the recombinants at
final concentration of 100 pg/mL.

2.3 Enzymes and Reagents

The Nhel and BamHI restriction enzymes, T4 DNA ligase and low molecular
weight proteins marker were purchased from Fermentas Inc., (Burlington, Ontario,
Canada). 2x Taq PCR Mastermix, plasmid extraction kit, 1 kb DNA Ladder and
DNA Marker IIT were bought from Tiangen Biotech (Beijing) Co., Ltd., (Beijing,
China). Lysozyme (20,000 U/mL), EGFP antibody, PVDF film and Color
Developing Reagent (DAB) kit were bought from Beyotime Biotechnology
Research Institute (Nantong, Jiangsu, China). Cell lysis buffer was composed of
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0.8 mg/mL lysozyme, 20% sucrose, 50 mmol/L. Tris and 1 mmol/L. EDTA (pH
8.0). All other reagents were analytical or biological grade.

2.4 Extraction of EGFPs from E. coli

For the extraction of EGFPs (EGFP and Tat-EGFP), single recombinant colonies of
E. coli DH50/pBT2-ET-EGFP and E. coli DH5a/pBT2-ETG were respectively
grown in 50 mL LB broth at 180 r/min and 37 °C for 16 h. The cell pellets were
harvested by centrifugation at 12,000 r/min and 4 °C for 15 min. Proteins in the
culture broth were treated with 10% trichloroacetic acid (TCA) for 12 h at4 °C. The
cells were resuspended in 2 mL PBS buffer, disrupted by sonication, and recovered
the supernatant from cell fragments by centrifugation as the cytoplasm fraction.

The fermentation broth of E. coli was centrifuged at 12,000 t/min and 4 °C for
10 min, then the cell precipitate was washed twice with PBS (pH 7.4) for collec-
tion. Then the cell lysis buffer was added to fully suspend the bacterial cells on ice
bath for 30 min. The supernatant after centrifuge was the periplasm protein fraction.

The culture broth of E. coli was centrifuged, and the supernatant was extracted
and then mixed with 10% TCA precipitation, kept statically at 4 °C overnight. The
precipitation was washed once with 100-80% acetone, and then the proteins in the
fermentation broth was precipitated by centrifugation, and dried at room tempera-
ture as the fermentation broth fraction.

2.5 Detection of EGFP

The expression of the EGFPs in the cells and fermentation broth of E. coli
DH50/pBT2-ET-EGFP and E. coli DH50/pBT2-ETG was observed by fluores-
cence microscopy [OLYMPUS (China) Co., Ltd., Beijing, China], and analyzed by
SDS-PAGE and Western blot.

3 Result

3.1 Fluorescence Observation of EGFPs
in E. coli DH5a Cells

By dropleting the E. coli transformant culture broth on the slide surface with cover
glass, fluorescence was observed under a fluorescent microscope. In Fig. 1, E. coli
DHS5o/pBT2-ET-EGFP and E. coli DHSopBT2-ETG cells emitted green
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(b)

Fig. 1 Result of fluorescence observation of various E. coli DH50 recombinants. a E. coli
DHS5a0/pBT2; b E. coli DH5a/pBT2-ET-EGFP; ¢ E. coli DH5a/pBT2-ETG
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Fig. 2 Fluorescence spectrophotometer determination for EGFPs of various E. coli host. a The
periplasm extract; b the fermentation broth

fluorescence, but the control E. coli DH5a not. The results indicated that both
EGFPs genes were able to be expressed in E. coli DHS5a host.

3.2 Fluorescence Spectrophotometer Detection

The detection of EGFP and Tat-EGFP in periplasm and fermentation broth of
various E. coli hosts were performed using an fluorescence spectrophotometer
(Hitachi F-7000, Japan). Only Tat-EGFP gave an obvious fluorescence emission
peak at 510 nm in the periplasm of E. coli DH5a/pBT2-ETG, but not EGFP for
E. coli DH50/pBT2-ET-EGFP, indicating that the staphylococcal Tat signal peptide
plays a positive role for transmembrane protein transport of Tat-EGFP (Fig. 2).

Additionally, no emission peak was found at 510 nm from the both fermentation
broth, suggesting that both kinds of EGFPs could not be secreted into the fer-
mentation broth from their E. coli host cells, respectively. This can be referred to
the lack of translocation and the outer membrane block for EGFP as well as the later
for Tat-EGFP.
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3.3 SDS-PAGE Analysis

For the overnight cultures of E. coli DH5a, E. coli DHS5a/pBT2, E. coli
DHS5a/pBT2-ET-EGFP and E. coli DH5a/pBT2-ETG, SDS-PAGE was used for the
analysis of EGFPs in the cytoplasm, periplasm and fermentation broth to determine
whether the EGFPs could be secreted into the culture broth (Fig. 3).

3.4 Western Blot Verification

In this work, whether the expressed EGFPs can be translocated into the periplasm
and fermentation broth from various E. coli hosts were further detected by Western
blot. The Western blot experiment here also exhibited the same result as
SDS-PAGE, i.e. both EGFP and Tat-EGFP were correctly expressed in the cyto-
plasm of E. coli hosts, but only Tat-EGFP was expressed in the periplasm (Fig. 4),
and none of them could be transported into the fermentation broth (data not shown).

(A M 12 by M 1 2 34 (M 1 234

3 4

48KDa
e 35Da
25kDa

48kDa
35kDas

25kDas

17kDa 17kDa

Fig. 3 SDS-PAGE analysis of intracellular proteins in E. coli. a intracellular; b periplasm;
¢ fermentation broth. M: protein marker; 1: E. coli DHS5a/pBT2-ETG; 2: E. coli
DH5a/pBT2-ET-EGFP; 3: E. coli DH50/pBT2; 4: E. coli DH5a

M 12 34 M 12 3 4

() — (b)
48kDa
35kDa
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Fig. 4 Western blot analyses of EGFPs in E. coli. a intracellular. M: protein marker; 1: E. coli
DH50/pBT2-ETG; 2: E. coli DH5o/pBT2-ET-EGFP; 3: E. coli DH5o/pBT2; 4: E. coli DH5a;
b periplasm. M: protein marker; 1: E. coli DHS5a; 2: E. coli DH50/pBT2; 3: E. coli
DHS5a/pBT2-ET-EGFP; 4: E. coli DH50/pBT2-ETG
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4 Conclusion

To our best knowledge, this is the first report that the constructed Tat-EGFP was
successfully translocated in the periplasm E. coli DH5a host by a Tat signal peptide
from S. carnosus TM300, but EGFP not. Our results revealed that the heterologous
staphylococcal Tat signal peptide is recognized by the E. coli host, and exerts a
positive role in the transmembrane secretion of Tat-EGFP, which sheds the light as
a novel pathway for the secretion of the heterologous proteins in E. coli and
probably other bacteria.

Acknowledgements This work was financially supported by the National Natural Science
Foundation of China (31370075, 31101275 and 61603273), the Undergraduate Laboratory
Innovation Fund of Tianjin University of Science and Technology of China (1504A304X) and the
Youth Innovation Fund of Tianjin University of Science and Technology of China
(2014CXLG28).

References

1. Lee PA, Tullman D, Georgiou G et al (2006) The bacterial twin-arginine translocation
pathway. Annu Rev Microbiol 60:373-395

2. Bogsch EG, Sargent F, Stanley NR et al (1998) An essential component of a novel bacterial
protein export system with homologues in plastids and mitochondria. J Biol Chem
273(29):18003-18006

3. Jensen CL, Stephenson K, Jergensen ST et al (2000) Cell associated degradation affects the
yield of secreted engineered and heterologous proteins in the Bacillus subtilis expression
system. Microbiology 146(10):2583-2594

4. Zhang G, Gurtu V, Kain SR (1996) An enhanced green fluorescent protein allows sensitive
detection of gene transfer in mammalian cells. Biochem Biophys Res Commun 227(3):707-711

5. Tjalsma H, Bolhuis A, Jongbloed JDH et al (2000) Signal peptide-dependent protein transport
in Bacillus subtilis: a genome-based survey of the secretome. Microbiol Mol Biol Rev
64(3):515-547

6. Thiemann V, Saake B, Vollstedt A et al (2006) Heterologous expression and characterization
of a novel branching enzyme from the thermoalkaliphilic anaerobic bacterium Anaerobranca
gottschalkii. Appl Microbiol Biotechnol 72(1):60-71

7. Biswas L, Biswas R, Nerz C et al (2009) Role of the twin arginine translocation pathway in
Staphylococcus. J Bacteriol 191(19):5921-5929

8. Tiinnemann G, Martin RM, Haupt S et al (2006) Cargo-dependent mode of uptake and
bioavailability of TAT-containing proteins and peptides in living cells. FASEB J
20(11):1775-1784

9. Sheen J, Hwang S, Niwa Y et al (1995) Green-fluorescent protein as a new vital marker in
plant cells. Plant J 5(8):777-784

10. Chalfie M, Tu Y, Euskirchen G et al (1994) Green fluorescent protein as a marker for gene

expression. Science 263(5148):802-805



Study on a Staphylococcal Tat Signal Peptide Guided ... 95

11. Chen Y, Miiller JD, Ruan QQ et al (2002) Molecular brightness characterization of EGFP
in vivo by fluorescence fluctuation spectroscopy. Biophys J 82(1):133-144

12. Yu C, Zheng X, Zhu Y et al (2011) Construction of zaz-gfp fusion gene and its expression in
Staphylococcus carnosus. Biotechnol Bull 8:203-207

13. Xu B, Cheng Y, Wang L et al (2015) Construction of Eschericha coli-Staphylococcus shuttle
vector for EGFP expression and potential secretion via Tat pathway. Lect Notes Electr Eng
333:171-180

14. Gao Q, Xu B, Cheng Y et al (2014) GFP translocation of twin-arginine secretion pathway in
Staphylococcus carnosus. J Tianjin Univ Sci Technol 5:1-5



A Novel GH10 Xylanase Xyn13-3
from Alkaline Soil: Gene Cloning
and Heterogenous Expression

Haiyan Qiu, Zhongyuan Li, Hui Wang, Shuang Li and Tongcun Zhang

1 Introduction

Hemicelluloses are the second most abundant plant polysaccharides in nature. Due to
their potential role as sustainable energy sources, hemicelluloses are increasingly
becoming an important concern [1]. The main chain of xylan is constituted with
xylose unit through the B-1,4-linkage, and it is usually substituted with varying levels
of L-arabinofuranosyl, galactosyl, acetyl, glucuronyl, and 4-O-methylglucuronyl
groups [2]. Among them, xylanase plays a crucial role in the hydrolysis of the xylan
back-bone [3], in which xylanase cleaves the -1,4-glycosidic bond between xylose
residues to release xylooligosaccharides. A great potential for some biotechnological
applications in many biotechnological application especially in food, bioconversion,
pulp and paper industries [4]. Due to the increasing demand for xylanase production,
exploring new enzyme sources has been a hot topic in recent years [5]. Therefore, we
tried to explore some novel alkaline xylanase from alkaline soil, in this study, a novel
xylanase of family 10 (Xyn13-3) was obtained from the metagenomic DNA of
alkaline soil and it was heterologously expressed in Pichia pastoris GS115.
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2 Materials and Methods

2.1 Strains, Plasmids, and Culture Conditions

E. coli DH5a and the vector PMD-19T (TaKaRa, Dalian, China) were used for
gene cloning. Pichia pastoris GS115 and vector pPIC9 used for gene expression
were purchased from Invitrogen (Carlsbad, CA, USA). Reagents and chemicals
used for DNA manipulation were purchased from ThermoFisher Scientific
(Shanghai, China).Yeast Nitrogen Base (YNB) with amino acids was purchased
from Solarbio (Beijing, China). All yeast culture media were prepared according to
the Yeast Protocols Handbook.

2.2 Alkaline Soil Sampling and Metagenomic DNA
Extraction

Alkaline soil was obtained from the coastal saline area in Tianjin (China) and stored
in —20 °C. The pH was measured by pH meter (SevenEasy, Shanghai). About 1 g
soil sample was firstly grinded by liquid nitrogen, and the metagenomic DNA was
extracted by CTAB-SDS method [6]. The crude DNA was purified by DNA
purification kit (Solarbio, Beijing, China), and was detected by nucleic acid
electrophoresis.

2.3 Cloning and Sequence Analysis of Xylanase Gene
Xyni3-3

The xylanase gene Xynl3-3 was obtained by Touch-down PCR and TAIL-PCR
methods. Firstly, the conserved sequence of Xyni3-3 was amplificated by
Touch-down PCR with primers GHI10F and GH10R according to Wang et al. [7]. The
Nucleotide fragment was sequenced by GENEWIZ, Beijing, China. The full gene
sequence was amplificated using Tail-PCR method with the six specific primers
designed based on the conserved sequence. The primers used in the study were shown
in Table 1. The sequence was assembled by Vector NTI7.0 (Invitrogen), and was
blasted by BLASTX (https://blast.ncbi.nlm.nih.gov/Blast.cgi).
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Table 1 Details of primers used in this investigation

Primers Primer sequence(5'-3")

GHIO0F CTACGACTGGGAYGTNIBSAAYGA

GH10R GTGACTCTGGAWRCCIABNCCRT

SP1-U GTAGTCGTTGATATACAGCTTGGCGGCC

SP1-D TTGCGTTTGAGGCGGCCCGTGAAG

SP2-U AGTGCCCGGCGGAGTTTGCGTTAC

SP2-D GGCCGCCAAGCTGTATATCAACGACTAC

SP3-U CTAGGAGGCGGGAGAAGACAGAG

SP3-D CGGTGTGCCCATTGACGGAAATCGG

PIC9F GGGGAATTCATGGGCACAAAGTACCCGGCGAGCG
PIC9R GGGGCGGCCGCTCAAAGAATGTTCAGAATAGC

2.4 Heterologous Expression of Xynl3-3

The full-length gene sequence of Xynl3-3 was digested with EcoRI and Notl,
ligased with pPIC9 vector, transformed into E. coli DH5a, verified by restriction
digestion, which was then linearized by Pmel and transformed into P. pastoris
GS115 competent cells by electroporation. The transformants were screened and
induced by methanol according to the instructions of Pichia expression kit
(Invitrogen). The recombinant protein Xyn13-3 was secreted into the medium and
collected by centrifugation, and subjected to the enzyme activity assay [8]. The
transformant with the highest activity was fermented in a 1-L flask for optimization
of the induction time. The recombinant protein Xynl13-3 was purified by nickel
affinity chromatography (GE Healthcare, Uppsala, Sweden) with 10-500 mM
imidazole in buffer [9, 10]. The protein fraction corresponding to different imida-
zole concentration were collected and subjected to sodium dodecyl sulfate (SDS)-
polyacrylamide gel electrophoresis (PAGE; 12% separation gel and 5% spacer gel).
The protein concentration was determined using Bradford protein assay kit
(BioRad) [11].

3 Results and Discussion

3.1 Cloning and Sequence Analysis of the Xylanse Gene
Xynl3-3

A partial gene fragment of 250 bp was amplified by Touch-down PCR, and was
cloned into pMD-19T for sequencing. The flanking region was amplified with
TAIL-PCR using the nested internal primers which were designed based on the
250 bp core region. Based on the analysis by Vector NTI 7.0 and FGENESH, the
complete ORF of Xynl3-3 consisted of 1020 bp (Fig. 1). The mature protein
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Fig. 1 The xylanse gene M 1
Xynli3-3 by PCR method.
M DM2000 marker; I the
sequence of gene Xynl3-3

5000 bp
3000 bp
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consisted of 339 residues with a calculated molecular mass of 36.97 kDa. Xyni3-3
had no predicated N-glycosylation site. BlastP search indicates that Xyn13-3 belongs
to GH family 10 and its amino acid sequence showed the highest identity (61%) with
the reported GH10 xylanase from Trichoderma gamsii (XP_018659952.1).

3.2 Phylogenetic Analysis

MEGA software was used to build Xyn/3-3 and other GH10 family xylanase
phylogenetic tree, in order to understand the evolutionary relationship between
Xynl3-3 and other GH10 family xylanase, the results are as shown in Fig. 2. The
xylanase has closely related to the genetic relationship with xylanase which orig-
inated from Trichoderma gamsii (XP_018659952.1).

3.3 Expression and Purification of Recombinant Enzyme

The full-length sequence of gene Xynl3-3 was cloned into pPIC9 to obtain the
recombinant plasmid pPIC9-Xyn13-3 (Fig. 3). The recombinant protein Xyn27-1
was purified to homogeneity at 200 mM imidazole with a molecular weight of
39.97 kDa (Fig. 4), a little larger than the calculated molecular mass, which might
be attribute to the His6-tag. The specific activity of purified Xyn13-3 measured by
DNS method was 135.24 U/mg.
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4 Conclusion

Xylanase is the most critical xylan degrading glycoside hydrolases, xylan could be
degraded into oligosaccharides, which could be further degraded to xylose by
glucosidase and other side-chain Hydrolase. In this study, a novel GH family 10
Xyn13-3 from the genomic DNA of Alkaline Soil was cloned and successfully
expressed in Pichia pastoris GS115. The deduced proteins showed low identities
with known fungal xylanases which originated from Trichoderma gamsii (61%).
The specific activity of purified Xynl3-3 measured by DNS method was
135.24 U/mg. This is a new xylanase that needs further investigation to characterize
its use. In order to improve the activity of the recombinant xylanase, severals factors
for the optimization of induced culture will be studied, including induction timing,
induced time, inducer concentration and inducing temperature, as well as the fol-
lowing study on enzymatic properties which can provide worthful theory data for
application.
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Exploitation of a KU70-Deficient Mutant
for Improving Gene Deletion Frequency
in Aspergillus niger

Liu-hua Yin, Lan Zhang, Ling Liu, Hongfei Zhang, Li Hou
and De-pei Wang

1 Introduction

Lack of objective functional gene, often referred as targeted gene knockout, is an
essential tool for genetic engineering and reverse genetics [1]. The gene knockout is
developed on the basis of homologous recombination between homologous DNA
and chromosomal DNA, with site specificity. The target fragment can be used to
characterize the genetic stability of chromosomal DNA. The process is mainly to
build a plasmid vector into cells after homologous recombination to achieve the
target gene knockout. This is of great significance for the transformation of
industrial production strains. It is a major obstacle in many industrially important
species such as A. niger.

The repair mechanism of DNA double-strand breaks is mainly HR and NHEJ
[2], both of which are mediated by competitive inhibition [3, 4]. HR repair process
mainly uses the homology of the DNA double-strand to carry out specific recog-
nition, the protein responsible for matching and recombinant protein does not
include the specificity of the base sequence. NHEJ does not require homologous
chromosomes to be a template to repair the broken DNA double strand by con-
necting the two ends together, which is a powerful repair. Among the different
species, the proportion of HR and NHEJ involved in repair is different. In
eukaryotes, the repair of DSBs is more of the form of NHEJ. We can improve the
efficiency of gene targeting by reducing the NHEJ pathway [5]. Through a large
number of studies we affirm that KU protein [6] with NHEJ pathway has an
important link, by knock out the KU gene to reduce the NHEJ pathway [7]. Ku
protein is a widely located nuclear protein, encoded by the KU gene, which is
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widely existed with a variety of biological functions [8] and involved in a number
of important cell metabolism, such as DNA replication, DSBs repair, transcription
regulation [9]. When the kusA gene is destroyed in A. niger, which is a homologous
sequence of ku70, the gene-targeting frequency of the gene-deleted strain was
increased to 80% and the sensitivity to UV and X-Ray increased as well [10].

In this study, we deleted the ku70 gene fragment to inhibit its non-homologous
end of the link and improved the transformation efficiency of Agrobacterium
tumefaciens in A. niger. It can be a convenient way for us to study the filamentous
fungi in Genetic Engineering.

2 Materials and Methods

2.1 Material

2.1.1 Strains, Plasmids and Primers

Aspergillus niger CGMCC 10142, a hyper-producer of citric acid, was obtained
from Tianjin Key Laboratory of Fermentation Microbiology, Tianjin, China.
Escherichia coli DH50 was used as the host for the propagation of plasmid DNA,
while Agrobacterium tumefaciens AGL1 was employed as T-DNA donor for fungal
transformation [11] (Table 1). Primers in this study were listed in Table 2.

2.1.2 Reagents, Media and Cultivation

Hygromycin B was purchased from Solarbio institute, Beijing, China. Bleomycin
and Geneticin were bought from Sigma institute, USA. All of the chemicals used
were of analytical grade.

The bacterial strains were cultivated in LB medium at 37 °C (DH5a) or 28 °C
(AGL1), respectively [12]. Potato dextrose agar (PDA) was used for the growth of A.
niger [13]. Liquefied corn medium, provided by RZBC Co., Ltd., Rizhao, Shandong,
China, was used for citric acid fermentation, the content of initial total sugar was 179.8
g L, the mineral element: FeSO4-7H,0 30 mg LY CaCl,-2H,O 10 mg L
MnClL-4H,0 7 mg L™, CuSO,-5H,0 0.3 mg L™', MgSO,-7H,0 0.3 gL',
ZnS0,-7H,0 10 mg L', KH,PO, 0.3 g L™, yeast extract 0.004% (w/v). Fungal
culture medium (FCM) was composed of 30 g L' sucrose, 10 mg L' FeS0O,4-7H,0,
0.5 g L™'KC1,0.5 g L™'MgS0,-7H,0, 1 g L™'K,HPO,,and 20 g L™ agarpowder
(pH 5.0-6.0).
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Table 1 Strains and plasmids in this study
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Strains and plasmids Relevant genotype/description Source
Aspergillus niger Tianjin University of Science
CGMCC10142 and Technology
E.coli DH5a Tianjin University of Science
and Technology
Agrobacterium Tianjin University of Science
tumefaciens AGL1 and Technology
pGM-T Amp" Purchased from Tiangen, China
pBackZero-T Amp" Purchased from Takara, Japan
p60 Ble'HYG'Kan" Tianjin University of Science
and Technology

p80 E. coli DHS5a-A. tumefaciens This work

shuttle vector,

HYG'Kan', containing the deletion

cassette of ku70
pl0 E. coli DH50-A. tumefaciens This work

shuttle vector,

HYG'Kan', containing the deletion

cassette of cs
p74 E. coli DH5a-A. tumefaciens This work

shuttle vector,

HYG'Kan', containing the deletion

cassette of aox1
p8l E. coli DHS5a-A. tumefaciens This work

shuttle vector,

G418 Kan', containing the deletion

cassette of psA
p90 E. coli DHS5a-A. tumefaciens This work

shuttle vector,

G418 Kan", containing the deletion

cassette of pd

2.2 Construction of the ku70 Deletion Cassette

Construction of the ku70 deletion cassette and PCR verification were shown in
Figs. 1 and 2, respectively. The deletion cassette containing the hygromycin
resistance gene (hyg) was designed to replace the ku70 gene coding region
according to a method of double-crossover homologous recombination. Briefly, a
955-bp fragment of the 5'-flanking region (the deletion cassette left arm) and
another 874-bp fragment of the 3'-flanking region (the deletion cassette right arm)
were amplified from the genomic DNA using primer pairs P3/P4 and P5/P6
(Table 2), respectively, and served as homologous arms for the recombination
event. The right arm fragment and plasmid p60 were respectively digested with Pstl
and Hindlll, the two linear fragments were linked by T, DNA ligase to create the
intermediate plasmid p80-R. The left arm fragment and plasmid p80-R were
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Table 2 The primers used for the experiment

Primers | Sequence (5" — 3') Descriptions

pl TTAAACGATTCCACAACATTCTACT Upstream primer of ku70

pll CCTAATGCTCTTCGTTTTGACAT Downstream primer of
ku70

pl GTCGACGTTAACTGATATTG Upstream primer of hyg

p2 TTTGCCCTCGGACGAGTGCT Downstream primer of
hyg

p3 GGGGTACCGAGCTCGAGGCCAAACAGGCAGAC | Upstream primer of left
deletion cassette

p4 CGGGATCC AGATCTATCGCTGGGCAATGACTTG | Downpstream primer of
left deletion cassette

pS AACTGCAG TCTAGAGCAGCTGCCGAAGGGA Upstream primer of right
deletion cassette

po CCCAAGCTT TCTAGATAACTGTACATCGCCT Downstream primer of
right deletion cassette

p7 CCGCCGATGTCCGCATACTG For verification of the

P8 TCATTGTACGCATACCGTTA 2684 bp of the ku70 gene

P9 CTCACCGAGGCAGTTCCATAGG Upstream primer of G418

pl0 GCCCGATGCGCCAGAGTTGTTT Downstream primer of
G418

digested with Kpnl and BamHI, respectively; the two linear fragments were linked
by T4 DNA ligase to generate the deletion plasmid p80 (5'-flanking region-hyg
gene-3'-flanking region).

2.3 Electroporation Parameters

The constructed plasmid p80 was transformed into A. fumefaciens AGL1 by electric
transformation [14]. The electroporational parameters were as follows: plasmid
1.2 pL, A. tumefaciens 70 pL, electric shock 0.5 s at 2.5 kV.

2.4 Infection Experiment

The A. tumefaciens AGLI1 that carried plasmid 80 were cultured untill ODggg
reached 0.8 in induction medium. Then, 200 pL A. tumefaciens AGL1 and 200 pL
A. niger spores were added on 0.45 pm cellulose acetate membrane which placed in
induction medium with 200 pmol/L. AS and 100 pg/L Kanamycin. The co-culture
was performed in 25 °C for 48 h [15, 16].
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Fig. 1 Construction schematic diagram of plasmid p80

3 Results and Discussions

3.1 Cloning of the ku70 Gene from A. niger CGMCC 10142

The genomic DNA of A. niger was extracted from mycelia that grew on PDA media
by the cetyltrimethylammonium bromide method [17]. The BLAST method was
used to survey the whole genomic sequences of A. niger CBS 513.88 to search for
an ku70-like gene [18, 19]. PCR was carried out to amplify the homolog of the
ku70-like gene using a pair of pl and pll primers. The protocol and results were
shown in Table 3 and Fig. 2, respectively.

3.2 Sequence Alignment

The result of ku70 gene purification recovery was shown in Fig. 3. The DNA
sequences of ku70 gene of A. niger CGMCC 10142 was assigned with GenBank
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(a) (b) (©) M 1 2
10000bp
4000bp 4000bp
2000bp 2000bp
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Fig. 2 The PCR test of left arm, right arm, full length and restriction enzyme analysis of p80.
a M 5000 bp DNA marker; lane I PCR product was amplified by using p80 as template with the
primers P3/P4; lane 2 PCR product amplified by using p80 as template with the primers P5/P6;
b M 10,000 bp DNA marker; lane I PCR product was amplified by using p80 as template with the
primers P3/P6; ¢ M 10,000 bp DNA marker; lanes 1,2 restriction enzyme analysis of p80 amplified
with Kpnl/HindIll

Table 3 The reaction system of PCR using rTaq polymerase

Reaction system Condition
Total volume 50 pL Step 1 (1 cycle) 95 °C 5 min
10 xbuffer 5 pL
d NTPs (2.5 mmol/L) 4 pL 95 °C 30 s
Template 1 pL Step 2 (30 cycles) 60 °C 30s
Primer I (10 pmol/L) 2 uL 72 °C 3 min
Primer II (10 pmol/L) 2 uL
rTaq (5 U/uL) 0.5 uL Step 3 (1 cycle) 72 °C 10 min
ddH,O 33 uL

Step 4 (1 cycle) 4 °C 30 min

accession numbers XM001396771 and the homeology was 99.75% between the
augmented sequence after identified by sequencing appraisal and nucleotide
sequence reported in Genbank.



Exploitation of a KU70-Deficient Mutant for Improving ... 111

M1

3000bp

1000bp

Fig. 3 The PCR product of ku70 gene

3.3 Analysis of Phylogenetic Tree of ku70 Gene

A Neighbor-Joining tree was constructed from the amino acids sequences encoding
ku70 gene of the same 22 fungi of filamentous fungi and sacchromyces classes
which were used to construct phylogenetic tree of ku70 gene (Fig. 4). According to
the phylogenetic tree, Aspergillus niger strain CGMCCI10142 have the closest
relation compare to the other strains incorporated filamentous fungi and saccha-
romyces. The distantly regarding ku70 gene from saccharomyces was showed the
farthest relation are Candida ablicans strain SC 5314 and Pichia farinosa strain
CBS 7064.

3.4 Screening of the ku70 Deletion Mutant

The plasmid p80 was transformed into A. niger CGMCC 10142 by AMAT, and 35
transformants were obtained on CM plates containing 250 pg/mL hygromycin. All
of transformants were verified by PCR of deletion cassette gene and hygromycin
resistant in Fig. 5. The results demonstrated that transformant was the ku70 gene
knockout mutant therefore named as Aku70.

3.5 The Genetic Stability of Transformant

15th passage culture from the transformant was amplified in Fig. 6. The result
indicated that Aku70 was genetically stable.
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Fig. 4 Phylogenetic tree constructed from ku70 gene amino acid sequence
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Aspergillus niger strain ATCC 1015 — 1
Aspergillus nidulans strain FGSC A4
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Aspergillus niger strain CGMCC10142
Monascus ruber strain isolate M7
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Aspergillus clavatus strain NRRL 1
Aspergillus fischeri strain NRRL 181
Saccharomyces cerevisiae strain S288¢
Saccharomyces sp.
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Saccharomyces eubayanus —
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filamentous fungi

Saccharomyces

Fig. 5 The PCR test of A. niger transformation of ku70 deletion. M 5000 bp DNA marker; lane 1
negative control; lane 2 3240 bp PCR product amplified by using Aku70 as template wit, the
primers P1/P7; lane 3 2375 bp PCR product amplified by using 4ku70 as template with the
primers P2/P8; lane 4 1400 bp fragment of hyg amplified by using p80 as template with
the primers P1/P2; lane 5 1400 bp fragment of hyg amplified using transformant as template with

the primers P1/P2
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M 1 2 3 45

30006p
1000bp

Fig. 6 The PCR test of A. niger transformation. M 5000 bp DNA marker; lane I PCR product
amplified by using the genome of 1st Aku70 subculture as template with the primers P1/P7; lane 2
PCR product amplified by using the genome of 10th Aku70 subculture as template with the
primers P1/P7; lane 3 PCR product amplified by using the genome of 15th Aku70 subculture as
template with the primers P1/P7; lane 4 PCR product amplified by using the genome of 10th
Aku70 subculture as template with the primers P2/P8; lane 5 PCR product amplified by using the
genome of 15th Aku70 subculture as template with the primers P2/P8

Table 4 The numper of pl10 p74 p8l1 p90
transformants by different CGMCC 10142 3 18 9 3l
plasmids infect A. niger
Aku70 12 31 56 47
Efficiency (%) 50 72.2 43.5 51.6

3.6 Reduce-Representation Genome Sequencing

The result of Reduce-Representation Genome Sequencing showed that the hyg had
a unique insertion site in 68,064 at AnlS5. It is consistent within the locus of
CBS513.88 ku70 gene (GenBank No: ANI_1_420134) in 679,864-682,385.

3.7 The Efficiency of Different Plasmids Affected by ku70
Gene Insertion

The strain of Aku70 and original strain CGMCC 10142 were infected by plasmids
pl0, p74, p81 and p90 which preserved in our laboratory, respectively. The
transformants were selected in the plate form containing 150 pL/mL hyg after
incubating 72 h at 35 °C. The numbers of transformants were counted in Table 4,
and partial transformants verification as shown in Fig. 7. The result indicated that
strain Aku70 had a higher efficiency comparing with original strain CGMCC 10142.
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M12 3 4567 89 101112131415

Fig. 7 The PCR test of A. niger transformation. a M 5,000 bp DNA marker; lane 1-8 1400 bp
fragment of hyg amplified by using the genome of CGMCC Acs as template with the primers
P1/P2; b M 5000 bp DNA marker; lane 1-19 1400 bp fragment of hyg amplified by using the
genome of CGMCC Aaox 1 as template with the primers P1/P2; ¢ M 5000 bp DNA marker; lane
1-17 550 bp fragment of G418 amplified by using the genome of CGMCC Aips A as template
with the primers P9/P10; d M 5000 bp DNA marker; lane 1-15 550 bp fragment of G418
amplified by using the genome of CGMCC Apd as template with the primers P9/P10

4 Conclusion

Aspergillus niger CGMCC10142 was successfully transformed by Agrobacterium
tumefaciens with plasmid p80 and the hereditary stability of the transformant Aku70
was confirmed by subculture verification. A. niger CGMCC10142 and Aku70 were
transformed by different plasmids respectively. It is indicated that all of genes
segment insertion efficiency were dramatically improved by 40-80% compared
with the original strain. The plasmids pl0 and p74 (hyg) have a higher deletion
efficiency of 50 and 72.2% respectively in Aku70 compared with A. niger CGMCC
10142. Meanwhile, the deletion efficiency conducted with plasmids p81 and p90
(G418) was improved 43.5 and 51.6% respectively. The results showed that G418
was a beneficial marker for inserting target fragment in A. niger.
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Biotransformation to Produce Boldenone
by Pichia pastoris GS115 Engineered
Recombinant Strains

Rui Tang, Peilin Ji, Ying Yu, Xu Yang, Mengjiao Liu, Kaiyuan Chen,
Yanbing Shen and Min Wang

1 Introduction

Steroid medications are used widely in clinical applications and form an important
and large category in the pharmaceutical industry. Boldenone (BD) is androgenic
anabolic steroid; which increases nitrogen retention, protein synthesis, appetite and
stimulates the release of erythropoietin in the kidneys. Boldenone undecylenate is
often prescribed for patients that have lost muscle mass due to extended periods of
bed rest or bouts with significantly diminished muscle mass. In addition, Boldenone
is a popular drug for administration in various animals and extensively used in the
cattle and meat production industry.

Traditionally, boldenone is obtained from 4-AD by chemical synthesis [1, 2]
with many by-products, low quality and low yield. In contrast to chemical syn-
thesis, biotransformation provides an alternative method for the production of
steroid medicine intermediates and has been used extensively as a common and
economical process in the pharmaceutical industry [1, 3, 4]. The methods of BD
biosynthesis usually use AD as the substrate, through the Al-dehydrogenation and
the reduction reaction of Cl7-one to Cl7-alcohol. While most of natural
microorganisms do not have the capability of high expressing 17Hsd and
3-ketosteroid-A1l-dehydrogenase at the same time. This bottlenecks seriously limit
the wide industrial application of microbial transformation to produce BD. While
recently P. pastoris GS115 was found to be capable of transforming the C17-one to
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C17-alcohol of steroids, indicating that P. pastoris GS115 contain the gene for
17Hsd, but its 3-ketosteroid-A1-dehydrogenase has low activity. The construction
of genetically engineered recombinant strains for bacterial KstDs is usually insol-
uble [5-10]. The expression of KstDg from Aspergillus fumigatus in P. pastoris was
found to be the only case that was soluble [6]. And the KsdD2 from R. rhodochrous
DSM43269 was found to have strong Al-dehydrogenation [9].

In this work, a 3-ketosteroid-Al-dehydrogenase KsdD2 from R. rhodochrous
DSM43269 was successfully expressed intracellularly in P. pastoris GS115. The
engineered recombinant strains P. pastoris GS115 pPIC3.5K-ksdd2 was found to
be capable of transforming AD to both ADD and BD. The transformation of AD to
ADD and BD is certainly the result of synergism between exogenous KsdD2 and
endogenous 17Hsd. In this way, BD could be obtained by biotransformation from
AD. Thus we have established a green BD biosynthetic pathway, and provided
theory basis for the wide industrial application of microbial transformation to
produce BD.

2 Materials and Methods

2.1 Strains and Plasmids Construction

P. pastoris GS115 was obtained from Tianjin University of Science and
Technology Culture Collection Center (TCCC), Tianjin, China. R. rhodochrous
DSM43269 was purchased from China General Microbiological Culture Collection
Center (CGMCC) and was used as the template for cloning the ksdd2 gene. The
plasmids pPIC3.5K was used to express the ksdd2 gene. Primers were designed
based on the published sequence of the ksdd2 gene (Accession No. KU257604),
and the sequences for the primers were: Sense: 5-CCGGAATTCATGGCCAAG-
ACCCCTGTACC-3. Antisense: 5-AAGGAAAAAAGCGGCCGCTCAGGCGA-
CCGGTGCGT-3. The underlined characters indicate the sites of EcoR I and Not 1,
respectively. P. pastoris GS115 integration vector pPIC3.5K carrying the bacterial
kanamycin gene (kan from Tn903) that confers resistance to Geneticin® and
Ampicillin (Amp) resistance were used. The plasmids pPIC3.5K was the common
plasmids used in P. pastoris GS115 for gene expression [11]. The purified DNA
was digested with EcoR I and Not I and ligated into the EcoR I—Not 1
double-digested pPIC3.5K to construct pPIC3.5K-ksdd2. The pPIC3.5K-ksdd2
vector was imported into P. pastoris GS115 by electroporation. The transformants
were screened by MD medium. The selected mutants were designated as P. pastoris
GS115-pPIC3.5K-ksdd2, for further characterization.
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2.2 Media and Culture Conditions

Substrate androst-4-ene-3,17-dione (AD) was obtained from Sigma Aldrich Co.
(USA). All chemical solvents and salts used were of analytical grade or higher. The
cultivation and bioconversion of microorganisms, as well as the preparation and
analysis of transformation products, were performed following the procedures
described by Shao et al. [12]. The AD concentration added in the fermentation
system were 2 g/L.

2.3 Analytical Methods

The method used for TLC and HPLC analysis of androst-4-ene-3,17-dione (AD),
androst-1,4-ene-3,17-dione (ADD) and boldenone (BD) concentrations was in
accordance with our previous study [13]. Samples extracted with ethyl acetate were
detected by TLC and HPLC. TLC was performed on a TLC plate (Merck, KGaA;
20 x 20, 0.25 mm, Germany), developed by petroleum ether/ethyl acetate (4:6v/v),
and visualized by spraying with 20% H,SO, and heating at 100 °C for about 5 min
until the colors developed. HPLC was carried out with an Agilent 1260 HPLC
instrument equipped with a C18 column (ZORBAX Eclipse Plus C18, 3.5-Micron,
150 mm x 4.6 mm) and a UV/visible detector. AD, ADD and BD were monitored
at 254 nm and the mobile phase composed of methanol and water (70:30, v/v). The
flow rate was 1 mL/min and the column temperature was 30 °C.

3 Results and Discussion

3.1 Cloning of the Gene Encoding KsdD2

The complete sequence of the ksdd2 gene from R. rhodochrous DSM43269 was
obtained by PCR. The resulting fragment containing 1713 bp nucleotides is a
complete open reading frame. Sequence analysis revealed that the sequence of the
ksdd2 ORF uses ATG as the start codon and the G+C content (%) of the ksdD2 is
69.06 mol%. Also, a possible ribosomal binding site (GAAAGG) sixteen nucleo-
tides upstream was found. The ksdd2 gene consists of 1713 nucleotides and
encodes a deduced protein of 571 amino acids. The molecular weight of KsdD2
was estimated to be 60.63 kDa, and the plI value was calculated to be 5.54 by the
ExPASy compute pI/Mw program algorithm (http://www.expasy.org/cgi-bin/
protparam).

The putative N-terminal FAD-binding motifs in the KsdD2 was consistent with
the sequence as previously described [14], GSG(A/G)(A/G)(A/G)X17E (Fig. 1).
Online analysis software showed that KsdD2 has two transmembrane segments,


http://www.expasy.org/cgi-bin/protparam
http://www.expasy.org/cgi-bin/protparam

120 R. Tang et al.

(a)
501 KstDl  --—-—-—-——- MODWISE! SGE GA AR LTyIVLEK‘IIl 6T 5% 56 SUWLP exx
501 KstD2 MAKNQAPPATQAKDIVV [ESEm ARG SNLIVEXT o3ghiGE S < EGAF| TSR N
ksdD2 MARTEVPAVITARDTTV gefciefTle NG T ST TVE X Seiahd = cGAT|M=A N
(b)
1.2
1
08
06
04
0.2
o LI
o 100 200 300 400 500

fransmembrane

inside

outside

Fig. 1 Conserved sequence and the analysis of transmembrane region in KsdD2; a N-terminal
FAD-binding motif of the putative KsdD2; b the analysis diagram of transmembrane region by
TMHMM

four transmembrane helices, and a strong transmembrane domain near the
N-terminal, indicating that KsdD2 may be a membrane protein.

Then the amplified gene was subcloned into the EcoR I/Not I—digested sites of
the E. coli/P. pastoris shuttle vector pPIC3.5K to form pPIC3.5K-ksdd2. The
resultant plasmid pPIC3.5K-ksdd2 was verified by PCR and double endonuclease
digestion (Fig. 2). The sequence of the cloned ksdd2 gene was analyzed and the
results indicated that the sequence was consistent with the reported data.

3.2 Expression and Characterization of KstD2 in P. pastoris

Generally, biotransformation from ADD to BD is usually carried out by
17B-hydroxysteroid-dehydrogenases (17Hsd), which are widespread in microorgan-
isms such as yeasts. Previous research implied that Saccharomyces cerevisiae can
transform the C17-one to C17-alcohol of steroids [15, 16], but its 3-ketosteroid-A1l-
dehydrogenase has low activity. To enhance its A1-dehydrogenation and the proportion
of BD in the end products of AD transformation, eukaryotic host P. pastoris strain
GS115 was then chosen to overexpress the ksdD2 from R. rhodochrous DSM43269.
pPIC3.5K, a powerful intracellular expression plasmid, was firstly selected. The
recombinant ksdD?2 strain was designated as P. pastoris GS115 pPIC3.5K-ksdd2. The
expression profile of P. pastoris GS115 pPIC3.5K-ksdd2 showed that the expressed
KsdD2 was larger than 66 kDa (Fig. 3).

As shown in Fig. 4, P. pastoris GS115 pPIC3.5K-ksdd?2 transformed AD to
different products. This may be attributed to the original AD transformation
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Fig. 2 Identification of
recombinant plasmid
pPIC3.5K-ksdd2. M DNA
marker; a PCR analysis of the
recombinant plasmid: lane I
PCR analysis of E. coli DH5a
containing the empty-vector,
pPIC3.5K; lane 2 PCR
analysis of E. coli DH5a
containing the recombinant
plasmid pPIC3.5K-ksdd2;

b double endonuclease
digestion analysis of the
recombinant plasmid: lane 1
double endonuclease
digestion analysis of E. coli
DH5a containing the
recombinant plasmid
pPIC3.5K-ksdd2

Fig. 3 SDS-PAGE analysis
of cell extract of different
MNR M3 strains.

M Molecular weight
standards; lane 1-3 the whole
protein expression of

P. pastoris GS115 containing
the plasmid, pPIC3.5K-ksdd2;
lane 4 protein expression
profiles of P. pastoris GS115
containing the empty-vector,
pPIC3.5K
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capacity of P. pastoris GS115 (Fig. 4a). One AD product produced by P. pastoris
GS115 pPIC3.5K-ksdd2 developed as jacinth spots on TLC and was later identified
as ADD by an authentic sample. Another product, produced by P. pastoris GS115
pPIC3.5K-ksdd2 developed as brick-red spots on TLC in AD transformation and
was identified as boldenone (BD). The AD transformed by P. pastoris GS115
pPIC3.5K-ksdd2 was further analyzed by HPLC. The HPLC profiles of the samples
transformed by P. pastoris GS115 pPIC3.5K-ksdd2 showed four chemical peaks:
ADD (t = 4.528 min), BD (t = 4.949 min), and AD (t = 5.632 min) (Fig. 4b).
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Fig. 4 KsdD2 activity for AD transformation by P. pastoris GS115 pPIC3.5K-ksdd2. a TLC
chromatogram of AD transformation for 2d. Lane I The standard of AD, ADD and BD; lane 2 AD
transformed by wild-type GS115; lane 3 AD transformed by P. pastoris GS115 pPIC3.5K-ksdd?2.
b HPLC analysis of AD conversion by P. pastoris GS115 pPIC3.5K-ksdd2

3.3 Improved Substrate Concentration by Screening
the Cosolvents on AD Biotransformation

As steroids’ water-insoluble seriously restricts its biotransformation efficiency,
measures need to be explored to improve their dispersity and solubility in reaction
media [1]. Cosolvents can improve the solubility of steroid substrates which further
increases its bioconversion efficiency. However, high organic solvent concentra-
tions have harmful effects on biocatalyst. By increasing the water solubility and

Fig. 5 Effects of different 60 -
HP-B-CD:AD molar ratios on
AD conversion rate
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reducing the biotoxicity of substrates, CDs have been widely used to obtain a higher
bioconversion efficiency [1, 17, 18]. In this study, the biotransformation of AD was
conducted with HP-B-CD, its solubility and conversion rate in P. pastoris GS115
pPIC3.5K-ksdd2 were improved, the conversion efficiency of AD on ADD and BD
with different molar ratios of HP-B-CD were investigated as below.

As shown in Fig. 5, AD conversion rate increased obviously with the increase of
HP-B-CD concentration to some extent. When its molar ratio increased to 1:1, the
AD conversion rate reached the maximum 56.76%. So we selected 1:1 as the
optimized molar ratio in AD conversion.

4 Conclusions

In conclusion, we analysed the molecular property of a 3-ketosteroid-Al-
dehydrogenase KsdD2 from R. rhodochrous DSM43269 by TMpred program pre-
diction and supposed KsdD2 to be a membrane-bound protein. It may therefore be
required for them to bind to the cellular membrane tightly by hydrophobic
transmembrane domains to make it easier to contact with steroids in cellular membrane.
Then KsdD2 was successfully expressed intracellularly in P. pastoris GS115.
The engineered recombinant strains P. pastoris GS115 pPIC3.5K-ksdd2 was found to
be capable of transforming AD to both ADD and BD. The transformation of AD to
ADD and BD is certainly the result of synergism between exogenous KsdD2 and
endogenous 17Hsd. In this way, BD could be obtained by biotransformation from AD,
but how to enhance the 17Hsd activity still needs further study. Although the BD was
still at a low conversion, the research developed in this study could provide theory basis
for the wide industrial application of microbial transformation to produce BD.
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The Prokaryotic Expression

of Cyclin-Dependent Kinase 2,
and the Establish of Its Inhibitor
Screening System

Yuan Yuan, Meile Gao, Huan Liu, Tingting Ruan, Weiran Xie,
Meng Wu, Xin Qu, Zhen Liu, Peng Yu and Yuou Teng

1 Introduction

Cyclin dependent kinases (CDKs) are serine/threonine protein kinases and play
essential roles in the intracellular control of the cell division [1, 2], including
CDKI1, CDK2, CDK4, CDK®6 and different Cyclins (A, B, D and E). At least there
are twenty different CDKs and Cyclins have been reported in mammalian cells [3].
CDKs-Cyclins complex can boost the interphase to mitosis of cell cycle in a
continuous and orderly manner [4, 5]. Meanwhile the abnormal regulated of
CDKs-Cyclins is indispensible ingredient in biological characteristics of tumour an
important. The increased expression of Cyclin or CDK have been observed in
various cancers such as stomach and lung cancer [6]. As the star of CDKs family,
CDK2 causes much attention for its close relationship with cancer [7-9]. The
activation of CDK2 can accelerate the cell cycle progression. Therefore, CDK?2 as
an effective target for anti-cancer has attracted the attention of many researchers.
The monomer of CDK?2 does not show any activity, but the complex of CDK?2 and
Cyclin is the activation type. In addition, a huge number of work committed to
develop small molecule inhibitors of CDK2-Cyclins complex [10]. In this study, we
mainly constituted the prokaryotic expression and screening system of
CDK2-Cyclin A.

There are over 300 crystal structure of CDK2 monomers or binding with its
various inhibitor in PDB-database, more than the sum of other members of CDKs.
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CDK2 monomer consists of 298 amino acids, which has the similar structure with
the classical protein kinase- a typical dual-stack synthetic lobed structure [11].
CDK2 has four cavities: one competitive site called ATP binding site, two
non-competitive sites, and ATP non-competitive sites (ANS) or allosteric binding
sites, which appear when conformational changed after Cyclin binds CDK2, also
called cell cycle protein binding site (CBG), which can be used as a small molecule
inhibitor docking target [12].

Small molecule inhibitors of CDK2 have been discovered with the development
of the structure of CDK2 and Cyclin A. The chemical structures of the CDK2
inhibitors include purine, pyrimidine, flavonoids, indole and its derivatives, imi-
dazole and pyridine, pyrazine and pyridine, pyrazine and thiazine ketones, piper-
acillin, pyrazine, butyric acid lactone [13]. The first stage of the CDK?2 inhibitors
are flavopiridol, purine ((R)-roscovitine), SNS-032 [6] and PHA-793887. However,
the adverse pharmacological properties and low specificity made them interrupt in
phase II and phase III clinical. Indolocarbazole analogy, indirubin and its deriva-
tives, pyrazine and other 13 kinds of small molecule inhibitors are undergoing
clinical trials [14]. Roscovitine, a classic CDK inhibitor, can work by directly
binding the ATP binding domain of CDK. As reported, Roscovitine potently
inhibits CDK2/Cyclin A with ICsq of 0.7-1.5 uM [15]. In this study, Roscovitine
was used as a positive control to identify the successful establishment of CDK2
inhibitor screening system.

2 Materials and Methods

2.1 Construction of Recombinant Plasmids

CDK2 full-length cDNA was amplified by the cell of K562, which was used as a
template for PCR amplification of the region in the open reading frame encoding
the human CDK2. PCR amplification was performed using 25 ng of template DNA,
0.1 ng of the appropriate primers [5-GCCGAATTCATGGAGAACTTCCAA-3'
(§'-primer) and 5-GCCTCGAGTCAGAGTCGAA  GATG-3'(3'-primer)],
1 puL 1.0 U/uL KOD DNA polymerase, 5 pL 10 x KOD-plus Buffer, 5 pL 2 mM
dNTP and 2 pL 25 mM-MgSQ, in a final reaction volume of 50 pL. The mixture
reaction was subjected to amplification for 35 cycles (95 °C, 0.5 min; 58 °C,
1 min; 72 °C, 1.5 min) with a thermal cycler. After amplification, PCR products
were cleaved with Eco RI and Xho 1 and ligated between the corresponding
restriction sites of the vector pET-28a. This vector has a His-tag coding sequence
and can produce a C-terminal 6 His-tag fusion protein. Then the ligation product
was transformed into E. coli. Top 10. Through further bacteria liquid polymerase
chain reaction, we confirmed positive transformants and then utilized EndoFree
Plasmid Mini Kit (CW Bio) to extract CDK?2 plasmids for gene sequencing. Correct
transformants were used to induce the expression of CDK2 and Cyclin A protein.
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The method of constructing Cyclin A recombinant plasmids is the same as that
of CDK2 recombinant plasmids. The appropriate primers for performing PCR
amplification of the region in the open reading frame encoding the human Cyclin A
is [5-GCGAATTCATGTTGGGCAACTCT-3' (5'-primer) and 5'-GCCCTCGAGT
TACAGATTTAGTGT-3' (3'-primer)].

2.2 Expression and Purification of Cyclin A and CDK2

To express the recombinant human CDK2/Cyclin A, E. coli BL21 (DE3) Plyss cells
were grown in solid LB medium (1.5% agar, 1% bactotryptone, 0.5% yeast extract,
1% NaCl) containing 10 mg/mL Kanamycin at 37 °C overnight to obtain single
colonies. Then the single colonie was used to inoculate a 5 mL. LB medium
pre-culture, containing the appropriate antibiotic and was then grown at 37 °C
overnight. The culture was used to inoculate 50 mL of LB medium at 37 °C to
ODg at 0.6-0.8. Isopropyl B-p-1-thiogalactopyranoside (IPTG) was then added to
a final concentration of 0.1 mM and cells were further incubated for 12 h at 25 °C.

Following induction, cells were collected by centrifugation (5,000 g for 5 min),
the supernatant was decanted, and the cell pellet was suspended in lysis buffer
containing 50 mM Tris-HCI (pH 8.0), 100 mM NaCl, 5 mM DTT and 10 mM
imidazole and broken with a noise isolating tamber (Ningbo Scienfz Biotechnology
Co, LTD). The lysate was then centrifuged at 5000 g for 5 min at 4 °C to remove
cell debris. The CDK2/Cyclin A proteins supernatants were loaded on a
Ni-Sepharose TM 6 Fast Flow at 4 °C overnight. After that the Ni-beads were
eluted three times by an elution liquid of 250 mM imidazole. The fractions con-
taining CDK2/Cyclin A protein was then pooled and concentrated by dialysis
(46 mM NazHPO4-12H20, 3 mM NaH2P04-2H20, 0.1 mM NaCl and 10% ml
Glycerin) at 4 °C overnight.

2.3 Construction of CDK2 Kinase Inhibitors Screening
Platform In Vitro

In this study, Kinase-Glo Luminescent Kinase Assay (Kinase-Glo luminescent
kinase detection) kit was used to establish CDK2 kinase inhibitors screening
platform in vitro. According to Kinase-Glo® Luminescent Kinase Assay, the con-
tent of ATP in the system after the kinase reaction is detected to quantitatively
determine the activity of the purified kinase [15]. The content of ATP was deter-
mined by fluorescence intensity which was produced by the oxidation of Mg?*,
ATP and beetle luciferin. Adding a certain amount of ATP into the reaction system,
ATP was consumed and the remaining ATP reacted with Oxyluciferin as well as
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emitted fluorescence, which could quantitatively detect the remaining amount of
ATP in kinase reaction. Luminescence is inversely related to kinase activity.

The reagents used in the screening system are as followed: 2.5 pM ATP,
0.004 pg/mL substrate Histone H1, 5 pg/mL CDK2 and Cyclin A proteins, Kinase
Glo plus, Assay Buffer (25 mM Hepes, 10 mM MgCl,, 0.01% Trition
X-100,100 pg/mL BSA, 2.5 mM DTT, pH 7.4) and Roscovitine. The test would be
divided into 3 groups including the blank control group, kinase control group, and
the Roscovitine test group. Then add 5 pL. Assay Buffer into blank control group;
add 2.5 pL. Assay Buffer, 1 pL. CDK2 kinase, 1 pL. Cyclin A kinase and 0.5 pL
DMSO into kinase control group and add 2.5 pL Assay Buffer, 1uL. CDK2 kinase,
1 uL Cyclin A kinase and 0.5 pL. Roscovitine of different concentrations into
Roscovitine test group. 384 well was centrifuged at 26 g for 2 min and incubated at
30 °C for 30 min. Followed by 5 pL. 2 x ATP-substrate mixtures in the same well,
which was centrifuged at 26 g of 2 min, and incubated at 30 °C for 3 h. 10 pL
Kinase-Glo plus was finally added, centrifuged at 26 g for 2 min and incubated for
10 min. Relative light unit (RLU) was concluded from microplate reader.

Inhibition rate (%) of Roscovitine = (RLU Roscovitine test group — RLU
kinase control group)/(RLU blank control group — RLU kinase control group)

100%. The ICsy value of each concentration point half is calculated by linear
regression equation which was obtained according to RLU results.

2.4 Statistical Analysis

All data were expressed as mean £ S.D. Results were analyzed by one-way analysis
of variance (ANOVA), and significant differences were determined by post hoc
Tukey test using SPSS 21.0 software. Both *P < 0.05 and **P < 0.01 are compared
to blank group in Fig. 3a, and both *P < 0.05 and **P < 0.01 are compared to
DMSO control group in Fig. 3b. P < 0.05 was considered as significant.

3 Results and Discussion

3.1 Construction of CDK2 and Cyclin A Recombinant
Plasmids

To obtain recombinant plasmids of CDK2 and Cyclin A, mRNA was extracted
from human leukemia cells and reversed transcription into cDNA as a template for
PCR amplification with designed primers. The results of cell PCR products from
agarose gel electrophoresis were in good agreement with the size of CDK?2 and
Cyclin A protein (897 and 1299 bp, respectively), and the sizes of fragments
obtaining from double digestion were consistent with target fragments too.
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Fig. 1 Western blot result of CDK2 protein. Lane M is multicolor protein marker; Lane S1 is cell
sample before adding 0.1 mM IPTG; Lane S2 is the cell sample after adding 0.1 mM IPTG; Lane
S3 is the cell sample after adding lysis buffer; Lane S4 is the supernatant sample after sonication;
Lane S5 is the precipitate sample after sonication; Lane S6 is the supernatant sample after binding
Ni-Beads; Lane S7 is the protein sample after elution; Lane S8 is the beads sample after elution;
Lane S9 is the purified protein sample after dialysis

3.2 Expression and Purification of Cyclin A and CDK2

3.2.1 Western Blot Analysis of CDK2 Kinase

The size of CDK2 gene fragment is 897 bp and its protein size is 39 KDa. The
prokaryotic expression system of BL21 was applied to induce expression of the
target proteins. When the ODg value reached 0.6-0.8, 0.1 mM IPTG was added
as an inducer at 25 °C for 12 h. The result of western blot analysis was used to
identify the molecular weight and purity of CDK2 (Fig. 1).

3.2.2 Western Blot Analysis of Cyclin A Protein

The size of Cyclin A gene fragment is 1299 bp and its protein size is 55 KDa. The
expression and purification procedure of Cyclin A protein was the same as CDK2.
The result of western blot analysis was used to identify the molecular weight and
purity of Cyclin A (Fig. 2).

As is shown in Figs. 1 and 2, the expression of CDK2 and Cyclin A increased
significantly after IPTG induction, and a part of soluble CDK2 and Cyclin A protein
appeared in supernatant by cell disruption and centrifugation. Then the supernatant was
combined with the Ni-Beads, imidazole elution and dialysis for protein purification. It
was found that 250 mM imidazole could be capable of eluting target protein for the first
time and the eluted Ni-Beads had little residues of CDK2 and Cyclin A protein.

3.3 Construction of CDK2 Kinase Inhibitors Screening
Platform In Vitro

In order to confirm whether the preliminary purified CDK2 and Cyclin A protein
was activated or not and eliminate the possibility of only one enzyme worked which
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Fig. 2 Western blot result of Cyclin A protein. Lane M is multicolor protein marker; Lane S1 is
cell sample before adding 0.1 mM IPTG; Lane S2 is the cell sample after adding 0.1 mM IPTG;
Lane S3 is the cell sample after adding lysis buffer; Lane S4 is the supernatant sample after
sonication; Lane S5 is the precipitate sample after sonication; Lane S6 is the supernatant sample
after binding Ni-Beads; Lane S7 is the protein sample after elution; Lane S8 is the beads sample
after elution; Lane S9 is the purified protein sample after dialysis

lead to the inhibitory effects in kinase test system, this study would be divided into
4 groups totally, including the blank, CDK2 group, Cyclin A group and CDK2 and
Cyclin A group (Fig. 3a).

The results in Fig. 3a showed that CDK and Cyclin A protein were purified by
the above method. The light values did not reveal significant decrease in any single
kinase control group compared with kinase test group, which means a single kinase
cannot exert function and consume ATP. When different concentrations of
Roscovitine was added into the system (Fig. 3b), light values rose with the increase
of the inhibitor concentration, proving that CDK2 kinase must be activated by
Cyclin A to play a role. ICsy value of Roscovitine was 1.87 uM, calculating
through linear regression equation which was obtained according to RLU results.
The ICsq value of Roscovitine in our system is in agreement with the reported [15].

The above results show that the CDK2 kinase inhibitors screening platform
in vitro was successfully constructed.

4 Conclusions and Perspectives

CDKs play significant roles not only in regulation of cell cycle progression but also
in a wide variety of vital physiological processes including neuronal and tran-
scription functions [16]. Their deregulation associated with overexpression,
amplification or mutation of the specific CDK or Cyclin proteins have been reported
in various human cancers [17-20]. This suggests that developing novel CDKs
inhibitors is conducive to the development of pharmacological agents for the
treatment of cancer.

In this study, the prokaryotic expression system of CDK2 and Cyclin A was
inaugurated. The soluble expression protein was inaugurated by plasmid
pET-28a/CDK2 and pET-28a/Cyclin A in Escherichia coli BL21 with 0.1 mM
IPTG at 25 °C for 12 h. The protein was purified by Ni-beads and eluted by
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Fig. 3 The results of RUL between four test groups. a The reagents used in the screening system
are as followed: 2.5 pM ATP, 0.004 pg/mL Histone H1, 5 pg/mL CDK2 and Cyclin A proteins in
kinase test group while only one of kinases were added into the system in CDK or Cyclin A
control group, and kinases were replaced by assay buffer in blank control group. b The results of
RUL between different concentrations of Roscovitine. Five different concentrations of inhibitors
were designed to confirm whether there are concentration-dependent between inhibitors and
kinases or not, and DMSO, the solvent of inhibitors were existed as control group

imidazole to obtain recombinant CDK2 and Cyclin A. Then ICsy value of
Roscovitine within 4 h was successfully tested in the system in agreement with the
reported [15]. We established a rapid and stable CDK2 kinase inhibitor screening
platform, which laid a durable foundation for the study of new CDK inhibitors in
the future.
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Effects of Heterologous Pyruvate
Carboxylase Expression on Synthesis
of L-Threonine in Escherichia coli

Junpeng Wang, Yan Zhao, Tao Liu, Ting Wang, Chao Han,
Qian Mao, Ning Chen and Yanjun Li

1 Introduction

L-Threonine is an essential amino acid that is widely used in animal feeds, human
foods, and the pharmaceutical and cosmetics industries [4]. The global demand
for L-threonine is around 0.7 million tons annually and China has become the biggest
L-threonine producer with a proportion of 60% of the world’s production. Currently,
L-threonine is produced mainly through fermentation by Escherichia coli.
L-threonine, which belongs to the aspartic family of amino acids, is synthesized
from the direct precursor oxaloacetate. There are three ways for supplying
oxaloacetate in biological systems: namely the carbon dioxide fixation through
anaplerotic reaction, the TCA cycle and the glyoxylate shunt. In bacteria, the ana-
plerotic reaction includes the carboxylation of phosphoenolpyruvate (PEP) catalyzed
by PEP carboxylase (Ppc) and/or the carboxylation of pyruvate catalyzed by pyru-
vate carboxylase (Pyc). In Rhodocacter capsulatus, Pyc is the only enzyme involves
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the anaplerotic reaction [6], while the carbon dioxide is only fixed with pyruvate
catalyzed by Ppc in E. coli [2]. In a few bacteria such as Corynebacterium glu-
tamicum, both Pyc and Ppc function in the carboxylation reactions, although Pyc
contributes to more than 90% of the oxaloacetate supply [7].

In E. coli, the oxaloacetate is mainly synthesized through TCA cycle, which
implies that strengthening of the anaplerotic reaction might be a feasible approach
for increasing oxaloacetate supply and consequently enhancing L-threonine syn-
thesis. Zelle et al. [11] investigated the effects of Pyc and Ppc overexpression on
succinate production, and found that overexpression of Pyc not only increased the
flux towards succinate production, but decreased the accumulation of the
by-product lactate. The experiments conducted by Chao and Liao [1] indicated that
overexpression of Ppc in E. coli reduced glucose uptake rate by 30% in aerobic
condition. Similarly, Gokarn et al. [3] found that the glucose consumption rate
decreased by 14% when Ppc was overexpressed in anaerobically cultured E. coli.
From these results, it can be conclude that the enhancement of Ppc activity is not a
reasonable way, since its substrate PEP is also needed during the process of glucose
uptake via PTS system. Therefore, this study expressed the heterologous Pyc in an
L-threonine producer, E. coli THRD, to investigate the influence on L-threonine
fermentation.

2 Materials and Methods

2.1 Strains and Plasmids

The E. coli THRD is the producer of L-threonine and stored at the Culture
Collection Center of Tianjin University of Science and Technology. Strains and
plasmids used in this work are listed in Table 1.

2.2 Plasmid Construction and Chromosomal Integration
Of P Y CAbsu

The genomic DNA of B. subtilis 168 and C. glutamicum 13032 was used as
template to amplify the gene pycA, respectively. Primers pycA-pTrc99a-S and pycA-
pTrc99a-A were used to clone the gene fragment of pycA from B. subtilis. The
amplified fragment was purified from agarose gel, digested with Kpn I and Sal I and
subsequently inserted into the Kpn I-Sal I site of pTrc99a vector to yield pTrc99a-
PycAps,. The plasmids pTrc99a-pycA. ., and pWSK29-pycA were constructed sim-
ilarly with the corresponding primers and restriction sites indicated in Table 2.
There plasmids were then transformed into the competent cells of E. coli THRD
treated with CaCl,.
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Table 1 Strains and plasmids used in this work

Name Characteristics Source

Strains

E. coli DH5a Wild type Lab stock

E. coli THRD L-threonine producer (ILE, AHVY) Lab stock

E. coli THRD E. coli THRD, pykF~ Lab stock

ApykF

E. coli THRD E. coli THRD, pykF replaced with pycA This study

pYkF::pycA

Plasmids

pKD46 Amp®, L Red-expressing vector, temperature-sensitive Lab stock
origin

pKD3 Cm®, template vector Lab stock

pCP20 AmpR, CmR, FLP recombinase expression vector, Lab stock
temperature-sensitive origin

pTrc99a Amp®, cloning vector Lab stock

pWSK29 ArnpR, cloning vector Lab stock

pTrc99a-pycA pTrc99a carrying pycA gene from Bacillus subtilis This study

pTrc99a-pycA pTrc99a carrying pycA gene from Corynebacterium This study
glutamicum

pWSK29-pycA pWSK29 carrying pycA gene from Bacillus subtilis This study

The genomic integration of pycA,, in E. coli THRD was performed using Red
and FLP-mediated recombination method. Upstream and downstream regions of
pykF fragments were obtained by PCR using the primer pair pykF-up-S and pykF-
up-A, and pykF-down-S and pykF-down-A, respectively. The Cm' gene (about
1000 bp in length) was obtained using primers pKD3-S and pKD3-A with helper
plasmid pKD3 as template. The pycA,,, fragment was amplified using primers
pycA-S and pycA-A with genomic DNA of B. subtilis 168 as template. Splicing by
overlap extension was used to fuse the fragments up- and downstream of the pykF,
Cm' genes and pycA,,, with the primers pykF-up-S and pykF-down-A. In order to
remove the Cm' gene from the integrated locus, cells were transformed with
plasmid pCP20 carrying the FLP recombinant gene. Mutant sequences were veri-
fied by PCR and the subsequent sequencing.

2.3 Media and Shake-Flask Cultivation

The seed medium contains (per liter): glucose 40 g, (NH4),SO,4, 20 g; KH,PO,,
1 g; MgS0,4-7H,0, 1 g; yeast extract, 1 g; FeSO4-7H,0, 10 mg; MnSO4-H,0,
10 mg; L-isoleucine, 1 mg; pH 7.0-7.2.
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Fermentation medium contains (per liter): glucose, 40 g; (NH4),SO4, 18 g;
KH,PO,, 2 g; MgS0O,4-7H,O, 1.5 g; yeast extract, 1 g; FeSO4-7H,O, 10 mg;
MnSO,4-H;0,10 mg; L-isoleucine, 1 mg; pH 7.0-7.2.

Shake-flask cultivation was carried out by adding 30 ml of seed culture to a
500-ml shake-flask, incubated at 37 °C, and rotated at 200 rpm. Then 3 ml of seed
medium at an ODggq of 4—6 was inoculated into 27 ml fermentation medium in a
500-ml shake-flask. As the inducer, 0.1 mmol/L IPTG (final concentration) was
added four hours after the fermentation began. During fermentation, the pH was
maintained at about 7.0 by addition of NH4,OH with a micro-injector, and 1 ml of
60% glucose stock was added with a transfer pipette each time when the residual
glucose was low. The phenol red was used to show changes in the pH and the status
of residual glucose. All the shake-flask fermentations were conducted in triplicate.

2.4 Protein Preparation and SDS-PAGE

The strain E. coli THRD carrying pTrc99a, pTrc99a-pycA and pTrc99a-pycA ., was
cultured in LB media at 37 °C, 200 rpm until the ODggq reached about 0.6, when a
final concentration of 0.1 mmol/L IPTG was added to induce the protein synthesis.
After 8 h’s induction, the cells were harvested and washed twice with deionized
water. The suspension cells were then ultrasonically lysed and centrifuged. Both the
supernatants and precipitates were mixed with the sample buffer, boiled for 3 min,
and then separated on 12% SDS/PAGE gels.

2.5 RNA Extraction and RT-QPCR Analysis

The strain E. coli THRD, THRD/pTrc99a-pycA and THRD/pWSK29-pycA were
cultivated according to the shake-flask method described above. The samples were
harvested at 12 h and the total RNA was extracted using RNAiso plus (Takara Bio
Inc., Dalian, China). To avoid DNA contamination, the total RNA samples were
treated with gDNA FEraser (Takara Bio Inc., Dalian, China) at 42 °C for 5 min,
following the manufacturer’s instructions. The RNA was reverse transcribed into
cDNA using the PrimeScriptTM RT reagent Kit (Perfect Real Time) (Takara Bio
Inc., Dalian, China) following the manufacturer’s protocol. The qPCR was per-
formed with the StepOnePlusTM Real-Time PCR System (Thermo Fisher
Scientific, USA) using SYBR Premix Ex TaqTM II kit (Takara Bio Inc., Dalian,
China) with the primers pycA;,-qPCR-S and pycA,,,-qPCR-A for amplifying a
212 bp amplicon. The data were analyzed using the 2~*ACT method [5]. The rel-
ative abundance of 16S RNA was used as the internal standard. All assays were
performed in triplicate.
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2.6 Analytical Procedures

Cell growth was measured by monitoring the optical density at 600 nm (ODg) and
dry cellular weight (DCW) was calculated from previously determined calibration
curve. One unit of ODgog Was considered to be equal to 0.37 g of DCW.

L-threonine was quantified by HPLC involving pre-column derivatization. The
samples were diluted and derivatized with 2,4-dinitrofluorobenzene, and measured
by HPLC (1200 series, Agilent Technologies, USA) equipped with an
Agilent ZORBAX Eclipse AAA column (4.6 mm X 150 mm, 5 pm) and an
Agilent 1200 G1329A auto sampler. Elution was performed using a gradient of
reagent A (50% acetonitrile v/v) and reagent B (0.05 M CH3;COONa, pH 6.4) at a
flow rate of 1.0 mL/min. UV absorption was measured at 360 nm and the column
temperature was maintained at 33 °C.

Glucose concentration was measured using a biosensor analyzer (SBA-40E,
Institute of Biology, Shandong Academy of Sciences, Jinan, China). The yield (%)
of L-threonine was calculated based on the glucose consumed.

3 Results

3.1 SDS-PAGE Analysis of Pyruvate Carboxylase

The heterologous pyruvate carboxylase (Pyc) from B. subtilis and C. glutamicum
was expressed in E. coli THRD, respectively, and the results of SDS-PAGE
analysis were shown in Fig. 1. It can be seen that the target bands appear in lanes
3—6 with the molecular weight of about 120 kDa, which is well corresponded to the
expected value of PycAy, (127.96 kDa) and PycA .y (123.12 kDa). In control
group (E. coli THRD/pTrc99a), neither the supernatant (lane 1) nor the precipitate
(lane 2) contains target band, which confirms that the Pyc does not exist in E. coli
THRD. The supernatant of THRD/pTrc99a-pycA (lane 3) contains more Pyc than
the precipitate (lane 4) does, which implies that most of the Pyc from B. subtilis is
in its active state. However, vast majority of the Pyc from C. glutamicum appears in
the form of inclusion body, since the band in lane 6 is much thicker than that in lane
5. This may be due to the incorrect folding of Pyc derived from C. glutamicum in
E. coli THRD.

In conclusion, the Pyc from B. subtilis was successfully expressed in E. coli
THRD, which was used for the following study.
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Fig. 1 SDS-PAGE analyses of pyruvate carboxylases from B. subtilis and C. glutamicum. M:
Marker; I E. coli THRD/pTrc99a, supernatant; 2 THRD/pTrc99a, precipitate; 3 THRD/pTrc99a-
pycA, supernatant; 4 THRD/pTrc99a-pycA, precipitate; 5 THRD/pTrc99a-pycA.;, supernatant; 6
THRD/pTrc99a-pycA., precipitate

3.2 Relative Expression of PycA in Different Copy Number
Plasmid

Although pycA,,, was successfully expressed in E. coli THRD within plasmid
pTrc99a-pycA, we wondered whether the activity of the heterologous Pyc was too
high for L-threonine synthesis, because pTrc99a is a well-known high copy number
plasmid. We then constructed a new expression vector of pycA from pWSK29a, a
generally regarded low copy number plasmid. The RT-qPCR analyses were per-
formed to determine relative expression levels of pycA in these two plasmids, and
the results were presented in Fig. 2. We hardly detect expression of pycA in E. coli
THRD at 12 h of shaking flask fermentation, which was consistent with the result
of SDS-PAGE (Fig. 1). In E. coli THRD harboring recombinant plasmids pTrc99a-
pycA and pWSK29-pycA, the gene was significantly expressed, and the relative
expression level of the former compared with THRD was about 3.8 times of that of
the latter (Fig. 2).

3.3 Effect of PycA Expression on L-Threonine Fermentation

To study the effects of plasmid-borne pycA expression with different intensities on
L-threonine production by E. coli THRD, shake-flask fermentations were carried out
for 28 h. The bacterial biomass, L-threonine titer and yield were determined (or
calculated) according to the methods stated in Materials and Methods section, and
the results are shown in Fig. 3.
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Fig. 2 Relative expression levels of pycA,,, in pWSK29-pycA and pTrc99a-pycA
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Fig. 3 Effect of pycA expression on L-threonine fermentation (biomass, L-threonine titer and
yield)

The biomass of E. coli THRD/pWSK29-pycA was equivalent to that of
THRD/pWSK29, which indicated that the heterologous expression of pycA had no
influence on the growth of E. coli THRD. At the end of fermentation, the L-
threonine titer and yield of THRD/pWSK29 was 41.05 g/L. and 27.37%, respec-
tively. The values of THRD/pWSK29-pycA were 12.3% higher compared with
those of the control (THRD/pWSK29). At the end of fermentation, the biomass of
THRD/pTrc99a-pycA was 31.69% higher compared with that of THRD/pTrc99a
(9.53 g DCW/L); however, the titer (35.91 g/L) and yield (23.94%) of L-threonine
were 10.4% lower than those of the control. Taken together, the results of
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shake-flask fermentation indicated that the heterologous expression of Pyc with low
copy number plasmid pWSK?29 was beneficial to the accumulation of L-threonine
and that whit high copy number plasmid pTrc99a had a role in promoting bacterial
growth.

3.4 Effect of Chromosol Integration of PycA on L-Threonine
Fermentation

In previous study, we found that deletion of pykF that encodes pyruvate kinase
significantly improved L-threonine titer and yield of E. coli THRD [10]. Since the
expression of Pyc with low copies was beneficial for L-threonine accumulation, we
proposed that the integration of pycA into the chromosome might be also useful for
L-threonine fermentation. Therefore, we integrated pycA in the locus of pykF, and
investigate the influence on L-threonine fermentation. The biomass, L-threonine titer
and yield of THRD, THRDApykF and THRD pykF::pycA at the end of fermentation
(28 h) are shown in Fig. 4.

As you can see from Fig. 4, the biomass, L-threonine titer and yield of
THRDApykF was significantly higher than that of THRD, respectively. The bio-
mass of THRD pykF::pycA was slightly less than that of THRD (10.03 g DCW/L),
while the titer (37.64 g/L) and yield (28.95) of L-threonine was significantly higher,
respectively. The titer and yield of L-threonine of THRD pykF::pycA was compa-
rable to that of THRDApykF, respectively, although the biomass of the former was
obviously lower. The results revealed that the heterologous expression of pycA on
the basis of knockout of pykF did not further improved L-threonine synthesis.
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Fig. 4 Effect of pykF deletion and pycA integration on L-threonine fermentation (biomass, L-
threonine titer and yield)
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4 Discussion

In bacteria, metabolite interconversion at the PEP-pyruvate-oxaloacetate node
involves a set of reactions that interconnects the major pathways of carbon meta-
bolism and thus, is responsible for the distribution of the carbon flux among cat-
abolism, anabolism and energy supply of the cell. In contrast to the relatively
conserved central metabolic pathways, the reactions catalyzed by the enzymes at
this node are very diverse [8]. Peters-Wendisch et al. [7] confirmed that Pyc was an
important enzyme for the molecular construction of amino acid hyperproducing
C. glutamicum strains. The results of their study indicated that overexpression of
the pyc gene in a lysine producer resulted in about 50% higher lysine accumulation
in the fermentation broth, while the lysine production of pyc knockout strain
decreased by 60%. In E. coli, only Ppc is responsible for the anaplerotic reaction
(CO, fixation), which cannot be readily overexpressed because its substrate, PEP, is
also involves in the process of sugar translocation through the membrane mediated
by the PTS system. Therefore, this study focused on the effects of increasing
enzyme activity of Pyc via heterologous gene overexpression on L-threonine pro-
duction by the L-threonine-producing strain E. coli THRD.

The results of shake-flask fermentation showed that the biomass of
THRD/pTrc99a-pycA increased by 31.69% compared with that of THRD/pTrc99a.
The reason might be that in addition to participating in the reducing reaction of
TCA, Pyc also played an important role in the gluconeogenesis pathway. The
oxaloacetate produced, on one hand, flew into the reducing reaction of TCA, and on
the other hand poured into the TCA cycle, which provided more ATP and inter-
mediate metabolites and thus, promoted the bacterial growth. The more oxaloac-
etate flew into TCA cycle, the less flux distributed for synthesis of L-asparagine and
finally the accumulation of L-threonine. Through metabolic flux analysis based on
13C-labeling experiments, Siddiaquee et al. [9] found that the pentose phosphate
pathway increased in the mutant of pykF deletion. Similarly, our previous study
revealed the positive effect of pykF deletion on L-threonine synthesis, probably due
to the increasing supply of NADPH. Furthermore, the ApykF strain showed no
obvious growth defect, which implied that there was other pathway to compensate
the decrease of pyruvate. Therefore, in the present research the pycA gene was
integrated in the locus of pykF to evaluate whether there was further improvement
for L-threonine fermentation. However, the experimental results showed no further
impact of pycA integration on L-threonine accumulation. The reason might be:
(1) the expression level of genomic integration of pycA was too low, despite the low
copy number plasmid pWSK29 was more suitable for pycA overexpression in
consideration of the L-threonine production; (2) the amount of substrate pyruvate
was not high enough to display the effect of pycA expression, as pykF was inac-
tivated; (3) the ATP for maintaining normal growth and metabolisms of the cells
was inadequate, which hampered the accumulation of L-threonine, because the
carboxylation reaction of pyruvate catalyzed by Pyc was ATP-dependent.
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A Crystal Structure of the R-Amine
Transaminase from Arthrobacter
for Asymmetric Catalysis of Chiral
Amines

Lijun Guan, Nina Ji, Qinghong Meng, Xuejun Xie, Ye Zhou,
Yijuan Cui and Shuwen Lu

1 Introduction

Synthesis of chiral compounds is significant due to the side effects of undesired
enantiomers. Pure chiral amines are also crucial building blocks in the synthesis of
some pharmaceutical drugs, for example, antidiabetic (S)-Repaglinide [1],
HIV-protease inhibitor (S)-Lopinavir [2], antihistamine (R)-Levocetirzine [3] and
(R)-Cinacalcet [4] which is used to treat secondary hyperparathyroidism. During
the synthesis of the chiral compounds, the generation of chirality is most often the
actual challenge. Thus, optically pure amines became increasingly significant as
building blocks in pharmaceutical industry.

Chemical transformations used to synthesize chiral amines have shortcomings
such as harsh reaction conditions, effluent of toxic catalytic metal, and even
insufficient enantiopurity. Several approaches to produce active chiral amines using
biocatalysts, such as hydrolases, oxidoreductases and transferases [5] has been
developed to overcome the shortcomings of chemical synthesis. However, these
enzymes have their own drawback such as low reactivity and reaction equilibrium
issue [6]. As a solution to these problems, amine transaminases (ATAs), trivially
referring to amine-pyruvate transaminase have been paid increased attention due to
their unique ability for the asymmetric synthesis of pure chiral amines with high
turnover rate, excellent stereoselectivity and stable catalytic activity [7]. Thus they
are being seen as useful catalytic enzymes in industry production of chiral phar-
maceutical drugs.
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Fig. 1 Two steps (a)
transaminase reaction R4 \/Rz R4 R,
| + E-PLP - T]/ + E-PMP
NH, (e}
(b)
R, R, Rj Ry
E-PMP  + T - Y + E-PLP
o NH,

ATAs reversibly catalyze the transfer of an amino group from an amino com-
pound to a ketone compound using the cofactor pyridoxal 5'-phosphate (PLP) two
half reactions following a typical ping pong bi bi kinetic. In the first half reaction,
the amino group of the amino donor is transferred to the PLP to form
pyridoxamine-5'-phosphate (PMP) and the corresponding ketone product is
released. In the second half reaction, the amino group is transferred from the PMP
to the amino acceptor, while the cofactor is recycled to PLP and the product is
released (Fig. 1).

ATAs are divided into two groups, (R)- and (S)-ATAs, according to the chirality
at the amino carbon atom of the substrate. In particular, R-stereospecific ATA
(R-ATA) is quite valuable, and the first (R)-stereoselective ATA identified from
Arthrobacter sp. KNK168 (FERM-BP-5228) [R-ATA] by enrichment screening
shows activity on secondary amine and methyl ketones or small cyclic ketons [8]
and was successfully applied to the asymmetric synthesis of several kinds of chiral
amines, such as (R)-dimethoxyamphetamine (DMA) and so on. Codexis and Merck
& Co. created a variant of an R-ATA allowing industrial-scale synthesis of sita-
gliptin, which is an active ingredient for type-2 diabetes. The improved enzyme,
designated as ATA-117-Rdl11, gave a 13% increase in yield, a 53% increase in
productivity and a 19% reduction in total cost, as compared to the chemical
approach conventionally used to synthesize sitagliptin [9]. Recently, a research
group determined the crystal structures of R-ATA form Arthrobacter sp. KNK168
(Ab-R-ATA) and demonstrated the mechanism of the substrate recognition and
substrate specificity of R-ATAs. The active-site residue Argl38 functions in the
dual substrate recognition that is a unique characteristic of ATAs. The recognition
mechanism means to recognize both hydrophilic and hydrophobic substrates in the
same active site. Moreover, the structures of ATA-117-Rd11 and the G136F mutant
of Ab-R-ATA revealed the mechanism that the mutations in both enzymes resulted
in a change of substrate specificity and showed that a loop near the active catalytic
site was a new target region for the rational design, allowing to change the substrate
specificity of R-ATAs. These findings would lead to the rational design of R-ATAs
based on the structural information to develop novel biocatalysts useful for the
production of a diverse range of chiral amine compounds, which would accelerate
the industrial uses of chiral-amine synthesis using R-ATAs.

Gabaculine (5-amino-1,3-cyclohexadienylcarboxylicacid) is a neurotoxic natural
product from Streptomyces toyocaenis and is known to be a covalent inhibitor for
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transaminases. During the transamination of gabaculine, a cyclohexatrienyl system,
which is bound to the cofactor PLP, is formed. After spontaneous aromatization,
m-carboxyphenylpyridoxamine phosphate (mCPP, Scheme 1) is formed and this
finally inhibits the enzyme irreversibly [10]. Here, we report the crystal structure of
the R-ATA from Arthrobacter (Ab-R-ATA) with the bound inhibitor gabaculine to
clarify the substrate specificity, enantioselectivity for R-ATAs.

2 Materials and Methods

The Ab-R-ATA expression plasmid constructed by inserting the gene (GenBank
accession number AB638718) under the lac promoter of the pUCN vector was used
for transformation of Escherichia coli Rosetta (DE3). The transformants were
cultivated at 310 K in LB medium containing 100 pg ml~" ampicillin.
Overexpression was induced by adding 1 mM isopropyl-B-p-thiogalactopyranoside
(IPTG) at 293 K.

To purify Ab-R-ATA, the cells were resuspended in 50 mL lysis-buffer con-
taining 20 mM potassium phosphate buffer (pH 6.8), 0.01% 2-mercaptoethanol,
1 mM PLP and 10% glycerol (v/v). The cells were disrupted by sonication for
6 min using BRANSON Digital Sonifier at power 7. After centrifugation at
40,000 g at 277 K for 30 min, the supernatant was applied onto DEAE-Sepharose,
and the Ab-R-ATA protein was eluted with 400 mM NaCl dissolved in 20 mM
potassium phosphate buffer (pH 6.8) containing 1 mM DTT and 10% glycerol
(v/v). The eluted protein with 1 mM PLP additive was dialyzed against 20 mM
potassium phosphate buffer (pH 6.8) containing 1 mM DTT and 10% glycerol
(v/v). The dialyzate was applied to a ResourceQ column 6 ml (GE Healthcare)
equilibrated with 20 mM potassium phosphate buffer (pH 6.8) containing 1 mM
DTT and 10% glycerol (v/v), and the protein was eluted with a NaCl gradient
ranging from O to 1 M. The active fractions obtained by ResourceQ chromatog-
raphy were concentrated and loaded on a Superdex 200 h 10/30 column (GE
Healthcare) equilibrated with 20 mM potassium phosphate buffer containing 1 mM
DTT and 5% glycerol. The active fractions were concentrated to 8 mg ml™" by
centrifugation at 4000 g using Vivaspin-20 (10,000 molecular weight cutoff) prior
to crystallization trials.

Cocrystallization was performed to obtain the complex of Ab-R-ATA and
gabaculine. Initial crystallization screening was carried out with the sparse-matrix
screening kits Crystal Screen HT (Hampton Research), Index HT (Hampton
Research) and Wizard I and II (Emerald BioSystems) in 96-well plates using the
sitting-drop vapour-diffusion method. For refinement of the crystallization condi-
tions, 1 pL of protein solution was mixed with an equal volume of reservoir
solution and equilibrated against 0.5 ml of reservoir solution at 293 K in 24-well
plates (Hampton Research).

The dataset was collected with a wavelength of 1.0000 A, a rotation angle of
0.5°, an exposure time of 1 s for each image. Data set was composed of 360 images.
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The diffraction data was indexed, integrated and scaled with XDSme [11]. Initial
phasing of the two diffraction data set was conducted by molecular replacement
using MOLREP [12] in the CCP4 [13]. The search model was the crystal structure
of Ab-R-ATA. Molecular replacement was performed using a resolution range from
20 to 3.0 A. The initial phase was refined using Refmac5 [14] then examined using
Coot [15]. mCPP was added on the basis of 2Fo-Fc and Fo-Fc electron density
maps. The final manual fitting and structure refinement was also completed in Coot
and validated with the Ramachandran plot drawn by the PROCHECK program.

3 Results and Discussion

After incubation with the gabaculine, sample changed from yellow to colourless. It
was supposed that Ab-R-ATA had been inhibited by gabaculine in this condition.
By streak seeding, crystals grew in 4 days. The crystallization drops were prepared
by mixing 1.5 pL sample (15 mg/ml) and 1.5 pL reservoir solution (0.2 M mag-
nesium chloride, 0.1 M Bis-Tris pH 6.5, 18% PEG 3350).

Crystal structure analysis of the ATA from Arthrobacter with bound gabaculine
was carried out to obtain detailed insight into substrate recognition and enantios-
electivity. The crystals of the complex of Ab-R-ATA and gabaculine belonged to
space group P4,2,2. The unit cell and the other crystallographic data collection
statistics are shown in Table 1. Matthew coefficient value indicted that there is one
molecule per asymmetric unit. The initial phase was also determined by molecular
replacement using the crystal structure of Ab-R-ATA as search model. The electron
density of mCCP was observed (Fig. 2), which is consistent with the results of
UV-visible spectroscopy. Thus, mCCP was added into the corresponding electron
density. Manual structure construction and refinement were finished using Refmac5
and Coot. The refinement statistics are given in Table 1. The Ramachandran plot
showed that 96.3 and 100% of -\ pairs lie in the most favored and additionally
allowed regions, respectively.

The resulting crystal structure could be solved and refined to a resolution of
1.7 A and the asymmetric unit contains one monomer like the wild type.
A comparison of the complex and Ab-R-ATA structures showed that they were
very similar, with an r.m.s.d. of 0.38 A. However, the N-terminal region (residues
1-28) of the complex was not possible to build due to the absence of continuous
electron density. In addition, there were much fewer water molecules in the com-
plex than Ab-R-ATA structure. It is indicated that the N-terminal loop may adopt an
extended conformation and partially shield the active site from the bulk solvent.

The mCPP adduct formed by gabaculine and PLP was observed in the active site
of Ab-R-ATA, which will contribute to understanding the binding pockets. The
mCPP adduct is located in the center of the active site of the enzyme and directs to
the S pocket constituted by the side chains of residues Val69, Thr283 and Ala284
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Table 1 Data collection and

refinement statistics
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Complex of Ab-R-ATA and gabaculine

Data collection

Wavelength (A)

1.0000

Space group

P4,2,2

Cell dimensions (A)

74.83, 74.83, 89.5

Cell angles (A)

90.00, 90.00, 90.00

Resolution (A) 45.0-1.77
Number of observations 297,565
Number of unique reflections 25,302
Completeness (%) 99.1 (95.5)
Rinerge (%) 6.0 (57.4)
Redundancy 11.76
/e () 23.99 (2.49)
Refinement
Resolution range (A) 33.49-1.86
RyoidRiree (%) 19.8/23.0
Number of non-hydrogen atoms
Protein 2315
Water 30
Ligand mCCP

25
RMSD bond length (A) 0.018
RMSD bond angle (°) 1.827
Ramachandran plot (%)
Preferred 96.3
Allowed 3.7
Outliers 0.0

The values in parentheses are for the highest resolution shell

Ryork = Y_||Fo| — |Fc||/>]|Fo|, where |Fo| and |Fc| are the
observed and calculated structure factor amplitudes of a
particular reflection. Rp.. was calculated from 5% of reflections

omitted from the refinement

with a close distance (<4.5 A) (Fig. 3), which probably interact with the methyl
group of MBA. The L pocket constituted by the side chains of Tyr67, His62 and
Trpl192 from the adjacent subunit locates on the opposite side of the S pocket.
This L pocket of Ab-R-ATA can accommodate the phenyl group of substrates (R)-
MBA, which is the model substrate used for the research of ATAs. Based on the
information obtained from the crystal structure of this complex, it is indicated that
the shape of the two pockets and the relative position of the L pocket and the small
pocket determines the enantioselectivity of the ATAs.
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Fig. 2 2Fo-Fc omit density
map of Lys188 and the mCCP
formed by PLP and
gabaculine, contoured
at20c

Fig. 3 Binding mode of

mCCP in Ab-R-ATA. mCCP

is shown in purple and the Tyr67

residues of Ab-R-ATA are Lys188
shown in orange

GInl155 Ala284

4 Conclusion

The crystal structural analysis could provide lots of information for the rational
design of proteins. Thus, it is a powerful tool in the protein-engineering field. The
crystal structure of the complex of mCCP and Ab-R-ATA reported here provided
essential information and insight into the substrate recognition and revealed the
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mechanism of high stereoselective catalysis of ATAs. These results will probably
provide structural basis for the molecular modification of the ATAs and theoretical
basis for designing the novel chiral amine compounds.
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Optimization of Culture Medium
for Rifamycin SV Production
by Amycolatopsis kentuckyensis 22-187

Mingyu Xu, Meng Li, Ying Zhang and Huitu Zhang

Nomenclature

AHBA  3-amino-5-hydroxy benzoic acid

RF Rifamycins
RSM Response surface methodology
CCD Central composite design

ANOVA Analysis of variance
PBD Plackett-Burman design

1 Introduction

Rifamycins (RF), a group of antiobiotics of the ansamycin family [1], are clinically
important antibacterial agents active against gram-positive bacteria. Several
semisynthetic rifamycins variants (for example, rifampin and refapentine) have
been used clinically for the treatment of tuberculosis and other bacterial infections.

Rifamycins A, B, C,D,E,G,L, O, S, SV, W, X and Y are known to be produced
by the soil actinobacterial species Amycolatopsis mediterranei ATCC13685 [2],
while S.tolypophorous produces O and S [3], S.albovinaceous and Nocardia asiatica
produce B, Micromonospora chalcea produces SV, Nocardia mediterranei produces
R and production of RF- P and Q by a mutant of Nocardia mediterranei has been
reported [4]. 22-187 strain as a new isolate was obtained in our ansamycins
antibiotic producers screening program by targeting the conserved regions of
AHBA (3-amino-5-hydroxybenzoic acid) synthase gene from streptomyces [5]. On
the basis of chemotaxonomic and phylogenetic analysis of 16S rDNA sequences,
the isolate is related most closely to Amycolatopsis kentuckyensis.RF-SV and B
(Fig. 1) were chemically identified from 22-187 fermentation broth [5].
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Fig. 1 Chemical structures of rifamycin SV (a) and rifamycin B (b)

RF-B, as one of components discovered in the first naturally occurring RFs
complex, is moderately active against gram-positive bacteria and mycabacteria.
RF-SV which is very active against gram-positive bacteria and mycobacteria ini-
tially was obtained by removing the glycolic chain in position 4 of RF-B by
oxidative cyclization, hydrolysis and reduction of the quinone chemically. RF-SV
today can be considered a natural RF after programmed research guided by
biosynthetic considerations. To our knowledge, this is the first report to find RF
producer inAmycolatopsis kentuckyensis. The aim of the present work was to
acquire an optimized fermentation medium for favoring RF-SV production in
Amycolatopsis kentuckyensi. Response surface methodology (RSM) was employed
here to optimize the medium components. RSM are important tools to study the
effect of both the primary factors and their interactions [6]. First Plackett-Burman
design was applied to identify the most important components in the media
makeup. Then central composite design was used to examine and optimize the
fermentation media for RF-SV production by Amycolatopsis mediterranei 22-187
in shake flask experiments.

2 Materials and Methods

2.1 Microorganism and Culture Conditions

Amycolatopsis mediterranei 22-187 was grown on the YMG medium [5]. The seed
culture preparation and fermentation was carried out as described [5].
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2.2 Analytical Methods

After 120 h of fermentation, samples were centrifuged, the supernatant was
extracted twice with an equal volume of ethyl acetate. The mycelia were extracted
twice with an equal volume of acetone. The acetone extracts were concentrated and
further extracted with ethyl acetate. The combined ethyl acetate extracts were
evaporated under vacuum to dryness to obtain crude materials. The crude materials
were weighted then dissolved in an appropiate volume of methanol to make a final
concentration of 10 pg/mL solution. The methanol solute was clarified by cen-
trifugation and 10 pl of the supernatant was injected and analyzed by HPLC. HPLC
analysis of RF-SV was carried out with Diamonsil C18 column (5 pm particle size,
length x i.d.150 x 4.6 mm) using linear gradient of 20-100% acetonitrile. UV
detection was performed at 304 nm wave length.

2.3 Experimental Design and Data Analysis

Plackett-Burman design was chosen to study the effects of the most important
components in the media. Then a central composite design (CCD) was performed to
optimize the critical components and maximize the RF-SV productivity.

Based on a Plackett-Buramn factorial design, each factor was examined at 2
levels: low and high factors were coded as —1 and +1, and the center point was
coded as 0. Table 1 illustrates the factors investigated, as well as the levels of each
factor used in the experimental design. The response chosen was the production of
RF-SV as peak area in HPLC analysis under RT 14.471 (supplementary Fig. 2a).

In order to fit empiric second-order polynomial model, a central composition
design with five coded levels was performed (Table 2). The quadratic model for
predicting the optimal point was expressed according to following equation:

Y =50+ Y bixi+ Y _biix+ Y _ bijrix]

Table 1 Media components and levels for the Plackett-Burman experiment

Media# component Component Low level (—1) (g/l) High level (+1) (g/1)
Ammonium citrate X1 0 5

KH,PO, X2 0.05 0.1

MgSO, X3 0.05 0.1

CoCl, X4 0 0.005

Glucose X5 50 100

Peptone X6 0 5

KNO; X7 0 5

Starch X8 0 20
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Fig. 2 HPLC analysis of rifamycin. a Rifamycin SV and b rifamycin B
Table 2 Factors and levels Factor Level
of CCD experimental design “1414 |1 0 +1 +1414
Glucose (g/1) |95.9 110.0 |144.0 |178.0 |192.1
peptone (g/l) | 6.5 7.5 10.0 12.5 13.5

where Y is the response variable, b0 is the value of the fixed response at the central
point of the experiment, which is the point (0,0); bi and bii the linear and quadratic
coefficients of a factor Xi, respectively; bij is the interaction coefficient between two

factors Xi and Xj.

The Design Expert software (version 6.0.10, stat-ease, inc., Minneapolis, USA)
was used for regression and graphical analysis of the experimental data. The sta-
tistical and analysis of the model was performed in the form of analysis of variance
(ANOVA). The determination coefficient R2 measures the goodness of fit of
regression model. It also includes the r-value for the estimated coefficients and

associated probabilities.



Optimization of Culture Medium for Rifamycin SV ... 159
3 Results and Discussion

3.1 Detection of Main Medium Components
Jor RF-SV Production

Eight medium components were tested using the Plackett-Burman Design (PBD).
Fifteen experiments were carried out that were the result of the combination of the
variables at the high (+1) and low (—1) level,and three experiments in the
center-point conditions (experiments 3, 6 and 10). The experiment design matrix
and the results are shown in Table 3. The results from the PBD were analyzed using
analysis of variance (ANOVA) (Table 4). The non-significant coefficients were
eliminated on the basis of p-values after examining the coefficients. It was observed
from Table 4, that positively effect RF-SV production by Amycolatopsis mediter-
ranei 22-187 were KH,PO,, glucose and peptone concentrations in media, whereas
KNO; presence showed negative effect [p-values (p > 0.05)]. The interaction
between ammonium citrate and MgSO, could have a positive effect on RF-SV
productrion. A coefficient of determination (Adj R2) value of 0.9868 showed that
the obtained data is highly reliable. Hence, in the subsequent experiment, glucose
and peptone were selected and optimized using CCD. In contrast, the content of
KNO; was eliminated. KH,PO,4, Ammonium citrate and MgSO, concentrations
were kept at high value.

Table 3 Experimental matrix factorial design

Experiment | Variable RF-SV (peak
Xl [X2 |X3 |X4 |X5 |[X6 |[X7 |Xx8 |area x 105)

1 -1 |-1 |-1 |[-1 |-1 |-1 |-1 |-1 [19.99

2 1 1 -1 |1 1 1 -1 |-1 [27.61

3 0 0 0 0 0 0 0 26.01

4 1 1 |1 -1 |1 1 -1 |1 25.71

5 -1 -1 |-1 |1 -1 |1 1 12.87

6 0 0 0 0 0 0 0 0 26.08

7 1 -1 |1 1 -1 |1 1 1 25.17

8 -1 |-1 |-1 |1 -1 |1 1 -1 2397

9 1 1 -1 |-1 |-1 |1 -1 |15.68

10 0 0 0 0 0 0 0 0 25.23

11 -1 |1 1 1 -1 |-1 |-1 |1 19.86

12 -1 |1 1 -1 |1 1 1 -1 246

13 -1 |1 -1 |1 1 -1 |1 1 22.28

14 1 -1 |1 1 1 -1 |-1 |-1 [253

15 1 1 -1 |-1 |-1 |1 -1 |1 25.44
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Table 4 Analysis of
variance by ANOVA

Table 5 Experimental
designs and the results of
central composite design
(CCD)

3.2 Optimization of Medium Components for RF-SV

Production

M. Xu et al.

Variables B F value p-value
X1 -0.16 0.529181 0.5426
X2 1.31 22.94838 0.0409*
X3 -0.02 0.014373 0.9155
X4 0.56 4.200666 0.1769
X5 1.79 43.09511 0.0224*
X6 4.10 604.0425 0.0017*
X7 -2.67 255.8468 0.0039*
X8 0.78 13.0053 0.0690
X1, X3 2.69 19.22 0.0114*
P < 0.05

Run X5 X6 Y (peak area x 105)

Observed Predicted

1 -1 -1 15 14.08
2 1 -1 12.7 12.79
3 0 0 12.9 12.82
4 1.414 0 12 11.08
5 0 0 12.9 12.82
6 0 1.414 6.9 7.1

7 0 -1.414 12.2 12.82
8 —1.414 0 15.6 16.87
9 1 1 5.7 6.82
10 0 0 11.8 12.82
11 0 0 11.8 12.82
12 0 0 14.7 12.82
13 -1 1 14.7 13.72

Further optimization of RF-SV production was carried out by using a Box-Wilson
central composite design with four star points and five replicates at center point for
each of two factors. Table 5 showed the design of this experiment and the results.
Regression analysis was performed to fit the response function with the experi-
mental data and results were shown in Table 6. The statistical significance of the
second-order model equation was checked by an F-test (ANOVA) and data shown

in Table 7.
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Table 6 Results of parameter estimate for RF-SV productivity of CCD

Parameters Parameter estimate df Standard error p-value (Prob > F)
Intercept 12.82 1 0.55 0.0000
X1 —2.05 1 0.44 0.0022
X2 -1.85 1 0.44 0.0039
X1X2 -1.67 1 0.62 0.0302
X12 0.58 1 0.47 0.2577
X22 -1.55 1 0.47 0.0131
Taple 7 Analysis of Regression | Sum of square | DF | F-ratio p value
N (ANOVA) for the 4 car 60.94653 2 [7.107211 [0.0120°
interaction 11.2225 1 3.190824 | 0.1077
Quadratic 20.95758 2 6.857546 | 0.0224*
P < 0.05

Three-dimensional response surface plot of X5 and X, against RF-SV produc-
tivity can explain the results of the statistical analysis. The response surface open its
mouth downwards demonstrated there must be a maximum in the stable range
(Fig. 3). In light of multi-regressive-analysis of the central composite experiments
showed in Table 6, the second-order polynomial prediction model was obtained as
Eq. (1). Table 6 and Eq. (1) show positive effects of X2, and negative effects of Xs,
Xé, X5, X6 and X62'

The statistical significance of the second-order model was checked by an F-test
(ANOVA) and data showed in Table 7. The fit value, termed R? (determinant
coefficient), of the polynomial model was calculated to be 0.8970, indicating that
89.7% of the variability in the response could be explained by the second-order
polynomial prediction equation given below (Eq. 1).

RF-SV =1282—-205x1—-185x2—-1.67x1x24+0.58 x12—-1.55x%x22
(1)

The ANOVA results showed that this model is appropriate. It also suggested that
RF-SV production was primarily determined by the linear and quadratic terms of
peptone and glucose of the model and no significant interaction existed between the
two factors. The Eq. 1 for RF-SV production showed negative linear effect and
positive quadratic effect. The three-dimensional graph obtained from the calculated
response surface was showed in Fig. 3a and the contour plot in Fig. 3b.
Three-dimensional response surface plot and the contour plot of peptone and glu-
cose concentrations against RF-SV production can further explain the results of the
statistical and mathematical analyses. It is evident from the three-demension plot
that RF-SV production reached its maximum at a combination of coded level of X
and X, at —0.99 and —0.082, respectively. The contour plot predicted a maximum
response of RF-SV production at the point when the concentrations of glucose and
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Fig. 3 a Three-demension plot for RF-SV production as a function of peptone and glucose
concentrations. b the contour plot of peptone and glucose (g/100 ml) against RF-SV productivity

peptone were 11.02 and 0.98% (w/v). The maximum RF-SV production should be
reached to 14.72 x 10° (HPLC peak area) by prediction from RSM analysis. To
confirm these results, optimal medium was verified and compared with the initial
medium. The average RF-SV production was 13.96 x 10° (HPLC peak area) from
triple-duplicated experiments and was two folds higher than in the initial medium.
But the production of RF-B (detected by HPLC analysis under RT 11.526 as shown
in supplementary Fig. 2(B)) was remained the same as in initial medium. The
optimal medium composition for RF-SV production by Amycolatopsis mediterranei
22-187 was finalized as follows (%): citrate NH4(0.5%), K,HPO, (0.1%), MgSO,
(0.1%), CaCO5(0.5%), glucose (11.02%), peptone (0.89%).

4 Conclusion

Batch culture of Amycolatopsis kentuckyensis 22-187 was investigated and opti-
mized for the production of the RF-SV. Statistical optimization method for fer-
mentation overcome the limitations of classic empirical methods and was proved to
be a powerful tool for the optimization of RF-SV production. In this study the
experimental results clearly showed that the RF-SV production was dependent
mainly on glucose and peptone and a final concentration of 11.02% (w/v) glucose
and 0.98% (w/v) of peptone was found to be best for rifamycin production.
Through the statistically designed optimization the title of fermentation of rifamycin
SV was increased two folds comparing with that in the initial medium by HPLC
analysis. But the production of RF-B was remained the same as in initial medium.
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Optimization of Processing Parameters
of Stabilizers After Enzymes Hydrolysis
for Cloudy Ginkgo Juice

Haifeng Yu, Junyan Liu and Jingxi Yang

1 Introduction

Ginkgo biloba, dating back 300 million years, is a living fossil. Ginkgo seeds are
nutritious, contain starch, protein, lipid, pectin, amino acid, vitamins, trace elements
and abundant phenolic compounds and have been used as food and herbal medi-
cation in china for several thousand years [1]. Ginkgo biloba is wildly grown in
China and the yields of ginkgo seeds are rich. However, they are not made full use.
In the daily life, fruit juice is regular consumed, especially cloudy juice. The
sensory qualities of cloudy juice are important factors for consumer acceptance
[2, 3]. On processing juice, enzymatic hydrolysis is used to obtain higher yield and
improved stability [4-6]. Ginkgo juice is studied recently, but there are many
sediments in it because of its abundant starch. The major sensory problem is the
generation of a large of sediments in ginkgo juice storage. In order to produce stable
ginkgo juice, enzymes were used to hydrolyze starch, after that the juice was
centrifuged to remove sediment [7]. On the processing, ginkgo juice only has little
solids. In other way, stabilizers were added into the juice to improved stability, but
the ginkgo juice produced could not stay stability for long time.

So the experiment is studied to improve the ability of ginkgo cloudy juice. We
find that if stabilizers are added into the juice after enzymes hydrolysis, ginkgo juice
would be more stable(data unpublished). Therefore, the aim of this study was to
investigate the effect of stabilizers (CMC, pectin and SA) dosage after enzymes
hydrolysis on ginkgo cloudy juice and optimize the process conditions by RSM.
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2 Materials and Methods

Ginkgo seeds were purchased from Tancheng city Shandong province. From the
pre-experiment we know that the water content is 55.88% (w/w), the protein
content is 5.85% (w/w) and the starch content is 28.30% (w/w).

2.1 Enzyme and Stabilizer Source

Medium temperature o-amylase and neutral protease were purchased from Ruiyang
Biotechnology Company, Jiangsu, China. CMC, pectin and SA were purchased
from Quankang Food Ingredients Company, Jinan, China.

2.2 Preparation of Ginkgo Juice

Based on pre-experiment: a ratio of 1:20(kernel:water,w/v) was used in the
comminuting process; the dosage of enzymes were determined that o-amylase
was 0.015 g/100 mL ginkgo juice, neutral protease was 0.02 g/100 mL ginkgo
juice, enzyme temperature was 80 £ 1 °C and enzyme treatment time was
90 min; the range of the variables for stabilizer conditions was selected, there
were CMC dosage, X;(0.01 —0.13 g/100 mL ginkgo juice), pectin dosage,
X5(0.02 — 0.18 g/100 mL ginkgo juice) and SA dosage, X3(0.01 — 0.11 g/100 mL
ginkgo juice). The processing of ginkgo juice is showed in Fig. 1.

Peeling —»| Pre-boiling =
(water washing) (well-done)

Comminuting

‘ Ginkgo seeds ‘ = ‘ Dehulling ‘ =
(raw: water=1:20)

. Homogenization Enzymatic treatment
Grindin:
- ™ | (20Mpa) s (o-amylase, neutral protease) |~

Homogenization Sterilization | : Gt
Deaeration Ginkgo cloudy juice
(25Mpa) = = (110C, 10min) |~ 8 ¥

Fig. 1 Flow chart of ginkgo cloudy juice production
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2.3 Centrifugal Sedimentation Rate

Ginkgo juice was shaken and certain quality juice was removed to centrifuge tube,
the juice was centrifuged at 3000 rpm for 30 min to measure the quality of sedi-
ments. The ratio of sediments quality and juice quality was considered a measure of
centrifugal sedimentation rate.

2.4 Experimental Design and Statistical Analysis

RSM was used in designing this experiment. A Design-Expert V8.0 was used to
generate the experimental designs, statistical analysis and regression model. The
independent variables were the dosage of CMC (x,).the dosage of pectin (x,), the
dosage of SA (x3). Each independent variable had coded levels of —1, 0 and 1. The
experimental designs of the coded (x) and actual (X) levels of variables are shown
in Table 1. The response (y) is centrifugal sedimentation rate (%).

The response function (y) was related to the coded variables (x;, i = 1,2, 3) by a
second-degree polynomial (1) using the method of least squares.

Table 1 The RSM experimental design (in coded level of three variables) employed for
processing ginkgo cloudy juice with CMC, pectin, SA

Experim-ent CMC (g/100 mL Pectin (g/100 mL SA (g/100 mL ginkgo
number ginkgo juice) ginkgo juice) juice)
Xi(x1) Xa(x2) X3(x3)
1 0.13(1) 0.1(0) 0.11(1)
2 0.07(0) 0.18(1) 0.01(-1)
3 0.13(1) 0.18(1) 0.06(0)
4 0.01(—1) 0.1(0) 0.01(—1)
5 0.13(1) 0.1(0) 0.01(-1)
6 0.01(-1) 0.18(1) 0.06(0)
7 0.07(0) 0.1(0) 0.06(0)
8 0.07(0) 0.1(0) 0.06(0)
9 0.07(0) 0.02(-1) 0.11(1)
10 0.13(1) 0.02(-1) 0.06(0)
11 0.01(-1) 0.02(-1) 0.06(0)
12 0.07(0) 0.1(0) 0.06(0)
13 0.07(0) 0.1(0) 0.06(0)
14 0.01(-1) 0.1(0) 0.11(1)
15 0.07(0) 0.18(1) 0.11(1)
16 0.07(0) 0.02(-1) 0.01(-1)
17 0.07(0) 0.1(0) 0.06(0)
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Analysis of variance (ANOVA) was performed. The significances of all terms
were judged statistically by computing the F-value at a probability (p) of 0.001,
0.01 or 0.05.The regression coefficients were used to make statistical calculations to
generate contour maps from the regression models.

3 Results and Discussion

3.1 Statistical Analysis

The experimental results on the effect of the dependent variables namely CMC
dosage, pectin dosage and SA dosage on the response functions are shown in Table 2.
The corresponding R” and coefficients of the variables in the models are shown
in Table 3. The closer the value R? is to unity, the better the empirical model fits the
actual data. The value R’ for centrifugal sedimentation rate (after enzymes
hydrolysis) and for centrifugal sedimentation rate (no enzymes hydrolysis) were
0.9472 and 0.9574, indicating that the regression models explained the reaction
well. The probability (p) values of all regression models were less than 0.05.

Table 2 Effect of stabilizers on two dependent variables

Experiment | Centrifugal sedimentation rate (%) Centrifugal sedimentation rate (%) (no

number (after enzymes hydrolysis) enzymes hydrolysis)
Y, Y,

1 9.94 35.03

2 9.85 37.23

3 10.33 36.6

4 9.31 359

5 12.42 40.02

6 11.22 40.19

7 5.32 22.44

8 5.33 23.48

9 11.32 40.59

10 10.23 36.19

11 9.96 35.11

12 5.36 23.6

13 7.25 28.19

14 12.17 44.01

15 11.12 39.78

16 8.11 31.06

17 5.58 25.68
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3.2 Centrifugal Sedimentation Rate
(After Enzymes Hydrolysis)

From Table 3, it is observed that the quadratic terms of CMC dosage (p < 0.001),
pectin dosage (p < 0.01) and SA dosage (p < 0.001) had a significant effect on
centrifugal sedimentation rate. CMC dosage and SA dosage had a negative inter-
action effect (p < 0.05).

Figure 2a describes that the dependence of centrifugal sedimentation rate with
CMC dosage and pectin dosage at fixed SA dosage. From Fig. 2a, it is clear that at
constant pectin dosage and SA dosage, centrifugal sedimentation rate decreased
with CMC dosage at the beginning then increased gradually. Likewise, with the
increase of pectin dosage, the centrifugal sedimentation rate decreased gradually
first, then increased.

Figure 2b presents the variation of centrifugal sedimentation rate with CMC
dosage and SA dosage at constant pectin dosage. It is evident that at a fixed CMC
dosage and pectin dosage, the centrifugal sedimentation rate of ginkgo juice
decreased with SA dosage at the beginning and then increased.

Table 3 Regression coefficients, R* and p value for the response function

Coefficient of the regression Centrifugal sedimentation Centrifugal sedimentation
equation rate (%) rate (%)
After enzymes hydrolysis No enzymes hydrolysis
b0 (intercept) 11.76123 40.98628
bl —74.18611 —196.18819
b2 —43.44896 —108.11927
b3 —61.143 —182.86633*
bll 767.63889%*%* 1933.26389%%*
b22 297.42187** 841.36719%*
b33 971.4%%* 2840.9%**
bl2 —60.41667 —243.22917
b13 —445% —1091.66667*
b23 —121.25 —436.25
R2 0.9472 0.9574
p 0.0011 0.0005

b was the coefficient of polynomial

b0 (constant); b1, b2 and b3 (linear effects); b11, b22 and b33 (quadratic effects); and b12, b13 and
b23 (interaction effects)

1 CMC dosage, 2 pectin dosage, 3 SA dosage

*Significant at p < 0.05. **Significant at p < 0.01. ***Significant at p < 0.001
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Fig. 2 Response surface diagram for centrifugal sedimentation rate (after enzymes hydrolysis) of
ginkgo juice as a function of a CMC dosage and pectin dosage (the SA dosage was kept constant
at the central point which was 0.06 g/100 mL ginkgo juice) and b CMC dosage and SA dosage
(the pectin dosage was kept constant at the central point which was 0.10 g/100 mL ginkgo juice).
X; was CMC dosage (g/100 mL ginkgo juice). X, was pectin dosage (g/100 mL ginkgo juice).
X3 was SA dosage (g/100 mL ginkgo juice)

3.3 Optimization (After Enzymes Hydrolysis)

The optimum processing conditions to centrifugal sedimentation rate were
investigated.

Figure 3 shows the superimposed contour plot for optimization of centrifugal
sedimentation rate (after enzymes hydrolysis) keeping the SA dosage constant at
the central point and keeping pectin dosage constant at the central point. The zone
of optimization, as shown in the superimposed contour plot, depicts CMC dosage to
be in the range of 0.05-0.09 g/100 mL ginkgo juice, pectin dosage in the range of
0.06-0.12 g/100 mL ginkgo juice and SA dosage between 0.03 and 0.08 g/100 mL
ginkgo juice.

3.4 Centrifugal Sedimentation Rate
(No Enzymes Hydrolysis)

It is clear from Table 3 that the linear term of SA dosage (p < 0.05) had a negative
effect on centrifugal sedimentation rate. The quadratic terms of CMC dosage (p
0.001), pectin dosage (p < 0.01) and SA dosage (p < 0.001) had a significant
effect on centrifugal sedimentation rate. CMC dosage and SA dosage had a negative
interaction effect (p < 0.05).

Figure 4a describes that the dependence of centrifugal sedimentation rate with
CMC dosage and pectin dosage at determined SA dosage. From Fig. 4a, it is shown
that at constant pectin dosage and SA dosage, centrifugal sedimentation rate
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Fig. 3 Superimposed contour plots for optimization of centrifugal sedimentation rate (after
enzymes hydrolysis) when SA dosage was kept constant at central point (0.06 g/100 mL ginkgo
juice) (a) and CMC dosage and SA dosage (the pectin dosage was kept constant at the central point
which was 0.10 g/100 mL ginkgo juice) (b). X; was CMC dosage (g/100 mL ginkgo juice). X,
was pectin dosage (g/100 mL ginkgo juice). X5 was SA dosage (g/100 mL ginkgo juice)
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Fig. 4 Response surface diagram for centrifugal sedimentation rate (no enzymes hydrolysis) of
ginkgo juice as a function of a CMC dosage and pectin dosage (the SA dosage was kept constant
at the central point which was 0.06 g/100 mL ginkgo juice) and b CMC dosage and SA dosage
(the pectin dosage was kept constant at the central point which was 0.10 g/100 mL ginkgo juice).
X; was CMC dosage (g/100 mL ginkgo juice). X, was pectin dosage (g/100 mL ginkgo juice).
X3 was SA dosage (g/100 mL ginkgo juice)

decreased with CMC dosage at the beginning then increased gradually. With the
increase of pectin dosage, the centrifugal sedimentation rate decreased gradually
first, then increased.

Figure 4b presents the variation of centrifugal sedimentation rate with CMC
dosage and SA dosage at constant pectin dosage. It is evident that at a certain CMC
dosage and pectin dosage, the centrifugal sedimentation rate of ginkgo juice
decreased with SA dosage at the beginning and then increased.
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3.5 Optimization (No Enzymes Hydrolysis)

Figure 5 shows the superimposed contour plot of centrifugal sedimentation rate (no
enzymes hydrolysis) keeping the SA dosage constant at the central point and
keeping pectin dosage constant at the central point. The zone of optimization, as
shown in the superimposed contour plot, depicts CMC dosage to be in the range of
0.05-0.09 g/100 mL ginkgo juice, pectin dosage in the range of 0.06-
0.12 g/100 mL ginkgo juice and SA dosage between 0.03 and 0.07 g/100 mL
ginkgo juice.

Keeping the CMC dosage constant as firmed from Fig. 5, the best combination
of response functions, SA dosage was determined. The process variables for best
combination of response functions were CMC dosage 0.07 g/100 mL ginkgo juice,
pectin dosage 0.09 g/100 mL ginkgo juice and SA dosage 0.05 g/100 mL ginkgo
juice.

(@),.

AXd AX1

Fig. 5 Superimposed contour plots for optimization of centrifugal sedimentation rate
(no enzymes hydrolysis) when SA dosage was kept constant at central point (0.06 g/100 mL
ginkgo juice) (a) and CMC dosage and SA dosage (the pectin dosage was kept constant at the
central point which was 0.10 g/100 mL ginkgo juice) (b). X; was CMC dosage (g/100 mL ginkgo
juice). X, was pectin dosage (g/100 mL ginkgo juice). X3 was SA dosage (g/100 mL ginkgo juice)
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4 Conclusion

Using RSM, the optimum condition was obtained. These were CMC dosage
0.07 g/100 mL ginkgo juice, pectin dosage 0.09 g/100 mL ginkgo juice and SA
dosage 0.05 g/100 mL ginkgo juice (the optimum condition was the same between
“after enzymes hydrolysis” and “no enzymes hydrolysis” processing for ginkgo
juice).

Enzymes complete the hydrolysis of starch into low-molecular substances rel-
ative to starch. After that, put stabilizers into ginkgo juice, these low-molecular
substances in juice are more stable. By this experiment, it is known that the lowest
centrifugal sedimentation rate is 5.70% for “after enzymes hydrolysis” and 24.44%
for “no enzymes hydrolysis” processing. From these two figures, it is clear that if
ginkgo juice is enzymes hydrolyzed first and then put into stabilizers, we can get
much more stable ginkgo juice. For this, you can store ginkgo juice for longer time
with little sedimentation.
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Characterization of Recombinant
Dioxygenase from Bacillus thuringiensis

Ning Xue, Zhixiang Li, Lei Zhao, Jie Ma, Qingyang Xu,
Chenglin Zhang and Ning Chen

1 Introduction

4-hydroxyisoleucine (4-HIL) possesses glucose-dependent insulinotropic activity.
Up till now, the main method for 4-HIL production was extracting from fenugreek
seeds (Trigonella foenum-graecum) [1-4]. However, its 4-HIL yield is rather low
(only about 150 mg of 4-HIL can be extracted from 1 kg of fenugreek seeds) [5],
moreover, 4-HIL has several stereo configurations and only (2S,3R,4S)-4-HIL
showed biological activity [6]. Besides seed extraction method, chemical synthesis
was also developed [7-10]. But the two methods was considered to be of low-
efficiency, high-cost and heavy pollution [11].

L-isoleucine dioxygenase (IDO) from Bacillus thuringiensis 2e2 was found to
specifically convert L-isoleucine to (2S,3R,4S)-4-HIL. Further study showed that
IDO was a member of a-KG-dependent hydroxylase family and need Fe**, and o-
KG as cofactors for the hydroxylating reaction [12, 13]. So (2S,3R,4S)-4-HIL can
be produce by IDO via biotransformation.

In previous study, we cloned an ido from isolated B. thuringiensis TCCC 11826,
of which the affinity to L-isoleucine and catalytic rate was higher that IDO from
B. thuringiensis 2e2 [14]. Gaining IDO with excellent enzymatic characteristic is
essential for (2S,3R,4S)-4-HIL synthesis.
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In this study, IDO encoding gene tido from B. thuringiensis TUST-1 was cloned
and expressed in Escherichia coli BL21(DE3). Then enzymatic characteristics of
the recombined IDO including K,,, and V,,,,, optimum temperature and pH as well
as thermostability was studied.

2 Materials and Methods

2.1 Strains and Plasmids

E. coli BL21(DE3) and Bacillus thuringiensis TUST-1 were stored in our lab.
Plasmid pET-His (laboratory stock) were used for gene cloning and expression,
respectively.

2.2 Media and Culture Condition

E. coli was grown at 37 °C in Luria-Bertani medium [LB, 1% (w/v) tryptone, 0.5%
(w/v) yeast extract and 1% (w/v) NaCl]. Kanamycin (50 pg/mL) was added for
strain selection. B. thuringiensis TUST-1 was grown at 32 °C in the medium
containing 0.5% (w/v) peptone and 0.3% (w/v) beef extract.

2.3 Amplification of r-isoleucine Dioxygenase Encoding
Gene tido from Bacillus thuringiensis TUST-1

Genome DNA of B. thuringiensis TUST-1 was extracted according to the manufacturer
instructions of the kit [TTANGEN BIOTECH(Beijing) Co., Ltd.]. Tido was PCR
amplified using the primers Bt-1(5-GGATCCATGAAAATGAGTGGCTTTA
GCATAG-3’) and Bt-2(5-GAATTCTTATTTTGTCTCCTTATAAGAAAATGTT
ACTAA-3') and B. thuringiensis TUST-1 genome DNA as template. The PCR con-
dition was used as follows, 94 °C 5 min 1 cycle, 94 °C 30 s, 56 °C 30 s, 72 °C 1 min
30 cycles, 72 °C 10 min 1 cycle, the system volume was 100 pL. The PCR product
was detected by agarose gel electrophoresis.

2.4 Expression of tido Gene

PCR production of tido was extracted with gel extraction kit [TAKARA Biotech
(Dalian) Co., Ltd.]. The fragment was digested by BamH I and EcoR I and was cloned
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into the corresponding restriction site of pET-His, generating in pET-tido. Then the
recombinant plasmids were transformed to E. coli BL21(DE3), resulting EB-tido.

IPTG (0.1 mmol/L, final concentration) was added when EB-tido was grown in
LB medium[with kanamycin (50 pg/mL)] to the midexponential stage. The cells
continued to be cultured for another 4 h. The cells were harvested by centrifuging
and broken with sonication. Cell lysates were separated into soluble and insoluble
fractions by centrifugation at 10,000 x g for 30 min. The expression of recombinat
TIDO was confirmed by sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE). Protein bands were visualized in gels by staining with coomassie
brilliant blue R 250.

The 6xHis tagged TIDO was purified using a Ni**-NTA affinity column. And
the enzyme concentration was determined by the BCA assay kit (Bio-Rad, USA).

2.5 Assay for Recombinant TIDO Activity

For catalytic characterization of TIDO, the reaction mixture was composed of
10 mmol/L o-ketoglutarate and L-isoleucine, 5 mmol/L FeSO,, 10 mmol/L ascor-
bic acid and 100 mmol/L Tris-HCI (pH 7.0), and 0.5 mg/mL purified recombinant
IDO, and the reaction was performed at 30 °C for 30 min. Enzymatic activity was
determined as the production of 4-HIL measured by HPLC. In order to determine
K., values, L-isoleucine was used at concentrations of 0.02-5 mmol/L.

In order to examine the pH dependency of the reaction, citric acid sodium-citrate
buffer (pH 3.0-5.0), phosphate buffered saline (pH 6.0-8.0), tris-HC1 (pH 9.0) and
sodium bicarbonate-sodium carbonate buffer (pH 10.0-11.0) were used. Reactions
were performed at 10-70 °C to examine the temperature dependency of the
reaction.

2.6 Analytical Procedure of 4-HIL Concentration
by High-Performance Liquid Chromatography

4-HIL was analyzed by precolumn derivatization with 2, 4-fluoro-dinitrobenzene
and detected by high-performance liquid chromatography (HPLC) with an Agilent
C18 column (150 mm X 4.6 mm, 3.5 um). Elution was performed using a gradient
of 50% acetonitrile (v/v)/50 mmol/L (CH3;COONa), and fed at a constant flow rate
of 1.0 mL/min. UV absorption was measured at 360 nm and the column temper-
ature was maintained at 33 °C.
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3 Results and Discussions

3.1 Cloning and Sequence Analysis of Tido

Tido was successfully amplified from B. thuringiensis TUST-1. The sequence of the
gene and its encoding products was analyzed, which showed that the gene was
723 bp in length and encoded a 240-amino acid protein. The gene exhibited
99.31% (718/723) and 98.33% (236/240, L28F, V38L, L157W, A224F) similarity
with nucleotides and amino acids of ido that we cloned before [14]. The different
amino acid sequence might endow the enzyme distinctive characteristics, compared
to the ido from B. thuringiensis TCCC 11826.

3.2 Expression of Tido in E. Coli BL21(DE3)

Transmembrane helices were predicted by the program of TMHMM Server v.2.0
(http://www.cbs.dtu.dk/servicess TMHMM-2.0), which showed that no transmem-
brane helices existed in the TIDO. So the total gene was cloned into expression
vector pET-His after digested with BamH I and EcoR L

Expression of fido was analyzed by SDS-PAGE. As Fig. 1 showed, an addi-
tional band was detected at approximately 29 kDa, corresponding to the expected
size of the 240-amino acid protein in lysate of EL-ido, indicating that tido was
successfully expressed. Notably, the band also appeared in soluble fraction of EB-
ido, indicating that the recombinant TIDO could exist as soluble form.

Cells induced by IPTG were collected and cell lysate was applied to a Ni>*-NTA
affinity column. Proteins binding to the column were washed with imidazole solution
of different concentrations. As Fig. 2 showed, increased concentrations of imidazole
was helpful to elution of recombinant TIDO. The optimum imidazole concentration
was 60 mmol/L and concentration of recombinant TIDO was 3.6 mg/L.

Fig. 1 SDS-PAGE analysis KDa M 1 2 3 4 5
of recombinant TIDO

expressed in E. coli BL21

(DE3). M Marker; 1 total cell 97.4

lysate of E. coli BL2IDE 66.2

harboring pET-His; 2 total 43.0

cell lysate of EB-ido without .

IPTG induction; 3 total cell

lysate of EB-ido induced by 31.0

IPTG; 4 soluble fraction of

EB-ido induced by IPTG; 5 20.0
insoluble fraction of EB-ido
induced by IPTG 14.4
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KDa M 1 2 3 4 5 6 7 8 9

97.4
66.2

43.0

31.0

20.0
14.4

Fig. 2 SDS-PAGE analysis recombinant TIDO purification. M marker; / flowthrough effusing
from Ni**-NTA affinity column; 2 flowthrough of binding proteins washed with NTA-
0 buffer (20 mmol/L Tris-HCI pH7.9, 0.5 mol/L NaCl, 10% Glycerol); 3 soluble fraction of
EB-ido induced by IPTG; 4-9 flowthrough of bing proteins washed with 5, 10, 20, 40, 60 and
100 mmol/L imidazole solution

1/V=73.77[1/S] + 0.438
R2=0.983

1 1 Ny 1 1 1 1 )
Ay

20.006  -0.004  -0.002 0 0.002  0.004  0.006  0.008 0.01
1/S/(L/umol)

Fig. 3 Hyperbolic kinetics of recombinant TIDO

3.3 Enzymatic Characterization of TIDO

Recombinant TIDO was purified and kinetics of the enzyme activity was examined.
As shown in Fig. 3, the Michaelis-Menten equation for the enzyme was 1/V = 73.770
[1/S] + 0.438, in which the K, and V.« value for L-isoleucine was 0.168 mmol/L
and 2.283 pmol/min/mg, respectively. The result indicated that TIDO exhibited
higher affinity to L-isoleucine and catalytic rate than IDO from B. thuringiensis TCCC
11826 (0.18 mmol/L and 2.10 pmol/min/mg, respectively) [14].
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The effect of temperature (10-70 °C) on recombinant TIDO activity was
examined. As shown in Fig. 4, the enzyme activity became higher with the
increasing temperature from 10 to 30 °C but lower from 40 to 70 °C. So it could be
concluded that the optimal temperature for recombinant TIDO was 30 °C, which
was lower than that of IDO from B. thuringiensis TCCC 11826 (35 °C) [14].

The thermostability of recombinant TIDO was detected under 20, 30 and 40 °C.
As shown in Fig. 5, the enzyme activity decreased with the extension of reaction
time, while, it should be notable that the recombinant TIDO at 30 °C exhibited
highest activity before 11 h but at 20 °C after 11 h and it almost has non-activity
after 4 h at 40 °C. However, it showed that recombinant TIDO at 20 °C was more
thermostable than that at 30 °C since the slope of the curve at 20 °C is lower than
that at 30 °C (—3.012 vs. —4.811) So it could be explained as that TIDO optimal
temperature of TIDO was 30 °C and thus exhibited high activity but the activity
decreased after 11 h due to the thermal lability.

The effect of pH (3.0-11.0) on recombinant TIDO activity was determined. As
shown in Fig. 6, the enzyme activity rose with the increased pH till pH 8.0 and then
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Fig. 6 Effect of pH on 120
recombinant enzyme activity
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decreased. So the optimal pH for recombinant TIDO was 8.0, which was higher
than that of IDO from B. thuringiensis TCCC 11826 (7.0 °C) [14].

4 Conclusion

The gene tido from B. thuringiensis TUST-1 was successfully cloned and
expressed. Homology alignment of tido and ido from B. thuringiensis TCCC 11826
showed that tido exhibited higher similarity to the latter gene. Enzyme kinetic
analysis result showed that K., and V,,,x value of for tido L-isoleucine was
0.168 mmol/L and 2.283 pmol/min/mg, respectively, indicating that TIDO exhib-
ited higher affinity to L-isoleucine and catalytic rate than IDO from B. thuringiensis
TCCC 11826. The optimal temperature and pH for TIDO was 30 °C and 8.0,
respectively. This work will lay theoretical foundation and practical basis on the
microbial manufacture technology of 4-HIL and other amino acid derivatives.
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Optimization of Condition
for Recombinant L-Isoleucine Dioxygenase
Expression in Escherich coli BL21(DE3J)

Jie Ma, Zhixiang Li, Lei Zhao, Qingyang Xu, Chenlin Zhang,
Xixian Xie and Chen Ning

1 Introduction

The enzymatic characteristics of IDO has been determined with an industrially
important biocatalyst, o-KG-dependent hydroxylase L-isoleucine dioxygenase
(IDO), which was found to be the enzyme responsible for the generation of
(2S,3R,4S)-4-hydroxyisoleucine in Bacillus thuringiensis 2e2. Depending on the
amino acid used as the substrate, IDO could catalyze three different types of
oxidation reactions: hydroxylation, dehydrogenation, and sulfoxidation [1].
Importantly, IDO with the ability of converting L-isoleucine to 4-Hydroxyisoleucine
[2, 3]. Moreover, IDO need a-ketoglutarate, Fez+, and ascorbic acid as cofactors for
the hydroxylating reaction.

In particular, 4-Hydroxyisoleucine is a natural nonproteinogenic amino acid that
first isolated from the seeds of Trigonella foenum-graecum [4] with absolute stereo
configuration of (25,3R,45)-4-Hydroxyisoleucine [5], which demonstrated insuli-
notropic biological activity [6, 7] in rat models of T2DM [8-10]. Furthermore,
4-Hydroxyisoleucine also possesses effective antidiabetic activity in a model of
type-1 diabetes mellitus (T1DM) without insulin [11].

To gain enough IDO is the precondition for studying the characteristic of the
enzyme or producing 4-Hydroxyisoleucine with the enzyme. So in this study,
conditions for recombinant IDO expression, such as IPTG concentration, induction
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time, expression time and induction temperature was investigated and optimized.
These results may be useful for the industrial production of optically active amino
acids, as well as 4-HIL

2 Materials and Methods

2.1 Materials and Strain Construction

The 6xHis-tagged IDO-expressing strain E. coli BL21(DE3) carrying pEThis-ido
was constructed. All restriction enzymes, Primer STAR HS DNA polymerase and
T4 DNA ligase were purchased from Takara Bio Inc. (Dalian China). All
oligonucleotides used in this study were synthesized by GENEWIZ Bio Inc.
(Suzhou China).

In order to construct plasmid, the 723 bp-sized ido fragment was amplified by
PCR with the primers HIL-F(TTAGGATCCATGAAAATGAGCGGTTTTA-
GCAT) and HIL-R(GCA AAGCTTTTATTTGGTTTCTTTATAGCTAAAGGTC)
using the genomic DNA of B. thuringiensis TCCC11826 as template. The
following PCR protocol was used: 95 °C-5 min; [94 °C-30s; 55 °C-30 s;
72 °C-60 s] x 25cycles. The PCR product was digested with BamH 1 and Hind
II1, ligated into the BamH 1 and Hind III restriction sites of the pET-his vector to
yield pEThis-ido, and then transformed into E. coli BL21(DE3).

2.2 Preparation for Expression of Recombinant IDO

Expression experiments were prepared by transferring appropriate number of
strains from agar slant cultured into 500-mL Erlenmeyer flask containing 30 mL of
LB medium (1% tryptone, 1% NaCl, 0.5% yeast, pH 7.0), and was cultured at
37 °C. The culture was inoculated (1%, V/V) into 30 mL of LB medium, at dif-
ferent temperature and induction time points, with different IPTG concentration and
induction time. Cells were collected by centrifugation and was broken at 4 °C.

2.3 Detection of Recombinant IDO Expression

Recombinant IDO expression amount was detected by SDS-PAGE through mon-
itoring the coloring degree of the protein bands. Total protein concentration was
detected by BCA Protein Assay Kit (Sigma-Aldrich, Germany). Samples with the
same concentration of total protein were loaded.



Optimization of Condition for Recombinant L-Isoleucine ... 185
3 Results and Discussion

3.1 Construction of Recombinant Plasmid and Strain

The plasmid pEThis-ido which contains the endogenous ido of B. thuringiensis
TCCC11826 was constructed. For the construction of pEThis-ido, the 723 bp-sized
ido fragment was amplified by PCR (Fig. 1), which was same as the expected
molecular weight (723 bp)

The PCR product was digested with BamH I and Hind 111, and ligated with the
EcoR I-BamH I-digested DNA fragment of pET-his to construct the plasmid
pEThis-ido, and then transformed into E. coli DH5o. The obtained pEThis-ido was
digested with BamH I and Hind III, as shown in Fig. 2, the recombinant plasmid
pEThis-ido was been constructed successfully. Finally, pEThis-ido was transformed
into E. coli BL21(DE3) and screening positive strains (Fig. 3).

In order to detect the recombinant strain E. coli BL21/pEThis-ido with ability to
express protein, cultivation experiments were implemented in 500 mL Erlenmeyer
flask containing 30 mL LB medium with 0.1 mmol/L IPTG at 37 °C. Then, cells
were collected by centrifugation and was broken, as shown in Fig. 4, protein of
lysate supernate and sediment were detected by SDS-PAGE through monitoring the
coloring degree of the protein bands. Luckly, IDO (28.92 kDa) could been
expresses by recombinant strains in the lysate supernate.

Fig. 1 Map of ido PCR
product. M marker; lane 1 ido M 1
PCR product

750bp —
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Fig. 2 Identification of
recombinant plasmids
digested by restricted
endonuclease. M marker; lane
1 pEThis-ido digested by
BamH 1 and Hind 111

Fig. 3 Identification of
recombinant strains.

M marker; lane 1 ido PCR
product

Fig. 4 Expression of E. coli
BL21(DE3)/pEThis-ido
protein production. M protein
standard marker; lane 1
bacteria induced for O h; lane
2, 4, 6 lysate supernate of

E. coli BL21(DE3)/pEThis-
ido; lane 3, 5, 7 lysate
sediment of E. coli BL21
(DE3)/pEThis-ido
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M 1

750bp —

31.0~>

22.0»> =
144>
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Fig. 5 Expression of E. coli
BL21(DE3)/pEThis-ido kDa M1 23456 7

protein production. M protein

standard marker; lane 1-7 66.2"
different concentration of

IPTG (0.05, 0.1, 0.15, 0.2,

0.25, 0.3, 0.35 mmol/L) 31.0~>

22.0»>
144>

BL21(DE3)/pEThis-ido

protein production. M Protein

standard marker; lane 1-6:

different temperature of 66.2—>
induction (20, 25, 28, 32, 37,

42 °C)

Fig. 6 Expression of E. coli kDa M 1 2 3 4 5 6

31.0>

220>
14.4~>

3.2 Influence of IPTG for Protein Expression

Due to the influence of differernt concentration of IPTG, IDO-expressing strain
E. coli BL21(DE3)/pEThis-ido could express different amount of protein. Then,
checking the condition of expression by SDS-PAGE to find out the biggest protein
band, which is the most appropriate concentration of IPTG for protein expression.
In this study, different concentration of IPTG (0.05, 0.1, 0.15, 0.2, 0.25, 0.3,
0.35 mmol/L) was added into the medium. As shown in Fig. 5, with the increasing
concentration of IPTG, protein production did not follow the trend declined rather
than increased. As an inducer, too high concentration of IPTG can affect the growth
of bacteria. Therefore, 0.15 mmol/L IPTG is the most appropriate concentration for
protein expression, which was used in subsequent expression experiments.

3.3 Expression Temperature for IDO

Temperature is an important factor for the growth of bacteria and protein expres-
sion. In this study, 0.15 mmol/L IPTG was added into the medium, then expressing
in different temperature (20, 25, 28, 32, 37, 42 °C). As shown in Fig. 6, along with
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the increased of induced temperature, first of all the protein bands increased
extremely and then slowly. Low temperature could inhibit the activity of intra-
cellular enzyme activity and influence the growth of bacteria, which is an important
reason for reducing protein expression. However, high temperature could inactivate
intracellular coenzyme. Therefore, 37 °C is the most appropriate temperature for
protein expression, which was used in subsequent expression experiments.

3.4 Effect of Induction Time

Concentration of bacterial cells is also an important factor that affects expression
level of protein. In this study, IDO-expressing strain was cultured at 37 °C, on an
orbital shaker for different times (0—6 h). Then, 0.15 mmol/L IPTG was added into
the medium and expressing the same time. As shown in Fig. 7, Recombinant IDO
was hardly detected when the culture time was short. Therefore, the strain should
been cultivated at least 4 h, suggesting that 4 h is the most appropriate induction
time for protein expression, which was used in subsequent expression experiments.

3.5 Influence of Expression Time

As a limiting factor for protein expression, expression time plays an important role
in protein production. In order to increase the protein production of IDO-expressing
strain E. coli BL21(DE3)/pEThis-ido, 0.15 mmol/LIPTG was added into the
medium at 4 h and expression times were adjusted different gradient(1-7 h). As
shown in Fig. 8, at the early stage, protein production increased with expression
time. However, after 6 h it did not increase with the enhancive expression time. The
results indicated that 6 h is the most appropriate expression time for protein
expression.

Fig. 7 Expression of E. coli
BL21(DE3)/pEThis-ido kDa
protein production. M Protein

standard marker; lane 1-6 66.2>
different time of induction °
(0-6 h)

31.0»>

220>
144~
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Fig. 8 Expression of E. coli
BL21(DE3)/pEThis-ido kDa M1 23 4 5 6 7

protein production. M protein

standard marker; lane 1-7

different time of expression 66.2>
(1-7 h)

31.0»>

220>
14.4~>

4 Conclusions

As an inducer, suitable concentration of IPTG is an important factor for cell growth
and protein expression. We found that high concentration of IPTG could affect the
growth of bacterial cells and 0.15 mmol/L IPTG is the most appropriate concen-
tration for protein expression. Moreover, low temperature could inhibit growth of
cells and thus decrease protein expression level, however, high temperature could
inactivate intracellular coenzyme. Therefore, 37 °C is selected for the most
appropriate temperature for protein expression. Furthermore cells cultivated for 4 h
and induced for at least 6 h exhibited excellent protein expression level.
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Protein Sparing Effect of Carbohydrate
on Growth Performance, Digestion Ability
of Common Carp (Cyprinus carpio)

at Different Feeding Frequencies

Ze Fan, Xiuting Qiao, Jinhui Sun, Pei Cui, Zhenzhen Fang,
Dongqing Bai and Zhenyan Cheng

Over the last few decades, finding best practices on how to decrease fish meal
consumption and improve the protein utilization by fish has became an environ-
mental and economical goal for the sustainable development of aquaculture feed
industry [1, 2]. Accordingly, many studies have been designed to evaluate and
promote the protein-sparing feasibility of lipid and carbohydrates in fish diets [3, 4].
However, it is worth noting that fish, in their complex living environment, create a
“glucose intolerant” predisposition, resulting in poorer ability to utilize carbohy-
drate as energy sources than protein and lipids [5, 6]. Consequently, finding the
most efficient way to improve access to carbohydrate has became a vital subject of
fish nutrition research.

Of the cultivation process, besides focusing on feed quality, feeding strategy is
one of the key factors influencing growth and feed conversion, such as feeding
rhythm, feeding regime, feeding rate, feeding frequency, feeding methods and so on
[7, 8]. Among those, feeding frequency has close correlation with the ability to use
carbohydrates [8, 9]. Previous study has indicated that weight growth rate (WGR),
feed efficiency (FE), and protein efficiency ratio (PER) of tilapia (Oreochromis
niloticus x O.aureus) were significantly higher in fish fed 44% starch at a feed
frequency of 6 meal/d in comparison to those fed at 2 meal/d [10].

Common carp (Cyprinus carpio), an omnivorous fish, are native to Asia. The
recent study mainly focused on the aspect of its requirement of protein [11, 12].
Although the protein-sparing of dietary carbohydrate [13] or feed frequency [14]
has been well demonstrated in common carp, most studies concerned mainly on one
or other of two factors, and the interaction effect of two factors on growth and feed
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utilization of common carp have received insufficient attention currently. Based on
this, the present study was conducted to investigate the interaction effect of dietary
carbohydrate or feed frequency on growth performance and digestion ability of
common carp to evaluate the impact of feed frequency on the protein-sparing of
dietary carbohydrate.

1 Materials and Methods

1.1 Experimental Diet

The formulation and proximate composition of experimental diets are specified in
Table 1. The experimental diets were isocaloric (16.20 MJ/kg DM) and isolipidic
(6.7% DM) with three levels of carbohydrate (5, 10 and 20%). Fish meal, soybean
meal, peanut meal and cotton meal were used as protein source. Soybean oil and
wheat starch served as single lipid source and carbohydrate source, respectively.
The amount of wheat starch in the diets was increased at the cost of fish meal and
micronized cellulose. The three diets were, respectively, recorded as C5P32
(C5 = 5% carbohydrate, P32 = 32% protein), C10P30 (C10 = 10% carbohydrate,
P30 = 30% protein), and C20P28 (C20 = 20% carbohydrate, P28 = 28% protein).
All ingredients were provided by Tianjin Tianxiang Aquatic Co. Ltd., and were
pulverized by 40 mesh sieve, thoroughly mixed, and made into 2 mm pellets using
a pellet machine (MUZLMV4, Jiangsu Muyang Group Co., Ltd., Yangzhou,
China). The experimental diets were stored at —20 °C until used.

1.2 Fish and Experimental Design

Common carp with an initial weight of (55.37 £ 3.35) g were obtained from
Tianjin Huanxin Aquatic Breeding Farm. Fish were acclimated to the experimental
conditions and fed a commercial formulated feed (32% protein, supplied by
Tianxiang Aquatic Co. Ltd.) for 2 weeks in the 3 m X 3 m X 1.5 m cages before
the beginning of feeding trial. 50 common carp per cage randomly selected and
assigned into the 18 cages (I m x 1 m x 1.5 m). Water quality parameters during
the experimental period were pH 7.8 £ 0.2, temperature 26.5-30.5 °C, dissolved
oxygen 6.0-8.0 mg/L and total ammonia nitrogen <0.2 mg/L. Feeding frequencies
were two meals a day at 08:00 and 17:00, and four meals a day at 08:00, 11:00,
14:00 and 17:00. Feeding was conducted manually at a daily ration size 4% of the
initial body weight by the same person during the 8-week feeding trial.
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Table 1 Formulation and
proximate composition of
experimental diets (% dry
matter)

Ingredients (%) Diet

C5P32 C10P30 C20P28
Fish meal’ 7 5 3
Soybean meal’ 22 22 22
Peanut meal' 15 15 15
Cotton meal' 12 12 12
Rapeseed meal' 13 13 13
Microcrystalline cellulose 12 8.8 0.6
DDGS? 3 3 3
Soybean oil 5 52 5.4
Premix® 2 2 2
Wheat starch 5 10 20
CMC-Na 2 2 2
Monocalcium phosphate 2 2 2
Total 100 100 100
Nutrient levels
Crude protein (% DM) 31.94 30.46 28.38
Crude lipid (% DM) 6.66 6.69 6.67
Energy (MJ/kg DM) 16.21 16.23 16.25

'Fish meal: 62.3% crude protein, 12% crude lipid; soybean meal:
43.7% crude protein; peanut meal: 46.2% crude protein; cotton
meal: 43.3% crude protein; rapeseed meal: 36.2% crude protein
’DDGS: dried distillers grains with solubles, 26% crude protein,
8% crude lipid

3Per kg diet: vitamin A 1500 IU, vitamin B; 4.5 mg, vitamin B,
5 mg, vitamin Bg 3.75 mg, vitamin B, 5 mg, vitamin D;
500 IU, vitamin E 25 mg, vitamin K5 2.5 mg, biotin 0.03 mg,
folic acid 1 mg, D-pantothenic acid 5 mg, nicotinic acid 25 mg,
inositol 20 mg, VC 30 mg, antioxidant 1 mg, Cu (as copper
sulfate) 2.25 mg, Fe (as ferrous sulfate) 22.5 mg, Mn (as
manganese sulfate) 0.5 mg, Zn (as zinc sulfate) 12.5 mg, I (as
potassium iodide) 0.1 mg, Se (as sodium selenite) 0.005 mg, Co
(as cobalt chloride) 0.075 mg

“Calculated as protein: 24 kJ/g; fat: 38 kl/g; and starch: 17 k)/g

1.3 Sample Collection

At the end of the trial, the common carp were counted and weighted under moderate
anesthesia (MS-222 at 100 pg/kg) after a 24-h fasting period. Total length
(0.01 cm) of 45 fish per diet (15 fish per cage) were measured randomly, and whole
fish (0.01 g) of them were weighed for determination of condition factor (CF).
Blood samples were extracted from the caudal vein, and immediately centrifuged at
4500 rpm for 15 min at 4 °C, and the obtained serum was stored at —80 °C until
the biochemical criterion determinations were made. After blood collection, the
individual intestines and hepatopancreas were quickly excised, and hepatopancreas
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(0.01 g) were weighed for the calculation of hepatosomatic index (HSI). After
washed thoroughly with chilled physiological saline (0.85% w/v NaCl), tissue
samples were stored at —80 °C for further analysis.

1.4 Analytical Method

1.4.1 Diets Nutrient Composition Analysis

Nutrient composition of experimental diets was determined using the following
methods: crude protein (N x 6.25) was estimated by the Dumas combustion
methods using an Auto Dumas combustion System (Buchi, Flawil, Switzerland);
crude lipid was measured by the Soxhlet extraction method with petroleum ether
extraction; gross energy was analyzed in an Oxygen Bomb Calorimeter Model
6100 (PARR, Moline, IL, USA).

1.4.2 Tissue Processing

Tissues were quickly thawed, and weighed samples were automatically homoge-
nized applying an electric homogenizer with a metal pestle on ice. Hepatopancreas
for the glycogen assays was rapidly thawed, and promptly hydrolyzed in alkaline
liquor at the ratio of 1:3 (w:v) with no centrifugation step. For the digestive
enzymes and carbohydrate metabolic enzymes, tissue samples were homogenized
in 9 volumes of ice-cold physiological saline (0.85% w/v NaCl). Homogenates
were centrifuged at 3500 rpm for 15 min at 4 °C (Thermo Fisher Scientific ST 16R
centrifuge), and the resulting supernatants were aliquoted and stored at —80 °C until
subsequent analysis.

1.4.3 Determination of Intestinal Digestive Enzymes

Protease activity was assayed by Folin-reagent method. One unit of protease
activity was defined as 1 pg tyrosine released 1 g tissue in 1 min at 37 °C Amylase
activity was measured using iodine solution to expose non-hydrolyzed starch. One
unit was defined as the amount of enzyme catalyzing 10 mg starch hydrolyzed in
30 min at 37 °C. Lipase activity was determined based on the measurement of the
release of fatty acids due to enzymatic hydrolysis of triglycerides in a stabilized
olive oil emulsion. One unit of lipase activity was defined as 1 g of substrate
released per min per gram of tissue at 40 °C. Enzyme activities were expressed as
Ulg tissue.
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1.5 Calculation and Statistical Analysis

Survival rate = 100% x N;/No; (1.1)

Weight growth rate (WGR, %) = 100% x (W, — Wy) /W, (1.2)

Specific growth rate (SGR, %/d) = 100% x [In(W;) — In(Wy)]/t (1.3)

Feed conversionratio (FCR) = F/(W, — W) (1.4)

Protein efficiency ratio (PER, %) = 100% x (W, — W) /(F x P) (1.5)
HIS (%) = 100% x W,/ W, (1.6)

CF (%) = 100% x W,/L} (1.7)

where N; and Ny are the final and initial body number, W, and WO are the final and
initial body weight (g), t-time of rearing (days), L-fish body length (cm), F-total
feed intake (g), P-content of dietary protein (g) and W-liver weight (g).

Results were subjected to two-way analysis of variance (ANOVA), followed by
a Duncan’s test to delineate significance among fish groups using SPSS 16.0
software (SPSS Inc., Chicago, IL, USA). For all analyzes, significant levels were
set at P < 0.05 unless otherwise stated. All data are represented as means & SD.

2 Results

2.1 Growth Parameters and Feed Utilization

Growth parameters and feed utilization were presented in Table 2. Weight growth
rate (WGR), specific growth rate (SGR), and protein efficiency ratio (PER) were
generally decreased with increasing dietary carbohydrate levels, but no significant
difference was observed (P > 0.05), whereas WGR, SGR, and PER of fish fed
4 meal/d were significantly higher than those of fish fed 2 meal/d (P < 0.05). Feed
conversion ratio (FCR) tended to increase with increasing dietary carbohydrate
levels, whereas FCR tended to decrease with increasing feeding frequencies
although no significant difference was observed (P > 0.05).

2.2 Morphology Index

As can be seen from Table 3, hepatosomatic index (HSI) of fish fed 4 meal/d was
significantly lower than that of fish fed 2 meal/d (P < 0.05). Besides, HIS of fish fed
diet C5P32 was significantly lower than that of fish fed diet C20P28 in term of diet
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Table 2 Growth parameters and feed utilization of common carp reared at 2 feeding frequencies
(2 and 4 meal/d) and fed with three diets (C5P32, C10P30 and C20P28) (means + SD)

Diet Feeding WGR (%) SGR (%/d) FCR (g/g) PER (g/g)
frequencies
C5P32 |4 258.10 + 13.61* [2.97 £ 0.11* | 1.67 & 0.09° |1.87 £ 0.10°
C10P30 |4 24392 + 4223 |2.85 + 0.34™ | 1.80 & 0.33" | 1.77 £ 0.31%°
C20P28 |4 239.06 + 43.33% |2.81 + 035" |1.84 & 0.33" |1.73 £ 0.31%°
C5P32 |2 193.55 + 3.90° | 2.42 + 0.04 |2.22 4 0.05™° | 1.40 + 0.03"
C10P30 |2 168.33 + 30.88° |2.18 £ 0.30° [2.62 £ 0.51* |1.22 + 0.21°
C20P28 |2 187.04 + 42.82° |2.32 £ 039> |2.38 &+ 0.51 |1.36 £ 0.31™
Main effects
C5P32 225.83 2.70 1.95 1.64
C10P30 206.12 251 221 1.50
C20P28 213.05 2.58 2.11 1.54
4 247.03° 2.87° 1.77 1.79°
2 182.97° 2.32° 241 1.33°
P value
Feeding frequency 0.00 0.00 0.70 0.00
Diet 0.60 0.56 0.15 0.59
Interaction 0.83 0.80 0.98 0.84

All values are expressed as mean values (n = 3) & SD, and different alphabets in the same column
denote significant difference (P < 0.05)

composition (P < 0.05). Condition factor (CF) was significantly higher in fish fed
4 meal/d compared with that of fish fed 2 meal/d, but unaffected by diet compo-
sition (P > 0.05). It is worth noting that HIS was significantly affected by the
interaction of diet composition and feed frequency. The highest HIS was found in
fish fed with diet C10P30 at 2 meal/d group.

2.3 Intestinal Digestive Enzyme Activity

2.3.1 Protease Activity

Protease activities in foregut of fish generally reduced as dietary carbohydrate levels
increased, but no significant difference was observed (P > 0.05), whereas protease
activities in foregut of fish maintained at a feed frequency of 4 meal/d were sig-
nificantly higher than those of fish at 2 meal/d (P < 0.05). Protease activities in
midgut of fish (CF) was significantly lower in fish offered diet C20P28, compared
with those of fish offered diet C5P32 and C10P30 (P < 0.05), but unaffected by
feed frequency (P > 0.05). In addition, protease activities in hindgut were not
affected by either diet composition or feed frequency (P > 0.05) (Table 4).
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Table 3 Hepatosomatic
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index (HSI, %), condition

factor (CF, % g/cm3) of
common carp reared at 2
feeding frequencies (2 and

4 meal/d) and fed with three

diets (C5P32

C20P28) (means + SD)

, C10P30, and

Diet Feeding HSI CF
frequencies
C5P32 4 0.80 £ 0.08° 2.50 £ 0.18%
C10P30 4 0.99 + 0.04% 2.63 £ 0.07*
C20P28 4 1.18 £ 0.15% 2.80 £ 0.08*
C5P32 2 1.22 +0.17° 2.14 £+ 0.08°
C10P30 2 1.29 £+ 0.10° 2.20 £ 0.20°
C20P28 2 1.21 & 0.06* 2.48 + 0.17%°
Main effects
C5P32 Lo1® 2.32
C10P30 1.14% 2.42
C20P28 1.19% 2.65
4 0.99° 2.65*
2 1.24* 227°
P value
Feeding frequency 0.00 0.00
Diet 0.00 0.07
Interaction 0.03 0.91

All values are expressed as mean values (n = 3) £ SD, and
different alphabets in the same column denote significant
difference (P < 0.05)

Table 4 Protease activities (ug/ml) in intestine of common carp reared at 2 feeding frequencies (2
and 4 meal/d) and fed with three diets (C5P32, C10P30, and C20P28) (means £ SD)

Diet Feeding frequencies | Foegut Midgut Hindgut
C5P32 4 147.18 + 7.13 172.19 4 52.22* | 86.56 + 7.24
CI0P30 |4 168.26 + 34.11 185.78 + 20.84" 134.08 £+ 9.69
C20P28 |4 157.88 +28.42 | 123.04 &+ 5.55° 105.71 + 7.81
C5P32 2 105.37 & 44.59 158.99 + 16.32* | 85.80 + 3.41
CI0P30 |2 128.53 + 46.33 183.12 + 6.58™ 92.71 £ 7.73
C20P28 |2 107.40 + 48.58 134.40 & 21.70% 89.74 £+ 6.34
Main effects
C5P32 137.86 165.59* 81.41
C10P30 136.82 184.44% 111.91
C20P28 132.64 128.72° 99.22

4 157.78* 160.34 108.78

2 113.76" 158.84 89.42
P value
Feeding frequency 0.04 0.90 0.58
Diet 0.98 0.01 0.52
Interaction 0.66 0.71 0.41

All values are expressed as mean values (n = 3) &= SD, and different alphabets in the same column
denote significant difference (P < 0.05)
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2.3.2 Amylase Activities

As can be seen from Table 5, amylase activities in foregut and hindgut of fish were
not affected by either diet composition or feed frequency (P > 0.05). Amylase
activities in midgut of fish maintained at a feed frequency of 4 meal/d were sig-
nificantly lower than those of fish at 2 meal/d (P < 0.05). Besides, amylase activ-
ities in midgut of fish were significantly affected by diet composition with the
lowest observed in fish fed with diet C20P28 (P < 0.05).

2.3.3 Lipase Activities

As can be seen from Table 6, fish fed at a feed frequency of 2 meal/d exhibited
significantly higher lipase activities in midgut when compared with fed at 4 meal/d
(P < 0.05). However, there was no significant difference in lipase activities in
midgut among fish fed three different carbohydrate levels (P > 0.05). Lipase
activities in foregut and hindgut of fish increased first and then decreased as dietary
carbohydrate levels increased, but the difference was not significant (P > 0.05).
Besides, lipase activities in foregut and hindgut were unaffected by feed frequency
(P > 0.05).

Table 5 Amylase activities (ig/ml) in intestine of common carp reared at 2 feeding frequencies
(2 and 4 meal/d) and fed with three diets (C5P32, C10P30, and C20P28) (means £+ SD)

Diet Feeding Foegut Midgut Hindgut
frequencies
C5P32 4 100.82 £ 31.90 101.36 & 50.90™ | 68.95 & 23.64
CI0P30 |4 124.28 & 40.70 | 130.16 & 35.90" | 83.66 & 63.16
C20P28 |4 119.72 + 57.60 | 60.54 &+ 21.91° 75.97 + 48.57
C5P32 2 128.83 =+ 48.87 149.17 4+ 1657 | 121.72 + 16.59
CI0P30 |2 157.81 £+ 64.91 175.15 + 26.79* 124.79 £ 26.15
C20P28 |2 148.85 & 39.94 | 90.63 =+ 49.44™ 107.11 &+ 49.70
Main effects
C5P32 115.88 139.66* 105.34
C10P30 146.26 138.25% 104.26
C20P28 134.29 63.08" 91.54
4 114.94 89.02° 86.19
2 145.16 138.32° 127.87
Feeding frequency
Diet 0.84 0.02 0.06
Interaction 0.87 0.01 0.90
Feeding frequency 0.34 0.46 0.87

All values are expressed as mean values (n = 3) & SD, and different alphabets in the same column
denote significant difference (P < 0.05)
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Table 6 Lipase activities (pug/ml) in intestine of common carp reared at 2 feeding frequencies
(2 meal/d and 4 meal/d) and fed with three diets (C5P32, C10P30, and C20P28) (means + SD)

Diet Feeding Frequencies Foegut Midgut Hindgut
C5P32 4 332.64 + 11.19 63.48 + 19.02 27.57 + 11.86
C10P30 4 435.60 + 18.08 90.82 £+ 12.23 85.00 £ 11.47
C20P28 4 98.83 £ 16.41 69.69 + 11.33 64.37 £ 11.95
C5P32 2 89.51 + 12.41 175.97 + 10.74 88.13 £+ 16.31
C10P30 2 172.90 £+ 19.06 184.03 + 11.79 89.60 £ 54.63
C20P28 2 339.79 + 11.24 135.27 + 12.38 84.21 £ 16.62
Main effects
C5P32 211.08 119.72 57.85
C10P30 304.252 135.43 87.30
C20P28 219.31 102.48 72.94

4 289.03 74.67* 58.98

2 200.74 131.76" 86.41
Feeding frequency
Diet 0.34 0.04 0.32
Interaction 0.65 0.58 0.67
Feeding frequency 0.07 0.19 0.67

All values are expressed as mean values (n = 3) & SD, and different alphabets in the same column
denote significant difference (P < 0.05)

3 Discussion

Irrespective of feeding to satiation or feeding on fixed rations, previous research
have demonstrated that appropriate increasing feeding frequency can improve
growth performance and feed conversion of fish [15, 16]. However, it is necessary
to note that our study adopts feeding on fixed rations, which aims to eliminate any
consideration of the change of feeding rate. On the premise of feeding on fixed
ration, the present study demonstrated that regardless of dietary composition, WGR,
SGR and PER of common carp were significantly affected by feeding frequency.
WGR and PER of fish fed 4 meal/d were significantly higher than those of fish at
2 meal/d except fish fed with diet C20P28, suggesting that increasing feeding
frequency can promote diet protein utilization and boost the protein-sparing of
dietary carbohydrate. Unlike the case of WGR, SGR, PER, FCR was not affected
by feeding frequency. However, it is worth noting that FCR showed a reducing
trendwith increased feeding frequency, indicating that improvement of feed effi-
cience was gained with appropriate increasing feeding frequency. Different results
were observed in Pseudosciaena crocea R. [17], Salmo galrdnera. Two explana-
tions could be able to explain this difference. Firstly, different from the former two,
as a typical non-stomach, the digestive organ of common carp is intestine, which
would inevitably reduce the length of time feed remains in fish body, consequently,
appropriate increasing feeding frequency can increase the length of time feed
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remains in fish body, thus enhancing the digestion ability and the assimilation
efficiency of food. Secondly, the previous study reported that for fish, the key to
absorbing the dietary carbohydrate was the absorption percent within 2 h. Thus,
increasing feeding frequency, under the case of feeding on fixed ration, might be
advanced to effectively regulate the carbohydrate absorption rate to boost the uti-
lization ability of fish for high-carbohydrate diets. In the aspect of diet composition,
WGR, SGR, PER of common carp tended to decrease with increasing dietary
carbohydrate levels, but no significant difference was observed. This may suggest
that increasing dietary carbohydrate levels inhibit growth and feed conversion of
common carp to some extent. Similar results on Acipenser gueldenstaedtii were
reported by Cui [18]. Further studies concerned how to improve the utilization
ability of fish for dietary carbohydrate in common carp ought to be designed.

The liver occupies a very important position in the metabolism of carbohydrate,
lipid, protein and other nutrients, and is also an important nutrient storage sites,
which is why the hepatosomatic indexes (HSI) of fish is treated as very sensitive
indicators for the long-term and the short-term nutrition way [19]. In the present
study, HSI of common carp was significantly affected by the interaction of dietary
carbohydrate levels and feeding frequencies. Firstly, HSI of fish fed 4 meal/d were
significantly lower than those of fish at 2 meal/d except fish fed with diet C20P28.
Secondly, when analyzed by feeding frequency, improvements in HIS of common
carp were observed. At 4 meal/d group, HIS of fish fed with diet C5P32 was
significantly lower than that of fish fed with diet C20P28. Previous study on
Pelteobagrus fulvidraco have also reported that HSI tended to decrease with
increasing feeding frequency [20]. In fish biological study, condition factor (CF) is
regarded as a measure of evaluating growth and feeding intensity of fish [21]. CF of
common carp, in the present study, was significantly affected by feeding frequency.
Irrespective of dietary composition, improvement in CF was found in fish fed
4 meal/d compared with those fed 2 meal/d. Whilst independent of feeding fre-
quency, CF of common carp tended to increase with increasing dietary carbohy-
drate levels. Similar findings were also found in Acipenser gueldenstaedtii [18].
This coupled with HIS obtained may demonstrate that, under feeding on fixed
ration, appropriate increasing feeding frequency can reduce the proportion of the
body organs and promote the increase of the body length. This may testify that the
protein-sparing effect of carbohydrate can be enhanced by appropriate increasing
feeding frequency on the other side. However, it is a remarkable fact that
improvement in HSI and CF of common carp was observed in fish offered
high-carbohydrate diet. This may suggest that more dietary protein or carbohydrate
might be transformed into lipid or glycogen which is accumulated in the liver or
viscera.

Digestion is the first limiting factor, which have an effect on utilizing dietary
carbohydrate for growth. In the present study, intestinal digestive enzyme activities
were significantly affected by dietary carbohydrate levels and feeding frequencies to
some extent. Firstly, independent of dietary composition, improvement in protease
activities was found in fish fed 4 meal/d in comparison to those fed 2 meal/d,
whereas amylase and lipase activities tended to decrease with increasing feeding
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frequency. Among these, protease activity of foregut, amylase and lipase activities
of midgut were significantly affected by feeding frequency. The present study may
suggest that under feeding fixed ration, appropriate increasing feeding frequency
would produce the dietary restriction; whilst fish are able to increase the secretion of
digestive enzymes or improve the digestive enzyme activities to enhance nutrient
absorption under the case of the dietary restriction. This was also certificated by
increasing protease activity of midgut with increasing feeding frequency in the
present study. Similar findings on Acipenser gueldenstaedtii were observed [18].
Secondly, irrespective of feeding frequency, protease and amylase activities of fish
fed with diet C5P32 and C10P30 were significantly higher than those of fish fed
with diet C20P28. Different results were observed in Larimichthys crocea [22], and
Silurus meridionalis [23]. That might be attributed to the difference of feeding
habits, growth phase, dietary carbohydrate sources and so on. However, further
studies should be needed to reveal this.

4 Conclusion

The present study suggests that the growth and the digestive abilities of midgut of
common carp are significantly affected by dietary carbohydrate levels and feeding
frequencies. An increase of feeding frequency from 2 to 4 meal/d can improve the
growth and intestinal digestive enzyme activity of common carp and enhance the
carbohydrate utilization and boost the protein-sparing effect of dietary carbohy-
drate. Meanwhile, increasing carbohydrate level from 5 to 10% leads to the
improvements of protease and amylase activities of midgut. Therefore, it is rec-
ommended that common carp should be fed at 4 meal/d, and the carbohydrate
content of the dietary can be appropriately increased to 5-10%.
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Engineering of Industrial Aspergillus
ochraceus Strains for Improved Steroid
11a-Hydroxylation Efficiency

via Overexpression of the
11a-Hydroxylase Gene CYP68J5

Xingwei Yang, Fan Wu, Xiangjiang Hou, Benfeng Lin, Ruijie Wang,
Fuping Lu, Zhengxiang Wang, Bin Zeng and Xiaoguang Liu

1 Introduction

Selective hydroxylation of steroid compounds is crucial for their appropriate
pharmacological activities and 11a-hydroxylation of steroids is one of the most
important reactions for steroid functionalization, which is mainly accomplished in
the industrial setting by using filamentous fungi-mediated biotransformation due to
their high regio- and steroselectivity of the steroid hydroxylation reactions [1-4].
For instance, Aspergillus ochraceus TCCC41060 is commercially used for the
preparation of 11a-hydroxylation of 16,17a-epoxyprogesterone (EP), a key inter-
mediate for the production of a series of valuable glucocorticoids (see Fig. 1).
However, the productivity of the 1la-hydroxylation process is limited by the
moderate conversion rates and/or the lengthy process required to obtain desired
yields. Previous efforts to enhance conversion efficiency have mainly focused on
improving solubility of steroid substrates by using biocompatible cosolvents,
adoption of biphasic reaction systems and ionic liquid, [5, 6] and by employing
immobilized cell systems [7, 8]. Much less effort has been devoted to the rational
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breeding of more efficient fungal strains for selective steroid hydroxylation.
Enzymes of filamentous fungi involved in the steroid hydroxylation are members of
the cytochrome P450 superfamily. A cytochrome P450 gene encoding a steroid
11o-hydoxylase (CYP68J5) was previously cloned from A. ochraceus and func-
tionally expressed in the insect Sf-9 cells [9]. Recently, we showed that the
CYP68J5 gene is solely responsible for the hydroxylating activities of the pro-
duction strain A. ochraceus TCCC41060 on EP since disruption of CYP68J5
resulted in a complete loss of hydroxylation activities toward EP in the mutant
(unpublished data).

In the present study, we tested the idea that 1la-hydroxylation efficiency of
A. ochraceus TCCC41060 is limited by the expression levels of the steroid
11o-hydoxylase and thus overexpression of the CYP68J5 gene should enhance
11o-hydroxylation efficiency on EP.

2 Materials and Methods

2.1 Bacterial Strains, Plasmids and Culture Conditions

Aspergillus ochraceus TCCC41060 was obtained from the microbial strain col-
lection of the applied microbiology lab of Tianjin University of Science and
Technology (TUST). TCCC41060 is an industrial strain used for the commercial
preparation of 11a-hydroxy-16,17a-epoxyprogesterone, a key intermediate for the
production of a series of glucocorticoids. The fungus was routinely maintained on
potato dextrose agar (PDA) or in steroid transformation medium (STM) (20 g/l
glucose, 20 g/l yeast extract, 20 g/l tryptone, pH 5.8). The plasmids pB-TrpC and
pBluescript II KS+ vector were obtained from the microbial strain collection of the
applied microbiology lab of TUST and plasmid pAgl-h3-ble was kindly provided
by Prof. Hao Liu (College of Biotechnology, TUST). Unless noted, all enzymes for
DNA molecular manipulations in this study were purchased from the TaKaRa
(Dalian, China) and all primers were synthesized by AuGCT (Beijing, China).

A. ochraceus
——————————-
CYP68J5

o o
16,17u-epoxyprogesterone 11o-hydroxy-16,17u-epoxyprogesterone

(A key intermediate for glucocorticoids preparation)

Fig. 1 Schematic diagram of Aspergillus ochraceus-mediated biotransformation of 16,17a-
epoxyprogesterone
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2.2 Construction of Expression Constructs

To create A. ochraceus recombinant strains over-expressing the steroid
11a-hydroxylase, pB-CYP68J5-TrpC was constructed. To construct expression
vector pB-CYP68J5-TrpC, a ~2.2 kb DNA fragment encompassing the full ORF
of CYP68J5 plus 334 bp of the 3’ terminator region was PCR-amplified using the
primer set (Forward: 5-GAATTCATGCCCTTCTTCACTG-3'; reverse:
5'-CTCGAGGACAGAAGGAAACCTG-3") and then inserted into the Smal site of
pBluescript II KS+ to produce plasmid vector pB-T-CYP68J5. The ble gene was
released from pB-ble by digestion with HindIII and Xhol. The CYP68J5-T fragment
was obtained from pB-T-CYP68J5 by digestion with Xhol and EcoRI. Then the
Xhol/EcoRI CYP68J5-T and Xhol/HindlII ble fragments were ligated into HindIIl
and EcoRI sites of pB-TrpC to produce CYP68J5-expressing construct
pB-CYP68J5-TrpC (Fig. 2).

2.3 Preparation of A. ochraceus Protoplasts

Conidia of A. ochraceus were inoculated onto PDA slants and incubated at 28 °C
for 4-6 days. Conidia were harvested from slants using 1 M sorbitol and adjusted
to 1 x 10 conidia/ml. Conidia of 100 pl were inoculated into 100 ml YPD in a
500 ml flask and incubated for 20-28 h at 28 °C with shaking, followed by still
incubation for 10-15 h at 28 °C. The fungal mycelia were then collected and
washed thoroughly with 1 M sorbitol and resuspended in enzyme mixture solutions
prepared in osmotic stabilizer of 1 M sorbitol and incubated at 30 °C for 2 h with
shaking. The lysing enzyme mixture was composed of 10 g/l cellulase (Solarbio,
Beijing, China), 1 g/l lysing enzymes (Solarbio, Beijing, China) and 10 g/l snailase
(Solarbio, Beijing, China). Protoplasts were collected by centrifugation at
3000x g for 15 min at 4 °C and then washed twice using 0.6 M KCI1 + STC (1 M
sorbitol, 10 mM Tris-HCI and 50 mM CaCl,; pH 7.5) and resuspended in STC
to >5 x 10° protoplasts/ml.

03kb EcoRl 234, Xhol 15xp Hindlll

[pepc] cypesss [ [ ble |

EcoRl  Hindlll

EcoRl 224 Xhol .5 Hindill

CYPesss | ble
-[—LrJ_L pB-CYP68J5-TrpC

Hindlll- and EcoRl-digested
i . (7.0 kb)

Y

pBlue-TrpC (3.3 kh)

Fig. 2 The schematic diagram for the construction of CYP68J5 exprssion vectors: pB-CYP68J5-
TrpC
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2.4 Protoplasts Transformation

Transformation was carried out as follows: (1) an aliquot of 200 pl of the proto-
plasts suspension was added to a 10 ml microcentrifuge tube, followed by gently
mixing with 5-10 pg of linearized plasmid and 100 pl of PEG solution (300 g/l
PEG 8000; 50 mM CaCl,; 10 mM Tris-HCI; pH7.5; Sangon Biotech) and incu-
bating for 30 min on ice; (2) PEG solution (2 ml) was added, gently mixed with the
protoplasts and then kept at room temperature for 5 min before the addition of STC
(4 ml) and (3) the transformation mixture was then added to 50 ml liquid regen-
eration medium (PDA containing 0.6 M KCI and 30 pg/ml bleomycin; Solarbio)
and plated on PDA plates. Transformants started to appear after incubation at 28 °C
for 3-5 days and were transferred to PDA slant containing bleomycin (30 pg/ml).
Selected transformants were propagated for 3—5 generations to assess their mitotic
stability before being verified by PCR amplification of the ble gene with the primer
set (forward: 5'-CCAATGGCTCATAGTACCAG-3', reverse: 5'-GACCTAGAC
TTCAGGTTGTC-3").

2.5 Biotransformation Experiments

A. ochraceus was grown for 6 days in PDA slants at 28 °C, conidia were collected
and inoculated (10%ml) into 50 ml STM in a 250 ml flask and cultivated for
22-24 h at 28 °C with shaking at 180 rpm. Then predetermined amounts of sub-
strate 16,17a-epoxyprogesterone (EP) was added and allowed transformations to
proceed at 28 °C on the rotary shaker. The samples were extracted with ethyl
acetate, dried and dissolved in acetonitrile and analyzed by HPLC.

2.6 HPLC Analyses

To determine the transformation products, 0.5 ml of fungal transformation broth
was extracted with 400 pl of ethyl acetate. The product was analyzed by HPLC as
follows: the extracts (200 pl) were allowed to dry completely and then were
re-dissolved in 200 pl acetonitrile for HPLC analysis. The HypersilTM ODS C18
columns (250 mm L * 4.6 mm L[.D Column, 5 pm; Thermo Scientific) was used
and the mobile phase consists of 80% acetonitrile (v/v) and 20% H,O (v/v) with a
flow rate of 0.8 ml/min. 1lo-hydroxy-16,17a-epoxyprogesterone (HEP) standard
was used to confirm the authenticity of the product and 11o-hydroxylation product
was quantified by comparison to peak areas of known amounts of HEP standards.
Conversion rate of EP to HEP was estimated using the following equation:
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, (mHEP <+ MWHEP)
< t = 1
Conversion rate (%) EP =~ MWEP x 100%

where mEP and mHEP are the weights of EP and HEP, respectively; MWEP and
MWHEP are the molecular weights of EP and HEP, respectively [10].

2.7 RNA Isolation and CDNA Synthesis

A. ochraceus was cultured for 24 h at 28 °C in liquid STM medium, followed by
adding 0.05 mg/ml EP for induction for 3 h. Total RNAs were isolated using Trizol
reagents (Promega, USA) from the resultant mycelia. The synthesis of the first
cDNA strand was performed using 5 pg total RNA with PrimeScript Reverse
Transcriptase in a 20 pl reaction volume according to the manufacturer’s
instructions.

2.8 Real-Time Quantitative PCR

To determine the transcript levels of CYP68J5 in recombinant strains, real-time
quantitative PCR (qQRT-PCR) was conducted as follows: the total volume of PCR
reaction is 20 pl containing 10 pl of MasterMix with SYBR (Solarbio, Beijing,
China), 300 nmol/l of both primers (forward: 5'-CCAATCGTCGTCGTGTTC-3',
reverse: 5'-CTTTAGTCAGGTTCGGGTCT-3') and 1 pl of cDNA template. The
PCR amplification parameters comprise denaturation (95 °C, 10 min), 40 cycles of
denaturation (95 °C, 30 s) and annealing (60 °C, 30 s) (Applied Biosystems,
USA). The transcript levels of the glyceraldehyde-3-phosphate dehydrogenase gene
(GAPDH) (forward: 5'-CCAAGAAGGTTGTCATCTCC-3'; reverse: 5'-CATGA
GACCCTCAACGATAC-3") were used respectively as an internal control for
determining the expression levels of CYP68J5. The 2 “AACT method was used for
determining the transcript level of the target gene [11].

2.9 Statistical Analysis

The statistical analyses were performed using GraphPad Prism 5.0 (GraphPad, San
Diego, CA). All quantitative data were expressed as mean £ SD for each
condition.
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3 Results and Discussion

3.1 Construction of Recombinant Strains

To increase the steroid 11o-hydroxylation activity of the current production strain
A. ochraceus TCCC41060, CYP68J5 expression vectors (pB-CYP68J5-TrpC) was
constructed according to Materials and methods (Fig. 2). The expression of the
CYP68J5 gene in expression vector pB-CYP68J5-TrpC was under the control
of the constitutive TrpC promoter of Aspergillus nidulans. The linearized
pB-CYP68J5-TrpC vector was introduced into A. ochraceus TCCC41060 by pro-
toplast transformations and subsequent selection on bleomycin-containing plates
(30 pg/ml) and positive transformants were verified by PCR amplification (data not
shown). In total, two transformants were obtained and designated as CYP68J5-
TrpC-1 and CYP68J5-TrpC-2.

3.2 Recombinant Strains Show Elevated Levels of CYP68]5
Expression

To assess transcript levels of CYP68J5 in two recombinant strains, a quantitative
reverse transcription PCR was performed to compare the expression levels of
CYP68J5 between the recombinant strains and the recipient strain TCCC41060. As
shown in Fig. 3, after induction for 3 h by 16,17a-epoxyprogesterone (EP),
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Fig. 3 The relative expression level of CYP68J5 gene in the recombinant strains (CYP68J5-
TrpC-1 and CYP68J5-TrpC-2) as well as in the recipient strain TCCC41060. Total RNA was
extracted from Aspergillus ochraceus mycelia treated with 16,170-epoxyprogesterone (EP) for 3 h
induction and quantitative RT-PCR was used to quantify the relative expression levels of CYP68J5
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expression levels of CYP68J5 in recombinant strains CYP68J5-TrpC-1,
CYP68J5-TrpC-2 were 35 and 62% higher than that of the start strain TCCC41060,
indicating that increasing the genomic copy number of CYP68J5 in the production
strain resulted in a significant enhancement of the transcript levels of CYP68J5.
However, two recombinant strains showed quite different transcript levels, which
could be due to differences in the inserted copy number of CYP68J5 or position
effects of the inserted CYP68J5.

3.3 Recombinant Strains Show Increased Conversion of EP

The EP conversion rates of recombinant strains CYP68J5-TrpC-1 and
CYP68J5-TrpC-2 were compared with the recipient strain TCCC41060. As shown
in Fig. 4a, with 2 g/l of EP as substrate, conversion rates of the recombinant strains
were significantly higher than the control strain. Strain CYP68J5-TrpC-2 exhibited
a better performance than strain CYP68J5-TrpC-1. For the first 12 h, the conver-
sion rate for the control strain was less than 5%, while recombinant strains
CYP68J5-TrpC-1 and CYP68J5-TrpC-2 had conversion rates of 12.5, 17.8%
respectively. For the entire course of biotransformation, the highest conversion rates
for the recombinant strains were observed at 60 h, which is about 12 h shorter than
that for recipient strain TCCC41060 which reached its highest conversion rates at
72 h. These results demonstrate that increasing expression of the steroid
11o-hydroxylase gene CYP68J5 is an effective strategy to breed more efficient
strains for 11a-hydroxylation of EP. It is well established that in steroid biotrans-
formation substrate concentrations have a great effect on the whole-cell transfor-
mation efficiency. To explore the potential of the recombinant strains for EP
conversion, the effect of EP concentrations on the 1lo-hydroxylation of EP was
investigated. As shown in Fig. 4b, after 48 h transformation, recombinant strains
maintained a high EP conversion rate (>75%) when EP concentrations were <5 g/l,
whereas strain TCCC41060 showed lower EP conversion rates (<70%) even when
the EP concentrations were 2 g/l. It is also apparent that both recombinant strains
showed a dramatic decline in EP conversion rates when the EP concentrations
exceeded 5 g/l (Fig. 4b), although they still exhibited much higher conversion rates
compared with strain TCCC41060, suggesting that conversion rates were either
limited by the level of the steroid hydroxylase activity or by the entry of EP into the
fungal cells or both.

3.4 Tween-80 Enhances 11a-Hydroxylation of EP

To improve the entry of EP into the fungal cells, Tween-80 was used to optimize
11o-hydroxylation of 16,17a-epoxyprogesterone to better evaluate the transfor-
mation potential of the recombinant strains. As shown in Fig. 4c, sharp increases in



210 X. Yang et al.

a b
(@) 100 ( }wo
Y &
= =
= 804 =~ 80+ - Wild type
g g = TrpC-1
.E .E - TrpC-2
o 604 @ 60 A
> >
= =
=) )
51 S
o 40 @ 40
' -
g - \;’iI(::r}lpc g
- r]} -
2 20 * TrpC-2 2 20
= =
w W
04 - - : . : 0 - . - :
0.0 0.5 1.0 1.5 2.0 2.5 0 5 10 15 20
Tween-80 concentration (g L") Substrate concentration (g LY
() 100, (d) 100,
Q 5
= =
= 804 ~ 80
= =
=) =)
= =
5 6o 3 60
- >
= =
=) =
S 51
@ 404 o 401
o =
1 :
£ - Wild type = - Wild type
17 = TrpC-1 _8 204 = TrpC-1
= 20 * TrpC-2 = * TrpC-2
w0 w
B0 05 10 15 20 25 01224 36 48 60 T2 84 96
Tween-80 concentration (g L™) Time (h)

Fig. 4 The time-course of substrate conversion profiles of the recombinant strains (CYP68J5-
TrpC-1 and CYP68J5-TrpC-2) and the control strain TCCC41060 under: a 2 g/l of EP;
b conversion of at various EP concentrations for 48 h; ¢ 20 g/l of EP with various amounts of
Tween 80 supplement for conversion of 48 h; and d 20 g/l of EP supplemented with 1.5 g/l of
Tween 80

EP conversion rates for all strains tested were observed with increased Tween-80
concentrations from 0.2 to 1.5 g/l with constant EP concentrations of 20 g/l.
However, a further increase in the concentration of Tween-80 resulted in declined
conversion rates. As shown in Fig. 4d, with 20 g/l of EP as substrate supplemented
with 1.5 g/l of Tween 80, the current production strain TCCC41060 achieved the
highest conversion rates at 60 h (80%), whereas recombinant strain CYP68J5-
TrpC-2 showed the highest conversion rates (92%) at 48 h, a 12% increase com-
pared with TCCC41060. Importantly, the time required for the two recombinant
strains to achieve the highest conversion rates is 12 h shorter than that of the control
strain, demonstrating that the two recombinant strains CYP68J5-TrpC have much
higher hydroxylation efficiency than the production strain TCCC41060.
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Interestingly, a higher catalytic efficiency was observed in CYP68J5-TrpC-2 than in
CYP68J5-TrpC-1, consistent with the different CYP68J5 transcript levels observed
in these two recombinant strains. Further study is required to address the underlying
genetic basis for the observed differences in transcript levels in the two recombinant
strains.

3.5 The Genetic Stability of the Recombinant Strain

To investigate the genetic stability of the recombinant strains during long-term
cultivation, the recombinant strains (CYP68J5-TrpC-1 and CYP68J5-TrpC-2) were
grown by continuous subculture without antibiotic selection through 70 genera-
tions, and the conversion rates of each 10-generation were determined. The results
revealed that the two recombinant strains retained the higher levels of conversion
rates after 70 generations (Fig. 5).

4 Conclusion

Recombinant strain CYP68J5-TrpC-2 over-expressing the steroid 11a-hydroxylase
gene CYP68J5 not only showed a 12% increase in 16,17a-epoxyprogesterone (EP)
conversion rates but also shortened the transformation time by 12 h compared with
the recipient production strain TCCC41060, indicating that the transcript level of
11o-hydroxylase gene CYP68J5 is a limiting factor for 1la-hydroxylation effi-
ciency of strain TCCC41060 on EP. Thus, increasing steroid 1la-hydroxylase
expression is an effective strategy for engineering highly efficient commercial
strains for steroid 1lo-hydroxylation in A. ochraceus TCCC41060.
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Response Surface Methodology
Optimization Extraction

of Polysaccharides from Maca (Lepidium
meyenii) Leaves and Primary
Characterization

Caicai Kang, Liming Zhang, Limin Hao, Huanhuan Ge, Meng Xu,
Jie Cao, Jianyong Yu and Yongwu Yang

1 Introduction

Response surface methodology (RSM) has proved quite an effective method for the
expected purpose. Recently, RSM has been widely used to optimize processes in
many studies, including the extraction of polysaccharides. Box-Behnken design
(BBD), the most impotent and common design of RSM, is helpful to design
experiments, build models, evaluate the effects of factors and searching optimum
condition of factors for desirable responses [1]. At present, the RSM has been
successfully applied to extract Bletillastriata polysaccharides [2].

Maca (Lepidium meyenii), a medicine food homology plant, belongs to the
Brassicaceae family [2]. Maca roots (hypocotyls), the subterranean part, have been
a traditional medicinal agent and dietary staple since pre-Columbian times [3].
Maca roots are consumed worldwide as liquor, pills, soft drinks and candies for its
high nutritional value and multi-functional properties [4]. Reported properties
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include energizing, fertility-enhancing effects, antifatigue [5], anti-inflammation [6],
antiosteoporosis [7], antidepression [8], antioxidant activity [9], and so on.
However, little information has been published on maca leaves, such as polysac-
charides. Polysaccharides are macromolecules composed of more than ten
monosaccharide units. And the monosaccharides are linked by glycosidic bonds.
Plant polysaccharides have been used in the food industry and in medicine for a
long time. They have attracted excessive attention in recent years [10] because of
their exhibited biocompatibility, low toxicity and pharmaceutical biomedical
activity, such as antioxidant, immunomodulation, anti-tumor, anti-virus, anti-
complementary, and anti-inflammatory activities [11].

Therefore, this paper optimized the extraction of maca leaves polysaccharide by
RSM. In addition, the primary characterization of the crude MLPs were described,
which may improve some theory value for the further study and comprehensive
utilization of maca leaves.

2 Materials and Methods

2.1 Material

Fresh maca leaves were collected from Yunnan Province during the months of
November-December, 2013, and identified by Professor Wenbin Hou, Tianjin
Institute of Pharmaceutical Research, China. The leaves were shade dried, pow-
dered, sieved through 800 pm and stored at room temperature. 1-phenyl-3-methyl-
4-benzene formyl pyrazolone (PMP) was from Solarbio Co. Ltd (Beijing, China).
All of the other chemicals were analytical grade.

2.2 Pretreatment of Maca Leaves

All the raw materials were immersed in petroleum ether (b. p. 60-90 °C) to remove
the liposoluble constituents using Soxhlet apparatus. The crude polysaccharides
were extracted from the pretreated maca leaves under extraction conditions and
determined by the phenol-sulfuric acid method [12].

Extraction yield (%) = (C x N x V) /W x 100 (1)

where C is the concentration of polysaccharide as calculated from the calibrated
regression equation (mg/mL); N is the dilution factor; V is the total volume of
extraction solution (mL); and W is the weight of samples (mg).
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2.3 Extraction of the Crude MLPs

The crude MLPs was obtained under the extraction conditions. The extraction
solution were precipitated by the addition of anhydrous ethanol to a final concen-
tration of 80% (v/v). The precipitate was collected by centrifugation at 4000 rpm
for 20 min, and dissolved with water. After that, proteins were removed by the
Sevag reagent (chloroform: butyl alcohol, 4:1, v/v). The precipitated were washed
with anhydrous ethanol and dissolved with water. After lyophilization, the crude
MLPs were obtained.

2.4 Single-Factor Design for the Crude MLPs Extraction

A single-factor design was used to determine the preliminary range of extraction
factors including A (water to raw material ratio: 10, 20, 30, 40, 50 and 60 mL/g), B
(extraction time: 30, 60, 90, 120, 150 and 180 min), C (extraction temperature: 55,
65,75, 85,95 and 100 °C) and D (extraction times: 1, 2, 3, 4 and 5). The extraction
yield of the crude MLPs were the dependent variable.

2.5 BBD for the Crude MLPs Extraction

The software Design-Expert 8.0 was used to design the experiment, analyze the
data and build the model. Box-Behnken design (BBD) with four independent
variables at three levels was applied to determine the optimal extraction variables.
Liquid-solid ratio (X;), extraction time (X,), extraction temperature (X3) and
extraction number (X,) were selected to design the experimental project using BBD.
Y means the extraction yield of polysaccharides from maca leaves and was taken as
the response of the design experiments. Finally, Y was fitted a second-order model
in order to correlate the response variable to the independent variables. The
non-linear computer-generated quadratic model was given as below:

k k
Y=Pot D BXi+ Y BXi+ YD BiXiX; (2)
= =

i<j

where Y was the estimated response, and By, f, f; and B;; were the regression
coefficients for intercept, linearity, square and interaction. X; and X; were the
independent coded variables (i # j, i and j range from 1 to k), and k was the
number of independent parameters (k = 3 in this study).
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2.6 Analysis of the Crude MLPs

The crude MLPs were obtained under the finally optimum extraction conditions.
Protein was removed by Sevag method [13] and the protein content was determined
by the method of Bradford test [14]. All measurements were conducted in triplicate.
Then, the crude MLPs were further depigmented by using D101 type macroporous
adsorption resin [15].

The IR spectrum of the crude MLPs was determined using a fourier transform IR
spectrophotometer (FT-IR) (Bruker, Germany). The freeze-dried crude MLPs
powder was grinded with potassium bromide power and pressed into 1 mm pellets
in the frequency range of 4000-400 cm™".

2.7 Statistical Analysis

Values from analysis are expressed as mean + standard deviation (S.D.). Data sets
with multiple comparisons were evaluated by one-way analysis of variance
(ANOVA) with Duncan’s test. Differences were considered significant at P < 0.05.

3 Results and Discussion

3.1 Single-Factor Experiments Relating to the Crude
MLPs Extraction

3.1.1 Effect of Water to Raw Material Ratio on the Crude MLPs Yield

The ratio of water to raw material was an important parameter of the polysaccha-
rides. As the Fig. 1a shown that the yield of the crude MLPs were influenced under
the ratio from 10 to 60. The other extraction conditions were set as follows:
extraction time 60 min, extraction temperature 75 °C and extraction times 1. The
yield of the crude MLPs was increased rapidly with the increase of the ratio from 10
to 30 mL/g, increased gradually at ratios from 30 to 50 mL/g, but, decreased at
ratios above 50 mL/g. Thus, to minimize electricity and time costs, the water to
raw material range of 40-60 mL/g was considered for use in further BBD
experiments.

3.1.2 Effect of Extraction Time on the Crude MLPs Yield

Extraction time was another factor that would influence the extraction efficiency. As
the Fig. 1b shown that the yield of the crude MLPs were influenced under the time
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Fig. 1 Effects of water to raw material ratio (a), extraction time (b), extraction temperature (c),
extraction times (d) on extraction yield of the crude MLPs. Different lower case letters in the same
curve indicate significant differences (p < 0.05). Date shown in mean =+ standard deviation

(n=3)

from 30 to 180 min. Other extraction conditions were set as follows: the ratio of
water to raw material (40 mL/g), extraction temperature 75 °C and extraction times
1. The Fig. 1b illustrated the yield of the crude MLPs increased from 6.46 £ 0.10
to 7.57 £+ 0.15% with the extraction time varied from 30 to 120 min and decreased
thereafter, indicating that longer extraction time can lead to thermal instability and
degradation of the polysaccharides. Consequently, extraction time of from 90 to
150 min was used for further BBD experiments.
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3.1.3 Effect of Extraction Temperature on the Crude MLPs Yield

Extraction temperature was another factor that would influence the extraction
efficiency. The yield of the crude MLPs affected by different extraction temperature
was shown in Fig. 1c, when other parameters were fixed at the ratio of water to raw
material (40 mL/g), extraction time 120 min and extraction times 1. As evident
from Fig. lc, the maximum amount of polysaccharides obtained was 9.32% at
95 °C, the extraction yield increased sharply with extraction temperature from 45 to
95 °C (5.58 £ 0.07 to 9.33 & 0.07%). This can be explained by the fact that
polysaccharides solubility increases with temperature, thus facilitating polysac-
charides diffusion out of the cells. So, extraction temperature of from 85 to 100 °C
was used for further BBD experiments.

3.1.4 Effect of Extraction Time on the Crude MLPs Yield

The extraction time was another factor that would influence the extraction effi-
ciency. As shown in Fig. 1d that the yield of the crude MLPs were influenced under
the extraction times from 1 to 5 when the other conditions were 40 (mL/g), 120 min
and 90 °C (the ratio of water to raw material, extraction time and extraction tem-
perature). Figure 1d shows that the yield of the crude MLPs was increased sharply
with the increase of the extraction times from 1 to 2, reaching to 11.8 £ 0.18%
under the extraction times 2, increased gradually at extraction times from 3 to 5.
Thus, to minimize electricity and time costs, the extraction times of from 1 to 3 was
considered for use in further BBD experiments.

3.2 The Result of BBD Design

On the basis of single factor experiment, using the method of Box-Behnken Design
(BBD) designed four factors three levels center test. Then using the Design-Expert
8.0.6 software based on the yield of the crude MLPs as response value table, test
Design scheme and test results were shown in Table 1.

3.3 Response Surface Results of the Crude MLPs Yield

Response surface plots and contour plots can be obtained according to the
regression model combined with the actual value of the response surface opti-
mization analysis, as shown in Figs. 2 and 3. And the comprehensive analysis can
be concluded that the interaction was between the various factors on the yield of the
crude MLPs.
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Table 1 BBD with the experimental values and predicted values for extraction yield of the crude

MLPs
Run | Actual (Code) Yield (%)
X, Water/solid | X, Time | X3 Temperature | X4, Number |Observed | Predicted
1 30 (-1) 120 (0) | 100 (1) 2 (0) 1.0529 1.0998
2 40 (0) 120 (0) |80 (~1) 3 (1) 1.1037 1.1039
3 40 (0) 150 (1) 100 (1) 2 (0) 1.1737 1.2568
4 30 (-1) 120 (0) 80 (—1) 2 (0) 0.9793 0.8578
5 50 (1) 90 (=1) |90 (0) 2 (0) 1.0442 1.0371
6 30 (-1) 150 (1) |90 (0) 2 (0) 1.0899 1.0496
7 40 (0) 120 (0) 90 (0) 2 (0) 1.1724 1.1491
8 50 (1) 120 (0) 100 (1) 2 (0) 1.1559 1.1718
9 40 (0) 120 0) |80 (1) 1 (-1 0.7295 0.7218
10 40 (0) 120 (0) 90 (0) 2 (0) 1.1625 1.1491
11 |50 (D 120 (0) |90 (0) 1 (-1 0.7402 0.7628
12 |50 (D) 150 (1) |90 (0) 2 (0) 1.0902 1.0271
13 40 (0) 150 (1) 80 (—1) 2 (0) 0.9606 1.0588
14 40 (0) 120 (0) 90 (0) 2 (0) 1.2054 1.1493
15 |50 (D 120 0) |80 (=1) 2 (0) 1.0073 0.9698
16 |30 (-1) 120 (0) |90 (0) 1 (-1 0.6225 0.6286
17 40 (0) 150 (1) 90 (0) 3(1) 1.3861 1.3046
18 40 (0) 120 (0) 90 (0) 2 (0) 1.0254 1.1491
19 |50 (D) 120 (0) |90 (0) 3 (1) 1.0113 1.1384
20 130 (-1 90 (-1) |90 (0) 2 (0) 0.8024 0.8275
21 40 (0) 90 (—1) 100 (1) 2 (0) 1.1909 1.1708
22 40 (0) 150 (1) 90 (0) 1(-1) 0.7931 0.7789
23 30 (-1) 120 (0) |90 (0) 3 (1) 1.0282 1.0967
24 |40 (0) 90 (-1) |90 (0) 1 (-1 0.7189 0.7742
25 40 (0) 120 (0) 100 (1) 3(1) 1.4358 1.3638
26 40 (0) 90 (—=1) |90 (0) 3() 1.1149 1.0833
27 |40 (0) 90 (=1) |80 (=1) 2 (0) 0.9306 0.9248
28 |40 (0) 120 (0) |90 (0) 2 (0) 1.1824 1.1493
29 40 (0) 120 (0) 100 (1) 1(-1) 0.9606 0.9058
3.4 Model Fitting and Optimization of the Crude
MLPs Extraction
3.4.1 Model Fitting

By applying multiple regression analyses on the experimental data, the response
variables and test variables were related by the following second-order polynomial
equation:
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ikt 1

Fig. 2 Response surface plots (3D) showing the effects of variables on response yield of the crude
MLPs

(a_)_

Fig. 3 Contour plots showing the effects of variables on response yield of the crude MLPs

Y = 11.49 +0.46X, +0.55X, + 1.11X3 +2.10X,
—0.57X,X, — 0.10X, X3 — 0.22X, X, — 0.12X,X; 3)
+0.57X> X4 +0.19X3X, — 1.22X7 — 0.44X7 — 0.022X7 — 1.23X]
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where Y represents the yield of MLPs, and X; X,, X; X, are water to raw
material ratio, extraction time, extraction temperature and extraction times,
respectively.

The ANOVA was shown in Table 2. P-values were used to check the signifi-
cance of each coefficient, and the smaller P-value means the more significance
relevant coefficient. As shown in Table 2: a model P-value of P < 0.0001 indicated
very high significance of the regression, and the lack of Fit F-value of 1.51 implies
the lack of Fit is not significantly relative to the pure error. Meanwhile, the
determination coefficient R? (0.9081) and the adjusted R? (0.8162) were enough
approximate to the model. It also can be found that X3, X, X3 and X7 were high
significant (P < 0.01), X, was significant to explain the effect of variables on the
yield of MLPs. And others were not significant to explain the yield of the crude
MLPs.

Table 2 ANOVA for response surface quadratic model analysis of variance table

Source Sum of df | Mean F-value P-value | Significant
squares square levels

Model 94.46 14 [6.75 9.88 <0.0001 | #**

A 2.49 1 1249 3.65 0.0769

B 3.62 1 ]3.62 5.31 0.0371 | *

C 14.8 1 |14.8 21.68 0.0004 |

D 53.07 1 |[53.07 77.73 <0.0001 | #**

AB 1.3 1 ]13 1.9 0.1895

AC 0.042 1 ]0.042 0.062 0.8077

AD 0.2 1 (02 0.3 0.5949

BC 0.057 1 [0.057 0.083 0.7774

BD 1.31 1 |1.31 1.92 0.1875

CD 0.14 1 ]0.14 0.2 0.6597

A? 9.71 1 [9.71 14.22 0.0021 | **

B? 1.23 1 |1.23 1.81 0.2004

(o5 3.10E—03 1 |3.10E-03 |4.54E—03 |0.9473

D? 9.83 1 19.83 144 0.002 ok

Residual 9.56 14 | 0.68

Lack of fit 7.56 10 |0.76 1.51 0.3675

Pure error 2 4 105

Correlation 104.02 28

Total

R? 0.9081 Adj-R? 0.8162

Note *P < 0.05, significant; **P < 0.01, high significant, ***P < 0.001, very high significance
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3.4.2 Optimization for the Extraction Conditions of the Crude MLPs

In order to get a profound understanding of the results as shown in Table 2 and the
interactions of the variables, as shown in Figs. 2 and 3, the 3D plots and their
corresponding contour plots depicted the interactions between two variables when
the others were kept at their zero levels. Also the 3D plots and their corresponding
contour plots provided a vivid interpretation of the interaction for two variables and
facilitated the location of optimum experimental conditions. The optimal extractions
of MLPs from maca leaves were as follows: ratio of water to raw material (38 mL/g),
extraction time 150 min, extraction temperature 100 °C and extraction times 3.
Under the above conditions, the maximum predicted yield was 14.24%, which
corresponded fairly well to that of experimental value 14.20 £ 0.25% (n = 3).

3.5 Primary Characterization of the Crude MLPs

The protein content of the crude MLPs obtained by the finally optimum extraction
conditions was 5.63 + 0.26%. After deproteinization and depigment, the protein
level of the crude MLPs were 0.09% by the Bradford test. The deproteinization rate
was 95.7%.

In order to characterize primarily the crude MLPs, FT-IR analysis was per-
formed. The FT-IR results was shown in Fig. 4. According to the FT-IR analysis,

100
1

Transmittance(% )

=
-—
—
——
-

570,24 —
’22 :C’. —

-5 8 4] ﬂm:aassASC‘ s8x
2ER 4E3 Id8 SSES9ETEY <o -
338 RER ¥ S22IXINnNczee R §
I ) ) I I L) I
3500 3000 2500 2000 1500 1000 500

Wavenumber(cm!y

Fig. 4 FT-IR spectrum analysis of the crude MLPs
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the strong band at 3445 cm™' represented the stretching of the hydroxyl group
(O-H), and the band at 2929 cm ! attributed to the C-H stretching of the CH? and
CH? group. The asymmetrical peak at around 1562 cm ™' and symmetrical peak at
1443 cm ™" were due to the carboxyl group in the crude MLPs. The peak at around
1100 cm ™' indicated C-O stretching vibration [16]. Three absorption peaks at
around 1100-1010 cm™' indicated a pyranose form, which was performance
(1114, 1078 and 1024 cm™Y). The crude MLPs was similar to sugar characteristic
absorption peaks in the IR spectrum.

4 Conclusions

In this study, response surface methodology (RSM) was used to optimize extraction
process of polysaccharides from maca leaves. The optimal conditions for MLPs
extraction were as follows: ratio of water to raw material (38 mL/g); extraction
time, 150 min; extraction temperature, 100 °C and extraction times, 3. Under the
optimal extraction condition, the maximum predicted yield of the crude MLPs was
14.4% which was close to the experimental yield 14.2 £ 0.25% (n = 3) and had a
good reproducibility. The FT-IR analysis revealed the general characteristic
absorption peaks of the crude MLPs. These results indicated that the MLPs have
enormous potential value as a novel natural polysaccharides in functional food.
Also the MLPs need further works on polysaccharides structures, pharmacological
activity evaluation, and application studies.

Acknowledgements This research was financially supported by the Research Project of People’s
Liberation Army (No. AX110C002, BX115C007 and HX-04-13-022).

References

1. Wu SH, Gong GL, Wang YY, Li F, Jia SY, Qin FX et al (2013) Response surface
optimization of enzyme-assisted extraction polysaccharides from Dictyophoraindusiata. Int J
Biol Macromol 61:63-68

2. QuY,LiCX, Zhang C, Zeng R, Fu CM (2016) Optimization of infrared-assisted extraction of
Bletillastriata polysaccharides based on response surface methodology and their antioxidant
activities. Carbohyd Polym 148:345-353

3. Zha SH, Zhao QS, Chen JJ, Wang LW, Zhang GF, Zhang H, Zhao B (2014) Extraction,
purification and antioxidant activities of the polysaccharides from maca (Lepidium meyenii).
Carbohyd Polym 111:584-587

4. Esparza E, Hadzich A, Kofer W, Mithdfer A, Cosio Eric G (2015) Bioactive maca (Lepidium
meyenii) alkamides are a result of traditional Andean postharvest drying practices. Phytochem
116:138-148

5. Chen JJ, Zhao QS, Wang LW, Zha SH, Zhang LJ, Zhao B (2015) Physicochemical and
functional properties of dietary fiber from maca (Lepidium meyenii Walp.) liquor residue.
Carbohyd Polym 132:509-512



224

10.

11.

12.

13.

14.

15.

16.

C. Kang et al.

Uchiyama F, Jikyo T, Takeda R, Ogata M (2014) Lepidium meyenii (Maca) enhances the
serum levels of luteinising hormone infemale rats. J Ethnopharmacol 151:897-902

. Bai N, He K, Roller M, Lai CS, Bai L, Pan MH (2015) Flavonolignans and other constituents

from Lepidium meyenii with activities in anti-inflammation and human cancer cell lines.
J Agric Food Chem 63:2458-2463
Liu H, Jin W, Fu C, Dai P, Yu Y, Huo Q, Yu L (2015) Discovering anti-osteoporosis
constituents of maca (Lepidium meyenii) by combined virtual screening and activity
verification. Food Res 77:215-220

. Stojanovska L, Law C, Lai B, Chung T, Nelson K, Day S et al (2015) Maca reduces blood

pressure and depression, in a pilot study in postmenopausal women. Climacteric 18:69-78
Sandoval M, Okuhama NN, Angeles FM, Melchor VV, Condezo LA, Lao J et al (2002)
Antioxidant activity of the cruciferous vegetable Maca (Lepidium meyenii). Food Chem
79:207-213

Li E, Nie SP, Yang C, Qiu ZH, Xie MY (2011) Extraction optimization, characterization and
bioactivity of the crude polysaccharides from Herba Moslae. Carbohyd Polym 83:1201-1206
Wang QH, Shu ZP, Xu BQ, Xing N, Jiao WJ, Yang BY, Kuang HX (2014) Structural
characterization and antioxidant activities of polysaccharides from Citrus aurantium L. Int J
Biol Macromol 67:112-123

Dubois M, Gilles KA, Hamilton JK, Rebers PT, Smith F (1956) Colorimetric method for
determination of sugars and related substances. Anal Chem 28:350-356

Vilkas E, Radjabi NF (1986) The glucomannan system from Aloe vahombe (liliaceae). III.
Comparative studies on the glucomannan components isolated from the leaves. Biochimie 68
(9):1123-1127

Bradford MM (1976) A rapid and sensitive method for the quantitation of microgram
quantities of protein utilizing the principle of protein-dye binding. Anal Biochem 72:248-254
Li C, Huang Q, Fu X, Yue XJ, Liu RH, You LJ (2015) Characterization, antioxidant and
immunomodulatory activities of polysaccharides from Prunella vulgaris Linn. Int J Biol
Macromol 75:298-305



Metabolomic Analysis of Dunaliella salina
upon Concurrent Deprivation of Nitrogen
and Phosphor

Hexin Lv, Xianggan Cui, Shilei Wang and Shiru Jia

1 Introduction

Dunaliella salina is a halotolerant microalga and could accumulate 14%
beta-carotene of dry weight under stress conditions such as nutrients deprivation,
and thus it is a model alga for osmoregulation and carotenoids biosynthesis
researches. We have reported that the concurrent deprivation of nitrogen and
phosphor has sever effects on many aspects such as decreased growth rates and
photosynthetic efficiencies, altered activities of superoxide dismutase and catalase,
accumulation of carotenoids and increased expression levels of methylerythritol
4-phosphate pathway and carotenoids biosynthesis pathway genes [1].

Metabolomics could detect global metabolites changes of cells. We have used
metabolomics strategy to interrogate the global metabolites changes when cells
were subjected to nitrogen deprivation and many differential small metabolites were
identified [2]. Herein, GC-MS were used to detect the metabolites changes when D.
salina cells shifting culture conditions to concurrent deprivation of nitrogen and
phosphor. Differential metabolites were identified and statistical analyses by prin-
cipal component analysis (PCA) and partial least-squares (PLS) indicated that cells
metabolites changed significantly upon concurrent deprivation of nitrogen and
phosphor.
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2 Materials and Methods

2.1 Algae and Cultivation Conditions

D. salina was cultured in the modified Johnson’s medium [1]. Cells were cultured in
500 mL Erlenmeyer flasks containing 250 mL of medium under 60 pmol m % s~
continuous illumination under 30.0 °C. Cells were inoculated at 2.0 x 10° cell/ml.
Cultures were manually shaken three times per day. All the cells were cultured for
two 16/8 h light/dark cycles to synchronize the growth phases before inoculation
and thereafter transfer to continuous light conditions. Concurrent nitrogen and
phosphor deprivation was performed according to our previous reports [1].

2.2 Extraction of Intracellular Metabolites and Fatty Acid
Methyl Esters

Cells were quenched with —40 °C 60% (v/v, methanol/water) methanol solution for
5 min. Cells were collected by 4000 rpm centrifugation for 5 min at 4 °C and
washed with 0.5 mol/L NaCl for three times. Cell pellets were put into in liquid
nitrogen and ground into powder. The intracellular metabolites were extracted
according to previously reported methods [3]. Metabolites quenching and extraction
were performed according to previous report [4] and with some modifications. The
fatty acids were extracted according to a modified method [5]. Briefly, 10 mg cell
pellets was suspended in 0.8 mL fatty acid extract (Trichloromethane:methanol,
2:1, v:v) and 10 pL. 80 pg/ml internal standard solution nonadecanoic acid was
added, and 1.2 mL. FAMES reagent (10% HCl-methanol, m:m) was added into the
samples, and incubated at 80 °C for 1 h. 1 mL hexane was used to extract fatty acid
methyl esters.

2.3 Derivatization and GC-MS Analysis

Metabolites were derivatized according to our previous report [2]. A GC-MS
system (Agilent 7890 GC-5975 MSC, USA) equipped with a HP-5 capillary col-
umn (60 m x 320 pym i.d., 0.25 um film thickness; Agilent J&W Scientific,
Folsom, CA, USA) was selected in our study. 1 pL of sample was injected without
a split ratio. Helium with flow rate of 1 mL/min was used as the carrier gas. Full
scan mode with (m/z: 50-800) electron impact ionization (70 eV) was used. The
oven temperature was set to 70 °C, after 2 min raised to 290 °C at 5 °C/min, and
maintained for 6 min. The oven temperature for measuring fatty acid methyl esters
was set to 70 °C for 2 min, followed by 8 °C/min to 200 °C for 2 min, then
increased at a rate 3 °C/min to 245 °C and maintained at 245 °C for 6 min.
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2.4 Data Analysis and Statistical Analyses of GC-MS

The MSD Productivity ChemStation software (version E.02.01.1177 Agilent) was
used for typical total ion chromatograms analyses. Metabolite were identified by
NIST mass spectral library 2011 (version 2.0 g). PCA was used for initial analysis.
PLS analysis was used to further verify the differences and identify the metabolites
responsible for distinguishing the three different growth phases. Loading plots were
used for finding biomarkers. Score plots were used to previewing the clustering
effect. The relative contents of metabolites and fatty acids were calculated according
to a previous method [6]. HCE 3.5 software (Human-computer interaction lab,
University of Maryland) was used for unsupervised hierarchical cluster analysis
(HCA), the metabolite levels of three pigmentation phase were normalized by
default firstly, then average linkage method were adopted for hierarchical clustering.

3 Results and Discussion

3.1 Metabolites Identified by GC-MS and Clustering

To investigate the global metabolites changes between nutrients replete and
depleted conditions, metabolites from D. salina cells cultured under concurrent
nitrogen and phosphor deprivation conditions for seven days were derivatized by
methoxamine hydrochloride and N-methyl-N-(trimethylsilyl) trifluoroacetamide
and then analyzed by GC-MS. By this method, only thermally stable and volatile
compounds with molecular weight generally less than 1000 Daltons could be
detected. By comparing with the NIST library and filtering for match degrees
greater than 700, 81 kinds of metabolites were identified at the initial threshold
between 0.1 and 15.0, including 16 amino acids, 13 fatty acids, 14 organic acids, 18
sugars, 12 alcohols, 5 amines and 3 others which is unable to be recognized by
NIST library (Table 1). In order to know their changing trends, hierarchical clus-
tering was used to categorize the detected metabolites according to the relative
contents in comparison with inner control (Fig. 1). Results showed that most sugars
and part of amino acids were subcategorized into one group, whose contents were
increased upon concurrent deprivation of nitrogen and phosphor, indicted the
activities of EMP pathway or starch metabolism pathway were changed. The
accumulation of glucose, sucrose, fructose and other sugars implicated that these
metabolites provided more substrates for triacylglycerol biosynthesis, because we
investigated that lipid droplets were substantially increased when concurrent
deprivation of nitrogen and phosphor. In addition, as expected, the contents of
protective metabolites such as tagatose, sorbose, talose, myo-inosito and
meso-erythrotol were increased too, suggested that cells triggered that protective
system to resist the unfavorable conditions. Conversely, metabolites from another
group mainly included organic acids and alcohols, their contents were decreased.
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Table 1 Metabolites detected by GC-MS of cells cultured under complete media and that
deprived of nitrogen and phosphor®

Class Components Ratio (-N-P/CM)

Amino acids N,N-Dimethylglycine 0.75
L-Valine 0.78
1-Alanine 0.63
I-Leucine 1.82
I-Isoleucine 0.85
L-Norvaline 0.56
Serine 0.83
I-Threonine 1.29
L-Serine 0.80
N,O,O-Tris(trimethylsilyl)-L-threonine 1.09
DL-Ornithine 1.32
N-a-Acetyl-L-Lysine 2.46
L-Proline 2.90
Glycyl-l-glutamic acid 1.12
Glutamic acid 1.90
L-Lysine ND in -N-P

Sugars D-(-)-Erythrose ND in CM
L-(-)-Trehalose 1.30
D-Ribose 2.96
D-(-)-Tagatose ND in CM
L-(-)-Sorbose ND in CM
d-Galactose 1.31
D-(+)-Talose 2.66
D-Mannose ND in CM
D-Glucose 5.75
2-Deoxy-D-ribose ND in CM
D-Erythro-Pentose 1.15
D-erythro-2-Pentulose ND in CM
D-Psicofuranose ND in CM
Lactose 1.00
D-Fructose ND in CM
D-Mannose 3.75
Sucrose 6.61
D-(+)-Cellobiose 22.16

Fatty acid Nonanoic acid ND in -N-P
Dodecanoic acid ND in -N-P
Hexadecanoic acid 1.81
trans-9-Octadecenoic acid 0.14
Myristate 1.33
Tetradecanoic acid ND in CM

(continued)
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Table 1 (continued)
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Class Components Ratio (-N-P/CM)
cis-11-Eicosenoic acid ND in -N-P
cis-13-Eicosenoic acid ND in -N-P
11-Eicosenoic acid ND in -N-P
Decanoic acid ND in -N-P
cis-13-Docosenoic acid ND in -N-P
Docosanoic acid ND in -N-P
Octadecanoic acid 1.17

Oganic acid L-(+)-Lactic acid 2.99
Acetic acid 1.10
Ethanedioic acid 1.22
2,3,4-Trihydroxybutyric acid 1.14
Pentanedioic acid 1.00
Heptanedioic acid ND in CM
Phosphoric acid 2.77
Azelaic acid 1.16
Propanoic acid 0.64
2-Ketoglutaric acid 2.62
Sebacic acid 2.62
1,2,3-Propanetricarboxylic acid 1.38
Deoxycholic acid 0.84
L-Ascorbic acid 2.17

Alcohols Glycerol 0.98
Pentitol 1.06
D-Erythro-Pentitol 1.27
D-(+)-Arabitol 0.62
L-(-)-Arabitol 3.07
Xylitol 1.58
Adonitol 1.34
L-Fucitol ND in CM
d-Mannitol ND in -N-P
D-Sorbitol ND in -N-P
Myo-Inositol 1.51
meso-Erythritol 1.18

Amines Acetamide 0.64
Cadaverine 1.37
3-methylol-methylamine 1.29
Urea 0.96
N-[4-[Bis-amino]butyl] acetamide 1.36

Others Unknown 3 1.36
Unknown 5 1.38
Unknown 6 ND in CM

4ND not detected



230 H. Lv et al.

-1.65

Fig. 1 Clustering of metabolites from D. salina cells cultured under complete media and that
deprived of nitrogen and phosphor

Table 2 Statistical data from

PCA and PLS at diff Sample PCA PLS

an at different - > > > > >

culture conditions D. salina (- RX Q RX RTY Q
N-P) 0.991 |0.820 (0991 |1 0.999

3.2 Multivariate Data Analysis

Multivariate statistical analysis PCA and PLS were used to study changes in the
intracellular metabolites between nutrients replete and deplete condition. Results
showed that both PCA and PLS have satisfactory predictive and fitting abilities
based on R2X and Q2 which are more than 0.8 (Table 2). The unsupervised
clustering method PCA was used to identify and rank major sources of variance
within the two data sets. Based on similarities and differences in the measured
parameters, PCA was able to cluster biological samples into both expected and
unexpected groups. Samples in different phases were separated clearly on the PCA
score plot (Fig. 2). The first principal component (PC1) accounted for 92.6% of the
total variance between the two experimental groups. The PC1 vs. PC2 of PCA plot
(these two components account for 98.1% of the variance) clearly separates the two
kinds of cultures. These results show that the intracellular metabolic profiles of
concurrent nitrogen and phosphor deprived cells differ significantly. PCA loading
plots were used to analyse the contributions of each metabolite to the principal
components. The contributions of data points were evaluated based on their dis-
tances from the origin point [7]. The potential biomarkers identified by PCA
loading plots were sucrose, glycerol, L-(+)-Lactic acid, DL-Ornithine, hexade-
canoic acid, trans-9-Octadecenoic acid, cis-13-Eicosenoic acid, cis-11-Eicosenoic
acid, L-Proline, suggested that the activities of the related pathways were changes
significantly (Fig. 3).
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Fig. 2 PCA score plot of metabolites from D. salina cells cultured under complete media and that
deprived of nitrogen and phosphor
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Fig. 3 PCA loading plot of metabolites from D. salina cells cultured under complete media and
that deprived of nitrogen and phosphor

3.3 Profiles of Fatty Acids Metabolism

To further investigate the fatty acids profiles, fatty acids were extracted and
esterified by FAMES reagent, and analyzed by GC-MS. A total of 15 kinds of fatty
acids were detected (Table 3). The contents of total fatty acids were increased
significantly and the saturation of fatty acids also increased. These results were
similar to that of single nitrogen deprivation [1]. Among the detected fatty acids, the
most abundant are hexadecanoic acid and 9,12,15-Octadecatrienoic acid.
4,7,10,13,16,19-Docosahexaenoic acid which have special pharmaceutical value
was detected and its content was decreased upon concurrent deprivation of nitrogen
and phosphor.
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Table 3 Statistical data from PCA and PLS at different culture conditions

FA CX:Y Relative content (%)

-N-P CM
Tridecanoic acid (13:0) 0.55 £ 0.02 0.45 £+ 0.02
Hexadecanoic acid (16:0) 28.5 + 0.7 23.0 £ 04
Heptadecanoic acid (17:0) 1.38 £ 0.17 0.81 £ 0.09
> SFA 30.5 £ 0.9 242+ 0.5
9-Hexadecenoic acid (16:1) 1.70 £+ 0.40 2.28 £+ 0.04
10-Octadecenoic acid (18:1) ND 0.17 £ ND
7,10-Hexadecadienoic acid (16:2) 3.24 £ 0.11 3.45 £ 0.09
7,10-Octadecadienoic acid (18:2) 0.91 £+ 0.04 0.85 = ND
9,12-Octadecadienoic acid (18:2) 12.2 £ 0.0 11.5 £ 0.1
10,13-Eicosadienoic acid (20:2) ND 0.22 + 0.01
v-Linolenic acid (16:3) 1.14 £+ 0.04 1.22 + ND
9,12,15-Octadecatrienoic acid (18:3) 38.1 £0.7 354+ 04
cis-5,8,11-Eicosatrienoic acid (20:3) 2.99 £ 0.06 3.87 £ 0.06
5,8,11,14-Eicosatetraenoic acid (20:4) ND 3.65 &+ 0.14
6,9,12,15-Docosatetraenoic acid (22:4) 0.72 £ 0.11 0.75 £ 0.04
4,7,10,13,16,19-Docosahexaenoic acid (22:6) 8.5 £ 0.1 11.7 £ 0.2
> UFA 69.5 £ 1.8 75.1 £ 1.0
Total FA 711.0 £ 24.0 546.0 £+ 13.0

“ND not detected

4 Conclusion

In this study, the metabolome of D. salina upon concurrent deprivation of nitrogen
and phosphor was profiled. Results showed the contents of most sugars and pro-
tective metabolites increased but the contents of fatty acids and part of amino acids
decreased upon nutrients deprivation. Statistical analyses suggested metabolites
changes significantly and biomarkers which could distinguish the replete and
depleted nutrients conditions were identified.
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Effect of Yeast Extract on Production
of e-poly-L-lysine by Streptomyces
diastatochromogenes

Fengzhu Guo, Haoran Zheng, Xue Zhang, Yawen Cheng, Zhilei Tan
and Shiru Jia

1 Introduction

As a natural antimicrobial peptide, e-poly-L-lysine (¢-PL) has been widely used as a
food preservative and granted as Generally Recognized As Safe (GRAS) status by
the FDA for application as a preservative in certain foods [1, 2]. In April 2014, e-PL
and &-PL-HCI has been approved as new varieties of food additive in China.
Currently, it can be used in fruits and vegetables, rice and rice products, grains
products, meat and meat products, spices and other products in seven categories. In
order to reduce production costs and to improve its application rate for &-PL, there
is need for further study of the fermentation process for &-PL.

Nitrogen sources, as a nutrient, is closely related to the growth of microbes
which can be divided into organic sources (e.g. yeast extract, peptone, soybean cake
powder) and inorganic nitrogen sources (e.g. ammonium sulfate, nitrates). The
categories and quantities of organic nitrogen sources are essential to the microor-
ganism’s growth and the secretion of the products.

Yeast extract is one of the commonly used organic nitrogen sources, which is
very complex as it contains many kinds of nutrients including polypeptide,
nucleotide, amino acid, vitamin B and trace elements. The yeast extract from dif-
ferent manufacturers show different fermentation results due to the complex of
substrate for yeast extracts and the unmanageable of the processing technology.

Shima et al. have reported that the L-lysine molecule is directly utilized in e-PL
biosynthesis [3]. In most bacteria, L-lysine is biosynthesized by the amino acid
biosynthetic pathway from L-aspartic acid (aspartate pathway). The first enzyme in
this pathway is aspartokinase (Ask; EC.2.7.2.4), which is subject to complex
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regulation by L-lysine and/or L-threonine to provide sufficient amounts of L-lysine
for e-PL biosynthesis [4].

Hamano et al. [4] have reported the purification of an &-PL synthetase (Pls;
130KDa) and the cloning of its gene from an &-PL producing strain of
Streptomyces albulus. Pls was found to be a membrane protein with adenylation
and thiolation domains characteristic of the non-ribosomal peptide synthetases
(NRPSs). It had no traditional condensation or thioesterase domain; instead, it had
six transmembrane domains surrounding three tandem soluble domains [5]. Pls
play an important role as a key enzyme in the synthetic of e-PL. At present,
studies of the relationship between the activity of Pls and the synthetic of &-PL
has rarely been discussed.

In Japan, e-PL has been manufactured at the commercial scale by a fermentation
process using the mutant of No. 346 [6], while domestic study still rest on the lab
level and pilot-plant scale. Most recent advances focuses on screening of high
producing strains, ferment process control, separating and extracting method of
e-PL and industrial applications of these polymers. Few research on the relation-
ships among the activities of key enzyme, production of e-PL and the concentration
of yeast extract has been reported. Therefore in this paper, we focus on the effect of
yeast extract which from different manufacturers or concentrations on production of
e-PL and provide some elementary theories for the industrially produced of &-PL.

2 Materials and Methods

2.1 Microorganisms

Streptomyces diastatochromogenes 6#-7 was used for e-PL fermentation and pre-
served in our laboratory.

2.2 Culture Medium

The strain was maintained on modified Bennett’s agar slant, which contained (per
liter): 10 g glucose, 1 g beef meat extract, 2 g polypepton, 1 g yeast extract, and
20 g agar. The pH was adjusted to 7.7 with 2 M NaOH solution.

Medium M3G was used for both seed culture and production culture throughout
the study, which contained (per liter): 50 g glucose, 5 g yeast extract (Oxoid Ltd.,
England or Angel yeast Co., Ltd.), 10 g (NH4),SO,, 0.8 g K,HPO,4-3H,0, 1.36 g
KH,POy, 0.5 g MgS0,4-7H,0, 0.04 g ZnSO4-7H,0, 0.03 g FeSO,4-7H,0, and the
pH was adjusted to 7.2 with NH,OH solution (24-28%, w/v).

The above media were autoclaved at 121 °C for 20 min, and in each case,
glucose and yeast extract were autoclaved separately.
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2.3 Culture Conditions

For seed culture, a loopful of the spore from the slant cultures was inoculated into a
500-mL flask containing 100 mL. M3G medium and cultured at 30 °C, 180 rpm on
a rotary shaker for 30 h. For shake-flask production with two-stage fermentation,
100 mL M3G in 500-mL Erlenmeyer flask was inoculated with 6% v/v of
pre-cultured seed culture and then cultured at 30 °C, 180 rpm for 96 h. Bead rings
were added in seed medium to control the initial ODggo 1.9-2.1.

The fed-batch fermentation was carried out in a 5-L fermentor (B. Braun
Biotech, Germany) with a 3L. work volume using a two-stage pH control strategy at
30 °C and agitation 300-1000 r/min, dissolved oxygen (DO) was controlled at
about 30% monitored with a DO electrode. The pH monitored with a pH electrode
was kept 4.0 automatically with aqueous ammonia when pH dropped to below 4.0.
When the consumption rate of glucose decreased significantly, the e-PL fed-batch
fermentation was finished.

2.4 Analytical Methods

The samples were intermittently obtained from the Erlenmeyer flask or 5-L fer-
mentor for analysis. The cells were collected by centrifuged (6000 x g, 5 min), and
washed twice with ultra-pure water. The supernatant was used to determine the
€-PL concentration according to the Itzhaki’s method improved by our laboratory
[7, 8]. The concentrations of residual glucose were determined using a biosensor
SBA-40E (Shandong academy of sciences). The pH was determined using an
acidometer (FE20, Mettler Toledo) and biomass accumulation was determined
using dry cell weight analysis.

2.5 Enzyme Activity Assays

The aspartokinase (Ask) activity was assayed as described by Hamano et al. [4].
One unit of enzyme activity is defined as the amount of enzyme catalyzing the
formation of 1 pmol aspartyl-p-hydroxamate per minute per g of cell at 30 °C. The
standard assay mixture was consisted of 100 mM Tris—H,SO,4 (pH 7.0), 600 mM
(NH4),S0O4, 600 mM hydroxylamine-KOH (pH 7.0), 10 mM ATP, 10 mM
MgSO,, 10 mM aspartic acid-KOH (pH 7.0), and crude enzyme solution in a
0.5 mL volume. The reaction mixtures were incubated for 10 min at 30 °C, and
0.75 mL ferric chloride solution (10% FeCl;-6H,0 and 3.4% trichloroacetic acid in
0.7 N HCl) was added. After centrifugation, the As4y was measured in the super-
natant meanwhile background activity was measured in the absence of aspartic acid.
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The &-PL synthetase (Pls) activity was determined as described by Yamanaka
et al. [5]. The assay mixtures contained 100 mM N-Tris(thydroxymethyl)
methyl-3-aminopropanesulfonic acid (TAPS)-NaOH (pH 8.5), 1000 mM L-lysine,
5 mM MgCl,, 5 mM ATP, 1 mM dithiothreitol (DTT), 20% glycerol (v/v), 0.2%
(w/v) NP-40 and 4.0 pL enzyme solution in a final volume of 40 pL. The reaction
mixtures were incubated at 30 °C for 10 min. All assays were carried out under
linear conditions, and one unit was defined as the amount of enzyme catalyzing the
incorporation of 1 pmol of L-lysine into e-PL per second at 30 °C.

The activity of homoserine dehydrogenase (HSD) was measured as described by
YAlmaz et al. [9]. The activity of HSD was expressed as micromoles of NADPH
formed per min per g of cell. All the enzyme assays were performed in triplicate.

3 Results and Discussion

3.1 Production Behavior In Streptomyces
diastatochromogenes 6#-7

The fermentation parameters of strain 6#-7 in 500 mL Erlenmeyer flask were
shown in Fig. la. The biomass accumulation and the concentration of &-PL reached
3.47 and 0.64 g/L at 72 h respectively.

The activities of Ask and Pls showed a trend to gradually increase as the fer-
mentation continued. Finally, the total enzyme activity of two enzymes (Ask and
PIs) reached 78.6 U/g wet cells and 1287 U/g wet cells at 72 h respectively (shown
in Fig. 1b). So we speculate that the metabolism of cell had obviously positive
correlation with enzyme activities.

To further confirm the fermentation parameters and the trend of enzyme activ-
ities variation of strain 6#-7, the fed-batch fermentation method was studied by 5-L
fermentor to measure the fermentation parameters every 24 h.

The enzyme activity of Ask increased firstly and then decreased with the
increase of time, and the activity was up to 59 U/g at 96 h. The change of Pls
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Fig. 1 The results of fermentation and enzyme activity in strain 6#-7
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Fig. 2 The changes of e-PL, biomass, pH and key enzyme activities in the process fed-batch
fermentation

activity has the same trend as Ask (shown in Fig. 2). It is not difficult to find that the
activities of Ask and Pls have obviously positive correlation with the concentration
of &-PL and biomass.

3.2 Effect of Yeast Extract from Different Manufacturers
and Batches on &PL Production

Li et al. [10] find that the addition of yeast extract greatly inhibited pyruvate
accumulation, while peptone was shown to be the most favorable nitrogen source
and indicates that nitrogen level plays an important role in the production of
pyruvate. Gorret et al. [11] demonstrated that yeast extract plays an important role
during the whole process of fermentation. It can not only accelerate the cell’s
growth but also directly affects the production and the accumulation of by product.

Because yeast extracts play an important effect during the fermentation and
constituent which from different manufacturers have a slightly different. This article
investigated the effect of yeast extract from different production batches during the
¢-PL fermentation to investigate whether it have noticeable influence or not.

These two kinds of yeast extract from the same manufacturer (Oxoid Ltd.,
England) with different production date were defined as group A and group B,
respectively. The yeast extract from another manufacturer (Angel yeast Co., Ltd.)
was named group C, as control group. In order to guarantee the validity and
reliability, each sample was assayed in triplicate wells. The T tests were performed
with SPSS 20.0 software to analysis the experimental results.

According to Table 1, the result shows that there is a significant difference when
adding yeast extract which are from different factories (p < 0.05), yet no significant
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difference in yeast extract which are from different production date of same factory
(p > 0.05). Furthermore, the production of &-PL was affected by the enzyme
activities.

3.3 Effect of Yeast Extract Concentration
on the Fermentation of Strain 6#-7

Aeschlimann et al. [12] discovered that the yeast extract concentration had sig-
nificant effect on the accumulation of e-PL. Therefore, research about the effect of
yeast extract concentration on the fermentation parameters of strain 6#-7 was car-
ried out.

According to the data in Fig. 3a, the effect of yeast extract in &-PL production
performed in a concentration-dependent manner. Strain 6#-7 possessed clearly
higher activities of production of &-PL with 15 g/L yeast extract, with a 6-fold
enhancement compared to group without yeast extract. The results indicated that the
higher concentration of yeast extract, the more favorable to increase the content of
¢-PL. However, as shown in Fig. 3b, pH was always maintained at the range of
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Fig. 3 The influence of different concentrations of yeast extract of strain 6#-7
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3.5-3.7. When the concentration of yeast extract was 0 and 5 g/L, the residual
glucose (RG) barely changed. At the level of 10 and 15 g/L, the RG significantly
decreased to 21 and 11 g/L, respectively (shown in Fig. 3c). In Fig. 3d, the biomass
decreased at different degrees with the increase of yeast extract, especially when the
yeast extract was 15 g/L, the biomass decreased the most, which was about 4.4 g/L.
Hence, it can be inferred that cell autolysis may occur during the fermentation.

To further explore the improved &-PL synthetic ability of different concentration
of yeast extract, key enzyme activities (e.g. Ask, Pls, and HSD) were investigated.
Compared with the control group, the levels of Ask had significantly upward
tendency in response to the concentration of yeast extract and reached maximum at
125 U/g (shown in Fig. 4a). According to the data in Fig. 4b, it seems that there
were no evident law between the activity of Pls and yeast extract.

According to the date in Fig. 4c, the activity of HSD present a trend from
increase to decrease and the activity reached its maximum in 72 h when the yeast
extract concentration was 10 g/L.

Comprehensive analysis of Figs. 3 and 4, we can find that the production of
€-PL and enzyme activities increased significantly with the increase of yeast extract
concentration.
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Fig. 4 The influence of different concentrations of yeast extract on key activities of strain 6#-7
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4 Conclusions

In this study, the results shown the following conclusion:

(1) The results presented here suggest that there is a significant difference when
using yeast extract which are from different manufactures. By contrast, there is
no significant difference in yeast extract which are from different production
date of the same factory.

(2) Strain 6#-7 possessed clearly higher activities of production of &-PL with
15 g/L yeast extract, with a 6-fold enhancement compared to group without
yeast extract.

(3) The concentration of yeast extract has a significant influence on the activity of
key enzyme and further lead to the improvement of the yield of e-PL.

In recent years, special attention has also been devoted to amino acid, which play
important roles during the fermentation of e-PL. Further study in detail will focus
on the influence of different amino acids for fermentation. The obtained results
would be useful to large-scale &-PL production and provide new information on
&-PL biosynthesis mechanism.
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Comparison of Aroma Compounds

in Sauce-Flavor and Sesame-Flavor “Shan
Zhuang Lao Jiu” Liquors by Headspace
Solid-Phase Microextraction Coupled
with Gas Chromatography-Mass
Spectrometry

Fei Liu, Wangqgiang Yin, Liping Du and Dongguang Xiao

1 Introduction

Chinese liquor, one of the oldest distillates, and Whisky, Brandy, Vodka, Rum and
Gin are known as the six main distilled liquors in the world. Meanwhile, Chinese
liquor is a traditional alcoholic beverage and well received by consumers in China.
It is usually fermented from grains, mainly including sorghum, wheat, rice, sticky
rice and corn, etc. After fermentation, the fresh spirit is distilled off and then aged
under controlled conditions. The aged distillate is adjusted to the designated ethanol
concentration and blended to ensure the quality of the final product [1]. Chinese
liquor contains quite a number of volatile compounds which can greatly influence
its flavor and aroma, including acids, esters, alcohols, aldehydes, ketones, hydro-
carbons, pyrazines, phenolic compounds and others. According to their aroma
characteristics, Chinese liquor can be classified into many types [2]. Among them,
sauce-flavor liquor and sesame-flavor liquor are two typical Chinese liquors.

In order to achieve a practical and reliable method for the analysis of various
volatiles in alcoholic beverages, several extraction methods have been developed
and used, such as liquid—liquid extraction (LLE) [2], liquid-liquid micro-extraction
extraction (LLME) [3], solid-phase extraction (SPE) [4], stir bar sorptive extraction
(SBSE) [5], and solid-phase micro-extraction (SPME) [6]. Among, the SPME
method was widely used in the analysis of aroma compounds with its solvent-free,
simple operation, high sensitivity and low sample loading. Due to the difference of
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the structure and volatility of the analytes, the different SPME fibers have been
used, including polyacrylate (PA), carboxen/polydimethylsiloxane (CAR/PDMS),
polydimethylsiloxane (PDMS), divinylbenzene/carboxen/polydimethylsiloxane
(DVB/CAR/PDMS), and polydimethylsiloxane/divinylbenzene (PDMS/DVB),
etc. The DVB/CAR/PDMS fiber was more suitable for the analysis of aroma
compounds in alcoholic beverages according to the relevant research [7]. So far,
there were some studies on volatile aroma compounds by SPME in alcoholic
beverages, such as wine [6], Chinese liquor [8], and Chinese rice wine [9].

As a result of the multiple variations, such as raw materials, environment and
manufacturing practices, the wines from the different regions or the same region but
different categories all have unique aroma profiles. “Shan Zhuang Lao Jiu” liquor is
a China liquor produced in Chengde, Hebei, China, and is welcomed by consumers
in the north of China. The objective of this study was to identify aroma compounds,
and to quantitate the key aroma compounds in sauce-flavor and sesame-flavor
“Shan Zhuang Lao Jiu” liquors by HS-SPME-GC-MS to find out the aroma sim-
ilarities and differences of the two liquors. The findings in this study will help to the
further understanding of Chinese liquor.

2 Materials and Methods

2.1 Materials and Chemicals

Chinese liquor samples: sauce-flavor and sesame-flavor “Shan Zhuang Lao Jiu”
liquor samples were supplied by Summer Resort Industrial Group in Chengde city.

Chemicals: acetic acid, butyric acid, hexanoic acid, ethyl acetate, isobutyl
acetate, butyl acetate, isoamyl acetate, ethyl hexanoate, ethyl heptanoate, ethyl
lactate, ethyl caprylate, ethyl butyrate, n-propanol, isobutanol, n-butanol, isoamylol,
phenethyl alcohol and hydrocarbon mixture (C8-C40) were purchased from
Sigma-Aldrich (St. Louis, MO).

2.2 GC-MS Conditions and Analysis

Identification was carried out using an Agilent 7890A GC coupled with an Agilent
5975C mass selective detector (MSD). The sample was analyzed on a CP-Wax
column (50 m x 250 pm inner diameter, 0.2 um film thickness). The injector
temperature was 250 °C and the split mode was used (ratio 15:1). The oven tem-

perature was held at 50 °C for 3 min, raised to 70 °C at a rate of 3 °C min~ !,
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increased to 170 °C at a rate of 3 °C min~ ', then increased to 240 °C at a rate
of 8 °C min~" and held at 240 °C for 3 min. The column carrier gas was helium at
a constant flow rate of 1 mL min~'. The mass spectrometer was operated in
electron-impact (EI) mode at 70 eV. The mass scan range was 30-500 amu. The
temperatures of the interface, ion source and quadrupole were 280, 230 and 150 °C,
respectively. The aroma compounds were determined by comparing the MS frag-
ments detected with the mass spectra present in the NISTO8 MS spectral database.
The compounds identified by MS were further confirmed by comparing the
retention times generated for each reference compound analyzed, using a com-
mercial hydrocarbon mixture (C8—C40) for determination of the retention indices
(RI). The relative content of aroma compounds was calculated by peak area nor-
malization method. The quantitative analysis of the key aroma compounds was
performed by calculation from the approximated curve using the linear
least-squares method. The respective quantitative values of the key aroma com-
pounds were determined by averaging the triplicate experiments.

2.3 SPME Sampling Conditions

The sample was diluted with ultrapure water to a final concentration of 10% (v/v)
ethanol for analysis. A total of 8 mL diluted sample was put into a 20 mL vial and
spiked with 3 g NaCl, and a small magnetic stirrer was added. The sample was
equilibrated for 10 min and extracted for 50 min at 60 °C with continuous stirring.
The SPME fiber holder equipped with DVB/CAR/PDMS fibre (Supelco, Inc.,
Bellefonte, PA, USA) was used for aroma compounds extraction in this study. After
extraction, the fiber was inserted into the injection port of a GC-MS system (at
250 °C for 5 min).

3 Results and Discussion

3.1 Identification of Aroma Compounds in “Shan Zhuang
Lao Jiu” Liquor

A total of 120 aroma compounds were identified in the two liquors. Among them,
103 aroma compounds were identified in sauce-flavor liquor and 115 in
sesame-flavor liquor. The total ion chromatograms (TIC) were shown in Fig. 1.
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Fig. 1 Total ion chromatograms (TIC) of the sauce-flavor liquor (a) and the sesame-flavor
liquor (b)

As can be seen in Table 1, aroma compounds were abundant in sauce-flavor and
sesame-flavor “Shan Zhuang Lao Jiu” liquors. According to their chemical struc-
tures, these compounds were grouped as esters, alcohols, acids, aldehydes, ketones,
alkanes, furans, phenols, pyrazines, sulphur-containing compounds and aromatic
compounds. Obviously, there were some unique aroma compounds in the two
liquors. As can be seen in Fig. 2, the relative content of esters (87.63%) and alkanes
(0.75%) were both same in the two liquors. And the relative content of acids,
ketones and others were similar. However, the relative content of alcohols (5.47 and
4.47%) and aldehydes (3.43 and 4.95%) had larger difference. Simultaneously, it
also showed that the main aroma compounds were esters, alcohols and aldehydes in
the two liquors, however, the content of acids (1.27 and 0.84%) was less.

The relative content of ethyl caproate (23.977 and 26.7196%) was highest in the
two liquors. Ethyl acetate, ethyl butyrate and ethyl lactate are the four main esters of
Chinese liquor with ethyl caproate, and the total relative content of them was
8.7776 and 8.1837%, respectively. In addition, the content of ethyl oenanthate,
ethyl caprylate, ethyl decanoate, ethyl laurate, ethyl tetradecanoate, ethyl palmitate,
ethyl linoleate and isoamylol were also higher. The content of some aroma com-
ponents was less. However, they have contributed much to the Chinese liquor
flavor. Among, carbonyl complexes were the key aroma compounds to the soft
characteristic of sauce-flavor, such as furfural, ethanol, acetal, isovaleraldehyde
diethyl acetal, nonanal diethyl acetal and phenylglyoxylic acid diethyl acetal.
Sulphur-containing compound, such as dimethyltrisulfide, was also detected in the
two “Shan Zhuang Lao Jiu” liquors, and its relative content was 0.2178 and
0.1428%, respectively. Sulphur-containing compounds could mix with other aroma
substances to produce amplificatory and combined action, though their concen-
trations were lower [10].
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Fig. 2 Relative content of
various types of aroma
compounds in two kinds of
“Shan Zhuang Lao Jiu”
liquors
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3.2 Quantitative Analysis of the Key Aroma Compounds

The result of quantitative analysis of the key aroma compounds in sauce-flavor and
sesame-flavor “Shan Zhuang Lao Jiu” liquors can be seen in Table 2.

The most important aroma compounds seemed to be esters in Chinese liquor.
The relative content of esters was 87.63% in the two liquors. Among them, ethyl
hexanoate showed the highest content (398.96 and 667.09 mg/L). As we all know,
the quantity relative ratio relationship of esters is crucial to Chinese liquor flavor.
The content ratio of the four main esters (ethyl hexanoate, ethyl acetate, ethyl
butyrate and ethyl lactate) of Chinese liquor was 1: 0.11: 0.24: 0.26 and 1: 0.12:
0.15: 0.38 in the two liquors, respectively. Furthermore, another five important
esters were also quantified. Butyl acetate (2.06 mg/L) was a unique component of
the sesame-flavor liquor. Alcohols were as the main source of auxiliary aroma
agents in Chinese liquor. Isoamyl alcohol showed the highest content (468.59 and
504.82 mg/L) in the two liquors (except for ethanol). Meanwhile, propyl alcohol,
n-butyl alcohol, isobutanol and phenethyl alcohol were also quantified. However,
the content of propyl alcohol (45.50 and 116.74 mg/L) had larger difference, which
could be related to the distillation process. Acids, other some important aroma
components, were the key factors affecting the mouthfeel and after taste of Chinese
liquor. In this study, the content of acids is relative less in the both liquors. Acetic
acid (10.18 and 13.37 mg/L), butyric acid (23.16 and 27.88 mg/L) and hexanoic
acid (94.23 and 66.06 mg/L) were the main acids.

4 Conclusions

The study has revealed the aroma similarities and differences of the two Chinese
liquors. The results showed that a total of 120 aroma compounds were identified in
the two liquors, and the unique components of sauce-flavor and sesame-flavor
liquors were 5 and 17 kinds, respectively. According to the chemical structure,
aroma compounds were grouped as esters, alcohols, acids, aldehydes, ketones,
alkanes, furans, phenols, pyrazines, sulphur-containing compounds and aromatic
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compound. The main aroma compounds were esters, alcohols and aldehydes.
However, the content of acids was relatively less in the two liquors. Meanwhile, the
content of some key aroma compounds had great difference. Among them, isoamyl
alcohol showed the highest content in sauce-flavor liquor, while ethyl hexanoate
showed the highest content in sesame-flavor liquor. And butyl acetate was a unique
compound of the sesame-flavor liquor. Therefore, this study demonstrated that
aroma profile was the key factor for flavor and taste of Chinese liquors produced by
the different brewing processes and raw materials.
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Optimization the Fermentation Conditions
of Marasmius androsaceus by Desirability
Function Method

Jia Song, Le Cui, Xiaobo Ma, Yan Su, Zhengmei Huang
and Min Wang

1 Introduction

Marasmius androsaceus is one of the most valuable and rare fungus which is
known as Chinese traditional medicinal fungus. M. androsaceusis is also called
“Gui Mao Zhen” in folk and widely distribute in the dense forest in China. It has
many pharmacological effects such as tendon relaxation, pain alleviation, and
antihypertension [1]. Although it possesses many health benefits, only the phar-
macological activities of M. androsaceus which related to analgesic and antioxidant
effects were preliminarily reported [2, 3].

M. androsaceus has been used as a Chinese medicine known as “An Luo Tong”
which has analgesia function and possesses pertinent market demand. Besides, the
fermentation metabolites of M. androsaceus contain abundant active compounds,
such as adenosine, polysaccharide, which contributed to various pharmacological
activities and have gained great attention recently. Therefore, Submerged fermen-
tation, is an efficient way to produce mycelia and bioactive metabolites of fungus,
that has been studied for years in numerous research groups [4-6]. Recently, the
studies on this important fungus are mainly focused on the following aspects,
extraction and isolation of bioactives [7, 8] and some work about optimization
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M. androsaceus submerged fermentation conditions [9]. However, there have been
few investigations on the optimization fermentation condition of M. androsaceus in
a flask [10, 11].

Our previous work reported that desirability function combining
Plackett-Burman (PB) design and response surface methodology (RSM) were
successfully applied to optimize submerge fermentation medium of Paecilomyces
tenuipes N45 and Saccharomyces cerevisiae [12, 13]. Similarity, in this work,
desirability function designed to combine multi-response values into one response
value [14], was also used to unite four indexes (mycelium yield, the contents of
adenosine, cordycepic acid and polysaccharide) together.

The objective of the present work is to optimize submerged fermentation con-
dition in a 500 mL shake flask for M. androsaceus products and its active
metabolites (adenosine, cordycepic acid, and polysaccharide) by using statistical
and mathematical techniques including PB design and Box-Behnken (BB) design.

2 Materials and Methods

2.1 Strains and Materials

Marasmius androsaceus (CCTCC M2013175, obtained from China Center for
Type Culture Collection, China) was cultivated in 250 mL conical flask with a
defined liquid medium containing: 24.1 g/L sucrose, 10 g/L. peptone, 11.3 g/
yeast extract powder, 1 g/l MgSO,4-7H,0, 0.955 g/L. KH,PO,4-3H,0, and 0.1 g/L.
Vitamin B;.

2.2 Desirability Function Establishment

During the optimization process, the mycelium yield, and the concentration of
adenosine, mannitol and intracellular polysaccharide were uniformed into one index
—Da (Ranged: 0-1) based on desirability function [15]. The response values
(y) were transfer to d values (Ranged: 0-1) according to Eq. (1), and then uni-
formed into Da value following as Eq. (2).

571' — Ymin

Ymax — Ymin

di = 5} > Ymax di = 17 )A’<ymin7 di = O (1)

where, y; is the response value of an i analyzed factor.
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Table 1 Parameters of the desirability function

Parameter | Mycelium Adenosine (g/L) Cordycepic Polysaccharide (g/L)
yield (g/L) acid (g/L)

Vil 2.00 0.01 0.00 0.10

Yin 15.00 0.15 0.80 2.50

Wi 0.25 0.30 0.15 0.30

Da:d;vIXdEVZXd;%X"'Xd;W wit+wr+ws+ ---w; =1 (2)

where, W; is weighted value of index i.
The parameters of desirability function in our study were displayed in Table 1.

2.3 The Concentration of Effective Constituents
Determination

Measurement of biomass. After fermentation, the fermentation products were
centrifuged at 4000 x g for 10 min. The precipitate of mycelium was dried by a
freeze dryer. Then, the biomass, M. androsaceus mycelium was measured by a
electronic balance.

Measurement of polysaccharide. The amount of total polysaccharide was
determined by anthrone—sulfuric acid method [16].

Measurement of cordycepic acid (mannitol). The concentration of cordycepic
acid in M. androsaceus mycelium was measured using the colorimetric method as
described previously [17].

Measurement of adenosine. As it is recommended in the Chinese Pharmacopoeia
that the adenosine concentration in Marasmius androsaceus is detected via high
performance liquid chromatography (HPLC) [18].

2.4 Plackett-Burman Design

Plackett-Burman design was performed to evaluate the contribution of the fol-
lowing factors during M. androsaceus submerged fermentation in a 500 mL shake
flask [19]. Each independent variable is tested at a high (+1) and a low (—1) level
separately. All the experiments were carried out according to the design matrix
(Table 2). The significance of each variable was determined by one-way variance
analysis (ANOVA) and defined statistical significance as P < 0.05.
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2.5 Response Surface Methodology

In order to optimize three selected factors in a 500 mL shake flask of M. andro-
saceus, RSM was applied. The factors which were applied in BB design were
investigated at three levels (—1, 0, 1) based on the results obtained from PB design,
the experiments were performed according to the design matrix (Table 3). The
statistical significance of the coefficients in quadratic model were identified by
One-way ANOVA. Statistical significance was defined as P < 0.05.

The results obtained from BB design via Artificial neural network-genetic
algorithm (ANN-GA) was analyzed by Matlab2012a software [20]. In our present
study, 11 data from BB design was randomly chosen as calibration set. The rest 4
data was randomly divided into 2 groups, test set and prediction set. The network
was operated via Levenberg—Marquardt back propagation algorithm. Sigmoid
function and linear function were used for the hidden layer and output layer
respectively. Approaching degree (Dv), defined as Eq. (3), was used to search the
optimal number of hidden nodes which strongly influence the quality and predictive
ability of the developing network. In this study, we should defined the ¢ into 0.005.
The best ANN model was selected according to related Dv values.

C
1% MSEc + " x MSEt + |MSEc — MSEi|

3)

where, nc and nt were the number of calibration and test sets; n was the total
number of the calibration and test sets; MSEc and MSEt were the root mean square
error of the calibration and test set, respectively.

GA was further applied to search optimal culture conditions in test regions. After
a 50 generation evaluation by GA, based on the given range of input parameters,
optimal culture conditions were achieved [21].

Table 3 Regression an.alysis Source |DF |SS MS F value Pr>F

ggﬁi‘:ﬁmman design 7 1| 00302 | 00302 |1326515 |0.0014
X, 1| 00094 | 00094 (413235 | 0.0076
X, I | 00014 | 00014 |63777 | 0.0858
X, I | 00026 | 00026 |11.3382 |0.0435
X I [<00001 |<0.0001 |01772 | 0.7022
X 1| 00028 | 00028 |12.3924 | 0.0389
X, I | 00008 | 00008 |35154 |0.1575
X I | 00020 | 00020 (89078 | 0.0584
Model | 9 | 00493 | 00062 |27.0855 |0.0102
Eror | 2 | 00007 | 00002
Total |11 | 0.0500 g 0.9863
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2.6 Independent Verification Test

Based on the analysis via software SAS V 9.0 and Matlab2012a software, three
parallel experiments for each analysis result were performed to test the selected
fermentation conditions obtained from RSM and ANN-GA respectively. After
comparing, the optimum submerged fermentation conditions of M. androsaceus in
a 500 mL shake flask were achieved.

3 Results and Discussion

3.1 Results of PB Design

PB design was used to filtrate the significant variables via a 500 mL shake flask
during Marasmius androsaceus submerge fermentation. Experiments performed the
designed matrix (Table 2). Da value was influenced by culture temperature, rotate
speed, initial pH, inoculum size, inoculum age, culture time, loading volume. After
comparing F-value and P-value, according to the Eq. (4), culture temperature,
rotate speed, inoculum size and culture time played significant influence on
M. androsaceus submerge fermentation (P < 0.05) (Table 3). Furthermore, the
order of each investigating factor was X; > X5 > Xg > Xy > Xg > X5 > X7 > Xs.
Considering the P-value of inoculum size was 0.0435 and the next RSM designed,
we only chose culture temperature, rotate speed and culture time for the next
experiment.

Y = 0.297 +0.050X; +0.028X; +0.011X3 + 0.015X; — 0.002X5 — 0.015Xq
~ 0.008X; +0.013X; )

3.2 Results of RSM Design and ANN-GA

The selected variables including culture temperature, rotate speed and culture time
were optimized by RSM design. The concentrations used in Plackett—-Burman
design served as central points, and the experiments were performed following with
the design matrix (Table 4).

Significant F-value (22.3623) and P-value (0.0016), with non-significant lack of
fit (P = 0.2196) suggest that the established model was well adapted to the response
(Table 5). And, the value of coefficient (RZ) was 97.58% indicating the well fitness
of the quadratic regression model and nearly 97.58% changes on Da value can be
explained by Eq. (5). Furthermore, the once migration (U;, U, and Us), interaction
migration (U, * U,, U, * Us and U, * Us), and quadratic migration (U,2, U,* and
Us?) showed strong influence on Eq. (5) indicating that the relationship between the
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Table 5 Regression .analysis Sourc DF |SS MS Fvalue | P value

giﬁgfnih“ke" design U, 1 | 00010 | 0.0010 |21.0816 |0.0059
U, 1 | 00018 | 0.0018 |36.5944 |0.0018
U, 1 | 00005 | 0.0005 |10.1890 |0.0242
U3 1 | 00005 | 0.0005 [9.9225 |0.0254
U, * U, 1 | 00019 | 0.0019 |39.2637 |0.0015
U, * Us 1 | 00009 | 0.0009 |18.1900 |0.0080
U3 1 | 00017 | 0.0017 |34.1939 |0.0021
Us * U, 1 | 0.0005 | 0.0005 |9.8992 |0.0255
U3 1 | 00015 | 0.0015 |30.9868 |0.0026
Model 9 | 0.0098 | 0.0011 [22.3623 |0.0016
Lack of Fit | 3 | 0.0002 | 0.0001 |3.7092 |0.2196
Pure Error 2 |<0.0001 |<0.0001
Cor Total |14 | 0.0100 R 0.9758

selected variables and Da values was rather a simple linear relation. After analyzing
via RSM, the fermentation conditions of M. androsaceus in a 500 mL shake flask
was as follows: initial pH of 6.0, rotating speed of 155 rpm, culture time 6.48 days,
culture temperature 27.4 °C, inoculum size of 5%, inoculum age of 4 days and a
loading volume of 200/500 mL, and the predictive Da value was 0.4762.

Y = 0.469 +0.011U; +0.015U, +0.007U5 — 0.011U>
—0.022U,U; +0.015U,Us — 0.021U3 +0.011U,Us — 0.020U% ~ (5)

During the establishment of the ANN model, Dv value supplied as evaluation
index to optimize the number of hidden layer nodes which was finally chosen as 10
(Fig. 1a). The satisfied determination coefficient (RZ) (0.9945) demonstrated the
well fitness of ANN model. The values of RMSEc, RMSEt, and RMSEp were
0.0027, 0.0025 and 0.0068. Furthermore, GA was performed to search for the best
conditions with maximum Dv based on experimental results. The best fitness plot
revealed successive generations toward the final optimum value (Fig. 1b). After
analyzing via ANN-GA, the fermentation conditions of M. androsaceus in a
500 mL shake flask was as follows: initial pH of 6, rotating speed of 169 rpm,
culture time 6.57 days, culture temperature 26.7° C, inoculum size of 5%, inocu-
lum age of 4 days and a loading volume of 200 mL/500 mL, and the predictive Da
value was 0.5059.

3.3 Independent Verification Test

Based on the fermentation conditions obtained from RSM and ANN-GA, six
independent verification tests (three for each result) were applied to investigate the
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Fig. 1 a The effects of the number of hidden nodes on Dv. b The effects of genetic algebra on
model fitness

Table 6 The results of ANN-GA independent verification test

Num | Mycelium Adenosine (g/L) Cordycepic Polysaccharide (g/L) | Da
yield (g/L) acid (g/L)

1 16.01 0.043 0.28 1.61 0.4940

2 15.99 0.044 0.29 1.55 0.4948

3 16.17 0.043 0.28 1.59 0.4936

similarity between experimental data and model predictive values. The predictive
Da value from RSM via SAS V 9.0 software was 0.4762, and the average exper-
imental value was 0.4427. Comparatively, the predictive Da value from ANN-GA
via Matlab2012a software was 0.5059, and the average experimental value was
0.4941(Table 6). Finally, the optimum submerged fermentation condition of
M. androsaceus in a 500 mL shake flask was obtained after ANN-GA optimization.

4 Conclusions

As a medicine traditionally used for pain alleviation, the large-scale application of
M. androsaceus is limited by immature artificial cultivation technology. The fer-
mentation conditions of M. androsaceus in a 500 mL shake flask have not been yet
determined. In general, the «classical optimal methods including a
one-factor-at-a-time approach are laborious and time consuming, and ignores the
explanation of interaction among selected variables [22]. In our present study,
submerged fermentation conditions of M. androsaceus in a 500 mL shake flask
were optimized by the application of Plackett—-Burman design and Box—Behnken
design. Both RSM and ANN-GA were applied to analyze the data obtained from
Box—Behnken design. After comparison, the optimum fermentation conditions
were obtained as follows: initial pH of 6.0, rotating speed of 169 rpm, culture time
6.57 days, culture temperature 26.7 °C, inoculum size of 5%, inoculum age of
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4 days and a loading volume of 200 mL/500 mL, and the predictive Da value was
0.5059. Our finding reveals that Plackett-Burman design and Box-Behnken design
are effective tools for mathematical modeling and factor analysis of the fermenta-
tion optimization process.
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Heterologous Expression and Enzyme
Properties of f-mannanase
from Trichoderma reesei in Pichia pastoris

Qing Ma, Lijuan Ma, Rui Cai, Fengchao Jiang,
Pan Song and Dongguang Xiao

1 Introduction

Hemicellulose, one of the most abundant biomass in nature, is considered to be a
promising material for biorefinery [1, 2]. Mannan is one of the major constituents of
hemicellulose in the cell wall of higher plants [3]. Hydrolysis of mannan requires
synergy within several glycoside hydrolases (GH), including B-mannanase,
B-glucosidase and B-mannosidase [4].

B-mannanase, which is the second abundant enzymes to hydrolysis hemicellu-
lose, catalyzes the random breaking of B-D-1,4-mannopyranosyl linkages in the
main chain of mannans and various heteromannans [5, 6]. The source of
B-mannanase is extensive, including bacterial, fungi, animals and plants, and
microorganism is the main source of B-mannanase [7, 8]. Currently, with the dis-
covery of the new function of B-mannanase and mannan, as well as with the
exploitation of hemicellulose resource, studies focus on -mannanase have caused
more and more concern [9]. As a growing research interest, they have been widely
applied in the food and feed, paper and pulp, and detergent industries [10]. At
present, researches on f-mannanase was focus on gene cloned and expression from
different sources to investigate their characteristics and structures. Hu et al. cloned
the gene of B-mannanase from Paenibacillus CH-3 and expressed it in E. coli
BL21, obtained a high activity of 967 IU/mL [11]. Chen et al. successfully con-
structed a Pichia pastoris strain to highly expresse the recombinant f-mannanase
with an activity of 470 IU/mL [7].

Trichoderma reesei Rut-C30, which was used as a gene source in this study, is a
kind of fungi widely used in the production of cellulase and hemicellulase [12].
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B-mannanase form 7. reesei was first purified and characterized by Arisan-Atac
et al. in 1993 [13]. Stélbrand et al. successfully expressed the B-mannanase from 7.
reesei in Saccharomyces cerevisiae in 1995 [14]. However, there were little reports
about the characteristic of the T. reesei B-mannanase expressed in Pichia pastoris
which is the most popular expression system for fungal enzymes.

Here, the B-mannanase gene from Trichoderma reesei Rut-C30 was cloned and
expressed in P. pastoris GS115. The purified protein was then used to be inves-
tigated the enzyme properties of recombinant -mannanase, including the optimal
pH and temperature, influence of metal ions and catalytic kinetics constants. The
thermal and pH stabilities were also investigated.

2 Method

2.1 Strains and Vectors

T. reesei Rut C30 (ATCC 56765) was maintained on potato dextrose agar (PDA) at
4 °C and sub-cultured once in every three months. Escherichia coli DH5o was used
for the construction and propagation of recombinant vectors. P. pastoris GS115 and
pPIC9 K (Invitrogen) were used as a host-vector system for protein expression.

2.2 Total RNA Isolation

The spores of T. reesei Rut C30 were prepared into a suspension with the spore
concentration of 10’-10% spores/mL. 1 mL spore suspension was transferred into
250 mL Erlenmeyer flasks with 50 mL basal medium containing Mandel’ s salt
solution supplemented with 0.3% (w/v) glucose as the carbon source and incubated
at 28 °C, 180 rpm for 24 h [15].

The mycelia harvested at 24 h was immediately frozen and grounded to a fine
powder in liquid nitrogen. Total RNA was extracted using RNA prep pure plant kit
(TIANGEN, China). The quality and concentration of the extracted RNA were
determined at 260 nm using a nucleic acid spectrometer (Implen, Germany).

2.3 Construction of the Expression Plasmid

Approximately 500 ng total RNA was treated with gDNA Eraser to remove
genomic DNA and subjected to reverse transcription using a Prime ScriptTMRT
reagent kit (TaKara, China).
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The gene of B-mannanase was amplified from reverse transcription cDNA by
PCR. The forward primer and downstream primer used in the PCR were 5'-
CGGAATTCATGATGATGCTCTCAAAG-3" and 5-ATGCGGCCGCTCAGT
GGTGGTGGTGGTGGTGTGTATTCAGGCATTGCG-3', respectively. The PCR
products of the target genes were purified with DNA purification kit (Omega),
digested with EcoRI and NotlI and ligated into the pPIC9 K vector digested with the
same enzymes. The recombinant expression vectors were transformed into E. coli
DHS5a to obtain single colonies and the positive recombinant plasmids were con-
firmed by restriction digestion and DNA sequencing.

2.4 Transformation and Expression in P. pastoris GS115

The recombinant plasmids were linearized and transformed into P. pastoris GS115
cells. Transformants were screened on MD plate containing 0.04 mg/L biotin and
YPD plates containing Zeocin. The P. pastoris recombinants were identified by
PCR.

The recombinant P. pastoris colonies were inoculated into BMGY medium at
30 °C, 240 rpm for 24 h. The yeast cells were aseptically harvested by centrifu-
gation, resuspended in 25 ml of BMMY medium at 30 °C, 240 rpm for 168 h. At
24 h intervals methanol was added to the culture to maintain a final concentration of
0.5%. The culture supernatant was collected by centrifugation and subjected to
B-mannanase activity assay.

2.5 Determination of Enzyme Activity

Mannanse activity was assayed using the 3,5-dinitrosalicylic acid (DNS)-method
with 0.5% locust bean gum (LBG, Sigma G-0753) as substrate as described by
Stalbrand with minor modifications [14]. One unit of enzyme activity was defined
as the amount of enzyme liberating 1 pmol of mannose equivalent per minute.

2.6 Purification and Gel Electrophoresis Analysis

The fermentation broth was centrifuged (5000 x g, 5 min, 4 °C) to remove yeast
cells. Then the supernatant was filtered through a 0.22 pm filter, and loaded onto
the Ni-Agarose Resin for 6 x His-Tagged Proteins (CWBIO, China) according to the
manufacturer’s protocol. The loaded sample was eluted with a step gradient of 40—
300 mM imidazole containing pH 7.9 Tris-HCI and 0.5 mM NaCl, which was
followed by eluting with 500 mM imidazole. Finally the purified sample was
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dialyzed using a dialysis membrane (Solarbio, 8—14 kDa molecular-weight cut off)
with 50 mM citrate buffer as the dialysate to remove imidazole.

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was
performed using a 12% (w/v) polyacrylamide gel according to the method of
Laemmli [16]. Protein bands were visualized by staining with Coomassie brilliant
blue R-250.

2.7 Enzyme Properties

The optimal pH and temperature were determined using the standard enzyme assay
conditions by changing the pH (3.0-8.0) or temperature (50-90 °C) respectively.
For pH stability assay, the purified enzymes were pre-incubated at 40 °C in citrate
buffer (50 mM, pH 5.0) over the pH range of 3.0-8.0 for 30 min without substrate,
and then the residual enzyme activities were measured. For the determination of
thermal stability, aliquots of purified enzymes were incubated in citrate buffer
(50 mM, pH 5.0) at 60 °C for 24, 48, 72, 96, and 120 h without substrate
respectively. Thermal inactivation was stopped by cooling the samples on ice, and
the residual activities were determined as described above. Each reaction was run in
triplicate.

Kinetic parameters, K, and V.., were determined in citrate buffer (50 mM, pH
5.0) containing 0-5 mg/mL LBG or galactomannan at 60 °C for 5 min. The data
were calculated according to the Lineweaver-Burk Method. All experiments were
carried out with three replicates.

3 Result and Discussion

3.1 Cloning and Expression of Recombinant B-mannanase
in P. pastoris

The positive P. pastoris recombinant was induced by methanol with a concentration
of 0.5%. The biomass and enzyme production curves were shown in Fig. 1.
According to the figure, with the increase of time, the biomass of strain and the
enzyme activity of supernatant liquid increased gradually. The maximum activity of
B-mannanase was 34.5 IU/mL after 7 days induction. Therefore, the recombinant
showed high efficiency in expressing and secreting the soluble recombinant protein
after 168 h methanol induction.

After the centrifugation of the fermentation broth, the supernatant was loaded
onto Ni-Agarose Resin to purify the f-mannanase. The optimal concentration of
imidazole to elute the target protein was 200 mM. The result of SDS-PAGE was
shown in Fig. 2. The apparent molecular weight was 65 kD, which was bigger than
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the theoretical molecular weight. This is probably due to the glycosylation which is
widely existed in the expression system of P. pastoris, as the literatures mentioned
[17-21].

3.2 The Enzyme Properties of the Recombinant
p-mannanase

3.2.1 Influence of pH on the Activity of Recombinant f-mannanase

The activities of recombinant -mannanase at different pH were shown in Fig. 3a.
According to the results, the activity of recombinant 3-mannanase was obtained at
pH 6.0. The purified enzyme was pre-incubated at 40 °C in citrate buffer (50 mM,
pH 5.0) over the pH range of 3.0-8.0 for 30 min without substrate, and then the
residual enzyme activities were measured.

From Fig. 3b, when the pH was at 4.5-8.0, the relative avtivities of the
recombinant -mannanase were moer than 85%. While when the pH was lower
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Fig. 3 Effect of pH on recombinant mannanase

than 4.5, the relative activity decreased rapidly. It could be inferred that the

recombinant -mannanase has a good alkali resistance and a relatively poor acid
resistance.

3.2.2 Influence of Temperature on the Activity of Recombinant
pf-mannanase

Under the optimal pH, the activities of recombinant B-mannanase at different
temperatures with a range of 50-90 °C were shown in Fig. 4a. According to the
figure, the optimal temperature for the action of recombinant B-mannanase was
80 °C. The recombinant enzyme was processed for different time at 60 and 70 °C to
determine the thermal stability of B-mannanase, and the results were shown in
Fig. 4b, c. As the figures shown, the relative activity of the recombinant enzyme
was stable after 120 h incubation at 60 °C, and the relative activity was 72.67%
after 120 h, while the relative activity of the recombinant f-mannanase decreased
drastically after being processed for 30 min at 70 °C and the relative activity was
lower than 20% after 60 min processing, which suggested that the recombinant
B-mannanase has a higher thermal stability at 60 °C than 70 °C.

3.2.3 Influence of Metal Ions on the Activity of Recombinant
pf-mannanase

Different metal ions (5 mM) and EDTA were added to enzyme reaction liquid to
investigate the influence of metal ions on the activity of the recombinant enzyme.
The results were presented in Fig. 5. According to the data, Fe**, Cu**, Li** and
EDTA have a strong inhibitory effect on the activity of the recombinant
B-mannanase. The influence of EDTA was the most obviously, which made the
activity declined to 38.4%. K™ and Zn>* promoted the activity of the recombinant
B-mannanase obviously. Fe*, Ca®* and Mg®* also promoted the activity of the
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enzyme in different degree. In addition, Ni** and Co”* have little influence on the
activity of the recombinant enzyme.

3.2.4 Specific Activity and Kinetic Constants

The kinetic constant of the curve was calculated by linewaver-burk double counting
method. The result was shown in Fig. 6. Through calculation, the K,, was
0.5 mg/mL, V., was 253.8 IU/mg.
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Conclusion

The gene of B-mannanase from 7. reesei was successfully cloned and expressed in
P. pastoris. The enzyme was used to investigate its enzyme properties. The optimal

pH

and temperature of the purified recombinant -mannanase were 6.0 and 80 °C,

respectively. The enzyme had a high alkali resistance and a relatively poor acid
resistance. It showed higher thermostability at 60 °C than 70 °C. K*, Zn**, Fe’",
Ca®* and Mg?* promoted the activity of the recombinant f-mannanase in different
degree, while Fe**, Cu®*, Li** and EDTA have strong inhibitory effects on the
activity of the recombinant B-mannanase. The K., and V.« of the recombinant
B-mannanase were 0.5 mg/mL and 253.8 IU/mg, respectively.
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Reduction of Characteristic Biogenic
Amines Production by Synergistic
Fermentation of Salt-Tolerant Yeast
in Soy Sauce

Wei Qi, Wen-Tao Zhang and Fu-Ping Lu

1 Introduction

Biogenic amines, basic nitrogenous compounds, are considered as the indicators of
food quality and freshness [1, 2]. They have been widely detected in raw and
processed foods, especially in fermented foods due to amino acid decarboxylation
activities of microbes [3]. Several biogenic amines, such as tyramine, histamine,
cadaverine and spermidine were found in foods.

Study on formation, toxicity and detection of biogenic amines had been basically
completed [4]. Based on analysis of biogenic amines formation process, three
scenarios have been described for controlling biogenic amine in foodstuffs:

(1) Control the level of biogenic amines and their amino acids precursors

To a certain extent, biogenic amines could be controlled by decreasing the level
of amino acids, however, there might have some unfavorable influence on the
product quality.

(2) Control the level of biogenic amines by inhibiting or decreasing decarboxylase
activity

Biogenic amine formation can be controlled through inhibiting or decreasing the
level of decarboxylase activity of microbes, or inhibiting microbial growth [5].
Limit microbial growth through chilling and freezing, high hydrostatic pressure,
irradiation [6, 7], cold chain coupled with the use of a modified atmosphere
packaging [8], vacuum packaging, oxygen scavenger, microbial modeling or use of
food additives and preservatives [9].
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(3) Biogenic amines degradation by microorganism

Biogenic amines can be degraded by special microbial, such as Natrinema gari
[7], methanogenic bacteria [10], lactic acid bacteria (Lactobacillus sakei,
Staphylococcus equorum, and Lactobacillus casei subsp. Case) [11-13] and
vineyard ecosystem fungi [14]. Bacteria with amine oxidase activity have become a
particular interest to reduce biogenic amines concentration in food products such as
meat and fish sausages [15].

PCR and DNA hybridization, allowed a faster detection identification of
food-borne biogenic amine-producing bacteria and introduction of early control
measures to avoid development of these bacteria. However, further research on
reduction or breakdown of biogenic amines is required.

The flavour and aroma of soy sauce rely extensively on strain improvement for
commercialization. The primary importance of the salt-tolerant yeast (such as C.
versatilis and Z. rouxii) is the ability to accelerate and enhance the flavour in a high
salt concentration present in moromi [16]. However, a certain level of biogenic
amines has been found in soy sauce, which may be associated with C. versatilis and
Z. rouxii [17-19]. Although there is no specific legislation regarding BA content in
many fermented products, their toxicity has led to the general agreement that they
should not be allowed to accumulate in food [20]. Moreover, there have been
several researches focused on co-culture not only enhancing the production of
volatile flavor compounds [21] but also decreasing the formation of biogenic
amines [22]. Therefore, in the present work, biogenic amines, such as histamine,
tyramine, cadaverine and spermidine were determined by the treatment of C. ver-
satilis, Z. rouxii, C. versatilis S3-5 yeast strain, initially isolated for improved
tolerance to salt [23], and the synergistic fermentation of salt-tolerant yeast strains
during the whole high-salt liquid-state soy sauce fermentation.

2 Materials and Methods

2.1 Raw Materials, Chemicals and Substrate Pretreatment

All chemicals and solvents were in analytical and chromatographic grade.
Histamine, tyramine, cadaverine, spermidine and dansyl chloride were purchased
from Sigma (St. Lous, MO). Sodium hydroxide, sodium hydrogen carbonate,
ammonium hydroxide and perchloric acid were purchased from Tianjin Chemical
Reagent Research Institute (Tianjin, China). HPLC grade acetonitrile and ammo-
nium acetate (0.1 M) were obtained from Merk (Whitehouse Station, NJ). The
water for the dilution of samples was purified using a Milli-Q system (Millipore,
Bedford, MA).

High-salt liquid-state mash was made with steam-cooked soybeans and wheat
(1:1, w/w) and supplemented with 17% (w/v) NaCl and water as previously
described [24, 25].
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2.2  Yeast Strains, Culture Maintenance and Inoculum
Preparation

Yeast strains Candida versatilis, Zygosaccharomyces rouxii and Aspergillus oryzae
HN3.042 used in this work were kept in our laboratory. Candida versatilis S3-5
was derived from the yeast strain C. versatilis wild type by genome shuffling [23].

For inoculum preparation, yeast cells were grown in yeast extract peptone
dextrose (YPD) medium with shaking (180 rpm) at room temperature (30 £ 1 °C)
for 24 h. Five milliliter of YPD medium was transferred to 50 ml of stage 1
inoculum culture containing 8% (w/v) salt of YPD medium with shaking for 48 h.
Ten milliliter of the stage 1 inoculum culture was transferred to 100 ml of the stage
2 inoculum culture containing 12% (w/v) salt of YPD medium with shaking for
16 h.

Cells of stage 2 inoculum culture were harvested by centrifugation (5000x g,
5 min), suspended with 500 ml soy mash at a final concentration of ~ 10° cells per
ml in anaerobic bottle for 15 days. The synergistic fermentation of yeast strains was
assessed by adding mixed Z. rouxii and C. versatilis or mixed Z. rouxii and S3-5 to
a cell density of ~ 10° cells per ml in 500 mL soy mash. The control soy mash
sample was treated without yeast. Fermentation was carried out at 30 £ 1 °C and
samples were periodically withdrawn. Fermentation experiments were carried out in
triplicate using the same batch of soy mash. Statistical significance was determined
using the SAS statistical analysis program, version 8.01.

2.3 Analytical Methods

2.3.1 Preparation of Standard Amine Solution

Stock solutions of 1,7-diaminoheptane (internal standard) and all 4 standard bio-
genic amines (HIS, TYR, CAD and SPR) were separately prepared at 1 g L™
concentration in distilled water. Working solution was prepared by diluting 1 mL of
each stock solution in distilled water to yield a final volume of 10 mL. These
solutions were stored at 4 °C until used.

2.3.2 Preparation of Sample Extracts

Extraction of fermented mash samples and HPLC determination of biogenic amines
were detected as previously described [17, 26]. To extract biogenic amines, 10 mL
of 0.4 M perchloric acid containing a known amount of 1,7-diaminoheptane (in-
ternal standard) was added to 5 g of fermented soy mash samples, and the mixture
was homogenized for 3 min. The homogenate was centrifuged at 3000xg for
10 min at 4 °C. The supernatant was collected and the residue was extracted twice



280 W. Qi et al.

with the same volume of 0.4 M perchloric acid solution. All supernatants were
combined and the final volume was adjusted to 25 mL using 0.4 M perchloric acid.
The extract was filtered through Fisher paper 09-804-142J (Beijing Dingguo
Biotechnology Co. Ltd., Beijing, China). One milliliter of each extract was used for
the HPLC analysis followed by derivatization with dansyl chloride.

2.3.3 Derivatization of Extracts and Standards

Derivatization of biogenic amines was carried out as previously described [17, 26].
One milliliter of each extracted sample or standard amine solution was mixed with
200 pL of 2 M sodium hydroxide and 300 pL of sodium hydrogen carbonate. Two
milliliters of a dansyl chloride solution (10 mg mL ™" in acetone) were added to the
mixture and then incubated in water bath at 40 °C for 45 min. One hundred
micro-liters of 250 g L™" ammonium hydroxide were added to stop the reaction and
to remove residual dansyl chloride. After 30 min incubation at room temperature,
the final volume was adjusted to 5 mL by adding acetonitrile. Finally, the mixture
was centrifuged at 2500x g for 5 min and the supernatant was filtered through 0.45
pm-pore-size filter (13 mm, 0.45 pm, Tianjin Jinteng Co., Tianjin, China). The
filtered supernatant was kept at —25 °C until HPLC analysis. All samples were
subjected to HPLC injection for two times.

2.3.4 Chromatographic Conditions

Biogenic amines in the samples were measured by HPLC using a Shimadzu 20AB
with ultraviolet detector at 254 nm. HPLC column was a Spursil C18 column
(250 mm x 5 pm x 4.6 mm) and was set to 30 °C during all running procedures,
and the injection volume was 20 pL. Different gradient programs were evaluated to
achieve good resolution of all biogenic amines in the shortest time. The mobile
phase was 0.1 M ammonium acetate (solvent A) and acetonitrile (solvent B) at the
flow rate of 1 mL min~"' with gradient elution. The gradient elution procedure was
65% A + 35% B at 0.01 min, 55% A + 45% B at 5 min, 35% A + 63% B at
10.05 min, 20% A + 80% B at 17.05 min, 10% A + 90% B at 26.25 min and 65%
A +35% B at 35.00 min. The peak areas of biogenic amines standard solutions
were identified to determine the amine concentrations in mash samples.

2.3.5 Statistical Analysis

For the chromatographic data obtained from HPLC was performed with package
SPSS Statistics 18.0 software.
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3 Results and Discussion

3.1 Total Content of Biogenic Amines in Soy Mash

Recent research has focused on biogenic amines because of their detrimental effects
on human beings such as migraine, hypertension, hypotension, rash and digestive
problems, which may lead to death in severe cases. Moreover, biogenic amines are
considered potential precursors of carcinogenic N-nitroso compounds [27]. The
content of total biogenic amines in soy mash was analyzed in this study.

The results showed that the level of total biogenic amines in sauce mash was
gradually increased until 120 days and then decreased during the fermentation
process (Fig. 1). The total biogenic amines reached their maximum levels at
120 days, in which S3-5 produced 264.57 mg/kg, while the Z. rouxii and C. ver-
satilis produced 238.96 mg/kg and 176.65 mg/kg biogenic amines, respectively.
The synergetic fermentation of Z. rouxii + C. versatilis generated 117.12 mg/kg
biogenic amines, while Z. rouxii + S3-5 treatment yielded 201.65 mg/kg biogenic
amines. In the control, the total content of biogenic amines increased slowly and
reached its maximum level (60.46 mg/kg) at 150 days. At the end of the fermen-
tation, the total concentration of biogenic amines in soy mash of S3-5, Z. rouxii, C.
versatilis, Z. rouxii + S3-5, Z. rouxii + C. versatilis, and control was 185.12,
122.71, 69.96, 151.14, 65.51 and 45.74 mg/kg, respectively. The level of biogenic
amines began to decline from 5 month [25].

The biogenic amines in the soy mash was higher after yeast strain treatment,
which might be due to the action of yeast decarboxylase [19, 28]. The strongest
capability to produce biogenic amines was S3-5, followed by Z. rouxii + S3-5, Z.
rouxii, C. versatilis, Z. rouxii + C. versatilis. The content of biogenic amines
produced by S3-5 was higher than C. versatilis, which might because genome
shuffling technology not only improves strain tolerance to salt but changes the
metabolic ability of strain. However, the concentration of biogenic amines yielded
by two strains, especially Z. rouxii and C. versatilis, was lower than any one strain.
This suggests that two yeast strains might have opposite effects on generating
biogenic amines. The result was similar to the previous research that biogenic
amine was reduced via co-culture of Lactobacillus plantarum and
Zygosaccharomyces rouxii during the manufacture of Chinese sauerkraut [22].
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3.2 Biogenic Amines Produced by Different Strains in High
Salt Soy Mash

3.2.1 Tyramin Produced by Different Strains in High Salt Soy Mash

High levels of tyramine (>100 mg kg™") can cause adverse effects on human health
[17, 29]. Compared with the control, the content of tyramine after yeast treatment
was significantly higher. The level of tyramine firstly increased and then decreased
until the completion of fermentation (Fig. 2a). The strongest ability to produce
tyramine was Z. rouxii, followed by S3-5, Z. rouxii + S3-5, C. versatilis, Z.
rouxii + C. versatilis, and the concentration of tyramine in soy mash was 64.24,
30.64, 25.02, 20.87 and 19.08 mg/kg at the end of fermentation [25]. The trends of
tyramine production by S3-5 and synergistic fermentation (Z. rouxii + S3-5) were
different from other groups, the content of tyramine increased dramatically at the
beginning of fermentation, and then reached its maximum level. The metabolism
process of tyrosine by S3-5 might be faster than other yeast strains, and thus is easy
to adapt to the high salt environment quickly. In addition, tyramine from the
synergistic fermentation of two yeast strains was lower than one strain at the mid-,
late-fermentation process. It indicates that the synergistic fermentation of yeast
strains could control the content of tyramine in the soy mash.

3.2.2 Histamine Produced by Different Strains in High Salt Soy Mash

Histamine poisoning is a worldwide problem that occurs after the consumption of
food containing BAs, particularly histamine at concentration higher than 500 ppm
[30]. The production of histamine in soy mash was significantly elevated, the trend
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Fig. 2 Biogenic amines produced by different strains in soy mash. a Tyramine, b Histamine,
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was abruptly increased from 60 to 120 days and then gradually decreased until
180 days (Fig. 2b). The strongest ability to produce histamine was S3-5, followed
by Z. rouxii + S3-5, Z. rouxii, C. versatilis, Z. rouxii + C. versatilis. At the end of
the fermentation, the level of histamine in soy mash after the treatments of S3-5, Z.
rouxii + S3-5, Z. rouxii, C. versatilis and Z. rouxii + C. versatilis was 73.99, 62.61,
18.46, 17.56 and 12.30 mg/kg, respectively [25]. Moreover, the content of his-
tamine produced by S3-5 was stronger than that by C. versatilis and Z. rouxii, that
is because genome shuffling technology not only improves the S3-5 strain to tol-
erance salt stress, but improves the S3-5 strain to synthesize and excrete histidine
decarboxylase or aromatic L-amino acid decarboxylase.

3.2.3 Cadaverine Produced by Different Strains in High Salt Soy
Mash

The level of cadaverine in soy mash was significantly increased from 60 to
120 days after the treatment of yeasts, but gradually decreased until the end of
fermentation (Fig. 2¢). The strongest ability to produce cadaverine was S3-5, fol-
lowed by Z. rouxii + S3-5, Z. rouxii, Z. rouxii + C. versatilis, C. versatilis. At the
end of the fermentation, the content of histamine in soy mash of S3-5, Z
rouxii + S3-5, Z. rouxii, Z. rouxii + C. versatilis and C. versatilis was 71.01, 52.02,
26.35, 24.30 and 16.50 mg/kg, respectively [25].

3.2.4 Spermidine Produced by Different Strains in High Salt Soy Mash

The level of spermidine was remarkably elevated after yeast treatment (Fig. 2d).
The strongest ability to produce histamine was C. versatilis, followed by Z.
rouxii + C. versatilis, Z. rouxii, Z. rouxi + S3-5 and S3-5. At the end of the fer-
mentation, the content of spermidine in soy mash of C. versatilis, Z. rouxii + C.
versatilis, Z. rouxii, Z. rouxii + S3-5 and S3-5 was 15.02, 9.82, 13.67, 11.49 and
9.47 mg/kg, respectively [25]. Moreover, the concentration of histamine produced
by S3-5 was lower than that by C. versatilis and Z. rouxii, this suggests genome
shuffling technology not only improves S3-5 strain to tolerate to salt, but reduces
the strain to synthesize and excrete arginine decarboxylase and spermidine
synthase.

3.3 Content of Biogenic Amines in Soy Mash After
Synergistic Fermentation of Yeast Strains

The highest contents of biogenic amines in the synergistic fermentation mash of Z.
rouxii + C. versatilis (Fig. 3b) was cadaverine, followed by tyramine, histamine
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and spermidine; while the most important biogenic amines in the synergistic fer-
mentation mash of Z. rouxii + S3-5 (Fig. 3c) was histamine, followed by cadav-
erine, tyramine and spermidine. These data suggest that the synergistic fermentation
of yeast strains can control the content of BAs, especially tyramine and histamine in
the soy mash.

The level of biogenic amines in soy mash after yeast treatment was higher than
that of the control group. The changes in biogenic amines in high salt liquid soy mash
during fermentation process indicate that a variety of biogenic amines are increased
in the fermentation aging period, which may be due to yeast amino acid decar-
boxylation to form biogenic amines by yeast decarboxylase. The tyramine produced
by Z. rouxii was higher than other strains. The histamine and cadaverine produced by
S3-5 yeast strain was the highest, while spermidine produced by yeast C. versatilis
was higher than other strains. At the end of the fermentation, the total level of
biogenic amines was ranged from 45.74 to 185.12 mg/kg in the soy mash samples.

In the sauce mash, Zygosaccharomyces rouxii appeared in the early fermentation
stage, these strains are the dominant moromi yeast which produce the flavours
ethanol and higher alcohols. While Candida versatilis were detected at the middle
and last stage of brine fermentation, these strains produce phenolic compounds i.e.
4-ethylguaiacol and 4-ethylphenol, which contribute to soy sauce some aroma [31,
32]. These might explain why biogenic amines produced by C. versatilis was lower
than that by Z. rouxii. Moreover, The probable reason for reduction of biogenic
amines by the treatment of yeast strains synergistic fermentation is that the species
of Candida are not active in the moromi at the same time as Zygosaccharomyces
rouxii [33, 34].

The potential formation of biogenic amines is a concern in fermented foods
because of the intense microbial activity [21]. In traditionally manufactured soy
sauce and soybean paste, the added salt limits protease activity, prolonging
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fermentation time, therefore, minimizes amine formation [6, 18]. In our study, the
total level of biogenic amines generated by the synergistic fermentation of Z
rouxii + C. versatilis was lower than that from other strains, which suggest that the
content of biogenic amines could be controlled by the synergistic fermentation of
yeast strains, especially tyramine and histamine. These results may revolutionize
the manufacturing process of sauce soy manufacture by producing a product of
improved quality.
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Effect of Temperature, NaCl and Ferulic
Acid Concentration on Bioconversion

of Ferulic Acid to 4-Vinylguaiacol

and 4-Ethylguaiacol by Halotolerant
Yeasts Candida versatilis

Wei Qi, Wen-Tao Zhang and Fu-Ping Lu

1 Introduction

4-EG, more often described as smoky and sauce flavour, is appreciated in Japanese
style and Chinese traditional fermented soy sauce [1, 2]. The threshold of 4-EG is
reported to be 0.5 mg/L [3], whereas its precursor has a much higher threshold
value of ~600 mg/L [4]. Moreover, there have been reported that 1-2 mg/L 4-EG
could promote aroma and flavor of soy product [5, 6]. Therefore, formation of 4-EG
has extremely close relationship with the quality of soy sauce [7].

Chinese soy sauce can be classified into high-salt liquid-state soy sauce and
low-salt solid-state soy sauce base on the raw materials, brine, fermentation tem-
perature and fermentation period. The conventional fermentation process of
high-salt liquid-state soy sauce starts with koji culturing which a solid-state fer-
mentation of Aspergillus species on a mixture of soybeans and wheat, after that,
moromi fermentation which the koji is mixed with saline water (22-23% salt), and
resulting brine solution about 17%, furthermore, about 6 month process time for
high-salt liquid-state soy sauce at 30 °C [8, 9]. The raw material of low-salt
solid-state soy sauce are soy beans and wheat bran. Followed the koji is mixed with
saline water (13—14% salt), the resulting brine solution has a lower salt concen-
tration about 11%, about one month fermentation for low-salt solid-state soy sauce
at 40 °C [10].

In the cell walls of cereals, ferulic acid monomers as well as dimers are esterified
to arabinose residues of arabinoxylans or etherified to lignin surfaces [4]. In the soy
sauce fermentation process, of which raw materials, such as soybeans and wheat or
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wheat bran [11], cell wall of cereal was degraded to small molecular weight sub-
stances by degrading enzymes (such as xylanases) secreted by Aspergillus, then
feruloyl esterases destroy ester bond between FA and arabinose residues leading to
release the FA [12]. FA can be decarboxylated to 4-VG followed metabolized to
4-EG though 4-VG reductase produced by yeast [13, 14]. It has been reported that
4-EG could be yielded by Candida versatilis but not Zygosaccharomyces rouxii
[15].

Phenolic compounds are appreciated for their antioxidant activity preventing
human from many diseases associated with oxidative stress [16]. Moreover, the
flavour and quality of soy sauce are attracting consumer attention, because the
condiment has a closely relation with their daily life. Thus, the ability of Candida
versatilis biotransform of FA to 4-VG and of 4-VG to 4-EG by several treatments,
such as initial FA concentration, NaCl concentration and temperature, have been
investigated.

2 Materials and Methods

2.1 Chemicals

All chemicals and solvents in analytical grade were purchased from Tianjin
Chemical Reagent Research Institute (Tianjin, China). HPLC grade acetonitrile and
methanol were obtained from Merk (Darmstadt, Germany). Doubly distilled water
for the dilution of samples was purified using a Milli-Q system (Millipore, Bedford,
MA).

Sixteen sauce samples were purchased from local supermarkets. Twelve samples
were brewed by high-salt liquid-state fermentation (HLS) and four samples were
brewed by low-salt solid-state fermentation (LSS). The samples were carried to the
laboratory and stored in a refrigerator at —4 °C until analysis.

2.2 Yeast Strains, Culture Maintenance and Inoculum
Preparation

Yeast strain Candida versatilis used in this work was kept in our laboratory. Yeast
were inoculated into a resting tube containing a 10 mL YPD medium. After
incubation with shaking at room temperature (30 £ 1 °C) for 24 h, yeast cells were
transferred to 150 ml YPD medium and incubated on a rotary shaker at room
temperature for 20 h. Yeast cells were harvested by centrifugation (5000 g, 5 min,
4 °C) and re-suspended in physiological water (0.9% NaCl). Yeast cell densities
were determined microscopically with a Thoma counting chamber.
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Table 1 Levels of NaCl concentration, FA concentration and temperature used for fermentation

Representation NaCl concentration FA concentration Temperature
@L™h @L™h 0
NOF100T30 0 100 30
N9F100T30 9 100 30
N18F100T30 18 100 30
NOF10T30 0 10 30
NOF100T25 0 100 25
NOF200T30 0 200 30
NOF100T40 0 100 40

2.3 Fermentation Experiments

250 mL. medium containing (per liter) 10 g glucose, 10 g peptone, 5.0 g
(NH4),SO,4, 0.5 g MgSO, - 7TH,0, 1.0 g KH,PO,, 0.1 g CaCl, (pH =7) was
pitched with ~ 107 propagated yeast cells per milliliter in 250 ml anaerobic bottle.
Different levels of NaCl, FA and temperature were used for fermentation (Table 1).
FA were sterilized by filtration (0.2 pm). During fermentation, temperature was set
at 30 £ 1 °C for 12 days and samples were periodically taken.

2.4 Analytical Methods

Analysis of FA, 4-VG and 4-EG was done according to Max [17] with slight
modifications. 100 pL of sample of culture was added to 900 pL of deionized water
and the mixture was filtered through a 0.22 pm micron filter. The samples were
injected into Shimadzu 20AB high performance liquid chromatography with
ultraviolet detector at 280 nm operating at the following conditions: Spursil C18
column (250 mm x 5 pm X 4.6 mm), column temperature 30 °C, flow rate
1.0 mL/min, injection volume 20 pl. and mobile phase A (1% formic acid in
distilled water, v/v) and B (methanol) from 0 to 52% of solvent B for 30 min at a
flow rate of 1 ml/min. The peak areas of standard solutions were identified to
determine the amine concentrations in mash samples. Statistical significance was
determined using the SAS statistical analysis program, version 8.01.

3 Results and Discussion

3.1 The Influence of NaCl Concentration on Production
of 4-Vinylguaiacol and 4-Ethyl Guaiacol

Soy sauce brewed with wheat or wheat bran contains considerable level of FA
which could form 4-EG and 4-VG by yeast decarboxylation. This study aimed to
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investigate the influence of fermentation parameter on the level of 4-EG and 4-VG.
The content of ferulic acid, 4-vinylguaiacol and 4-ethyl guaiacol were detected by
HPLC (Fig. 1).

The content of FA gradually decreased with increasing of cultivated time
(Fig. 2), the concentration of FA reached its minimum level at different time:
NoF100T30 at 6 days with 14.77 mg L', while NgF, T30 and N1gF;00T30 at 9 days
with 13.24 and 13.34 mg L™, respectively.

The level of 4-VG increased with decreasing of FA (Fig. 2a). The 4-VG after
NoF100T30 treatment reached its maximum at 9 days with 14.40 mg L', while that
after treated with NoF;goT30 and N;gF;poT3¢ reached their maximum at 12 days
with 15.37 and 16.13 mg L™, respectively.

The level of 4-EG increased with decreasing of FA concentration and increasing
of 4-VG concentration (Fig. 2b). 4-EG in NyFg9T3¢ increased from 3 days and
maintained a value then reached its maximum after 9 days with 5.39 mg L™". 4-EG
in NgFgoT3 increased from 3 days, and the content was 6.33 mg L' at the end of
fermentation. The concentration of 4-EG in NgFoT3¢ increased from 6 days and
the final content was 7.72 mg L.
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Fig. 1 HPLC chromatogram: ferulic acid (/), 4-vinylguaiacol (2) and 4-ethyl guaiacol (3) have
isolated peaks respectively
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Fig. 2 The influence of NaCl concentration on production of 4VG and 4EG: the level of FA (-
0%NaCl = 9%NaCl + 18%NaCl); the level of 4-VG (- 0%NaCl & 9%NaCl ¢ 18%NaCl); the
level of 4-EG (e 0%NaCl -8- 9%NaCl -¢- 18%NaCl)
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The content level of 4-VG and 4-EG produced by C. Versatilis cultivated under
both 9 and 18% NaCl was higher than cultivated under salt-free. Phenolic meta-
bolism might be enhanced by appropriate salinity in C. Versatilis. The results of the
research pointed towards the NaCl could affected consumption rate of FA, but not
affected its final content. However, the salt concentration not only influenced the
yield rate of 4-VG and 4-EG but also affected their final content, which was agree
with previous research [15].

3.2 The Influence of Ferulic Acid Concentration
on Production of 4-Vinylguaiacol and 4-Ethyl Guaiacol

The concentration of FA decreased with increasing of cultivated time (Fig. 3).
4-VG increased at the initial period and decreased rapidly at the later period
(Fig. 3a), which may be attributed to form 4-EG.

With the lower level of precursor, the level of 4-VG production was lower. On
the basis of the higher levels of FA, it was expected that more metabolite is formed
during the fermentation process, nevertheless, the results shown in Fig. 3a do not
indicate higher levels of 4-VG. On the contrary, the level of 4-VG and consumption
rate of FA has no difference between NoF;goT39 and NgF,90T30, and the residual
content of FA was 16.04 and 31.48 mg L™" in NoF00T30 and NoFa00 T30, respec-
tively. Concentration of 4-VG was increased significantly from initial stage to
6 days and maintained a value thereafter. The final content of 4-VG was 13.4 and
11.9 mg L 'in NoF100T30 and NgF,00T30, respectively.

The content level of 4-EG increased with decreasing of FA and 4-VG (Fig. 3b).
4-EG in samples began to increase from 3 days, the final concentration of 4-EG was
4.3, 5.3 and 6.1 mg L_1 in NOF10T30, NOF100T30 and NOF200T30, Separately.

In the fermentation, higher precursor concentration slightly affected residual
content of FA and its consumption rate, moreover, higher precursor concentration
influenced generation rate of 4-VG but not significantly influenced its final content.

NOF10T30
NOF100T30
NOF200T30
NOF10T30
NOF100T30
NOF200T30
- NOF10T30
- NOF100T30
- NOF200T30

Content of FA (mg/L)

(7/6w) uoneussuo)
LR KRN N

Time (d)

Fig. 3 The influence of FA concentration on production of 4VG and 4EG: the level of FA (=
10 mg/L -= 100 mg/L + 200 mg/L); the level of 4-VG (=& 10 mg/L & 100 mg/L -~ 200 mg/L);
the level of 4-EG (-e- 10 mg/L -8- 100 mg/L -&- 200 mg/L)
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The initial concentration of FA not affected the final generation of 4-EG particularly
[15]. There was slightly impact of precursor that reached a certain concentration on
the final content of 4-EG.

3.3 The Influence of Temperature on Production
of 4-Vinylguaiacol and 4-Ethyl Guaiacol

The concentration of 4-VG increased with decreasing content of FA cultivated
under different temperature (Fig. 4a). The level of FA decreased in NoF;00T50 was
fastest, followed NgF;00T49 and NgF;o0T>5, however, the content of FA in all
samples reached their minimum after 9 days. The content of 4-VG increased in
NoF100T30 was fastest, followed NoF;99T25 and NoF;09T49, which indicated that the
FA in NyF,9T4o was not bioconversion to 4-VG entirely under high temperature
environment. The concentration of 4-VG began to decline after reached the max-
imum which might because the 4-VG biotransform to 4-EG.

The impact of temperature on the generation of 4-EG was similar on formation
of 4-VG. (Figure 4b). The content of 4-EG increased in NyF;9oT3¢ was fastest,
followed NoF09T25 and NgF;00T40. The highest level of 4-EG in NgF,goT3¢ was
539 mg L', followed NgFipoT»s with 3.62 mg L' and NgFjo0Ts with
2.96 mg L', 4-EG in NgF, 00T, decreased in the later period which may be caused
by volatilizing or converting to other metabolites.

The one reason of temperature affect the generation of 4-EG is yeast required
temperature, the suitable growth temperature of yeast was 28-32 °C, lower tem-
perature would affect its normal growth and metabolic activity, while higher tem-
perature would suppress the growth of the yeast strain, even lead to its autolysis. In
our research, although the growth of yeast was slightly slower under 25 °C, but the
strain could maintain normal fermentation ability, therefore, the FA can be still
metabolized to 4-EG, however the conversion rate was lower than that under 30 °C.
The content of FA declined in NgF;goT49 was faster than NgF;gT5s, whereas the

Q 150 g -= NOF100T25
) S -= NOF100T30
£ 8 - NOF100T40
< 100 2 -o NOF100T25
L 8 -& NOF100T30
o © ¢ NOF100T40
€ 50 3 o NOF100T25
S =~

£ g 8- NOF100T30
S o = - NOF100T40

Time (d)

Fig. 4 The influence of temperature on production of 4VG and 4EG: the level of FA (= 25 °C =
30 °C =40 °C); the level of 4-VG (-e- 25 °C -& 30 °C -¢- 40 °C); the level of 4-EG (-e- 25 °C -@-
30 °C - 40 °C)
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generation of EG in NgF;ggT49 was lower than NyF;oT>5, which may be due to
volatilization or the metabolic ability of yeast decreased cultivated under 40 °C.
The temperature influenced the reducing rate of FA but not influenced its final
content. Moreover, the temperature influenced 4-VG and 4-EG generation rate and
their final content.

3.4 Ferulic Acid, 4-Vinylguaiacol and 4-Ethyl Guaiacol
in Commercial Chinese Soy Sauce

The levels of the phenolic compound 4-EG, 4-VG and FA were analyzed in several
brands of two types of soy sauce: high-salt liquid-state soy sauce (HLS) and
low-salt solid-state soy sauce (LSS) (Table 2). In the analyzed soy sauce, phenolic
compounds level of HLS was higher compared to LSS. The soy sauces were found
to contain the following compounds in concentrations: 0.23-4.08 mg L™ for FA,
0-2.03 mg L' for 4-VG, 0-1.12 mg L™' for 4-EG. The higher levels of FA
possibly arise from the raw material or Aspergillus used. The higher level of 4-VG
and 4-EG possibly arise from the initially brine solution, fermentation temperatures
or yeast strains used.

In summary, 4-VG and 4-EG could be formed from FA metabolized by halo-
tolerant yeasts Candida versatilis, moreover, production of 4-EG and 4-VG
depends on the fermentation conditions. The conversion of FA to 4-EG and 4-VG
to 4-EG by yeast was not very high, the yield of 4-ethylguaiacol and

Taple 2 Fprulic acid (FA), Soy FA (mg 4-VG (mg 4-EG (mg

4—V1nylgua1.acol (4-VG) and sauce L_l) L_l) L_l)

fnitgﬁ rf;‘fclgcl‘fog‘qﬁi)elelfglﬁ HLS1 296+ 0.12 | 024 +002 | 045+0.11

salt liquid state soy sauce HLS2 0.23 £0.07 |0.11 £ 0.01 ND

(HLS) and low salt solid state  HLS3 0.93 £0.05 [0.13 £ 0.03 ND

soy sauce (LSS) HLS4 408 £025 [2.03+0.14 0.35 & 0.02
HLS5 131 £021 [0.85+0.10 0.11 = 0.06
HLS6 138 £0.11 |0.89 + 0.06 1.12 £ 0.17
HLS7 1.85+£0.12 |0.74 £ 0.03 0.01 & 0.01
HLS8 0.72 £0.13 |0.94 + 0.08 0.08 = 0.01
HLS9 332+ 031 |0.86 & 0.09 0.10 £ 0.05
HLS10 0.65 £ 0.03 |ND 0.15 £ 0.06
HLS11 1.67 £0.11 |0.45 £ 0.01 0.72 £ 0.03
HLSI2 1.10 £ 0.06 | 0.84 £ 0.14 0.61 £ 0.12
LSS1 0.31 £0.05 [0.40 % 0.06 ND
LSS2 0.39 £0.09 [0.32 & 0.07 0.14 £ 0.05
LSS3 0.79 = 0.03 |ND 0.33 & 0.04
LSS4 0.52 £0.07 [0.12 & 0.04 0.20 = 0.02




296 W. Qi et al.

4-vinylguaiacol on ferulic acid was 20% (w/w), which may because the other
metabolic intermediates generated during this process. Prior study showed that
4-VG can convert to vanillin and vanillic acid [17, 18]. Suggestions for further
research, NMR technology could be used to figure out and identify the metabolites
from 4-EG metabolism.

Acknowledgements The project was supported by grants from National Natural Science
Foundation of China (31501449) and the Foundation (No. 2015IM102) of Key Laboratory of
Industrial Fermentation Microbiology of Ministry of Education and Tianjin Key Lab of Industrial
Microbiology (Tianjin University of Science & Technology).

References

1. Yoshikawa S, Kurihara H, Kawai Y, Yamazaki K, Tanaka A, Nishikiori T, Ohta T (2010)
Effect of halotolerant starter microorganisms on chemical characteristics of fermented chum
salmon (oncorhynchus keta) sauce. J Agr Food Chem 58:6410-6417

2. Feng J, Zhan X-B, Wang D, Zhang L-M, Lin C-C (2012) Identification and analysis of the
metabolic functions of a high-salt-tolerant halophilic aromatic yeast Candida etchellsii for soy
sauce production. World J Microb Biot 28:1451-1458

3. Hamada T, Sugishita M, Motai H (1990) Contributions of immobilized and free cells of
salt-tolerant Zygosaccharomyces rouxii and Candida versatilis to the production of ethanol
and 4-ethylguaiacol. Appl Microbiol Biot 11:624-628

4. Coghe S, Benoot K, Delvaux F, Vanderhaegen B, Delvaux FR (2004) Ferulic acid release and
4-vinylguaiacol formation during brewing and fermentation: indications for feruloyl esterase
activity in Saccharomyces cerevisiae. J Agric Food Chem 52:602-608

5. Yokotsuka T, Asao Y, Sakasaki T (1967) Studies of the flavorous substances in shoyu part
XXVII The production of 4-ethylguaiacol during shoyu fermentation, and its role for shoyu
flavor. Nippon Nogeikagaku Kaishi 41:442-447 (in Japanese)

6. Nussinovitch A (2010) Polymer macro- and micro-gel beads: fundamentals and applications.
Springer, Berlin

7. Querol A, Fleet G (2006) Yeasts in food and beverages. Springer, Berlin

8. van der Sluis C, Tramper J, Wijffels RH (2001) Enhancing and accelerating flavour formation
by salt-tolerant yeasts in Japanese soy-sauce processes. Trends Food Sci Tech 12:322-327

9. Xian-Li G, Chun C, Hai-Feng Z, Mou-Ming Z, Lan Y, Jiao-Yan R (2010) Changes in volatile
aroma compounds of traditional Chinese-type soy sauce during moromi fermentation and heat
treatment. Food Sci Biotechnol 19:889-898

10. Zhang Y, Tao W (2009) Flavor and taste compounds analysis in Chinese solid fermented soy
sauce. Afr J Biotechnol 8:673-681

11. Wanakhachornkrai P, Lertsiri S (2003) Comparison of determination method for volatile
compounds in Thai soy sauce. Food Chem 83:619-629

12. Koseki T, Hori A, Seki S, Murayama T, Shiono Y (2009) Characterization of two distinct
feruloyl esterases, AoFaeB and AoFaeC, from Aspergillus oryzae. Appl Microbiol Biotechnol
83:689-696

13. Suezawa Y, Suzuki M (2007) Bioconversion of ferulic acid to 4-vinylguaiacol and
4-ethylguaiacol and of 4-vinylguaiacol to 4-ethylguaiacol by halotolerant yeasts belonging to
the genus Candida. Biosci Biotech Biochem 71:1058-1062

14. Suezawa Y (1995) Bioconversion of ferulic acid and p-coumaric acid to volatile phenols by
halotolerant yeasts. Nippon Nogeikagaku Kaishi 69:1587-1596 (in Japanese)



Effect of Temperature, NaCl and Ferulic Acid Concentration ... 297

15. van der Sluis C, Stoffelen CJ, Castelein SJ, Engbers GH, ter Schure EG, Tramper J,
Wijffels RH (2001) Immobilized salt-tolerant yeasts: application of a new polyethylene-oxide
support in a continuous stirred-tank reactor for flavour production. J Biotechnol 88:129-139

16. Piazzon A, Forte M, Nardini M (2010) Characterization of phenolics content and antioxidant
activity of different beer types. J Agr Food Chem 58:10677-10683

17. Max B, Carballo J, Cortes S, Dominguez JM (2012) Decarboxylation of ferulic acid to 4-vinyl
guaiacol by Streptomyces setonii. Appl Biochem Biotech 166:289-299

18. Baqueiro-Pena I, Rodriguez-Serrano G, Gonzalez-Zamora E, Augur C, Loera O,
Saucedo-Castaneda G (2010) Biotransformation of ferulic acid to 4-vinylguaiacol by a wild
and a diploid strain of Aspergillus niger. Bioresour Technol 101:4721-4724



Near Infrared Spectroscopic (NIRS)
Analysis of Polysaccharides

and Ergosterol Contents in Tricholoma
matsutake Mycelium by Improved
Chemometric Model

Qiubo Chu, Quan Li, Shuang Hu, Xue Jiang, Yanzhen Wang,
Hao Zeng, Lesheng Teng and Di Wang

1 Introduction

Tricholoma matsutake, an ectomycorrhizal fungus, is an important commercial
mushroom, which is highly valued as a delicacy and medicine in Asia [1].
T. matsutake not only exhibits a delicate flavor, but also shows various pharma-
cological activities including immunomodulatory, anti-tumor and anti-oxidant
effects [2-4]. Lots of bioactive substances obtained from 7. matsutake such as
polysaccharides and ergosterol show bioactivities. Various polysaccharides with
antioxidant activity [5], anti-tumor effect [6] and immune regulation property [7]
were purified from 7. matsutake. However, the traditional detection methods of
polysaccharides (Anthrone sulfuric acid method) and ergosterol (High performance
liquid chromatography) are time-consuming and high cost. Due to large application
of T. matsutake, its identification is especially important, and new analytical
techniques providing simple and fast measurement are required.

Infrared Spectroscopy Near (NIRS) technology, with fast, simple, and nonde-
structive characteristics, are widely used in qualitative and quantitative analysis of
food and/or Traditional Chinese Medicines (TCM) [8, 9]. A single spectrum allows
the simultaneous determination of various properties in one subject. However, the
spectrum is complex, and easy to be affected by the background of subjects.
Moreover, the effective information rate of NIRS is slightly lower. Least Squares
Partial (PLS) has good selectivity and prediction accuracy, and is suitable for
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complex multicomponent spectral, which is one of the most widely used multi-
variate calibration methods [10]. Monte Carlo partial least square (MCPLS) is
commonly applied to eliminate abnormal samples and select the number of cali-
bration set [11], which helps to achieve a good improvement model robustness and
improve the model generalization capability [12].

In the present study, NIR spectra combined with PLS were applied to analyze
the contents of polysaccharides and ergosterol in 7. matsutake mycelium obtained
from submerged fermentation. During model development, MCPLS was used to
identify the outliers and select the number of calibration set. Various pro-processing
methods including fast Fourier transform (FFT), Savitzky-Golay smoothing, First
derivative and Second derivative were performed on the raw spectra to remove
signal noise.

2 Methods and Materials

2.1 Sample Preparation

Based on original T. matsutake stain (CCTCC M2013175 T-08) (obtained from
China Center for Type Culture Collection), lots of mutant strains were obtained via
chemical mutagenesis, which contain different contents of polysaccharides and
ergosterol. T. matsutake mycelium of different strains was obtained by submerged
fermentation in a defined medium as follows: 20 g/L of sucrose, 10 g/L of peptone,
10 g/L of yeast extract powder, 1 g/L. of MgSO,, 1 g/L. of KH,PO,, and 0.1 g/L. of
vitamin B1. Fermentation conditions were as follows: 200 ml medium in a 500 ml
conical flask, 7% (V/V) inoculum, 120-180 rpm/min shake speed and 25 °C fer-
mentation temperature. All agents used in fermentation were obtained from Sigma,
USA.

150 NIR spectra of T. matsutake mycelium were got in a random order via
UV-3150 UV-Vis-NIR spectrophotometer (Shimadzu Corporation, Japan).
Spectrum of each sample was displayed as an average of five parallel scanning from
800 to 2500 nm. The scanned interval was 1 nm and the entrance slit width was
12 nm.

2.2 Content Measurement

2.2.1 Ergosterol Measurement

The content of ergosterol in 7. matsutake mycelium was detected via high per-
formance liquid chromatography (HPLC) as reported previously [13].



Near Infrared Spectroscopic (NIRS) Analysis ... 301
2.2.2 Polysaccharides Measurement

The content of polysaccharides in 7. matsutake mycelium was detected via
anthrone sulfuric acid method similar as previous study [14].

2.3 Establishment of PLS Quantitative Analysis Models

2.3.1 Abnormal Samples Remove via MCPLS

Using leave-one-out cross validation, the root mean square errors of the
cross-validation (RMSECYV) was served as evaluation index shown in Eq. (1.1), and
the initial hidden variables (r;y) was chosen. For calibration set, Eq. (1.1) is used to
calculate root mean square errors of calibration (RMSEC). For prediction set,
Eq. (1.1) is used to calculate root mean square errors of prediction (RMSECP).

Z (yp - )’0)2

n

RMSE = (1.1)

In the formula, n is the sample quantity, the y, is the experimental value, and the
y, is calculated or predicted value.

Outliers were identified using MCPLS. 50% samples were randomly selected as
calibration set to establish the PLS model, and the rest of the sample as a prediction
set. The calculation was repeated for 10,000 times to make sure each sample has
served as a predictor set. The predictive residual error (PRE) of each sample was
calculated and recorded. The mean of the PRE (MPRE) and the standard deviation
of PRE (SDPRE) were calculated, based on which, samples with high MPRE and
SDPRE were identified as outliers.

2.3.2 Numbers of Calibration Set Chosen

In order to prevent over fitting phenomenon, randomly selected 10, 20, 30, 40, 50,
60, 70, 80 and 90% of whole samples as the calibration set for PLS model estab-
lishment. The remained samples serve as prediction set. Following as Eq. (1.2), the
degree of fitting (Dy) was calculated, and the process was repeated 5000 times.
When the mean of Dy reached to the highest, the number of calibration set was
chosen for further experiments.

c
D =
/" RMSEC @ + |RMSEC — RMSEP|

ne

(1.2)
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In the equation, n. is the number of samples in the calibration set; n, is the
number of samples in the prediction set, the constant ¢ is chosen 10.

2.3.3 Establishment of Quantitative Analysis Models of PLS

Fast Fourier transform (FFT), Savitzky-Golay smoothing, First derivative and
Second derivative was applied to preprocess raw spectra to remove the background
or useless noise. The window chosen in the experiments was 5, 7, 9, 11, 13 and 15.
During the analysis model establishment via move window partial least square
(MWPLS) with various n;y (from 1 to 20, interval of 1), W wavelengths were
served as one window (W is defined as a window size), and W values were
investigated from 25 to 370 (1-15% of the overall wavelengths) with interval of 12.
The models were established repeatedly using wavelengths in a defined window,
which shifted one wavelength each time, until the last variable (2000 nm) was
enrolled. The degree of approach (Da), Defined as Eq. (1.3), was served as indexes,
when it reached to the highest, all wavelengths in the front of n,, were applied to
develop analysis model. n,, was chosen from 5 to 75 (Interval of 5).

Da = - . ¢ (1.3)
% RMSEC + "= RMSEP + |RMSEC — RMSEP|

In the equation, 7, is the numbers of all samples; n,. is the numbers of calibration
set; n,, is numbers of prediction set; ¢ value is 10.

2.4 Analysis Procedure

All of the above procedures were applied by Matlab 2008a software (Mathwork,
USA).

3 Results and Discussion

3.1 Spectra Characterization

NIRS has been widely applied in qualitative and quantitative analyses due to its
fasting detection and nondestructive [15, 16]. The chemical properties of subjects
are reflected in NIR spectra. As shown in Fig. 1, the significant spectral variations
appear around 1100-1250 nm, 1650-1800 nm, 2100-2200 nm and 2250-—
2350 nm, which indicate the complex of spectrum.
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Table 1 The statistical polysaccharides and ergosterol contents of T. matsutake

Items Sample Max Min Mean + S.D.
number (g/lL) (g/L) (g/lL)
Polysaccharide | Calibration 129 2.4402 0.3043 1.0224 £ 0.4075
Validation 14 2.2689 0.3299 1.1142 £ 0.5041
Ergosterol Calibration 129 0.3579 0.0380 0.1493 £+ 0.0659
Validation 14 0.3318 0.0423 0.1639 % 0.0799

3.2 Outliers Identification and Number of Calibration Set
Selection

The number of variables existing in NIR spectra is far more than sample numbers.
Outliers among all samples with higher values of MPRE and SDPRE were iden-
tified via MCPLS. During the process of PLS-NIRS quantitative analysis models of
polysaccharides and ergosterol development, 7 outliers were excluded.

MCPLS was applied to select the numbers of calibration set. 90% samples were
served as calibration set for polysaccharides and ergosterol in 7. matsutake
mycelium analysis model developing.

Furthermore, among all using samples, a large variability of polysaccharides and
ergosterol contents in 7. matsutake mycelium were noted. Statistical analysis for the
calibration and validation sets, data ranges, number of samples and means +
standard deviations (S.D.) of polysaccharides and ergosterol contents were dis-
played in Table 1
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3.3 PLS Prediction Model Establishment

The interactions among molecular groups such as C—H and O-H in T. matsutake
mycelium increased the difficulty for polysaccharides and ergosterol determination.
In order to eliminate the interference of spectra, four pre-processing methods
including FFT, Savitzky-Golay smoothing, First derivative and Second derivative
were performed to remove the background, noise, overlapping bands and baseline
drift [16]. During PLS predictive model developing, according to Da, the values of
nry, W and n,, were optimized. Furthermore, MWPLS was applied to determine the
relationship between the wavelength and Da values (Table 2; Fig. 2).

Based on Da value, 800-2500 nm wavelength variables after Second derivative
pre-processing were selected for developing polysaccharides predictive model. The
optimum nyy, W and n,, values were 8, 136 and 5, respectively (Table 2). The
correlation coefficients of calibration set (Rc) 0.9999 and prediction set (Rp) were
0.9863 (Fig. 3) which demonstrated the well fitting and predictive ability of
polysaccharides analysis model. 800-2500 nm wavelength variables after Second
derivative pre-processing were selected for developing ergosterol predictive model.
The optimum npy, W and ny, values were 15, 187 and 30, respectively (Table 2).
The correlation coefficients of calibration set (Rc) and prediction set (Rp) were
0.9999 and 0.9684 (Fig. 4).

Table 2 Results of suitable indexes in PLS models for polysaccharides and ergosterol detection

Components Preprocessing Window |W, |n,, |[RMSEC |RMSEP |Da Ny
methods (g/L) (g/L)

Ergosterol Original 102 | 5 |0.0246 0.02768 |3.574 |13
spectra
First order 7 119 | 5 |0.0165 0.0251 3.864 |10
derivative
Second order 7 187 |30 |0.0164 0.0230 4229 |15
derivative
FFT 9 34 | 5 /0.0426 0.0423 2.338 |13
Savizky-Golay 5 221 | 5 |0.1311 0.1441 0.6405 |11
smoothing

Polysaccharide | Original 8 | 5 10.1193 0.1313 7.547 |15
spectra
First order 9 136 | 5 |0.1095 0.1091 9.103 |15
derivative
Second order 5 136 | 5 |0.0894 0.1009 9.796 8
derivative
FFT 11 85 |15 [0.2389 0.2384 4179 |15
Savizky-Golay 9 102 |15 |0.1332 0.1340 7458 |14
smoothing
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The present study successfully developed predictive models via PLS combined with
NIRS to analyze the contents of polysaccharides and ergosterol in T. matsutake
mycelium. Optimum polysaccharides content analysis model displayed RMSECV
of 0.0894 g/L. and Rc of 0.9999, and a good prediction ability with RMSEP of
0.1009 g/L and Rp of 0.9863. For ergosterol contents analysis, the optimum PLS
model also displayed well fitness and predictive ability indicating by higher Rc
(0.9999) and Rp (0.9684), and lower RMSEP value (0.0230 g/L). Our present study
provide a fast, accurate and non-destructive quantitative analysis method to detect
the contents of polysaccharides and ergosterol in 7. matsutake mycelium, which
may also performed for quality control of other large fungi.
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Antioxidant Activity and Hepatoprotective
Activity of Shanxi Aged Vinegar

in Hydrogen Peroxide-Treated HepG-2
Cells

Ting Xia, Jiahui Yao, Jiankang Wang, Jin Zhang and Min Wang

1 Introduction

Traditional vinegars, typical fermented foods, produced by spontaneous fermen-
tation technology. It can produce complex composition, including sugars, organic
acids and various bioactive components. These bioactive components can provide
health and therapeutic effects [1]. Shanxi aged vinegar (SAV), a popular condiment
in China, is not only rich of pleasant aromas but also valued for its health benefits
[2]. It is produced by spontaneous solid-state fermentation including the preparation
of daqu, starch saccharification (SS), alcoholic fermentation (AF), and acetic acid
fermentation (AAF) [3]. During the process, it can produce rich nutrients and
functional factors, such as polyphenols, flavonoids and melanoidins, are the main
antioxidant activity ingredients of SAV [4]. It has been reported that these
antioxidants played a crucial role in the prevention of free radical-induced disease
such as cardiovascular disease, hepatic damage, neurodegenerative diseases, cancer
and ageing [1, 5, 6]. Recently, the antioxidant activity and healthy properties of
vinegar have become the focus of extensive studies.
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Liver, a vital organ, plays a major role in metabolism and excretion of xenobiotic in
the human body [7]. Liver damage is a major health problem, which is caused by some
toxic chemicals, drugs, excessive alcohol consumption and microbes [8, 9]. Oxidative
stress is associated with liver damage and plays an important role in the pathogenesis
of liver damage [10]. Oxidative stress, a phenomenon related to the aerobic nature of
cellular metabolism, is a redox imbalance between the production of reactive oxygen
species (ROS) and antioxidant defense [11]. Excessive ROS results in many patho-
physiological conditions in the body, and leads to the damage of cell structures [12].
Prevention or impairment of oxidative stress reduces liver damage and constitutes a
therapeutic target to hepatoprotection. In this study, we are interested to investigate the
antioxidant activity and protective effects of SAV on damaged hepatocytes.

In the present study, total phenolic and flavonoid content and antioxidant activity
of SAV with different manufacturers were determined. Then oxidative damage
model induced by H,O, in HepG2 cell was established. The protective effect of
SAV was investigated in H,O,-treated HepG2 cells. These findings would elucidate
the antioxidant properties of traditional Chinese vinegars, and provide a strategy for
prevention and treatment of liver injury.

2 Materials and Methods

2.1 Chemicals and Samples

Folin-Ciocalteu reagent, 2,2-diphenyl-2-picrylhydrazyl (DPPH), gallic acid and
rutin were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China). 2,2'-azino-bis(3-ethylbenzthiazoline-6-sulfonate) (ABTS) method and fer-
ric reducing ability of plasma (FRAP) method were obtained from Beyotime
Institute of Biotechnology (Shanghai, China). RPMI-1640, fetal bovine serum
(FBS) and penicillin-streptomycin B were obtained from HyClone (Beijing, China).
H,O, was purchased from Alfa Aesar (Shanghai, China). Cell Counting Kit-8
(CCK-8) was purchased from Dojindo (Tokyo, Japan).

SAV samples were obtained from local supermarkets. The total acidity and
aging time were showed in Table 1.

Table 1 The samples of SAV

Manufacturer | Total acidity Aging Manufacturer | Total acidity Aging
(g/100 mL) time (g/100 mL) time

(Year) (Year)

A-1 4.5 2 C-1 5.0 2

A-2 6.0 5 C-2 6.0 5

A-3 6.5 8 C-3 6.0 8

B-1 6.0 2 D-1 4.0 2

B-2 8.0 5 D-2 6.0 5

B-3 8.0 8 D-3 6.0 8
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2.2 Detection of Total Phenolic and Flavonoid Contents

Total phenolic contents of SAV samples were estimated using Folin-Ciocalteu
reagent according to the enclosed guidelines. Absorbance was measured at 765 nm
in an ELISA Plate Reader. A standard calibration curve was plotted using gallic
acid. Total phenolic content was calculated as equivalent of per mg gallic acid per
gram (mg GAE/g). Total flavonoid content was estimated by a colorimetric assay
using commercial kits according to the enclosed guidelines. The absorbance was
measured at 510 nm. Rutin was used to plot the calibration curve. Total flavonoids
were calculated as mg rutin equivalents per gram of dried sample (mg RE/g).

2.3 Antioxidant Activity of SAV in Vitro

DPPH Radical-Scavenging Activity Assay: DPPH (3.9 mg) was dissolved in
100 mL anhydrous ethanol and stored at 4 °C. Samples (20 pL) and DPPH
(180 pL) were mixed in a 96-well plates and incubated at room temperature in the
dark for 30 min. The absorbance was measured at 517 nm.

ABTS Redical-Scavenging Activity Assay: The ABTS radical cation (ABTS™)
solution was prepared from the reaction of 7 mM ABTS and 2.45 mM potassium
persulfate after incubation and kept at room temperature for 16 h in the dark. Then
the solution was diluted with 80% ethanol to obtain an absorbance of 0.70 £ 0.05
at 734 nm. The ABTS™ solution (200 uL) was mixed with vinegar sample (10 pL).
The reaction mixture was allowed to stand for 6 min in the dark at room temper-
ature. The absorbance was measured at 734 nm.

Ferric Reducing Antioxidant Power (FRAP) Assay: A working solution was
prepared freshly by mixing TPTZ dilution (2,4,6-tripyridyl-s-triazine), detective
buffer and TPTZ solution in a ratio of 10:1:1 (v/v/v), respectively. A vinegar sample
(5 pL) was mixed with FRAP (180 pL) working solution and incubated at 37 °C for
5 min. The absorbance was measured at 593 nm.

2.4 Cell Culture

Human liver cell line HepG2 was obtained from were cultured in RPMI-1640, 10%
FBS, and 1% penicillin-streptomycin B solution, and incubated at 37 °C in a
humidified atmosphere containing 5% CO,. Cells were treated with SAV at dif-
ferent concentration. An equal volume of phosphate buffered saline (PBS) was used
in the control experiments. Under all conditions we added 20 mM HEPES buffer.
Culture medium was changed every two days.
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2.5 Cell Viability Assay

Cell viability was monitored by CCK-8 assay. Cells were seeded in 96-well
microplate and exposed to H,O, or vinegar. After treatment, cells were added with
10 pLL CCK-8 solution, and incubated for 4 h at 37 °C. Absorbance in each well
was quantified at 450 nm using an ELISA reader.

2.6 Statistical Analysis

All data were expressed as the mean + standard deviation (SD). All data were
analyzed by the Student t test or one-way ANOVA procedures using the GraphPad
Prism 5.01 statistical software (GraphPad Software Inc., La Jolla, CA, USA). A P
value less than 0.05 was considered statistically significant.

3 Results and Discussion

3.1 Total Phenolic and Flavonoid Contents

Phenolic and flavonoid compounds are considered to the most potent and thera-
peutically useful biocompounds since they have antioxidant activity and therapeutic
properties [13]. In this study, total phenolic and flavonoid contents of SAV from
different manufacturers were determined. The results showed that total phenolic
contents of SAV samples ranged between 1.810 mg GAE/g and 5.836 mg GAE/g
(Fig. 1a). The concentration of flavonoids in different vinegar samples was in the
range of 0.332 mg RE/g to 4.554 RE/g (Fig. 1b). The concentration of phenolics
and flavonoids followed the order of B > A > C > D. Total phenolic and flavonoid
contents of B-3 were 5.836 mg GAE/g and 4.554 RE/g, respectively, which were
the highest among all the samples. Therefore B-3 was selected for the subsequent
experiments.

3.2 Antioxidant Activity in Vitro

DPPH, ABTS and FRAP are used as the main radicals for testing the antioxidant
activities [14]. In this study, the antioxidant capacities of SAV samples were
evaluated by these three assays. In DPPH assay, the radical scavenging ability of
B-3 was 65.50 & 1.11%, which has the highest DPPH radical scavenging activity
among all the samples (Fig. 2a). In ABTS assay, the radical scavenging ability of
B-3 was 76.84 £ 2.40%, which showed an effect similar to that in DPPH assay
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Fig. 1 Total phenolic and flavonoid contents of SAV samples. a Total phenolic content was
expressed in terms of gallic acid equivalent (mg GAE/g). b Total flavonoid content was expressed
in terms of rutin equivalent (mg RE/g). Data are means &+ SD (n = 3)

(Fig. 2b). Another index for evaluating the antioxidant activity is the reducing
power. Reductive capability is the power to transform Fe** to Fe**, which can be
reflected through the absorbance. As shown in Fig. 2c, The FeSO, values of
vinegar samples with the same aging time were followed the order:
B-3 > A-3 > C-3 > D-3. Taken together, these results indicated that B-3 showed
the highest antioxidant capability in these vinegar samples. Then, we chose B-3 to
evaluate hepatoprotective effects on HepG-2 cells.

3.3 Effect of B-3 on Cell Viability

We examined the effect of B-3 on cell viability in human liver cells by using
CCK-8 assay. HepG2 cells were exposed to increasing concentrations of B-3 for
24 h. As shown in Fig. 3, cell viability was not significantly changed when HepG2
cells were treated with 2.5-10 pL/mL vinegar. These results indicated that B-3 had
no toxicity at the tested concentrations and could be studied for potential protective
effects.

3.4 Protective Effect of B-3 Against H,0,-Induced
Hepatocyte Damage In Vivo

H,0, was used to cause liver injury and accelerate free radical derivatives to
measure the effect of antioxidants and liver protection in vivo [15]. Firstly, H,O,
was used to establish an oxidative injury cell model. HepG2 cells were treated with
different concentrations (0-800 uM) for 6 h. As shown in Fig. 4a, Cell viability
was significantly decreased in a dose-dependent manner. Treatment of 400 uM
H,0, to hepatocytes resulted in a dramatic (p < 0.05) decrease in the cell viability
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up to about 55%. Then, 400 uM H,0, treatment for 6 h was chosen to examine the
protective effect of B-3.

Next, Protective effect of B-3 against H,O,-induced hepatotoxicity was detected
by CCK-8 assay. HepG2 cells were pretreated with various concentrations (2.5, 5,
7.5, 10 pL/mL) of vinegar for 24 h, and treated with 400 uM H,0O, for 6 h. As
shown in Fig. 4b, pretreatment with B-3 of prior to H,O, protected cell death in a
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Fig. 4 Effect of B-3 on cell viability in H,O, -treated HepG2 cells. a Cells were treated with
increasing concentrations of H,O, for 6 h. b Cells were pretreated with various concentrations of
vinegar for 24 h, and treated with 400 uM H,O, for 6 h. Values are means + SD (n = 3)

dose-dependent manner (p < 0.05). Cell viability was restored up to 90.49% by B-3
pretreatment (10 pL/mL). This result indicates that exposure of hepatocytes to B-3
confers significant protective effects against H,O,.

4 Conclusions

In this study, antioxidant activity and hepatoprotective activity of SAV was
assessed. SAV was rich in phenolic and flavonoid compounds, and B-3 had the
highest phenolic and flavonoid contents among all the samples. In addition, SAV
exhibited protective effect against HyO,-induced oxidative damage in HepG2 cells.
These findings would provide fermented food products with antioxidant and hep-
atoprotective potentials.
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Analysis and Application of the Promotion
Action of Methanol on Sorangium
cellulosum Produce Epothilones

Lin-hao Zhang, Lin Zhao, Xin Sun and Xin-li Liu

1 Introduction

Epothilones are a class of secondary metabolites mainly generated by Sorangium
cellulosum of the suborder myxobacteria, belongs to the natural macrolides [1, 2].
By the end of 2005, there are five kinds of epothilone compounds in different stages
of clinical trials as anticancer drugs, including epothilone B, epothilone D,
ixabepilone (BMS-247550), ZK-EPO and BMS-310705 [3]. Epothilone A and
epothilone B are the two main products which produced by Sorangium cellulosum,
and epothilone B has been approved by the United States FDA to be first-line
agents for the treatment of advanced breast cancer [4, 5]. Although they could be
synthesised by chemical process, it can not be industrially produced due to the too
many steps of chemical synthesis, high cost, low yield and high reaction conditions
of chemical synthesis of epothilones, biological fermentation is the best way for
produce epothilones.

A variety of methods to improve the yield of epothilones has been reported, which
included strains selection, fermentation medium and process optimization, the
application of fermentation adsorbent and biological process optimization, etc., but
these methods to enhance the production of epothilone has reached a bottleneck [7-9].
The yield of epothilones are still low due to the toxic effects of itself to the host strain,
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though it can be successfully heterologous expression by receptor cells, it is imper-
ative to improve the epothilones production through new methods [10, 11]. It has been
reported that a lot of small molecule inducers can affect DNA binding protein directly
or indirectly to promote the transcriptional expression of the gene, such as cellobiose
can induce many kinds of fungi to produce cellulose, the phenolic compounds, ethanol
and some metal ions have an effect on the production and secretion of laccase,
methanol can be used as a strong promoter of mRNA transcription in Pichia pastoris
[12-15]. A variety of small molecular organic molecules were screened in this lab-
oratory, we found that added small traces of methanol to fermentation broth of
Sorangium cellulosum can significantly improve the yield of epothilone. It can be
excluded the probability of methanol to be precursor substance, nutrient carbon source
or change the permeability of cell membranes as the amount of methanol added was
only 0.05%, it is more likely to be some specific enzyme activators or signaling
substances to influence primary or secondary metabolism of Sorangium cellulosum.
Firstly, the specificity of the methanol promoting effect was screened and validated in
this study, then the effect of methanol on the primary and secondary metabolism of
Sorangium cellulosum were studied and evaluated, finally, the further increase in
production of epothilones by biological fermentation method according to the opti-
mization of adding amount and time of methanol became possible.

2 Materials and Methods
2.1 Materials

2.1.1 Strain

Sorangium cellulosum (Sorangium cellulosum So ce2161) is provided by Shandong
Provincial Key Laboratory of Microbial Engineering and The Preservation Center
of Shandong provincial industrial microorganisms.

2.1.2 Culture Medium

(1) CNST solid medium (g/L): MgSO, - 7H,0 1.0, KNO; 0.5, Na,HPO, - 12H,0
0.65, TE 1 mL, pH adjusted to 7.2. Add 2% agar. Sterilized at 121° for 30 min.

(2) M26 medium (g/L): soybean peptone 2, potato starch 8, glucose 2, yeast extract
2, MgS0, - 7TH,0 1.0, CaCl, 1.0, EDTA-Fe 1 mL, TE 1 mL, pH adjusted to
7.2. Sterilized at 121° for 30 min.

(3) EMP fermentation medium (g/L): potato starch 2, skim milk powder 1, glucose
2, soybean flour 2, MgSO, - 7TH,0 1.0, CaCl, 1.0, EDTA-Fe 1 mL, TE 1 mL,
pH adjusted to 7.2. Add 2% XAD-16 macroporous adsorption resin. Sterilized
at 121° for 30 min.
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2.1.3 Instrument and Equipment

STIC-E temperature oscillation incubator (Ji’nan zhanchuang Technology Co. Ltd);
SPX-intelligent biochemical incubator (Ningbo Jiangnan instrument factory);
DHG-9240A electric constant temperature drying oven (Shanghai Jinghong
Experimental Equipment Co. Ltd.); adjustable pipettes (Thermo instruments Ltd);
LC-20AT high performance liquid chromatograph (Shimadzu); SGD-IV automatic
reducing sugar analyzer (Shandong Provincial Academy of Sciences Institute of
biological research); PLG-203 precision electronic balance (Mettler Toledo
instruments); 320 PerHect pH (Thermo Orporation); HP-02 filtration apparatus
(Beijing Jingyi Baifang Technology Co. Ltd.) etc.

2.2 Experimental Methods

2.2.1 Determination Method for Epothilones Production

Column specifications (Shimadzu C18 column): 250 mm * 4.6 mm * 5 um.

Chromatographic condition: detection wavelength 249 nm; column temperature
40 °C; mobile phase (methanol: water = 65:35), flow rate of 1 mL/min; sample
volume of 20 pL.

2.2.2 Dry Weight Method

Suction filtration the zymotic fluid by Buchner funnel to interception all resin and
cells, then measure total mass when it was thorough drying in the air
dry oven. Calculate the biomass dry weight according to the formula
DCW = Wigtal mass — Wresin = Wiilter paper*

2.2.3 Determination Method for Reducing Sugar

According to the instructions of the instrument, using the 1% standard sugar
solution as the reference, centrifugal the fermentation liquid at 8000 rpm for 2 min
to absorb a certain amount of supernatant and add into the sample hole, conduct
automatic titration determination and print the result.
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3 Results and Discussion

3.1 Screening of Small Molecule Organic Inducer

Small molecules can play a role as inducers in low concentration while at higher
concentration it may have a toxic effect on microorganisms. We add small organic
molecules which selected at the volume ratio of 0.2% concentration, and add them
before inoculate by filtration sterilization. The small organic molecules which we
selected as the inducer of Sorangium cellulosum produce epothilones are relatively
simple and easily soluble in water, the types of small organic molecules we selected
and the promoting effect for the produce of epothilones are showed in Table 1
(+express have stimulative effect for produce epothilones, —express inhibited the
growth of Sorangium cellulosum or decrease the yield of epothilones, O express
almost have no effect on the growth and metabolism of Sorangium cellulosum).

3.2 Effect and Evaluation of Methanol Addition on Primary
Metabolism of Sorangium cellulosum

3.2.1 Effect of Methanol on the Growth of Sorangium cellulosum

DCW were determined at the first 2—-6 days of the fermentation culture (Fig. 1).

3.2.2 Effect of Methanol on pH Value of Fermentation Broth

The value of pH of the fermentation culture was determined at the first 2-6 days
(Fig. 2).

Table 1 Screening of small
molecule inducers and their
effects

Small molecule inducer Effect
Ethanol 0
Formaldehyde -

Ammonia water
Methanol
Glycerin

S+ |[©

Glacial acetic acid

Acetone -

Normal alcohol
Butyl alcohol
DMSO
Ethylene glycol

o |o|o o
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3.2.3 Effect of Methanol on the Change of Reducing Sugar
in Fermentation Broth

The value of reducing sugar was determined at the first 2—-6 days (Fig. 3).
The results of DCW, pH value and reducing sugar content at the first 2—6 days
of fermentation culture showed that the DCW of the methanol group and control
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Fig. 3 Changes of reducing sugar content in different culture days

group gradually increased, the value of pH increased continuously while the
reducing sugar was declining with the continuous culture at the first 4-6 days. The
most important is that there is almost no difference between the control group and
the methanol group, it can be preliminarily judged that the addition of methanol has
little effect on the growth and primary metabolism of Sorangium cellulosum.

3.3 Effect of Methanol on the Secondary Metabolism
of Sorangium cellulosum

3.3.1 The Experiment to Find Out Which Day Is the Maximum
Promotion of Methanol

The yield of epothilones was determined at the first 3—7 days (Figs. 4 and 5).

The above results show that the larger D-value are appeared on the first 5 day
and first 6 day which is the stable period of Sorangium cellulosum, in other words,
the maximum facilitation of methanol for produce epothilones is in the stable
period, this is consistent with the prediction of the methanol effect on the secondary
metabolism of the Sorangium cellulosum. One possibility is that the methanol
promote more metabolic pathway of Sorangium cellulosum for the synthesis of
secondary metabolites epothilones through the overexpression of certain genes or
improve the activity of some key enzymes.
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3.3.2 The RT-QPCR Analysis of the Effect of Methanol on Sorangium
cellulosum Produce Epothilones

After the extraction of the RNA from Sorangium cellulosum which culture in the
fifth day and the reverse transcription, we analyzed the relative expression of the
key enzymes of epothilones synthesis by RT-qPCR, including polyketide synthase
PK1 and PK2, S-adenosylmethionine synthetase (SAMs), alpha ketoglutarate
dehydrogenase (OGDHC) and thioesterase (TE, can be used to measure the yield of
epothilone synthesis). The results showed that the relative expression of TE and
SAMs are larger and improved to a certain extent, increased by 0.71 and 0.67
respectively. As a consequence, the addition of methanol could increase the
expression of specific genes in the two key enzymes or downstream, and the
mechanism of methanol effect on the metabolism of Sorangium cellulosum need to
be further explored and verified.

3.4 The Optimize of Methanol Addition and Analysis
of the Promotion for Epothilones

3.4.1 The Broad Experiment on Methanol Addition
The addition amount of methanol is in the range of 0-300 pL (the volume of

fermentation medium is 50 mL), set a gradient of 25 pL, the relationship between
the yield of epothilones and methanol dosage was following (Fig. 6).
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Fig. 6 The relationship between the yield of epothilones and methanol dosage
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The results showed that the adding amount of methanol in the range of
0-150 pL. has a different promote effect on the yield of epothilones, while the
adding amount of methanol is more than 150 pL, the yield of epothilones decreased
gradually with the increase of the concentration of methanol in fermentation liquid
as methanol toxicity was greater than the effect. Notably, the yield of epothilones
contributes close to maximum value with an increase of more than 10% while the
adding amount of methanol in the range of 0-50 pL.

3.4.2 The Accurate Experiment on Methanol Addition

In order to verify the results of the broad experiment on methanol addition, and
considering the adding amount of methanol in range of 0-150 pL (the volume of
fermentation medium is 50 mL) has certain promoting effect, set a gradient of
25 pL while add an addition experiment of 10 pL. The results was shown (Fig. 7).

The experimental results showed that the promoting effect of methanol addition
in range of 10-100 pL is quite reasonable, as a result the amount should be in the
range of intermediate role in value, the most reasonable dosage should be 25 pL
(the volume ratio is 0.05%) addition according to the industrialized production as
well as the sake of security.
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Fig. 7 The relationship between the yield of epothilones and methanol dosage
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3.4.3 The Optimize of the Time for Methanol Addition
and the Experiment for Fed-Batch of Methanol

We found that the earlier added methanol to the medium the more obvious pro-
moting the yield of epothilones by adding the volume ratio of 0.05% methanol to
the fermentation medium in different days. Considering simplicity of operation, we
add the volume ratio of 0.05% methanol into the fermentation culture medium after
sterilization.

We tried to pass in the way of adding a certain amount of methanol into the
medium in order to verify whether the methanol added to the fermentation medium
will losing its promotion as it may be utilized by Sorangium cellulosum. The results
are listed in Table 2.

The results showed that the yield of epothilone A and B have no conspicuous
difference between B group and C group, in a word the way of adding methanol by
group B and C have the same effect on epothilones synthetization. In other words,
the methanol in fermentation broth is stabilize enough for persistent promotion on
Sorangium cellulosum produce epothilones, the best way for methanol addition is
adding before inoculate while adding methanol for fed-batch is meaningless.

4 Conclusion and Prospect

The yield of epothilone A and B in the fermentation broth can be stably increased
by 15-20% through add methanol as per the proportion of 0.05% volume into the
fermentation medium of Sorangium cellulosum. The higher of the yield means the
better of the metabolism of the fermentation flask, and the production rate will be
higher than 20%. This study gives us a new revelation, the most common methanol
as a simple organic molecule has a larger role in the effects of microbial metabo-
lites, and provide a probability to explore new methods to promote the accumu-
lation of microbial metabolites.

Table 2 The result of the experiment for fed-batch of methanol

Group (Each set of | Control group | The B group (add The C group (add 50 pL

four parallel) (no methanol |50 pL methanol methanol in the first, third and
addition) before inoculate) fifth days respectively)
The yield of 2693379 2854270 2926007

epothilone A
(expressed in the
Peak area)

The yield of 1970804 2114215 2127012
epothilone B

(expressed in the
Peak area)
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Many small molecules can play a role in the induction of the primary and
secondary metabolism of microorganism, which can regulate the metabolic flux of
microbial metabolites through the expression level of activity of some enzymes or
certain genes, and there are more small molecules have a similar regulating effect to
different microorganisms. When the other conventional methods to improve the
microbial metabolism of the target product yield reaches a certain limit, we can
found the corresponding small molecule inducers through the screening of small
molecule inducers, which have a positive promote role to obtain a higher yield of
target product.
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Optimization of Solid Fermentation
Process of Bacillus megaterium and Its
Application in Crop Growth

Jinzhao Liu, Lin Zhao, Dong Ma, Xin Sun and Xin-li Liu

1 Introduction

Bacillus megaterium is a kind of aerobic, thermophilic gram positive bacteria,
which is able to produce spores. With the characteristics of decomposition of
inorganic phosphorus and improving soil environment, increasing soil fertility,
improving crop quality in agricultural production and improving the environment,
reducing the role of livestock disease in animal husbandry, B. megaterium have a
great potential as a kind of functional bacteria [3]. It is widely used in the prepa-
ration of microbial fertilizer, Because of B. megaterium has the characteristics of
suitable for industrialized production, such as low nutritional requirements, simple
culture conditions, fast growth, able to produce resistant spores and so on [4].

At present, the way of industrialized production of B. megaterium is mainly
liquid submerged aerobic fermentation. Compared to submerged aeration culture’s
shortcomings of high energy consumption, high aseptic conditions, higher equip-
ment requirements, solid fermentation using simple equipment, consume low
energy, and low probability of a large area of contamination due to poor trans-
mission of solid materials [5]. Therefore, this paper takes large industrial and
agricultural low value waste such as cassava residue, furfural residue, mushroom
residue as matrix, by optimizing the ratio of carbon sources, nitrogen sources and
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fermentation process to making solid fermentation of B. megaterium, preparation of
agricultural probiotics, and evaluate its effect.

2 Materials and Methods

The materials and methods are listed as follows in this study.

2.1 Microorganisms and Medium

B. megaterium was screened by Shandong Provincial Key Laboratory of Microbial
Engineering, and was preserved by the Shandong provincial Industrial Microbial
Culture Preservation Center. LB culture medium used as the culture medium and
tablet counting medium. Liquid culture medium contains glucose 15.0 g, potato
starch 8.0 g, sodium chloride 5.0 g, calcium carbonate 1.5 g, distilled water 1 L,
pH: 7.5-8.5. The main raw materials such as furfural residue, cassava residue,
mushroom residue, corn flour, amino acid and corn syrup and molasses were come
from manufacturers and farmland nearby, urea, peptone, glucose and sucrose were
purchased from Sinopharm Chemical Reagent Co., Ltd.

2.2 The Cultivation of Liquid Strain

Take one of the B. megaterium glycerol tube preserved in the low temperature
refrigerator of —80 °C, and activated at 37 °C on LB nutrient medium for 24 h.
Then vaccinate it into the seed culture medium (per 1 L flask medium 150 mL),
culture 14 h at 37 °C and 200 rpm to acquired shake flask seed liquid.

2.3 Optimization of Solid Fermentation Conditions

Crushing the cassava residue, furfural residue, mushroom residue to obtained the
raw material of 50-80 mesh. After mixing the material, adjust the moisture, pH,
121 °C sterilized 20 min. Culture the fermentation material under the appropriate
conditions after inoculation. Regular sampling examination growth conditions,
measured solid matrix of viable cells until spores rate rise to 85% or more.

The experimental design was shown in Table 1 to optimize solid matrix, carbon,
nitrogen, water content and temperature of fermentation [6].

With cassava residue as substrate, 40% moisture, 2 X 10’ CFU g_1 inoculation
amount, orthogonal test was used to test the effect of different contents of glucose,



Optimization of Solid Fermentation Process ... 331

Table 1 Optimization of solid fermentation conditions

Number | Category Condition Optimization project
1 Substrate 5% glucose, 5% peptone, 50% moisture, | Furfural residue, cassava
pH 7.0, 2 x 10’ CFU gf1 inoculum, residue, mushroom
37 °C residue
2 Carbon Cassava residue, 5% peptone, 50% 5% content of glucose,
source moisture, pH 7.0, 2 X 10’ CFU g_l corn flour, sugar,
inoculum, 37 °C molasses
3 Nitrogen Cassava residue, 5% glucose, 50% 5% content of peptone,
source moisture, pH 7.0, 2 x 10’ CFU gf' urea, amino acid and
inoculum, 37 °C corn syrup
4 Moisture Cassava residue, 5% glucose, 5% corn 35, 40, 45, 50, 55%
syrup, pH 7.0, 2 x 10" CFU g!
inoculum, 37 °C
5 Temperature | Cassava residue, 5% glucose, 5% Corn 25, 30, 37, 42 °C
syrup, pH 7.0, 2 x 10" CFUg !
inoculum, 40% moisture

corn syrup and different initial pH on the fermentation level and fermentation
process.

Cell growth curve: The above optimized fermentation process was used for solid
fermentation, pH and water content of the samples were measured every 2 h and the
number of viable bacteria was determined by the plate count in 85% and more
mature spore rate.

Test method: Weigh 10 g sample into a clean glass plates, 105 °C bake 2 h to
measure the moisture content. Measure the pH after 5 g samples and 45 mL dis-
tilled water fully stirred [7]. The mixed material was placed into an oven of 60 °C
after fermentation until dry enough, weigh 10 g of dry material into 90 mL sterile
saline, shaking 30 min in shaker and radient dilution coating for plate count [8].

2.4 Pepper Field Experiment

Measured and statistics of the experimental group and control group of pepper yield
per plant, fruit weight, flesh thickness, fruit length and fruit diameter [9] (Table 2).

Table 2 Pepper field test

Experimental Category agents Consumption
conditions group

Control group X X

Group A 0.5 x 10® cfu/g agent | 30 kg/ha

Group B 1.0 x 10® cfu/g agent | 30 kg/ha

Group C 2.0 x 10® cfu/g agent |30 kg/ha
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3 Results and Discussion

We analyse the effect of the solid substrate, carbon sources, nitrogen sources,
moisture content, temperature to obtained the optimal fermentation conditions and
analysis the results of the field test.

3.1 Effect of Solid Substrate

As Fig. 1 shows, after fermentation with furfural residue, mushroom residue, cas-
sava residue as the matrix, the bacteria content was 13.1 X 10® CFU g_l,
16.5 x 10% CFU g™', 21.6 x 10® CFU g™ respectively. After fermentation, the
content of the viable in cassava residue was 30.9% higher than that of furfural
residue, which was 64.9% higher than that of the mushroom residue.
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Fig. 1 Effect of solid substrate, carbon source, nitrogen, moisture content, temperature on
fermentation
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3.2 Effects of Carbon Sources

Comparing the fermentation results of glucose, sucrose, corn flour, molasses as
carbon source shows that glucose can be used as the best carbon sources with the
fermentation level reached 23.7 x 10° CFU g™!, compared with the control
(12.1 x 10® CFU g™ "), the fermentation level improved 95.9%.

3.3 Effects of Nitrogen Sources

Comparing the fermentation results of peptone and amino acid, urea, corn syrup as
nitrogen source shows that corn syrup can be used as the best nitrogen sources with
the fermentation level reached 22.9 x 10® CFU g~', compared with the control,
the fermentation level improved 49.6%. Compared with the blank control, the
fermentation level of the experimental group was 49.6% lower than that of the
control group, only reached 6.9 x 10® CFU g™', which shows that the urea had a
certain inhibitory effect on the solid fermentation of B. megaterium.

3.4 Effects of Moisture Content

Comparing the fermentation results of 30, 40, 45, 50 and 55% water content, the
highest level of fermentation of B. megaterium is 24.6 x 10° CFU g~! when the
water content is 40%. Under the same conditions, the fermentation level increased
by 3.4% than 45% moisture content (23.8 x 10®* CFU g™') and 117.7% than 30%
moisture content (11.3 x 10% CFU gfl).

3.5 Effects of Moisture Content

Compared the fermentation results at different incubation temperatures, the fer-
mentation results reached the highest level of 24.5 x 10® CFU g™ ! at incubation
temperatures was 37 °C, which was increased by 85.6% than the fermentation level
of incubation temperature at 25 °C. And under the same conditions, the fermen-
tation level reached 16.3 x 10®* CFU g ' at 30 °C and 20.1 x 10®* CFU g™' at
42 °C.
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3.6 Orthogonal Optimization Experiment

In order to further clarify the fermentation conditions and achieve a higher level of
fermentation, the three factors (carbon source, nitrogen source, pH) and levels of
orthogonal test was carried out. We obtained the optimal fermentation process by
evaluated the fermentation results with viable cells in fermented materials.

The effect of initial pH on the fermentation results was maximum with the range
reached 7600 and the effect of corn syrup was minimum as Table 3 shows.
Therefore,the optimized fermentation density reached 30.9 x 10® CFU g,
Table 4 with the optimum fermentation conditions of 5% of glucose, 10% of corn
syrup and 6.5-7.0 of the initial pH, which increased 26.1% compared with the
initial condition (Figs. 2 and 3).

3.7 Temperature and pH Trends

The whole process of B. megaterium solid fermentation which was designed in this
paper period about 24 h, the cell in 4-8 h propagate fast for the long chain in the
logarithmic growth phase, 8—14 h long chain began to collapse into a single bac-
terium, the pH value increased from 7 to 7.5 due to the rapid growth in 4—14 h of B.
megaterium, after 14 h, the growth come into stable period and began to form
spores, the fermentation ended after 24 h (Figs. 4 and 5).

3.8 Field Experiments

As Table 5 shows, the microbial fertilizer can significantly improve the pepper
quality of all aspects such as yield of per plant, fruit weight, flesh thickness, fruit
length, fruit diameter, etc. The quality of pepper increases along with the increased

Table 3 Orthogonal optimization of fermentation conditions

Number Glucose (%) Corn syrup (%) Initial pH Viable cells (108 CFU g_l)
1 2.5 5.0 6.5 24.2
2 2.5 10.0 7.0 27.4
3 2.5 15.0 7.5 19.7
4 5.0 5.0 7.0 29.8
5 5.0 10.0 7.5 22.1
6 5.0 15.0 6.5 30.9
7 7.5 5.0 7.5 22.7
8 7.5 10.0 6.5 30.8
9 7.5 15.0 7.0 30.1
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Table 4 Orthogonal experiment optimization of fermentation conditions analysis

Fermentation conditions Glucose Corn syrup Initial pH

Viable cells 108 CFU g™! Kl 23,767 25,567 28,633
K2 27,600 26,767 29,100
K3 27,867 26,900 21,500
Range R 4100 1333 7600

K1, K2, K3, respectively, represent the average number of viable bacteria of fermentation by
different levels of glucose, corn syrup and initial pH
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Fig. 3 Microscopic examination of the fermentation

concentration of viable in fertilizer. Pepper diameter increased highest of about
25.91% and the Longitudinal diameter improved the lowest percentage is about
3.40% after the application of microbial fertilizer as Table 3 shows. The pepper
fruit become more rounded appearance cause above reason changed the shape index
of pepper fruit from 1.26 into 1.01.
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4 Conclusion

In this study, the cassava residue was identified as the solid fermentation medium of
B. megaterium by the culture medium optimization experiment. Determined cas-
sava residue as substrate, 5% glucose, 10% corn syrup, initial pH 6.5-7.0, 40%
initial moisture, 37 °C was the finally optimum condition of solid fermentation of
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Table 5 Effect of fertilizer on pepper quality improvement

Catalogue Control group Experience group Lift %
Fruit weight (g) 0.34 £+ 0.03 0.39 £ 0.04 ns 14.71

Flesh thickness (mm) 6.23 £ 0.11 6.82 + 0.47* 9.47

Yield per plant (kg) 348 £0.15 3.94 £ 0.26% 13.22

Fruit length (cm) 12.35 £ 0.19 12.77 £ 0.76 ns 3.40

Fruit diameter (cm) 9.84 £+ 0.63 12.39 £ 0.49%* 2591

Fruit type index 1.26 + 0.06 1.01 £ 0.12**

*k % ns, respectively, represent the significant differences at P < 0.01, P <0.05 and
non-significant differences compared to the control group

B. megaterium through single factor experiment and orthogonal experiment. The
pepper field experiment shows that the bacterial fertilizer improved pepper yield per
plant, fruit weight, flesh thickness, fruit length, fruit width by 14.71, 9.47, 13.22,
3.40, 25.91% respectively and has a good application value.

This article uses different organic as raw materials to develop solid fermentation
of B. megaterium technology, The viable content of developed microbial agents
reached 30.9 x 10® CFU g™!, and validate the effect of fertilizer products through
the field to further. The microbial fertilizer developed in this article have good
market prospect cause it will significant improved fertilizer efficiency and crop
yield and quality [10].
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Comparative Quantitative Analysis
of Probiotic Bacteria During Puer
Tea Pile Fermentation

Shuang Li, Zhongyuan Li, Cuixia Feng and Tongcun Zhang

1 Introduction

Puer tea (puer shucha) is a very popular post-fermented tea in China because of the
distinctive color, savoury flavours and aromas [1]. Different to non-fermentation
tea, puer tea chooses large leafs of Camellia sinensis as raw material, and has a
special manufacturing process called “pile fermentation”, which is a solid-state
fermentation (SSF) with turned over once several days until the color of the tea was
changed into rufous [1]. The pH of tea pile is acidic and the center temperature
could reach to 60 °C [2]. Complex biological transformations are implemented by a
symbiosis of many fermenting microbes (including fungi, yeast and bacteria) and
their kinds of extracellular enzymes, and ultimately the unique flavours and aromas
of puer tea are formed at the end of pile fermentation [1].

Modern clinical medicine has shown that puer tea displays a variety of health
care functions for human body, such as lowering blood pressure [3], preventing
cardiovascular disease [4] and moderating the risk of cancer [5]. These benefits are
not only in relation to the secondary metabolites themselves in puer tea, but also
associated with these fermenting microbes. The specific identity of the microbial
population present in puer tea has been the focus on attention, but to date, the
majority of studies have relied on culture-based analysis. Previous study have
shown fungi, yeast and bacteria were all found in puer tea, fungi Candida and
Aspergillus niger are the dominant microbe in fermentation process [6, 7].
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However, the culture-based analysis is limited, because only about 1% of the
environmental microbes can be uncultured and reliance on the phenotypic traits
could lead to misidentification [8, 9]. Recently, a preliminary metagenomic study of
puer tea reveals that bacteria are the dominant microbes in pile fermentation [2].
Especially, some probiotic bacteria are also found in puer tea pile fermentation
process [10, 11]. Probiotic bacteria are reported to confer many health benefits such
as preventing food allergy, gut inflammation and immunomodulation, and also
potentially provide anticarcinogenic activity, which plays important role in many
fermented food like kimchi [12] and cheese [13]. However, the knowledge of the
species, amount and function analysis of probiotic bacteria in puer tea fermentation
is limited. To gain a more comprehensive insight into the probiotic bacteria in puer
tea fermentation, in this study, specific real-time quantitative PCR assays (qPCR)
were developed to accurately determine the distribution and population sizes of the
main probiotic bacteria including Enterococcus spp., Bacillus spp., Lactococcus
spp., Bifidobacterium spp. and Lactobacillus group, in addition, the change patterns
of these probiotic bacteria during puer tea pile fermentation were also investigated.

2 Materials and Methods

2.1 Puer Tea Sample Collection and Genomic DNA
Extraction

Puer tea samples used in this study were provided by Xinghai Tea Factory in
Yunnan province, China. At this factory, puer leaf samples were turned over once a
week in pile fermentation process to ensure the homogeneity of the fermented tea.
About 100 g puer tea samples of 0, 15, 30, 45 fermentation days were separately
obtained from the same tea pile, all samples were frozen in liquid nitrogen within
5 min, transported to the laboratory on dry ice and then stored at —70 °C until used.
To measure the pH of different tea samples, 1 g of each sample was firstly sus-
pended in 9 ml distilled water and then mixed continuously for 30 min at room
temperature (about 25 °C) [2], and pH of the supernatant for each tea sample was
measured using a glass pH electrode (Starter 2000, Ohaus, USA). To normalize for
different tea samples, 1 mg DNA of plasmid pEGFP-1 harboring enhanced green
fluorescent protein (EGFP) encoding gene (egfp) which is used as reference gene
were firstly added to each tea sample (5 g) and grinded completely with tea by
liquid nitrogen before DNA extraction. To confirm the absence of egfp in puer tea,
egfp was amplified by PCR using the gene specific primers EGFP-F/EGFP-R
(Table 1) and genomic DNA of puer tea without adding plasmid pEGFP-1. The
grinded tea samples were washed by 20 ml washing buffer according to Lyu et al.
[2], and the supernatant was incubated for 5 min in 65 °C, and the strain deposits
were collected by centrifugation at 6000x g for 10 min, and genomic DNA of tea
were extracted following a protocol specific for high-molecular-weight



Comparative Quantitative Analysis of Probiotic Bacteria ... 341

environmental DNA [14]. The genomic DNA was analyzed by 1% (w/v) agarose
gel electrophoresis and the purity of DNA were determined from the absorbance
ratios of Ajgo/Asgg by Ultrospec 2100 pro UV/visible spectrophotometer
(Amersham Biosciences, Uppsala, Sweden).

2.2 Primers Design and qPCR Condition

The specific qPCR primers of universal bacteria and specific-genus qPCR primers of
Bifidobacterium spp., Enterococcus spp., Bacillus spp., Lactococcus spp. and
Lactobacillus group (including Leuconostoc spp., Pediococcus spp., Aerococcus
spp. and Weissella spp.) were summarized in Table 1. The specific qPCR primers for
gene egfp were designed by the Primer3 program [15]. Strains Bifidobacterium
bifidum, Enterococcus faecium Al, Bacillus subtillis, Lactococcus lactis NZ9000
and Lactobacillus plantarum CGMCC No. 8198 obtained in our laboratory were
used as the reference strain for each specific-genus qPCR primer, and Escherichia
coli harboring pEGFP-1 was used as the reference strain for egfp. The specificity of
each gPCR primer was further verified by product sequencing and melting curve
analysis. To avoid the mutual contamination with other primers, each pair primer was
assayed with the other genus reference strains by PCR method and analyzed by
agarose gel electrophoresis. The optimal gPCR reaction mixture consisted of 10 pl
SYBR Green gPCR mastermix (DBI Bioscience, Shanghai, China), 1 pl template,
0.4 p150 x ROX Reference Dye, 0.5 pl PCR forward/reverse primer (10 pmol 171,
and 7.6 pl double distilled H,O using ABI 7500 Fast Real-Time PCR System
(Applied Biosystems, Carlsbad, CA), and the optimal qPCR condition for each qPCR
primer was 95 °C for 2 min, followed by 40 cycles of 95 °C for 10 s, 60 °C for 30 s,
and 72 °C for 30 s.

2.3 Standard Curves Generation and Estimation of the Copy
Numbers of Universal Bacteria and Probiotic Bacteria

The PCR products of each primer with the responding reference strain were purified
by DNA product purification kit (TIANGEN Biotech, Beijing, China), ligated with
PMD19-T vector (TaKaRa, Dalian, China) and sequenced by Genewiz (Beijing,
China), the correct recombinant plasmids were used as the standard plasmid for the
following standard curves generation. The standard plasmids for each qPCR primer
were extracted by Plasmid Mini Kit (Omega Bio-tek, USA) and quantified by A,¢o
measurements. 10-fold dilution series of about 10" to 107 copies for each target
standard plasmid DNA were applied for qPCR analysis. The copy numbers of
Bifidobacterium spp., Enterococcus spp., Lactobacillus group, Bacillus spp.,
Lactococcus spp. and universal bacteria during tea fermentation were quantified by
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gPCR with each target qPCR primer. The PCR condition and reaction mixture were
the same as mentioned above. Fluorescent products were detected at the last step of
each cycle. Each sample was assayed in triplicate. The populations of universal
bacteria and other genera at different time points were calculated by threshold cycle
values based on each standard curves after normalization against gene egfp.

2.4 Statistical Analysis

Correlations between/among pH and amount of universal bacteria and
Enterococcus spp., Bacillus spp., Lactococcus spp., Bifidobacterium spp. and
Lactobacillus group were tested with Pearson’s correlation analysis using the SAS
software package, version 8.01 (SAS Institute Inc., Cary, NC). Data were consid-
ered significantly correlated for P values of <0.05 and very significantly correlated
for P values of <0.01.

3 Results and Discussion

In order to investigate the species and abundance of probiotic bacteria, qPCR is a
very precise method which could detect not only the microbe with very low amount
but also those uncultured microbe [16]. The template DNA with high quality and
concentration is an important factor for the accuracy and validity of gPCR. In this
study, puer tea were firstly washed by the washing buffer to reduce the interference
of impurity substance in tea for genomic DNA extraction, and the results showed
these genomic DNA of puer tea at 0, 15, 30 and 45 days all have high quality with
Asgo/Argo ratio of approximately 1.8 (Fig. 1a), and the DNA concentrations of
them were 660, 990, 2250, and 2758 ug mi™', respectively. According to Fig. 1f,
Gene egfp was verified as an exogenous gene to puer tea, it was added before
genomic DNA extraction and used as the reference gene for quantitative analysis,
which could usefully normalize the genomic DNA extraction efficiency and reduce
technical variations between each tea sample of four time points, this method was
also mentioned in our previous study [17]. The high specificity of qPCR primers for
each genus and egfp was also essential for JPCR assay. Agarose gel electrophoresis
of the PCR products in Fig. 1 showed that only one single DNA band for each
corresponding genus’s reference strain with the expected lengths (Table 1), and no
DNA bands for each primer with any other reference strains as DNA template
(Fig. 1). The melt curves analysis of these primers showed their high specificity
without interference (data not shown) and DNA product sequences were verified
belong to the responding genus or egfp. With the standard plasmid as template,
standard curve equation of cycle threshold values versus plasmid DNA concen-
trations for each genus primer were generated as shown in Table 2, the resulting
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Fig. 1 Verification by agar gel electrophoresis of genomic DNA of puer tea (a) at O day (lane 1),
15 days (lane 2), 30 days (lane 3), 45 days (lane 4) and the specificity of qPCR primers for
Enterococcus spp. (b), Lactobacillus spp. (¢), Lactococcus spp. (d), Bacillus spp. (e) and gene egfp
(f). Lane M standard molecular size marker; b—f lane 1 PCR product with each reference strain as
template; lane 2 PCR product with sterile water as template; lane 3 PCR product with other
reference strains as template. Lane 4 PCR product with genome DNA of tea samples without
pEGFP-1 as template to evaluate the feasibility of gene egfp as the internal reference gene

linear regression analysis suggested the PCR efficiencies ranged from 94.83 to
104.94% (Table 1).

The copy numbers for universal bacteria and other probiotic bacteria were
obtained from the threshold cycle values based on standard curves after normal-
ization to that of gene egfp. The results showed that the population of universal
bacteria was 7.56 x 10°-3.45 x 10' copy g™ in the puer tea fermentation.
Among the five genera detected, Enterococcus spp. showed 3.43 x 10%—
6.25 x 10° copy g~ ', and Lactococcus spp. showed 1.68 x 10°-2.78 x 10°
copy g ', which has much more copy numbers than the other two genera
Lactobacillus ~ spp. (426 x 10°=5.17 x 10* copy ¢ ')  and  Bacillus
spp. (221 x 10°-2.31 x 10° copy g ') according to Fig. 2. These four genera
probiotic bacteria all belong to the phylum Firmicutes, which is 20.23% of the total
microbe in puer tea fermentation by metagenomic sequencing analysis and played
the major role in pile fermentation [2]. Genera Enterocooccus, Lactobacillus,
Lactococcus, Leuconostoc, Oenococcus, Pediococcus, Streptococcus, Weissella
and some of Bacillus like Bacillus coagulans are the main genera belong to pro-
biotic bacteria [18]. These results suggested that probiotic bacteria are involved in
puer tea fermentation, which could produce variety of polyphenol oxidase and
peroxidase, which could change catechin polyphenols into benzene quinone, and
then further changed into polypeptide with red color, and benefit for improving the
quality of puer tea and reduce the fermentation time [10]. Only Bifidobacterium
spp- was not detected during the whole fermentation process, and also there were no
reports about the Bifidobacterium spp. in puer tea, although Bifidobacterium
spp. belonged to the phylum Actinobacteria which is up to 30.08% of the microbe
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Table 2 Standard curve equation of qPCR primers of universal bacteria and probiotic bacteria
(Enterococcus spp., Lactobacillus spp., Lactococcus spp., Bacillus spp. and gene egfp) used in this
study

Strains Standard curve equation Variance (R?)
Bacteria Y = —3.1072X + 38.145 0.9968

EGFP Y = —3.523X + 40.147 0.9955

Entq = —3.2788X + 39.549 0.996

lacq Y = —3.4946X + 39.844 0.995

laccoq Y = —3.4214X + 44.329 0.997

Bacq Y = —3.3987X + 41.503 0.9959
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Fig. 2 pH and copy numbers of universal bacteria and bacteria and four genera at different
fermentation time. pH (a), universal bacteria (b), Enterococcus spp. (¢), Lactobacillus spp. (d),
Lactococcus spp. (e), and Bacillus spp. (f). Error bars represent standard deviations of triplicate
measurements

in puer tea fermentation [2]. It might because Bifidobacterium spp. as an obligate
anaerobe bacterium, could not survive in the SSF because the pile fermentation
environment is aerobic.

Among the four genera, family Bacillaceae was previously reported to be the
main predominant bacteria in the last stage of puer tea fermentation by 16S rRNA
clone library analysis [19]. Lactobacillus was made up to 30% in the black tea [11].
Enterococcus spp. was identified in puer tea by 16S rRNA clone library [19] and
Enterococcus camelliae sp. nov. was isolated from another fermentation tea from
Tailand [20]. But there was no report about Lactococcus in puer tea to date.
However, based on populations of these four genera in present study, we inter-
estingly found that Lactococcus spp. and Enterococcus spp. owned larger



346 S. Liet al.

population (about 100 folds) than Lactobacillus spp. and Bacillus spp., which
suggested Lactococcus spp. and Enterococcus spp. were the main probiotic bacteria
and play important role in this puer tea fermentation. This inconsistent result with
previous studies might be due to the use of different puer tea material and pro-
duction condition.

The pH profiles of puer tea sample were acidic during the tea fermentation
(Fig. 2a), the initial pH of the raw material was 6.17, and decreased to pH 5.07 after
15 days’ pile fermentation, and increased to pH 6.28 at 30 days and finally reached
to pH 6.58 at the end of the pile fermentation. During the four different time points,
universal bacteria and four genera also showed different change patterns throughout
fermentation process (Fig. 2). Universal bacteria had a trend of slowly, continually
and simply increasing from 7.56 x 10° to 3.45 x 10'° copy g~' during 45 days
fermentation (Fig. 2b). Different to the universal bacteria, Bacillus spp. increased
slightly from 2.21 x 10° to 1.55 x 10* copy g~ at the first 30 days, but was
found to significantly increase to the maximum in the last 15 days with
2.31 x 10° copy g~ !, which are 104 folds of the abundance of initial stage
(Fig. 2f) which is consistent to the previous reported [19], The other three genera
displayed much more varied change in the 45 days fermentation. Lactobacillus
spp. increased quickly to the maximum copy numbers (4.62 x 10* copy g~ ') in the
first 15 days, and then continue increased to 5.17 x 10* copy g~ ' at the end of
fermentation which is still about 12 folds of that of the initial stage (Fig. 2d).
Enterococcus spp. showed a similar increased trend with Enterococcus spp. in the
first 15 days by about 18 folds from 3.43 x 10% to 6.25 x 10° copy g ', but then
decreased sharply to 1.49 x 10° copy g~ at the end of the fermentation which is
almost the same to that of the initial stage (Fig. 2c). Different to the other genera,
Lactococcus spp. firstly maintained from 1.68 x 10° to 1.90 x 10° copy g~ in
first 30 days, and then increased rapidly to 2.78 x 10° copy g~ ' (Fig. 2e). Previous
study has also shown that the bacteria, yeast, mold were all changeable during the
fermentation process [2], which suggests that complex changes are happened in
fermenting microbe community during the puer tea fermentation.

Although Pearson’s correlation analysis suggested that there are no significantly
correlation between pH values and the amount changes of universal bacteria and
Enterococcus spp., Bacillus spp., Lactococcus spp. and Lactobacillus group (data
not shown) during the fermentation, but at the end of the fermentation with pH
6.58, Enterococcus spp., Lactobacillus spp., Lactococcus spp. were all decreased
and only Bacillus spp. reached to the high abundance, which might be due to
Bacillus spp. is much adaptable to neutral pH, but Enterococcus spp., Lactobacillus
spp. and Lactococcus spp. prefer to the acidic environment. In addition, the cor-
relation among the abundance changes of universal bacteria and Enterococcus spp.,
Bacillus spp., Lactococcus spp. and Lactobacillus group were also not significantly.
The synergism and antagonism among the different groups of microbes and even
among different genera within the same group the microbe interactions may be
another affect factor for complex change patterns.
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Prediction of Hot Spots in Dimer Interface
of Green Fluorescent Protein

Wenjuan Zhang, Lin Wang, Zhiwei Sun, Bianqiang Zhang,
Qiaoqiao Tang and Qiang Gao

1 Introduction

Green fluorescent protein (GFP) is a kind of bioluminescent protein that exists in
the bodies of coelenterate such as jellyfish, hydra and coral. GFP protein, which
consists of 238 amino acid residues, was first isolated from Aequorea victoria
jellyfish in 1962 by Shimomura et al. [1]. GFP can emit visible green fluorescence
upon exposure to ultraviolet or blue light. The chromophore of GFP structure is
generated by three amino acid residues (glycine, tyrosine and threonine) in its
protein primary sequence, and the creation of green fluorescence does not need
substrate or cofactor [2]. GFP has been expressed in many species as an ideal
reporter, but its usage is limited by sensitivity to temperature and weak fluorescence
in some cells [3]. Thus many different mutants of GFP have been available, for
example, the enhanced green fluorescent protein (EGFP), which was engineered
with two independent residue mutations (F64L, S65T), increased fluorescence well
as photostability, and allowed the practical use in mammalian cells [4].
Wild-type GFP has a weak dimerization tendency at higher concentrations,
which could lead to artefacts in imaging experiments, and its structure was reported
by Yang et al. [5]. This dimer structure sheds light on the neighbouring residue
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interactions. Here we focused on critical residue analysis on dimer interface of
wild-type GFP. The study of residues at protein-protein interfaces has shown that
only a small portion of all interface residues is actually essential for binding. These
residues are termed as hot spots which contribute most binding free energy in
protein interfaces [6]. The identification of hot spots in dimer interface of GFP can
help to determine site-directed mutagenesis for GFP optimization for stability and
fluorescent intensity.

Experimental alanine scanning mutagenesis is a technique used to uncover hot
spots by determining the binding free energy change caused by substituting a
specific interface residue with alanine. However, this experimental approach
requires substantial efforts and is often expensive. Therefore, only a limited number
of complexes were conducted to identify hot spots, and deposited in two consor-
tiums, the Alanine Scanning Energetics Database (ASEdb) [7] and the Binding
Interface Database (BID) [8].

Based on the existing studies on the characteristics of hot spots, several com-
putational methods have been developed for the prediction of hot spots in
protein-protein interface. These methods included energy-based methods and
knowledge-based methods [9, 10]. In this article, we adopted several
well-established methods to predict hot spots in dimer interface of GFP. According
to the interface definition in Tuncbag et al. [11], 17 residues appeared on the dimer
interface of GFP. Among them, 10 residues were predicted as hot spots by at least
one method.

2 Materials and Methods

The dimer structure of GFP was obtained from the Protein Data Bank (PDB) with
PDB ID: 1GFL. The protein was in the shape of a cylinder, comprising 11 strands
of beta-sheet with an alpha-helix inside and short helical segments on the ends of
the cylinder. The methods that were adopted to predict hot spots in dimer interface
of GFP included HotPoint [11], KFC2 [12], PredHS [13] and Robetta [6]. HotPoint,
KFC2 and PredHS were knowledge-based methods which try to learn the complex
relationship between hot spots and various residue features in training data and
predict new hot spots. Among them, HotPoint was an intuitive efficient method to
determine computational hot spots based on conservation, solvent accessibility and
statistical pairwise residue potentials of the interface residues. KFC2 was a support
vector machine-based method to predict hot spots with features of both sequence
and structure, and included two hot spot predictors KFC2-A and KFC2-B. PredHS
was an effective structure-based hot spot prediction method with focus on using
structural neighbourhood properties, and included two predictors PredHS-SVM and
PredHS-Ensemble. Robetta used a free energy function to calculate the binding free
energy of alanine mutation in a protein-protein complex. The interface residues
with estimated binding free energy (AAG) > 1.0 kcal/mol were predicted as hot
spots.
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3 Results

3.1 Interface Residues in the Dimer Structure of GFP

A protein interface was defined as a set of amino acids which represents a region
that links two protein chains by non-covalent interactions. As to two residues from
different chains, if the distance between any two atoms belonging to the two
residues, respectively, is less than the sum of their van der Waals radii plus a 0.5 A
tolerance, these two residues are defined as interface residues [11]. According to the
interface residue definition, there are 16 interface residues in each chain of GFP,
which are illustrated in Fig. 1 in 3D using the PDB file of 1GFL. Notably the
interface residues of the two chains overlapped by 15 residues, and in total 17
unique residues were appeared on the dimer interface of GFP. These residues were
used as candidates for hot spot prediction.

Fig. 1 The protein-protein interface residues in the dimer structure of GFP. The two protein
chains are colored by blue and red, respectively. Their interface residues shown as sticks are
colored by yellow and green, respectively
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3.2 Computational Hot Spots of GFP Identified
by Well-Established Methods

We adopted well-established hot spot prediction methods to predict hot spots in
dimer interface of GFP, i.e. HotPoint, KFC2, PredHS and Robetta. KFC2 contains
two predictors KFC2-A and KFC2-B. PredHS contains two predictors
PredHS-SVM and PredHS-Ensemble. Three-dimensional structure of 1GFL shows
that it is an asymmetric homodimer. We identified computational hot spots in both
chains of 1GFL, and the prediction results are shown in Table 1. Among 17
interface residues, 10 residues were identified as computational hot spots by at least
one method. Furthermore, we sorted these hot spots according to the number of
prediction methods (Table 2). Figure 2 shows the computational hot spots in the
dimer interface of GFP. The residues Q204, F223, N146 and A206 were predicted
as hot spots by at least four methods. Notably, by examining the structure of dimer
GFP, Zacharias et al. identified a hydrophobic patch centred on A206, P221 and
F223 of each monomer. Through mutating one or several of these residues to
positively charged amino-acid side chains, the interaction between monomers was
efficiently removed [14]. These results verified the computational hot spot residues
in part, and suggested the remaining predicted residues can be candidates for
site-directed mutagenesis.

3.3 Relative Accessibility is Significantly Different Between
Computational Hot Spots and Non-hot Spots

The residue accessibilities in dimer state are converted into relative accessibilities
by dividing them to maximum accessibility of that residue. As to 10 computational

Table 1 Hot spot prediction by various state-of-the-art methods

Method Hot spots Non-hot spots
HotPoint Y145, Q204, A206, Y39, R73, E142, N144, N146, S147,
1207, F223 N149, S208, K209, D210, P211, V219
KFC2-A N146, S147, Q204, Y39, R73, E142, N144, Y145, N149,
A206, F223 L207, S208, K209, D210, P211, V219
KFC2-B Y145, Q204, L207, F223 | Y39, R73, E142, N144, N146, S147,
N149, A206, S208, K209, D210, P211,
V219
PredHS-SVM Y39, N146, S147, Q204, | R73, E142, N144, Y145, N149, L207,
A206, F223 S208, K209, D210, P211, V219
PredHS-Ensemble | Y39, N144, N146, S147, |R73, E142, Y145, N149, L207, K209,
Q204, A206, S208, F223 | D210, P211, V219
Robetta Y39, N146, Q204, F223 R73, E142, N144, Y145, S147, N149,
L207, S208, K209, V219
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Table 2 Computational hot o gpor Number of methods that predict the
spots sorted by the number of residue as a hot spot

prediction methods
Q204

F223
N146
A206
Y39
S147
Y145
L207
N144
S208

== N W W RN

Fig. 2 The computational hot spot residues in the dimer structure of GFP. The two protein chains
are colored by blue and red, respectively. Their computational hot spot residues shown as sticks
are colored by yellow and green, respectively. Furthermore, we labelled the top four computational
hot spots (Q204, F223, N146 and A206) based on the number of prediction methods

hot spots of 16 interface residues in chain A, their relative accessibilities are sig-
nificantly different from those of computational non-hot spots (one-sided Mann—
Whitney U test, P-value = 1.50 x 107°). Figure 3 shows the box plots of relative
accessibilities in different residues.
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Fig. 3 Box plots of computational hot spots and non-hot spots with respect to their relative
accessibility. In each box plot, the bottom and top of the box represent the first and third quartiles
individually with the band inside the box being the second quartile. The lower and upper ends of
the whiskers are the lowest datum still within 1.5 IQR (interquartile range, i.e. the difference
between the third and first quartiles) of the first quartile, and the highest datum still within 1.5 IQR
of the third quartile, respectively

4 Discussion

In this work, we identified computational hot spots which are critical for GFP dimer
stabilization. Due to the time consumption and labor intensity in experimental
determination of binding free energy for site-directed mutagenesis, there are still a
limited number of known site-directed mutated residues. Our prediction results
provide candidate residues in the studies of site-directed mutagenesis for GFP
optimization for stability. Furthermore, we found the difference of relative acces-
sibility between computational hot spots and non-hot spots is statistically significant.
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Regulation of NAD (H) Pool

by Overexpression of Nicotinic Acid
Phosphoribosyltransferase for AD (D)
Production in Mycobacterium neoaurum

Liqiu Su, Yanbing Shen, Tian Gao, Le Cui, Jianmei Luo
and Min Wang

1 Introduction

Androst-4-ene-3,17-dione (AD) and androst-1 4-diene-3 17-dione (ADD) are two
versatile biological intermediates, kinds of strains have been reported capable of
converting phytosterol (PS) to AD (D) via the side chain cleavage [1].
Mpycobacterium is one of the most efficient AD (D) producer still [2]. It was
reported by many studies that manipulation of the enzyme activities which included
in steroid nucleus oxidation and the side chain cleavage pathways could enhance
the AD (D) production, such as the deletion of 3-ketosteroid-9o-hydroxylase
(Ksh) and 3-ketosteroid-1-dehydrogenase (KstD), or the overexpression of
cholesterol oxidase and 3f-hydroxysteroid dehydrogenases (3B8-HSDs) [3]. But
little known the cofactor engineering could be used in Mycobacterium biocatalysis.
It has been known that cofactors (NAD (H), NADP (H), FAD (H,), ATP,
coenzyme A and its derivatives) are very important in the production of fermen-
tation products. In the PS biotransformation process, it was speculated that side
chain degradation of sitosterol resulted in the formation of propionyl-SCoA,
FADH,, NADH, and acetic acid. The propionates and acetates are utilized through
the tricarboxylic acid cycle (TCA). The complete breakdown of sitosterol to AD
(D) gave 21 molecules of NADH and 10 molecules of FADH, [4, 5]. It is crucially
important for PS biotransformation that NADH can be oxidized to NAD™.
Nicotinic acid phosphoribosyltransferase (NAPRTase), encoded by the pncB gene,
is rate limiting in the salvage synthesis of NAD (H) from nicotinic acid (NA) [6].
Helena IMB [7] proved that the salvage pathway to synthesise NAD™ was included in
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Mycobacterium tuberculosis, and NAPRTase played an important role in cofactor
salvage pathway. NAPRTase uses NA and o-p-5-phosphoribosyl-1-pyrophosphate
(PRPP) with ATP hydrolysis to form nicotinate mononucleotide (NAMN), which is a
precursor of NAD*. Liang LY [6, 8] had reported that overexpression of the pncB gene
in Escherichia coli (E. coli) could increase the NAD (H) levels and the NAD*/NADH
ratio. By overexpression of NAPRTase in E. coli NZN111, the NAD* concentration
increased 6.2-fold [6]. After overexpression of the pncB and nadE (encoding NAD
synthetase) in E. coli, 7-fold and 2-fold increased intracellular concentrations of NAD
(H) and NADP (H), respectively [9].

In this work, to increase the availability of intracellular NAD" for AD
(D) production, we constructed a recombinant strain, MNR M3-pMV306-pncB, and
investigated the influence of modification of NAD (H) synthesis pathway on PS
degradation process. The data obtained will improve the current understanding on
the mechanism of the connection between intracellular cofactor levels with AD
(D) biosynthesis, and will provide an effective approach for biocatalysis of other
compounds in steroids biotransformation.

2 Materials and Methods

2.1 Strains and Plasmids Construction

Mycobacterium neoaurum TCCC 11028 M3 (MNR M3) was obtained from Tianjin
University of Science and Technology Culture Collection Center (TCCC), Tianjin,
China. MNR M3 was used as the template for cloning the pncB gene. The plasmids
pMV261 and pMV306 were used to express the pncB gene. The sequences for the
primers were as follows, which were designed based on the published sequence of
the pncB gene (Gene ID: 17916325):

Sense: 5-CGCGGATCCGAGCACCGCGCTGCTGA-3.

Antisense: 5-CCCAAGCTTTCACCTGGCGGAAACC-3.

The underlined characters indicate the sites of BamH I and Hind III, respectively.
Mycobacterial replicating vector pMV261 and integration vector pMV306 carrying
the Mycobacterium bovis BCG Phsp60 promoter and kanamycin (kan) resistance
were used. The plasmids pMV261 and pMV306 were the common plasmids used in
Mycobacteria for gene expression [10]. The purified DNA was digested with BamH
I and Hind III and ligated into the BamH I-Hind III double-digested pMV261 to
construct pMV261-pncB. Then digested the vector pMV261-pncB by Xba 1 and
Hind I (with the Phsp60 promoter included) and inserted into the vector pMV306,
with the vector pMV306-pncB generated also. The pMV306-pncB vector was
imported into MNR M3 by electroporation. The transformants were screened by LB
medium agar plate containing kan. The selected mutants were designated as MNR
M3-pMV306-pncB, for further characterization.
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2.2 Media and Culture Conditions

Substrate phytosterol (PS; 98.4% purity) was obtained from COFCO Tech
Bioengineering Co. Ltd. (Tianjin). The standard of AD and ADD were purchased
from Sigma Aldrich Co. (USA). All chemical solvents and salts used were of
analytical grade or higher. The cultivation and bioconversion of microorganisms, as
well as the preparation and analysis of transformation products, were performed
following the procedures described by Shen et al. [1]. The PS and nicotinic acid
(NA) concentration added in the fermentation system were 3 g/l and 10 mg/L,
respectively.

2.3 Analytical Methods and Enzyme Assays

In the PS free medium, the growth of cell measured by optical density (OD), but it’s
difficult to measure the cell growth in the culture broth with the PS by this method.
In this study, cell growth measurement in medium with PS was done as described
by Paul RM [11].

To determine enzyme activities, cells were harvested by centrifugation at
10,000x g for 10 min at 4 °C, and washed with the buffer used in the subsequent
enzyme assays. The suspended cells were disrupted by sonification on ice. Cell
debris was removed by centrifugation at 10,000x g for 15 min at 4 °C. The crude
cell extracts were used for the determination of enzyme activity. NAPRTase activity
was measured by following the formation of ADP. The reaction mixture contained
4.5 mM ATP, 1.5 mM PRPP, 45 mM potassium phosphate, 45 mM Tris—HCl,
15 mM MgCl,, 0.15 mM nicotinate, 4 mM PEP, 0.2 mM NADH, 13 U LDH, and
13 U pyruvate kinase (PYK) at pH 7.5. The reaction was started by the addition of
nicotinate. The concomitant consumption of NADH (340 nm = 6.22 mM ™' cm ™)
was monitored spectrophotometrically. A unit of NAPRTase activity was defined as
the amount of enzyme that catalyzed the oxidation of 1 umol NADH to NAD* per
minute. Protein concentrations were determined using the Bradford method. The
intracellular concentrations of NADH and NAD* were assayed using a cycling
method [12].

3 Results and Discussion

3.1 Cloning and Overexpression of the Gene Encoding
NAPRTase

The complete sequence of the pncB gene from MNR M3 was obtained by PCR. The
pncB gene sequence from M. neoaurum strain VKM Ac-1815D was used as a basis
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to design the primers. The resulting fragment containing 1320 bp nucleotides is a
complete open reading frame. The obtained sequences were BLAST searched in the
NCBI. Results showed 100% query cover and 100% similarity to the pncB gene
from M. neoaurum VKM Ac-1815D.

The recombinant plasmid pMV306-pncB was identified by single endonuclease
digestion and double endonuclease digestion. The sequence of the cloned pncB
gene was analyzed and the results indicated that the sequence was consistent with
the reported data. The pMV306-pncB vector was imported into MNR M3 by
electroporation. SDS-PAGE revealed the existence in MNR M3 pMV306-pncB of a
most abundant protein with a molecular weight of 46 kDa that was not present in
large amounts in MNR M3 (Fig. 1).

3.2 Effects of NAPRTase Overexpression on NAPRTase
Activity and Cell Growth

The specific activity of NAPRTase was measured when cells entered end stage of
exponential phase. As shown in Fig. 2, the NAPRTase activity in MNR M3
pMV306-pncB (0.024 U/mg) was 2-fold higher than in the parent strain
(0.008 U/mg). The results demonstrated that NAPRTase was successfully over-
expressed in MNR M3 pMV306-pncB.

To investigate the effect of NAPRTase overexpression on cell growth, the
recombinant strain and the parent strain were cultured at the same conditions. As
shown in Fig. 3, the recombinant strain grew to a higher ODg¢oo as compared to the
parent strain, indicating that the cell growth of MNR M3 was promoted due to the
overexpression of NAPRTase. At the first 48 h, the recombinant strain entered the
exponential phase while the control strain entered it later. The growth rates for both
strains were then increased. At the end time of exponential phase of the control
strain was still later compared to the recombinant strain and this trend lasted to the
end.



Regulation of NAD (H) Pool by Overexpression of Nicotinic Acid ... 361

Fig. 2 The specific activity 0.030 ——
of NAPRTase in MNR M3 | L |MNR M3
and MNR M3 pMV306-pncB | MNR M3-pMV306-pncB
0.024 I
O]
£ 0.018
£ 0.012-
0.006
0.000 T

Strians
Fig. 3 The growth curves of .
MNR M3 and MNR M3 10+ A— MNR M3 e G
pMV306-pncB. MNR M3 1 e MNRMIpMVI06pnes AL
(triangle), MNR g ¥/
M3-pMV306-pncB (circle) ] e A
6 i /// /.,/
.-.E .'/ /
c 44
24
0d 2 A
T T T T T T T T T

0 12 24 36 48 o0 72 84 96 108 120

3.3 Effects of NAPRTase Overexpression on AD (D)
Production in Fermentation Process

3.3.1 Effect of the NAPRTase Overexpression on Intracellular
Concentrations of NADH and NAD™"

To investigate the effect of NAPRTase overexpression on the total intracellular NAD
(H) pool, time-courses of concentrations of intracellular NAD (H) were assayed. As
shown in Fig. 4a, b, for both the parent and recombinant strains, the intracellular
contents of NADH and NAD" were constantly changing with the fermentation time.
The cofactor concentrations changing trend in both strains were the same. This was
similar to the report of Ji [13]. However, overexpression of NAPRTase in MNR M3
led to higher levels of NAD* and NADH pool when compared to the parent strain.
The highest NAD (H) concentration (27.31 pmol g~') was got in recombinant
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Fig. 4 Time-course of concentrations of intracellular NADH (a), NAD" (b), and NAD*/NADH
ratio (¢) by MNR M3 and MNR M3-pMV306-pncB. MNR M3 (triangle), MNR M3-pMV306-pncB
(circle)

strain, 13.8% higher than that in the control strain after 72 h. The difference of the
NAD*/NADH ratio between the parent and the recombinant strain was also observed
(Fig. 4c), in the whole stages of fermentation, the higher NAD*/NADH ratio was got
in recombinant strain. The highest ratio in MNR M3-pMV306-pncB was 22.2%
higher than that in MNR M3. This indicated that the redox status in MNR M3 was
disturbed. The cofactor changes showed in MNR M3 was similar to that in engi-
neered E. coli [6], in which the NAD (H) pool size and the NAD*/NADH ratio were
greatly increased by the overexpression of NAPRTase.

3.3.2 Effects of NAPRTase Overexpression on AD (D) Production

The AD (D) production of the parent and the recombinant strains were monitored
(Fig. 5a). It could be observed that the AD (D) production was strongly influenced
by the overexpressed NAPRTase. After 72 h of fermentation, a final AD
(D) production of 94.9% was achieved, 9.6% higher than that without overex-
pression of NAPRTase which was 86.5%. What’s more, the producing rate [mg/
(L h)] of AD (D) in MNR M3-pMV306-pncB was also higher in the whole stages in
PS conversion process than the parent strain. It was analysed that the process from
B-sitosterol to AD uses NAD* as main cofactor with NADH are generated [4]. The
results showed in this study, after overexpression of NAPRTase in MNR M3, more
NAD™ generated, which was helpful for the NAD*-dependent PS degradation
pathway. Therefore, the AD (D) yield was improved.

From the studies of Liang [6, 8], Ji [13] and Sun [14], manipulating the levels of
intracellular cofactors had strongly effects on the redirection of glucose metabolism
and the cell growth, with a high efficiency of producing the NAD*-dependent
microbial metabolite achieved. In the present study, the glucose consumption and
cell growth were analysed as well.

As shown in Fig. 5b, c, in the fermentation process with PS, the overexpression of
NAPRTase could accelerate the glucose consumption and cell growth to a certain
extent, which was similar to the growth in PS free system (Fig. 3). It was known that
the glucose degraded through glycolysis and TCA pathway, which were NAD*-
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Fig. 5 Time-course of AD (D) molar yield (a), glucose (b), DCW (¢) by MNR M3 and MNR
M3-pMV306-pncB. MNR M3 (triangle), MNR M3-pMV306-pncB (circle)

dependent pathways. So the processes of glucose consumption could be enhanced by
the overexpression of NAPRTase, with more NADH produced. The excess NADH
would be channeled to the respiratory chain to form ATP, which was essential for cell
growth (Fig. 5c). As the microorganism growth and PS transformation were com-
pleted simultaneously during transformation culture [15], the enhancement of cell
growth had positive effect on PS degradation and AD (D) yield.

4 Conclusions

In conclusion, the overexpression of NAPRTase in MNR M3 is a powerful engi-
neering tool to enhance the metabolic flux to desired metabolites. The present study
showed that with no modification of AD synthesis pathway and only modification
of NAD (H) synthesis pathway, overexpression of NAPRTase in MNR M3 led to
the increase of the total NAD (H) levels and the NAD*/NADH ratio. As expected,
we observed that the yield of AD (D) was enhanced in MNR M3-pMV306-pncB
accordingly. The idea developed in this study could be applied to the other similar
industrial biotechnological process to achieve high product concentration.

Acknowledgments This work was supported by the National Natural Science Foundation of
China (21276196, 21406167 and 21306138), Key Project of Chinese Ministry of Education
(213004A), and Tianjin Programs for Science and Technology Development (15ZCZDSY00510).

References

1. Shen YB, Wang M, Li HN et al (2012) Influence of hydroxypropyl-b-cyclodextrin on
phytosterol biotransformation by different strains of Mycobacterium neoaurum. J Ind
Microbiol Biotechnol 39:1253-1259

2. Shao ML, Zhang X, Rao ZM et al (2015) Enhanced production of
androst-1,4-diene-3,17-dione by Mycobacterium neoaurum JC-12 using three-stage fermen-
tation strategy. PLoS ONE 10(9):1-13



364 L. Su et al.

3. Alok M, James G (2008) Androstenedione production by biotransformation of phytosterols.
Biores Technol 99:6725-6737
4. Szentirmai A (1990) Microbial physiology of side chain degradation of sterols. J Ind
Microbiol Biotechnol 6(2):101-115
5. Su LQ, Shen YB, Gao T et al (2017) Improvement of AD biosynthesis response to enhanced
oxygen transfer by oxygen vectors in Mycobacterium neoaurum TCCC 11979. Appl Biochem
Biotechnol. doi:10.1007/s12010-017-2418-3
6. Liang LY, Liu RM, Wang GM et al (2012) Regulation of NAD(H) pool and NADH/NAD™*
ratio by overexpression of nicotinic acid phosphoribosyltransferase for succinic acid
production in Escherichia coli NZN111. Enzyme Microbiol Technol 51:286-293
7. Helena IMB, Xia X, Kapil T et al (2008) Biosynthesis and recycling of nicotinamide cofactors
in Mycobacterium tuberculosis. J Biol Chem 283(28):19329-19341
8. Liang LY, Liu RM, Chen X et al (2013) Effects of overexpression of NAPRTase, NAMNAT,
and NAD synthetase in the NAD(H) biosynthetic pathways on the NAD(H) pool,
NADH/NAD" ratio, and succinic acid production with different carbon sources by
metabolically engineered Escherichia coli. Biochem Eng J 81:90-96
9. Heuser F, Schroer K, Liitz S et al (2007) Enhancement of the NAD (P) (H) pool in
Escherichia coli for biotransformation. Eng Life Sci 7:343-353
10. Wei W, Fan SY, Wang FQ et al (2014) Accumulation of androstadiene-dione by
overexpression of heterologous 3-ketosteroid D1-dehydrogenase in Mycobacterium neoau-
rum NwIB-01. World J Microbiol Biotechnol 30:1947-1954
11. Paul RM, William RB, Lafras MS et al (1998) Novel method for rapid measurement of
growth of Mycobacteria in detergent-free media. J Clin Microbiol 36(9):2752-2754
12. Leonardo MR, Dailly Y, Clark DP (1996) Role of NAD in regulating the adhE gene of
Escherichia coli. J Bacteriol 178:6013-6018
13. Ji XJ, Xia ZF, Fu NH et al (2013) Cofactor engineering through heterologous expression of an
NADH oxidase and its impact on metabolic flux redistribution in Klebsiella pneumonia.
Biotechnol Biofuels 6:7
14. Sun JA, Zhang LY, Rao B et al (2012) Enhanced acetoin production by Serratia marcescens
H32 with expression of a water-forming NADH oxidase. Biores Technol 119:94-98
15. Wang Z, Zhao F, Chen D et al (2006) Biotransformation of phytosterol to produce
androsta-diene-dione by resting cells of Mycobacterium in cloud point system. Process
Biochem 41:557-561


http://dx.doi.org/10.1007/s12010-017-2418-3

Study on the Different Replacing Groups
of Trans-Paroxol for Enzymatic
Resolution Using Molecular Simulations

Chuan Zhang, Yigang Jia, Chao Xu, He Huang and Yi Hu

1 Introduction

Paroxetine hydrochloride is a selective serotonin (5-HT) reuptake inhibitor, which
is widely used to treat depression, obsession and anxiety symptom [1, 2]. Several
synthetic strategies have been developed for this compound and its key interme-
diates, including the selective recrystallization of diastereomeric salts [3], chiral
auxiliary assisted synthesis [4], biocatalytic resolutions [1, 5, 6], and the desym-
metrization of a prochiral diester intermediate [7, 8]. Most synthetic routes of the
key intermediates are based on (-)-trans-4-(4-fluorophenyl)-1-methyl-3-
Hydroxymethylpiperidines ((-)-trans-paroxol). Recently, we attempted to synthe-
size this intermediate through direct emzymatic resolution of racemic (&)-
trans-paroxol, the candida antarctica lipase B (CALB) showed the best result,
while under the optimized reaction conditions, the E value (enantiomer selectivity)
was only 6.20 [8]. (Scheme 1) In the previous report, Gonzalo de Gonzalo et al.
showed the replacing groups on the piperidine ring of (&)-trans-paroxol had
obvious influence on the enzymatic resolution, under the similar conditions as our
procedure, the E value were 16, 45 and 46 corresponding to Alloc, Boc and Poc
substituents respectively [1]. Up to now the E value for the enzymatic resolution of
(£)-trans-paroxol is far from the practical application, and the molecular mecha-
nism for different substituents on the emzymatic resolution of (3)-trans-paroxol has
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Scheme 1 Lipase-catalyzed acylation of (+)-trans-paroxol in organic solvent

not been revealed. Molecular dynamics (MD) simulations has been an important
assistant tool in latest decade for revealing the interactions of enzyme with substrate
and analyzing the molecular mechanism of enhancing the property of enzyme [9,
10]. Such as, Chen et al. [11] analysed the structural conformation of Pseudomonas
alcaligenes lipase (PAL) using MD simulations, which indicated that stronger steric
exclusion and structural rigidity facilitated diastereopreference. As well, Park et al.
[12] found that the increasing of overall flexibility and the forming of hydrogen
bonds were beneficial to understand the effect of tert-butanol on CALB catalyzed
transesterification resolution by MD simulations.

In this study, we used molecular docking and MD simulations to analyze the
influence of different replacing groups on the piperidine ring (Met, Alloc, Boc and
Poc) of (%)-trans-paroxol for enzymatic resolution (Table 1). Generally, stabilized
complex is always rigid with lower Root Mean Square Deviation (RMSD) and
radius of gyration (Rg), and the stabilized state has more chance to stabilize the
intramolecular interactions, including hydrogen bonds, electrostatic interactions and
hydrophobic interactions [13, 14]. Herein, four substrates with different substituents
were successful docked to the active site of CALB for MD simulations and anal-
ysis. We hope this research would be useful for understanding the molecular
mechanism of enzymatic resolution of (£)-trans-paroxol and guiding to design the
more appropriate substrate with higher E value.

2 Materials and Methods
2.1 Molecular Docking

The initial conformation of CALB solved 1.55 A resolution was taken from X-ray
diffraction (PDB entry code: 1TCA) [15]. CALB is composed of 317 amino acid
residues, the ligands and waters in three-dimensional model were removed prior to
the docking. Besides, the substrates were prepared with Autodock4.2 [16]. The
coordinate of atom OG1 from residue Thr40 was set to the center of grid box.
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Table 1 The structure of four different substrates for molecular docking and MD simulations and
the E value of enzymatic resolution

Substrate R-group R-structure E value
F Alloc 16
0]
- ”\O/\/
(l)H
- Boc e} 45
. P O/é
R Met - —CH3 6.20
Poc e D 46
-7 (o)

Spacing 0.375 A, number of GA runs with 100. The binding energy was calculated
with lamarckian GA. The figures of protein structure were carried out by
PyMOLO0.98 program [17].

2.2 Molecular Dynamics Simulation

All MD simulations were performed using GROMACS 4.5.4 package [18, 19] at
Hp Z800 workstation, employing the GROMOS96 53a6 united atom protein force
field [20]. Nonbonded interactions were calculated using a twin-range method [21]
with short and long range cutoffs of 8 and 14 A, respectively. The Particle Mesh
Ewald (PME) method [22] was used to evaluate the long electrostatic interactions.
Bond lengths of the solute were constrained with LINCS [23] and the ones of water
with SETTLE [24]. The simple point change water model [25] was used in sim-
ulations. Considering a dielectric of 54 for simple point change water [26]. The
snapshots of each complex system were saved every 1 ps for data analysis. Each
initial system was subjected to energy minimization (1000 steepest descents and
1000 conjugate gradient) and 500 ps equilibration with position restrained. The
protein, non-protein were coupled to an external heat bath [27] with temperature
coupling constants of 0.1 ps. Then the MD simulations were carried out for 50 ns
with a timestep of 2 fs at constant temperature (300 K) and pressure (1 atm).
The MD trajectories were analyzed and calculated by GROMACS 4.5.4 program
including the backbone-RMSD, Root Mean Square Fluctuation (RMS-Fluctuation)
and the radius of gyration.
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3 Results and Discussions

3.1 MD Simulations

The stabilized structure of protein is essential for catalysis. Generally, the stability
of enzyme is determined by RMSD and radius of gyration for simulations [9]. For
this, the MD simulations of the four complexes were addressed in 50 ns MD
simulations at 300 K. The simulations were started from the optimized structure
which obtained from cluster analysis using molecular docking. The
backbone-RMSD value was given in Fig. 1a and the results showed that Alloc-cal,
Boc-cal and Poc-cal were more stable than Met-cal. At the last 25 ns of simulations,
the structure of Alloc-cal, Boc-cal and Poc-cal reached balance and the RMSD
values stabilized around 0.25 nm. On the contrary, the RMSD value of Met-cal
complex always kept upward trend and in balance about 0.4 nm. Unlike the
RMSD’s values changes of complex. We found that the Rg values changed slightly
as shown in Fig. 1b. The Rg of Met-cal complex was 1.96 nm, and others were
1.90 nm. The compactness of Met-cal complex was worse than others obviously
according to the result of simulations. Therefore, the result indicated that the sta-
bility and compactness of Alloc-cal, Boc-cal and Poc-cal complexes were better
than Met-cal complex.

Meanwhile, through the analysis of RMS-Fluctuation (Fig. 2), we could find the
fluctuation of residues for local area are very large. Combining the catalytic triad
Ser105, Asp187 and His224 with the RMS-Fluctuation, the fluctuation of Met-cal is
smaller than others. The reduction of flexibility made ligand not be easy to couple
with the residues of active pocket, form strong interactions and steric exclusion.
Therefore, the binding force and stabilized property of Met-cal complex were worse
than other complexes, and reduced the efficiency of enzymatic resolution. And that
also indicated the results of H-bond interaction at the following part.

2059 Alloc-cal

|
1 Boc-cal
100 .I Met-cal
Poc-cal
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Fig. 1 The RMSD of backbone for different complex in 300 K (a), the radius of gyration of
different complex in the balance of 15 ns simulations in 300 K of MD simulations (b)



Study on the Different Replacing Groups ... 369

3.2 The Distribution of Substrate in Active Pocket

Markus Doerr et al. [28] applied an enzyme—substrate docking protocol to model
the MCCs of the deacylation reaction, which showed that both R- and
S-propranolol accommodate within the binding pocket of CALB in two binding
pockets. In this work, four different replacing substrates were docked to the active
sitt of CALB using Autodock4.2 package. Viewed with the catalytic triad
Asp224-His187-Ser105 oriented from left to right, the binding pocket is constituted
by a large hydrophobic pocket (S1) above the catalytic triad and a medium size
pocket (S2) below it (Fig. 3). The replacing groups (Alloc, Boc and Poc) of (-)-
Trans-paroxol totally distributed in the S2 pocket. On the contrary, the group of Met
was in the site of S1 pocket. The conformational inversion of space made the group
of Met keep away from hydrophobic residues, and reduced the chance of forming
hydrophobic interactions. As well, fluorophenyl can’t form n—m bonds with the
residues His224 and Trp104 [29]. Electrostatic interactions also play an important
role in enzyme reactions [30]. The residues of active region indicated that S1 pocket
is nonpolar and S2 pocket is polar. And the replacing group of Alloc, Boc and Poc
could form electrostatic interactions with surrounding residues to enhance the
interactions, one such set of interactions is likely to be the formation of an oxyanion
hole. From the enzymology of serine proteases, the interactions with enzyme’s
oxyanion hole involving Thr40 which can stabilize the transition state of substrate
[31]. Meanwhile, compared with the group of Alloc, the groups of Boc and Poc had
a deflexion of distribution. This deflexion made them form hydrophobic interac-
tions with the residues Vall54 and GIn157, strengthened the steric exclusion and
enhanced the property of enzymatic resolution. Therefore, compared with other
complexes, the deflexion of distribution made the complex of Met-cal and Alloc-cal
have a weak binding force and enzymatic resolution.

0.8 —— Alloc-cal
Boc-cal
— Met-cal
Poc-cal
0.6

0.4

RMSF / nm

0.2

0.0

Amino acid

Fig. 2 The RMS-fluctuation of different complexes
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Fig. 3 The hydrogen bonds of different substrates for residues in the active pocket (the imaginary
lines of yellow are hydrogen bonds)

3.3 Hydrogen Bond and Hydrophobic Interactions

Enzymatic reactions conducted in organic solvents have many advantages [32].
However, the organic solvent molecules may strip water molecules on the protein
surface, which could lead to the denaturation of enzyme or change its reaction
kinetics and substrate specificity [33-35]. Thus, it’s important to maintain the
stability of enzymes in organic solvents. Meanwhile, hydrogen bonds play an
important role in maintaining the stability of complex structure and enzymatic
reactions [36]. In addition, to check the reliability of the complexes identified by
docking, they were subjected to 50 ns MD simulations in water. From the enzy-
mology of serine proteases, it is known that the negative charge of the tetrahedral
substrate intermediate must be stabilized by hydrogen bonds from the enzyme [37].
Through analyzing the hydrogen bonds of enzyme with substrates using molecular
simulations, we found that all the replacing group of trans-paroxol formed three
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Fig. 4 The distribution of four substrates in the active pocket which were docked using
Autodock4.2 package and the residues

hydrogen bonds except Met. In contrast, the ligand in Met-cal complex only formed
hydrogen bonds with the atom OG of Ser105 and the atom N of Thr40 respectively
(Fig. 4). This was because that the conformational inversion resulted in the phe-
nomenon and made the atom O of Thr40 be far away from the atom O of Met-cal.
Besides, we found that all the occupancy of hydrogen bonds were 100%, which
means that the hydrogen bonds were quite stable and had a strong binding force.
Although there is no rule for the distance of hydrogen bonds to expound the
diversity of mechanism for enzymatic resolution (Table 2), the reduction of
hydrogen bonds in number for Met-cal indicated that hydrogen bonds were an
important element for the influence of enzymatic resolution’s performance. Besides,
hydrophobic interactions are also important for recognition effect and the interac-
tions of substrate with enzyme. According to the analysis, we found that the
complex had a large difference in interactions residues. Because of the conforma-
tional inversion and the small of steric exclusion for the Met ligand, it only had
hydrophobic interactions with the residues Thr138, Vall54, GInl57, Ilel89,
Leu278, Ala281 and I1e289 (Fig. 3). Based on the energy’s analysis of hydrophobic
interactions and hydrogen bonds for different complexes, the energy of four
replacing groups(Alloc, Boc, Met and Poc) of trans-paroxol were —8.46, —7.62,
—6.49 and —9.22 kcal/mol, Which were consistent with the number of residues of
hydrophobic interactions. Through analyzing the residues, we considered that the
residues of Thr40, Ser105, Thr138, IIe189, Leu278, Ala281 and Ile285 were
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Table 2 The distance, donor H-X and acceptor of hydrogen bonds for four different complexes

Complex | Donor H-X Acceptor Distance | Complex | Donor H-X | Acceptor | Distance
A) A)
Alloc-cal | Ser105.0G Alloc.O1 2.99 Boc-cal | Ser105.0G Boc.O1 3.27
Thr40.N Alloc.O1 2.94 Thr40.N Boc.O1 3.05
Thr40.0 Alloc.O1 3.10 Thr40.0 Boc.O1 3.01
Poc-cal Ser105.0G Poc.O1 2.97 Met-cal
Thr40.N Poc.O1 2.89 Thr40.N Met.O 2.64
Thr40.0 Poc.O1 3.16 Ser105.0G Met.O 2.98

essential for enzymatic resolution. Based on the analysis of above, the hydrogen
bonds, hydrophobic interactions and the diversity for the stability of complex were
major factors that resulted in the diversity of different complexes for enzymatic
resolution.

4 Conclusions

Molecular dynamics simulations was performed to investigate the role of
structure-function on enzyme-substrate complex. In this study, we analyzed the
diversity of molecular mechanism for different complexes of enzymatic resolution.
The stability of these hydrogen bonds throughout all the simulations are deter-
mining factors for the higher activity. An appropriate, stable structure state was very
essential for catalysis. Hydrophobic interactions and electrostatic interactions also
played an important role in enzymatic reaction. The illumination of mechanism will
be useful for understanding the diversity of enzymatic resolution and guiding to
design the appropriate substrates.
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Relationship Between Coenzyme Qq
Synthesis and Cytochrome Accumulation
in Rhodobacter sphaeroides 2.4.1

Penghao Li, Dan Gao, Jungian Gao, Hao Liu and Zhengliang Qi

1 Introduction

Coenzyme Qo (CoQ,o) is a vital electron transporter in redox respiration chain in
most of the living things. It can obliterate free radicals to protect cell membrane
from oxidation damage, which has been widely used in cosmetics industrial
products and clinical treatment [1]. Manufacturing methods for CoQq include
chemical synthesis, semi-chemical synthesis and microbial biosynthesis, and among
them microbial fermentation is the primary way for producing currently [2, 3].
Because of its important physiology function, CoQ;o has been paid growing
attention to improve its production which could satisfy the market requirement.
CoQq synthesis in bacteria involved three major branched metabolic pathways
including MEP pathway, shikimate pathway and ubiquinone pathway. The former
two pathways can generate decaprenyl-PP and hydroxybenzoic acid, which are the
two precursors necessary for CoQ;o formation (Fig. 1). Many strategies have been
conducted to increase the production of CoQ;, a majority of which focus on the
reconstruction of the metabolic pathway by numerous biological techniques.
Currently, CoQ;o producing strains cover R. sphaeroides, R. capsulatus and
Agrobacterium tumefaciens [4, 5]. Some researchers remoulded a natural CoQ,q
producer R. sphaeroides by advancing the decaprenyl diphosphate supplement with
the methods of overexpression dxs, dxr, idi and ispD, together with applying a
self-regulation system combining a set of RBSs (ribosome binding sites) for
adjusting the expression of the Lacl? protein. Finally, they obtain a mutant strain
yielding 138 + 2.64 mg/L CoQ;o which was about 2-fold higher than that of the
wild-type [6, 7]. Some people also attempted to improve the CoQ;q production in
CoQ non-natural producer. For example, researchers deleted an endogenous gene
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ispB in Escherichia coli accompany with overexpressing a dps gene derived from
A. tumefaciens, resulting in a CoQy generating strain ultimately [8]. Moreover,
mutagenesis has also been an efficient way to acquire CoQ;q high-yield strains.
Researchers executed chemical mutagenesis to the A.tumefaciens AJ-24 strain using
NTG with biotin K5 as the selection marker. Finally, they obtain a mutant strain
producing 20% higher CoQ yield than the original strain [9].

CoQ,o synthesis in R. sphaeroides is influenced by many aspects, such as the
accumulation of cytochrome which competes in the common precursor (E, E)-
farnesyl-PP with the formation of CoQ;o. The synthesis of cytochrome is regulated
by many global transcription regulators. The amount of cytochrome can be decided
by the level of photosynthetic (PS) apparatus including bacteriochlorophyll (Bchl),
carotenoids (Crt), membrane proteins of the reaction center (RC) and two
light-harvesting (LH) complexes as well as assembly factors [10, 11]. The
PrrA/PrrB and AppA/PpsR two-component systems are two significant regulators
which are directly related to cytochrome accumulation in R. sphaeroides. For the
PrrA/PrrB two-component system, PrrB delivers the phosphate group (Pi) to the
PrrA firstly before a self-phosphorylation, and then the PrrA-Pi complex facilitates
the transcription of PS genes [12, 13]. The AppA/PpsR two-component system can
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inhibit the transcription of crt, bch and puc genes directly with PpsR combining to
their promoter regions and restraining puf indirectly by interaction with other
regulatory proteins. Afterwards, the AppA can specifically bind with PpsR and
liberate it from the operon, thus activating the transcription procession ultimately
[14]. Other regulators such as FnrL, TrxA, Spb and IHF also make a effect on the
synthesis of cytochrome [15].

Former studies mostly concentrated on the reconstruction of the metabolic
pathway of CoQq synthesis in R.sphaeroides. In the present study, with attempting
to address the relationship between cytochrome accumulation and synthesis of
CoQjg, we deleted the two key genes in the PrrA/PrrB and AppA/PpsR
two-component systems, respectively, to alter the accumulated amount of intra-
cellular pigments. Subsequently, shaking-flask fermentation was followed to
evaluate the cell growth and CoQq synthesis [16, 17].

2 Materials and Methods
2.1 Strains, Plasmids, and Culture Media

All the strains and plasmids used in this study were summarized in Table 1. E.coli
JM109 was used for plasmids construction and preparation. E.coli S17-1 was a kind
gift of Prof. Dr. Hongwei Yu being used for di-parental conjugation. R.sphaeroides
strains 2.4.1 (WT), AprrA and AppsR were used for CoQ;q fermentation. Plasmid
pLH146 was used for gene deleting in R. sphaeroides 2.4.1.

Table 1 Strains and plasmids used in this study

Strains
Number | Name Description Source
S170 R. sphaeroides 2.4.1 WT From Zhejiang
University
S302 AprrA prrA markerless deletion This study
mutant
S356 AppsR ppsR markerless deletion This study
mutant
Plasmides
pLH146 | pK18mobsacB Markerless deletion plasmid This study
pLH320 | pK18mobsacB::prrA- prrA markerless deletion This study
L-R plasmid
pLH358 | pK18mobsacB::ppsR- ppsR markerless deletion This study
L-R plasmid
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E.coli strains were cultivated in LB (Luria-Bertani) medium (trypton 10 g/L,
yeast extract 5 g/L, NaCl 10 g/L) at 37 °C supplemented with 100 pg/mL of
kanamycin when necessary. For routine cultivation and genome preparation,
R. sphaeroides strains were cultivated in medium A containing 3 g/L. glucose,
2 g/l NaCl, 8 g/L yeast extract, 0.256 g/L MgS0O,-7H,0,1.3 g/l KH,POy,,
15 pg/L biotin, 1 mg/L thiamine hydrochloride, 1 mg/L nicotinic acid at 32 °C
with 25 pg/mL kanamycin and 150 pg/mL K,TeOz when necessary [6].

2.2 Plasmid Construction

For construction of the plasmid pLH320, we separately amplified an 898 and an
858 bp fragment from R. Sphaeroides genome as the left arm and right arm of prrA
gene using the primer 751/752 and primer 753/754. Then, we jointed the two arms
together by overlapping PCR resulting in a 1756 bp fragment, which was subse-
quently cloned into the plasmid pLH146 after digestion with EcoR I and Pst 1. For
construction of plasmid pLH358, its left arm and right arm were ligated into
plasmid pLH146 stepwise. The primers and restriction enzymes used in this study
were listed in Table 2.

2.3 Di-parental Conjugation

E.coli S17-1 and R. Sphaeroides, as donor and receptor strain respectively, were
harvested and washed twice with fresh LB medium after cultivating to the early log
phase. Then, mixing the suspension of E.coli S17-1 and R. Sphaeroides at a 1:10
ratio, which was subsequently added to a filter disc on the medium A agar plate and
cultivated at 32 °C for 24 h. Ultimately, washing off the lawn on the plate with
400 pL sterile water and spreading it on the medium A agar plate supplemented
with 25 pg/mL kanamycin and 150 pg/mL K,TeOs;. The plate was cultivated at
32 °C until transformants presenting.

2.4 Shaking-Flask Cultivation

Shaking-flask experiments were performed in the 500 mL Erlenmeyer flasks with
100 mL fermentation medium containing 4 g/L. corn steep liquor, 40 g/L. glucose,
2.8 g/L NaCl, 3 g/L sodium glutamate, 3 g/L. (NH4),SOy4, 12.92 g/ MgSO,4-7H,0,
3 g/L KH,PO,, 15 pg/L biotin, 1 mg/L thiamine hydrochloride, 1 mg/L nicotinic
acid. The cultures were cultivated in the dark at 32 °C for 96 h in a 200 rpm rotary
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shaking incubator. The cell density was measured at ODgyo each 12 h and the
CoQ production was detected each 24 h during the entire course of fermentation.

2.5 Metabolism Analytical Methods

Biomass was determined by spectrophotometer (Mapada instruments UV-1800,
China) and calculated using a calibration curve. The glucose consuming was fol-
lowed by a SBA biosensor (Biology Institute of Shandong Academy of Sciences,
China ). In order to detect the cytochrome in R. Sphaeroides, 1 mL thallus were
collected by centrifuging at 8000 rpm for 5 min, after which 2 mL acetone was
added for ultrasonication (ultrasonic 3 min and spacing 2 min). Whereafter, the
superstratum liquid was conducted with spectrum scanning at a 350-900 nm
wavelength coverage. For extraction and quantification of CoQ;, 1 mL cells were
harvested with a 8000 rpm centrifuge for 5 min. The cell pellets were resuspended
with 4 mL extraction solution (ethyl acetate/ethanol = 5/3) and incubated for 1 h at
the room temperature in dark, during which the mixture should be vortexed vig-
orously each 15 min. Then the supernatant was disposed using a 0.22 um filter after
centrifuging as earlier and injected into a HPLC machine equipped with a Wondasil
C18 column. The sample was detected at 40 °C temperature, a UV detector of
275 nm, a 25 pL sample size and methyl alcohol:isopropanol = 3:1 as mobile
phase at a flow rate of 1 mL/min.

3 Results and Discussion

3.1 Phenotype Analysis for WT, AprrA
and AppsR Mutant Strains

In R. sphaeroides 2.4.1 (WT), PrrA/PrrB and AppA/PpsR are the two
two-component systems directly regulate cytochrome synthesis. Generally, PpsR
(ppsR) acts as a repressor for cytochrome synthesis in R. sphaeroides under oxy-
genic status, while PrrA (prrA) can activate cytochrome synthesis under
semi-aerobic condition (dissolved oxygen below 3 ppm). To change R. sphaeroides
cytochrome synthesis level, we deleted prrA gene and ppsR gene in WT to con-
struct two mutants (AprrA and AppsR), respectively. As Fig. 2 shown, phenotype
revealed no obvious variation except the colony color among the WT, AprrA and
AppsR after aerobic culture in the medium A agar plate for 96 h. For AppsR,
colony color became deep red than the WT which generally presented orange color
under aerobic cultivation. In contrary, AprrA displayed white color under the same
culture condition. Thus, we got three R. sphaeroides strains with different cyto-
chrome synthesis levels for subsequent study.
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Fig. 2 Phenotype of WT,
AprrA and AppsR under
aerobic cultivation

Fig. 3 Wavelength scanning
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3.2 Spectrum Change for WT, AprrA and AppsR Mutant
Strains

Besides carotenoid and bacteriochlorophyll, there are some other intracellular
compounds make cell with color such as heme. Although AprrA and AppsR
revealed obvious phenotype change in color, whether these phenomena caused by
the change of carotenoid and bacteriochlorophyll was uncertain. Thus, wavelength
scanning with intact cell was performed on the mutant strains AprrA and AppsR,
and WT was set as control. As Fig. 3 depicted, spectrum revealed apparent vari-
ation among these strains. The spectrum for AppsR had a dramatic enhancement at
475 nm and a certain increase at 785 nm than that for WT, while AprrA displayed
an adverse tendency as that of AppsR. Generally, absorption peak at 475
and 785 nm separately stands for carotenoid and bacteriochlorophyll in
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photosynthetic bacteria. Hence, disruption of prrA or ppsR was directly related to
synthesis of carotenoid and bacteriochlorophyll in R. sphaeroides. The result in this
section could guarantee the validity and rationality of subsequent study.

3.3 CoQ;y Fermentation with WT, AprrA and AppsR
Mutant Strains

In Fig. 1, the synthesis of carotenoid, bacteriochlorophyll and CoQ;¢ in
R. sphaeroides requires a common precursor (E,E)-farnesyl-PP. Synthesis of the
carotenoid and bacteriochlorophyll may competing with CoQ; synthesis in such
common precursor. In the view of metabolic engineering, adequate precursor
supply is needed for high yield product fermentation. To achieve a high yield
CoQ,o fermentation, we tried to disclose the relationship between synthesis of
CoQ;¢ and cytochrome (carotenoid and bacteriochlorophyll). In this work, CoQ;q
fermentation was carried out with WT, AprrA and AppsR in shaking flasks under
dark and result was shown in Fig. 4.
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Comparing to WT, AprrA growth revealed a decrease tendency after fermenting
for 24 h and the final biomass accumulated was reduced by 15.6%. Furthermore,
for AprrA, dynamic change of CoQ;q yield was consistent with the growth status
and final CoQq yield was only 36 £ 0.58 mg/L which was 85.7% of the yield of
WT. In the aspect of CoQ; content, prrA mutation promoted CoQ, content during
fermentation and the final content increased than the WT. Deleting prrA might
result in excess intermediate metabolite accumulation in the MEP pathway which
was toxic to bacteria. In this sense, AprrA growth was repressed during fermen-
tation. However, CoQ;( content for AprrA increased than WT which meant
repressing synthesis of carotenoid and bacteriochlorophyll was beneficial to CoQq
synthesis.

ppsR mutation showed a little influence on bacterial growth during CoQ,q fer-
mentation. CoQ, yield of AppsR was reduced during fermentation and the final
yield was decreased by 23.8% than that of the WT. Also, comparing to WT, CoQq
content fell down during fermentation by AppsR. Finally, the CoQq content for
AppsR was reduced by 20% than that for WT. ppsR defection significantly
enhanced cellular carotenoid synthesis which might reduce the flux to CoQq
synthesis pathway. As a result of the flux reduction, CoQ;q synthesis reduced which
might weak oxidative respiration activity and repress bacterial growth. Carotenoid
synthesis and bacteriochlorophyll synthesis may compete with CoQ;, synthesis in
the common precursor (E,E)-farnesyl-PP (Fig. 1). In this sense, we proposed that
the accumulation change of intracellular carotenoid and bacteriochlorophyll might
directly related to CoQ synthesis. It has been confirmed that carotenoid synthesis,
bacteriochlorophyll synthesis and CoQq synthesis in R. sphaeroides 2.4.1 required
a common precursor (E,E)-farnesyl-PP (Fig. 1).

4 Conclusion

prrA and ppsR are directly related to the synthesis of carotenoid and bacteri-
ochlorophyll in R. sphaeroides 2.4.1. ppsR mutation apparently activates carotenoid
synthesis under aerobic cultivation, while prrA defection obviously inhibits syn-
thesis of carotenoid and bacteriochlorophyll under the same condition. Comparing
to WT, both growth and CoQ,, yield are repressed during aerobic CoQ;q fer-
mentation by AprrA and AppsR, but CoQq content reveal different phenomena
that CoQ;o content for AprrA is increased and for ppsR is reduced. Therefore,
the synthesis of cytochrome such as carotenoid and bacteriochlorophyll competes
with the CoQ;q synthesis and weakening the related cytochrome synthesis path-
ways may be beneficial to CoQ;q accumulation.
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Optimization of the One-Step
and Two-Step Transformation Methods
of Mannitol by Lactobacillus buchneri

Hongbin Wang, Yu Li, Yongshuai Wang, Yan Chen, Yong Zhang,
Yongrui Feng, Haichao Han, Shuqi Gui and Fuping Lu

1 Introduction

Mannitol, an important functional sugar alcohol, is widely used in the pharma-
ceutical, food, painting and textile industry [1, 2]. The current study showed that
lactic acid bacteria, yeasts, fungi and other microbial strains could synthesize
mannitol [3]. However, current industrial microbial production of mannitol is not
economically viable [4]. Thus, development of commercial microbial production of
mannitol requires screening for more potential mannitol-producing strains.

Many studies on microbial production of mannitol have been reported, but so far
no industrialization of microbial method was realized due to the problem of high
cost [5-7]. Many microorganisms have been found to be able to synthesize man-
nitol, and the hetero-fermentative lactic acid bacterium received more attention
[8—11]. Most studies focused on screening of more efficient production strains and
based on the one-step batch transformation method that performing cell growth and
cell catalysis at the same time [5, 6, 12]. But this method has many defects: first, it
is difficult to separate mannitol from the impurities from culture medium, which
increases the separation complexity and cost; second, the cells are used only one
time for transformation, bringing higher cell cultivation cost [13, 14]. To solve the
problem, a two-step transformation strategy was suggested. It separates the cell
growth step with the biotransformation step for production of mannitol. Successful
application of the two-step transformation method has been demonstrated, e.g., for
the production of lactic acid [15] and propionic acid [16]. As far as we know,
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no studies for mannitol production with the two-step transformation strategy were
reported. In the theory, the strategy could reduce the complexity of product sepa-
ration and increase the repeat times of cell use, which will help to reduce the
producing cost of mannitol.

2 Materials and Methods

2.1 Materials

Peptone, beef extract and yeast extract were products of Aobox Biotechnology.
Glucose and Fructose were purchased from Beijing solarbio. Ammonium citrate,
Anhydrous sodium acetate, K,HPO,4, MgSO,4-7H,0, MnSO4-4H,0 and twain-80
were purchased by Tianjin north day medical chemical reagent factory, Corn steep
liquor was supplied by Cargill. Mannitol standard product was purchased by Sigma.

2.2  One-Step Transformation Method of Mannitol

The activated L. buchneri CGMCC 7300 cells were added by 2% cell quantity to
different MRS-improved fermentation medium with different total concentration of
fructose (F) and glucose (G) (60, 90, 120, 150, 180 g/L) and different ratios of them
(F:G =1:2, 1:1, 3:2, 2:1) at 30 °C for 72 h.

2.3 Two-Step Transformation Method of Mannitol

The cells were added by 2% (v/v) quantity to MRS-improved medium to study the
effects of different temperature (25, 30, 32, 35, 37, 40, 45 °C) and different initial
pH (3.5, 4.0, 4.5, 5.0, 5.5, 6.0, 6.5, 7.0, 7.5, 8.0) on the growth condition of L.
buchneri CGMCC 7300, and then conform the best growth condition.

The cells were cultured at the best growth condition, and then collected by
centrifugation at 6000 r/min for 10 min and washed twice with sterile water. Then
suspended with the mixture of fructose and glucose at different concentrations
(90, 120, 150 g/L) and 0.5% yeast powder for biotransformation at different pH
(3.0, 4.0, 5.0, 4.0, 5.0) and different temperature (25, 28, 30, 32, 35, 37, 40 °C) for
48 h. The concentration of mannitol and residual sugar were detected by high
performance liquid chromatography (HPLC).
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2.4 HPLC Analysis

Sugars and mannitol were analyzed by HPLC (Agilent, USA). An aminex
HPX-87P column with a Carbo-P micro-guard column was used. The column was
maintained at 85 °C, and the sugars and mannitol were eluted with deionized water
(Milli-Q, Millipore Corp., Bedford, MA) at a flow rate of 0.6 mL/min. Fructose,
glucose, and mannitol were identified by refractive index and quantified by com-
parison to retention time of authentic standards.

3 Results and Discussion

3.1 One-Step Transformation Method for Mannitol

3.1.1 The Effects of the Ratios of Fructose and Glucose
on the Transformation of Mannitol

In one-step transformation method, the total concentration of sugars was 90 g/L.
The production of mannitol was influenced by the ratio of fructose and glucose. It is
evident from the results presented in Fig. 1. When carbon source was only glucose,
the production of mannitol was very low, while using fructose alone, the output of
mannitol reached 35.92 g/L. and the conversion rate was 39.91%. When use the
mixture of fructose and glucose as carbon source, the ratio of fructose and glucose
3:2 proved to be the best proportion, and mannitol production could reach
49.98 g/L and the conversion reached 55.53%.
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3.1.2 The Effects of the Substrate Concentration
on the Transformation of Mannitol

Under the condition of the ratio of fructose and glucose set to be 3:2, change the
concentration of total sugar in the medium (60, 90, 120, 150, 180 g/L) and investigate
their effects on the mannitol transformation. As can be seen in Fig. 2, high substrate
concentration up to 180 g/L limited the transformation, while as the concentration of
substrate increased from 60 to 150 g/L, the mannitol concentration also increased.
When total sugar concentration was 150 g/L, the highest yield of mannitol 55.01 g/L
was achieved, but the residual amount of fructose and glucose also increased to be
25.49 and 58.01 g/L respectively. Overall consideration, the substrate concentration
of 90 g/LL was the best, in which mannitol production reached 48.82 g/L, while
fructose residual decreased to be 4.15 g/L, and conversion rate reached 50.43% and
the proportion of mannitol in the total sugar reached 72.18%.

3.2 Two-Step Transformation Method for Mannitol

The two-step transformation method includes the first step of cell growth and the
second step of cell catalysis. The essence of cell catalysis is the enzyme catalysis in
biological system. Compared with the extraction of enzyme, whole-cell catalysis can
use cellular cofactor and other enzymes for reducing cost and improving the efficiency
of biological catalysis. As catalyst, the concentration of the cells determines the
transformation speed of mannitol. Therefore, it is critical for transformation to opti-
mize the growth conditions to maximize the cell concentration. In addition, it is also
important to optimize the cell catalysis conditions for transformation.
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3.2.1 Optimization of the Cell Growth Step

Except for the composition of medium, temperature and pH also affected the cell
growth of L. buchneri CGMCC 7300. The effects of temperature on growth at 25,
30, 32, 35, 37, 40, and 45 °C were investigated. As can be seen in Fig. 3, cell
concentration achieved maximum at 37 °C for OD600 0.4. The effects of different
pH from 3.5 to 8.0 on the growth were also compared. Shown in Fig. 4, pH from
5.5 to 6.5 were suitable for the growth of L. buchneri CGMCC 7300, and the
maximum cell concentration was reached at pH 6.5. The growth was obviously
restrained at the pH lower than 4.0 or higher than 7.5.

3.2.2 The Optimization of the Cell Catalysis Step

The medium was removed by centrifuge followed by the catalysis step. The con-
ditions in this step needs to satisfy the cell catalysis, but not the cell growth. So, the
conditions optimized in the one-step transformation method or the first cell growth
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step may not suit the second cell catalysis step. The optimal substrate concentration,
pH and temperature for cell catalysis were optimized in this study.

Taking both the yield and the conversion rate in account, the substrate con-
centration 120 g/L. was considered the best, as was shown in Fig. 5. At 120 g/L, the
mannitol concentration reached 57.81 g/L, and the residual fructose was only
8.93 g/L.

For the whole-cell catalysis of mannitol, the mannitol dehydrogenase plays a key
role in the transformation [15]. Therefore, a suitable pH was required for the
mannitol dehydrogenase to maximize the mannitol output. As shown in Fig. 6, the
best pH for whole-cell catalysis by L. buchneri CGMCC 7300 was 5.0. Also, when
pH > 7.0 or < 3.0, the enzyme activity of the mannitol dehydrogenase reduced
greatly.

In the conditions of the ratio of fructose and glucose 3:2, total sugar concen-
tration 120 g/L and pH 5.0, the effects of the temperature on the transformation
were shown in Fig. 7. The mannitol production reached the highest 63.71 g/L at
32 °C, and meanwhile fructose was completely consumed. It indicated that the
optimal temperature for transformation was different from that for cell growth.



Optimization of the One-Step and Two-Step Transformation ... 391

f;ﬁ;)Zranfrfeec(tnoigiﬁerent 75 L 7 mannitol production <60 460

’ g fructose residue

biocatalyst (n = 3) Q R glucose residue 1
& )
Z T = 453 45
S 60F kg R
‘B o 5{ T
o ! 3 =
= £ = -
k=] 4 =1 -
2 30 303
& S
Soast 2{ g
g bl 2 8
g N 1551153
g o < Ef
E 4 b )

0 -0

25 28 30
temperature('C)

4 Conclusions

In this study, both the one-step method and two-step method were used for the
transformation of mannitol by L. buchneri CGMCC 7300 with the mixture of
fructose and glucose as substrate, and their conditions were optimized respectively.
The best conditions for one-step method were as follows: the ratio of fructose and
glucose 3:2, substrate concentration 90 g/L. After fermentation at these conditions
for 60 h, mannitol concentration reached 48.82 g/L. and the conversion reached
50.43%. The best conditions of the two-step transformation method were as fol-
lows: in the first step, the initial pH was 6.5 and the temperature 37 °C; in the next
cell catalysis step, substrate concentration 120 g/L, catalysis at 32 °C and pH 5.0
for 36 h. At these conditions, mannitol concentration reached 63.71 g/L. with the
residual fructose only 6.67 g/L and the conversion rate up to 50.24%. The yield of
mannitol increased 30.5% more than that of the one-step transformation method,
showing that the two-step transformation method had a great advantage in mannitol
production. The results of this study will be significant for further industrial-scale
production of mannitol.
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Optimization of Electroporation
Conditions for Arthrobacter simplex

Jianmei Luo, Haijie Xue, Shengnan Zhao, Xiangsheng Liu,
Xiangrong Chen, Jiajia Liu, Yanbing Shen and Min Wang

1 Introduction

Steroid hormones constitute a class of important drug intermediates, and the
dehydrogenated steroids have better physiological activity than their precursors,
and have fewer side effects. The use of microbes in dehydrogenation exhibits
advantages such as few processing steps, simple procedure, and high product purity
for steroids [7]. Among of these microorganisms capable of 1-en-dehydrogenation
ability, A. simplex, a gram positive strain, is extensively used in steroid industry
because of its superior bioconversion and high specificity [6]. It is clear that strain
improvement is very necessary for the enhancement of biotransformation
efficiency. However, genetic manipulation of microorganism has been obstructed
because there was no versatile and efficient transformation protocol that suitables
for A. simplex reported to date.

Electroporation, in which a high intensity pulse produces transient pores in the
cell membrane and hence facilitates DNA uptake, is a rapid and widely used
transformation method [8, 14, 16]. To date, there were only a few reports of
electroporation of Arthrobacter strains. Morikawa firstly reported the instance of
Arthrobacter sp.MIS38 electroporation and the transformation efficiency reached
3 x 10° transformants/pg plasmid DNA, which was used as a starting point for
subsequent DNA recombination work and genetic engineering of Arthrobacter
strain [9]. Zhang Haihong has developed the electroporation method for
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Arthrobacter sp. A3 by optimizing the concentration of DNA, recovery time period,
electrical parameters and some other factors, and an efficiency of 6.8 X 107
transformants/pg plasmid DNA was finally achieved [19]. Some exogenous genes
have been transformed into a few Arthrobacter species, such as Arthrobacter aureus
C70 [5], Arthrobacter sp. DS7 [13] and Arthrobacter aurescens DSM 3747 [18], but
the detailed conditions of electroporation and efficiency values were not published.

In this paper, the entire electroporation process for A. simplex was firstly
developed and optimized. Factors affecting electroporation efficiency were exam-
ined, including the cell growth phase, wall-weakening treatment conditions, DNA
amounts and electroporation parameters. Furthermore, the transformation efficiency
of our final protocol was also evaluated by the green fluorescent protein (GFP) in A.
simplex and other type of Arthrobacter strains, such as A. globisformis ATCC 8010.

2 Materials and Methods

2.1 Strains, Plasmid, and Media

The A. simplex CPCC 140451 was obtained from China Pharmaceutical Culture
Collection (CPCC). The wide type A. globiformis ATCC 8010 was obtained from
American Type Culture Collection (ATCC). Escherichia coli strains DH50 was
used for construction, copy, and storage plasmid DNA, which was purchased from
Transgene Biotech (Beijing, China).

The plasmid pART2 and pART2-gfp [11] were respectively used to transform
A. simplex CPCC 140451, E. coli and A. globiformis ATCC 8010, which were
kindly provided by Cristinel Sandu (University of Rockefeller, USA). The plasmid
PART?2 has a size in 4634 bp, which includes the following features: pCG100 and
ColEl origins of replication; Kan', kanamycin resistance gene; P, promoter/operator
of the hdnO gene (hdnOp); MCS; His8, eight-histidine tag coding sequence. The
plasmid pART2-gfp was constructed by ligating the green fluorescent gene (gfp) in
a size of 717-bp into the pART2 vector.

A. simplex and A. globisformis were routinely grown in LB broth at 32 °C.
E. coli was grown in LB broth at 37 °C. When appropriate, kanamycin was added
to medium at the final concentration 50 pg/ml for recombinant strains.

2.2  Material

The restriction enzymes, DNA-modifying enzymes, DNA markers and T4 Ligases
were purchased from TaKaRa (Dalian, China). The kits for DNA purification, gel
recovery and plasmid mini-prep were purchased from Omega Bio-Tek (Wisconsin,
USA). Penicillin, glycine, threonine, and lysozyme were purchased from solarbio
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(Beijing, China). Protein Marker II was purchased from Biomed (Beijing, China).
Taq DNA polymerase, dNTPs was purchased from Sangon (Shanghai, China).

2.3 Preparation of Electro-Competent Cells

The optimized procedure for the preparation of electro-competent cells was as
follows: A 1% inoculum from the cultures at the exponential growth phase of the
first stage of A. simplex CPCC 140451 was inoculated into fresh LB broth. The cells
were cultivated at 32 °C on a rotary shaker (160 rpm) until the optical density
(OD) approached approximately 1.0 at 600 nm. Different kinds of wall-weakening
agents, including glycine, threonine, lysozyme and penicillin G was respectively
added at different final concentrations, and continued to cultivate for an additional
1 h. The cultures were quickly placed on ice-water for at least 10 min and were
harvested by centrifugation (2000 g, 15 min, and 4 °C). Following three washes in
ice-cold electroporation buffer (10% glycerol containing 0.5 M sorbitol), the cells
were concentrated 100-fold. Finally, the suspension was distributed into 60 pl
aliquots and stored at —80 °C.

2.4 Electroporation Procedures to A. Simplex
and A. Globiformils

The optimized electroporation procedure was as follows: After thawing the
electro-competent cells on ice, 60 pl of the cells were mixed with 200 ng of DNA
(prepared from E. coli DH5/pART2-gfp) and this mixture was then transferred into
a pre-chilled electroporation cuvette (0.1 cm electrode, Bio-Rad Laboratories, CA,
USA). The mixture was subjected to a single pulse using a Bio-Rad X cell Gene
Pulser (Bio-Rad Laboratories) with settings of 22 kV/cm, 25 pF, and 400 Q.
Immediately after the electric pulse, cell suspensions were transferred into an
Eppendorf tube containing 800 pl of room temperature recovery medium (LB broth
containing 0.5 M sorbitol) and were incubated with shaking at 120 rpm for 8 h at
32 °C. For selection of transformed cells, serial dilutions of bacteria were spread on
LB agar plates containing kanamycin. With each set of experiment, negative
controls were performed by omitting either the electric pulse or the addition of
plasmid DNA; no transformants arose on these negative control plates.
Transformation efficiency was defined as the number of transformants per micro-
gram of DNA used. For each parameter tested, three independent transformation
assays were conducted. Consensus results were acquired for each parameter.
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2.5 Confirmation of Transformants

To confirm transformants, random transformants grown on the LB plates were
selected and inoculated into LB broth (containing 50 pg/ml kanamycin) at 32 °C on
a rotary shaker (160 rpm) for 30 h. The cultures were harvested and used for
observing the green fluorescence by fluorescence microscope under blue light. The
strain only harboring the plasmid pART2 was used as a negative control.

2.6 The Transformation of Green Fluorescent Protein Gene
(gfp) in A. Simplex and A. Globisformis

The plasmid pART2-gfp was transformed into A. simplex CPCC 140451 using the
above optimized electroporation protocol. The strains only containing the plasmid
PART?2 was used as the control strain.

3 Results and Discussion

3.1 Optimization of Cell Growth Phase

The cell growth curve of A. simplex was shown in Fig. 1. The strain was in the lag
phase when cultured for 8 h with the ODggy below 1.0. A. simplex was in the
logarithmic phase when it continued to cultivate until 18 h. It was previously
reported that cells collected in the exponential growth phase produced better
electroporation efficiency. In this study, cells at different phase were harvested and
used to prepare the competent cells. As shown in Fig. 2, the resultant transfor-
mation efficiency varied slightly between an ODgg of 0.2-0.6, but a rapid increase
in transformation efficiency was observed as ODg, value was further increased.
The top transformation efficiency (4.83 x 10? transformants/ug DNA) was reached
at ODggo of 1.0. With the continue increasing of ODg, the transformation effi-
ciency exhibited slight decrease tendency. Therefore, the best cell growth stage was
selected at the ODgqq of 1.0.

3.2 Optimization of Wall-Weakening Treatment Conditions

A. simplex, as a kind of Gram-positive bacteria with high GC content, its intact cell
wall is always considered to be a strong barrier to the foreign DNA [2]. The cell
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wall-weakening treatment is one of the most effective methods for the enhancement
on the electroporation efficiency [15]. The effects of four wall-weakening agents,
including glycine, threonine, lysozyme, and penicillin on the transformation effi-
ciency of A. simplex were investigated and results were shown in Fig. 3.

When the ODgqq of the culture reached 1.0, different kinds of wall-weakening
agent were added to prepare the competent cells respectively, including 0-2.0%
(w/v) threonine, 0-2.0% (w/v) glycine, 0-10 pg/ml lysozyme, or 10-110 pg/ml
penicillin. An electrical transformation system, including 500 ng of plasmid DNA
and 60 pl of competent cells was then constructed. As shown in Fig. 3, The
transformation efficiency was about 20 transformants/(ug DNA) without any
treatment. The transformation efficiency was greatly increased after treatment by
different wall-weakening agents. For threonine, the highest transformation effi-
ciency (207 transformants/(jig DNA)) was obtained at the concentration of 1.5%;
For glycine, the highest transformation efficiency (314 transformants/(ug DNA))
was obtained at the concentration of 1.0%; For lysozyme, the highest transforma-
tion efficiency (352 transformants/(jL,g DNA)) was obtained at the concentration of
6 pg/ml; For penicillin, the highest transformation efficiency (5236 transformants/
(ng DNA)) was obtained at the concentration of 70 pg/ml. Therefore, the best cell
wall-weakening treatment condition was 70 pg/ml penicillin treated for 1 h.
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3.3 Selection of Optimal DNA Concentration

The DNA concentration is one of the key factors for electroporation efficiency.
Different qualities of DNA (1-2000 ng) were transformed into A. simplex CPCC
140451, respectively. Two particular trends were indicated in Fig. 4. When the
quantity of DNA was no more than 500 ng, the number of transformants increased
along with the augment of DNA quantity but no obvious increase in the transformants
number was observed as DNA quantity was further increased. However the highest
transformation efficiency (2531 transformants/(ug DNA)) occurred at 200 ng, further
increase in DNA concentration resulted in significant decrease in transformation
efficiency. Similar results were reported by previous researcher [1, 10]. In conclusion,
200 ng of DNA was selected for our follow-up experiments.
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3.4 Optimization of Electroporation Condition

60 pl of competent cells and 200 ng DNA were added into 0.1 cm cuvettes to
electroporation. The effects of different voltages on electroporation efficiency were
examined. As shown in Fig. 5, the transformation efficiency increased with the raise
of voltage ranging from 10 to 22 kV/cm, and the highest value reached 3.76 x 10*
transformants/pg DNA at 22 kV/cm.
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3.5 Confirmation of Transformants by Fluorescence
Microscopy Observation

To validate the authenticity of transformation, random transformants were selected
and tested by fluorescence observation. As shown in Fig. 6, the obvious green
fluorescent was observed in each tested transformant but no green fluorescent was
detected in control strain which only harboring pART2 plasmid by fluorescence
microscopy. Similar results were also observed in A. globisformis ATCC 8010
(Fig. 7). These results confirmed that transformation proposed procedure was
successful for A. simplex and other Arthrobacter strains, such as A. globisformis.

(a)

Fig. 6 Conformation of the strain A. simplex/pART2-gfp by fluorescence microscopy a. Control
strain under white light; b. A. simplex/pART2-gfp under white light; ¢. Control strain under
fluorescence microscopy; d. A. simplex/pART2-gfp under fluorescence microscopy

Fig. 7 Confirmation of A. globisformis/pART2-gfp by fluorescence microscopy a. Control strain
under fluorescence microscopy; b. A. globisformis/pART2-gfp under fluorescence microscopy
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4 Conclusions

In this study, we firstly describe the electroporation protocol for A. simplex CPCC
140451 with results of 3.76 x 10* transformants/ig DNA. To obtain high trans-
formation efficiency, the parameters of two aspects were optimized. The first aspect
is to optimize pre-treatment conditions of competent cells, including the cell growth
phase and wall-weakening treatment conditions. Our results indicate that cells
collected in the early stage of exponential phase give rise to better electroporation
efficiencies than those collected in the middle or late period of log phase. The cell
wall modification by using different kinds cell wall-weakening agents (glycine,
threonine, lysozyme and penicillin) indeed promote electroporation efficiency to
some extent and the best result is obtained at the penicillin treatment, which
inhibitor the synthesis of peptidoglycan and has previously been shown to stimulate
electro-competence in various bacteria [4, 12, 17], The second aspect is to optimize
the factors of transformation process. Our results prove that both the quantity of
DNA and high-voltage pulses are important parameters for electroporation effi-
ciency. The optimized electroporation protocol can be well applied to other dif-
ferent strains (such as A.globisformis ATCC 8010), which provide feasible means
for genetic manipulations in A. simplex CPCC 140451.
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Medium Optimization for y-Aminobutyric
Acid Production by Response Surface
Methodology

Chuan-You Chang, Shen-Xi Ma, Jun Zhang and Qiang Gao

1 Introduction

v-Aminobutyric acid (GABA) exists widely among animals, plants and microor-
ganisms as a natural non-protein amino acid [1-3]. Also, GABA acts as major
inhibitory neurotransmitter in the mammalian central system. Due to its involve-
ment in many important physiological functions, GABA has broad potential for
application as a bioactive additive in the food and pharmaceutical industries [4-7].

GABA can be produced by chemical and biological syntheses [8—10]. However,
GABA produced by chemical methods cannot be used in food industry due to its
unsafety. On the contrary, many kinds of microorganisms, such as lactic acid
bacteria (LAB) and yeasts, are generally recognized as safe (GRAS). Moreover,
some GABA-producing LABs have been reported in recent years, including
Lactobacillus brevis, Lactococcus lactis and Lactobacillus buchneri [11-13].
Besides, LABs exhibit a great promising for using as a starter in fermented food,
such as yoghurt, bread and cheese [14, 15].

Culture conditions, such as medium, exhibit a great effect on GABA production
in various strains. Response surface methodology (RSM) is one of the best
experimental strategies to seek optimal conditions for multivariable system and
have been successfully employed for optimizing the medium composition [16—-18].
To improve the GABA production of Enterococcus raffinosus TCCC11660, RSM
protocol was used for optimizing conditions for fermentation medium composition
in the present work.
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2 Materials and Methods

2.1 Strain and Materials

Enterococcus raffinosus strain TCCC11660 (CGMCC No. 5584) used in this work
was isolated from Chinese traditional pickled vegetables in our previous work, and the
initial medium and cultural condition were the same as previously described [19].

Pyridoxal 5'-phosphate (PLP) and GABA standard were bought from
Sigma-Aldrich (St Louis, MO, USA). Monosodium glutamate (MSG, purity
99%) was bought from Neimenggu Fufeng Biotechnologies Co., Ltd. (Hohhot,
Inner Mongolia, China). All other chemicals were of analytical or biochemical
grades.

2.2 Qualitative and Quantitative Analysis of GABA

GABA concentrations in the fermentation broth were assayed using high perfor-
mance liquid chromatography (HPLC) method as previously described [6, 20].

2.3 Evaluation of the Key Medium Ingredients

The Plackett-Burman statistical design is a particularly effective method for
screening a large numbers of factors, which provides sufficient information for
investigating the significant factors in a given response. In this work, in order to
complete an evaluation of the medium ingredients, the 9 variables of citric acid (A),
glycine (B), PLP (C), arginine (D), Na,MoO, (E), asparagine (F), VB, (G), VB;
(H) and VB¢ (I) were evaluated using this design (Table 1). The selected ingre-
dients were reported as comprising a key medium supplement for GABA pro-
duction by LABs. The factors investigated in the design was utilized two levels: the
high level (+1) and the low level (—1). Meanwhile, the yield of GABA was used as
response for statistical analysis of the Plackett-Burman design. According to the
results of ANOVA analysis, variables on the response were considered to be sig-
nificant while the P-value < 0.05.

2.4 Response Surface Methodology Design

The Box-Behnken design of the response surface methodology (RSM) was pro-
posed in order to analyze the yield of GABA by E. raffinosus TCCC11660, as a
function of the chosen factors on the response surfaces of the investigated region.
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Table 1 Levels of

ind dent variables i Variables Level
Placket Burman design Low()  [Highel)
Citric acid (g/L) 8 10
Glycine (g/L) 0.5 1
PLP (mmol/L) 0.1 0.3
Arginine (g/L) 15 20
Na,MoO, (mmol/L) 4 6
Aspartic acid (mg/L) 8 10
VB, (mg/L) 3 5
VB; (mg/L) 3 5
VB¢ (mg/L) 5 10
Table 2 The factor levels of g, (or Coded values and
Box-Behnken design corresponding concentrations
1 0 -1
Citric acid (g/L) 8.0 9.0 10
Glycine (g/L) 0.6 0.8 1.0
PLP (mmol/L) 0.1 0.2 0.3

The screened factors in the Plackett-Burman design were used for the Box-Behnken
design, and each factor was examined at three different coded levels (Table 2). The
Design-Expert (Version 8.0.6) software was used for RSM design and regression
analysis. The P-value < 0.05 was considered to be significant.

3 Results and Discussion

3.1 Evaluation of Significant Medium Components
Affecting GABA Production

Nine components were analyzed for their effects on GABA production using the
Plackett-Burman design. The results were presented in Table 3 and the analysis of
variance (ANOVA) for GABA production was performed in Table 4. Based on the
ANOVA results, citric acid, PLP, Na,MoO, and glycine showed significant effects
(P-value < 0.05) on GABA production while the rest of the other ingredients had
no statistically significant effects (P-value > 0.05) on it. Besides, the analysis of
coefficients indicated that citric acid, glycine and PLP had positive effects on
GABA production while Na,MoO, exerted negative effect. The most significant
variable was citric acid, which had the highest coefficient, followed by glycine and
PLP. Then the significant variables were used for further analysis.
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Table 3 Plackett-Burman experimental design and results

C.-Y. Chang et al.

No. A B C D E F G H I GABA (g/L)
1 1 -1 1 -1 -1 -1 1 1 1 67.53

2 -1 1 1 -1 1 -1 -1 -1 1 69.80

3 1 1 1 1 -1 -1 -1 1 -1 71.49

4 1 1 -1 -1 1 1 -1 1 1 70.06

5 -1 -1 -1 -1 -1 -1 -1 -1 -1 71.23

6 -1 1 1 1 -1 1 1 -1 1 65.91

7 -1 -1 1 1 1 1 -1 1 -1 67.79

8 1 -1 -1 1 -1 1 -1 -1 1 66.72

9 1 -1 1 -1 1 1 1 -1 -1 64.27

10 -1 -1 -1 1 1 -1 1 1 1 67.24

11 1 1 -1 1 1 -1 1 -1 -1 66.29

12 -1 1 -1 -1 -1 1 1 1 -1 67.09
Table 4 ANOVA analysis of the main effects for Plackett-Burman design

Variables Effect Coefficient Stand error T-value P-value
Constant - 67.9579 0.1181 575.40 0.000
A 2.672 1.336 0.1181 11.31 0.008
B 2.0779 1.0389 0.1181 8.80 0.013
C 1.4309 0.7155 0.1181 6.06 0.026
D 1.5739 0.7869 0.1181 6.66 0.052
E —0.0965 0.0483 0.1181 0.41 0.021
F 0.6315 0.3157 0.1181 2.67 0.722
G 1.4335 0.5314 0.1181 3.53 0.648
H —0.9685 —0.4843 0.1181 —4.10 0.055
I 0.3070 0.1536 0.1181 1.30 0.323

3.2 Determination of Optimal Concentration

of the Positive Significant Factors

3.2.1 The Effect of Citric Acid Concentration on GABA Production

In three independent experiments, different concentrations of citric acid were added
to the medium and the other components in the medium were the same as the initial
medium. As shown in Fig. 1, GABA concentration increased rapidly with the
increase of citric acid concentration from 5 to 10 g/L. and reached maximum at
10 g/L, but decreased when citric acid was above 10 g/L.
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Fig. 1 The effect of citric
acid concentration on GABA
production

Fig. 2 The effect of glycine
concentration on GABA
production

3.2.2 The Effect of Glycine Concentration on GABA Production
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In this experiment, different concentrations of glycine were added to the fermen-
tation medium. The other components in the medium were fixed as follows (g/L):
sucrose 30, yeast extract 30, MSG 40, MgSO4-7H,0 0.04, citric acid 10, Tween-80
2 mL/L. The GABA concentration increased with the increase in glycine concen-
tration from 0.5 to 2.0 g/L and reached the maximum at 1.0 g/L, but slightly
declined when glycine exceeded 1.5 g/L (Fig. 2).

3.2.3 The Effect of PLP Concentration on GABA Production

Glutamate decarboxylase (GAD) is the sole enzyme that synthesizes GABA
through the irreversible decarboxylation of L-glutamate. As a PLP-dependent
enzyme, GAD activity can be significantly improved by PLP. The concentration of



408 C.-Y. Chang et al.

Fig. 3 The effect of PLP 60 10
concentration on GABA 1 | GABA
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PLP added in the medium from 0.05 to 0.5 mmol/L and the other components in
the medium were fixed as follows (g/L): sucrose 30, yeast extract 30, L-MSG 40,
MgS0O4-7H,0 0.04, K,HPO4 2.0, Al (SO4)3 0.03, citric acid 10, glycine 1.0, and
Tween-80 2 mL/L. As indicated in Fig. 3, GABA production increased signifi-
cantly when different concentrations of PLP were added. The results revealed that
PLP was essential to GABA production, but the GABA titer leveled off when the
concentration of PLP was equal or more than 0.2 mmol/L.

3.3 Optimization of Medium Composition by Box-Behnken
Design

In order to approach the GABA yield, significantly positive (P-value < 0.05)
variables (citric acid, glycine and PLP) were further studied. The suitable con-
centration ranges of these variables were also preliminarily determined at three
levels each according to the Box-Behnken design (Table 2). As shown in Table 5,
the real values of the coded variables by Box-Behnken design together with the
results of the GABA yield. The results were analyzed by linear multiple regression
using the Design-Expert and the model equation for GABA yield was obtained.
The regression equation was obtained as following:

Yoaga = 77.50—0.36 * A—0.68 * B +0.42 x C—0.047 * AB
+0.58 *x AC—0.49 x BC—1.37A%2—2.30 * B2—2.77 * C?

where A, B and C are the symbols of concentration of citric acid, glycine and PLP,
respectively.

The results of the response surface model were analyzed using ANOVA to validate
the regression coefficient (Table 6). The F-test showed the significance of the model
(P-value = 0.0019). Besides, the lack of fit test measures the failure of the model to
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Table 5 Designs and
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No. | A (citric B C GABA
responses of Box-Behnken acid) (PLP) (glycine) (g/L)
design

1 1 -1 0 74.24

2 0 0 0 77.47

3 0 0 0 77.71

4 0 0 0 77.32

5 -1 0 1 73.58

6 -1 1 0 73.51

7 -1 0 -1 74.39

8 1 0 1 73.49

9 -1 -1 0 74.33

10 0 1 1 71.68

11 1 1 0 73.23

12 0 -1 1 74.49

13 0 1 -1 71.36

14 0 -1 -1 72.20

15 1 0 -1 71.97
Table 6 Analysis for regression equation
Source df Sum of squares Mean square F-value P-value
Model 9 56.79 6.31 20.82 0.0019
A 1 1.04 1.04 3.42 0.1236
B 1 3.75 3.75 12.39 0.0169
C 1 1.38 1.38 4.55 0.0862
A*A 1 6.97 6.97 22.99 0.0049
B*B 1 19.51 19.51 64.39 0.0005
C*C 1 28.31 28.31 93.41 0.0002
A*C 1 1.36 1.36 4.48 0.0879
A*B 1 9.025 x 10~° 9.025 x 10~° 0.030 0.8698
B*C 1 0.97 0.97 3.20 0.1336
Lack of fit 3 1.44 0.48 12.38 0.0756

represent data in the experimental domain at points that are not included in the
regression. The P-value of lack of fit was 0.0756, implying that the lack of fit test is not
significant. A regression model is considered as having a high correlation when the R*
value of the model is higher than 0.9 [21], and the R? value of the present model is

0.99. Thus, it is reliable to use the regression model for further analysis.

The 3D response surface plots serve as graphical representations of the regres-
sion model equation for GABA production. The graphical representation provides a
method to demonstrate the interaction effects of two parameters when the third one
is kept constant at a center point. Figure 4 demonstrated the relationship between
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Fig. 4 Three-dimensional surface plots showing the effect of the concentrations of citric acid,
glycine and PLP on GABA production

the response and design levels of each variable and the type of interactions between
test variables to deduce the optimum conditions on GABA production. Therefore,
the optimal medium composition was found as the follows (g/L): citric acid 8.9,
glycine 0.82 and PLP 0.21 mmol/L. To verify the proposed medium for GABA
production, fermentation experiments were implemented with the optimized
nutrients levels. The maximum value of GABA production was 77.5 g/l and
103.9% higher than the initial medium. The results suggested that the tested strain
has a great potential for industry applications.
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4 Conclusion

This work presents a substantial increase in GABA production via an efficient
strategy of optimization of the fermentation medium of E. raffinosus TCCC11660.
By an evaluation of Plackett-Burman design, the significantly positive effects of
sucrose, glycine and PLP were determined and used for Box-Behnken design which
is time-saving and inexpensive for optimization of medium. The final key medium
composition was found to be citric acid 8.9 g/L, glycine 0.82 g/LL and PLP
0.21 mmol/L. After the optimization, the GABA yield achieved 77.5 g/L, which is
103.9% higher than the initial medium. In summary, this study revealed an inex-
pensive key medium composition for GABA production by E. raffinosus
TCCC11660.
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A Concise and Diversity-Oriented
Strategy for the Synthesis

of Substituted 2-Pyrrolidinones

via an Ugi/Intramolecular Inverse
Electron Demand Diels-Alder Sequence

Yan Liu, Tianyi Shang, Zhong Chen, Yaozhou Zhang, Wei Sun,
Junjie Yang and Yan Pan

1 Introduction

Multicomponent reaction (MCR) is considered to be one of the most promissing
and important methods in diversity-oriented synthesis (DOS) and even undoubtedly
can be utilized as a tool to discover drugs [1]. Isocyanide-based multicomponent
reactions (IMCRs) have already been a research hotspot in the field of organic
synthesis for decades due to its easy access to potential drug molecules with
considerable structural diversity in a rapid and efficient manner [2]. Furthermore,
MCRs are often associated with tandem reactions or domino processes to synthe-
size biologically active nature products and pharmaceuticals [1]. Among the named
IMCRs, Ugi four-component reaction (Ugi-4CR) which can build up
o-acylaminoamides from a mixture of aldehydes or ketones, amines, carboxylic
acids and isocyanidesis is well known for its atom-economy and convenient syn-
thetic operations [3, 4]. Clearly, a proper combination of Ugi with another reaction
cascades in a sequence including Ugi-Smiles reaction [5], Ugi-Micheal reaction [6],
Ugi-Diels-Alder reaction [7], etc. has been developed and will broaden its appli-
cation in DOS.

Among pharmaceutically related heterocycles, 2-pyrrolidinones has attracted
much attention as a core structure in many biologically active compounds such as
Phosphodiesterase Inhibitor [8], antiarrhythmic agent [9], antihypertensive agent
[9] and anticancer agents [10]. So our group is trying to develop synthetic
methodologies to construct polysubstituted 2-pyrrolidinones via Ugi tandem reac-
tion. Meanwhile we became interested in combining the Ugi reaction with an

Y. Liu (X)) - T. Shang - Z. Chen - Y. Zhang - W. Sun - J. Yang - Y. Pan
College of Biological and Pharmaceutical Engineering,

Xinyang College of Agriculture & Forestry, 24th Avenue,

Yangshan Development Area, Xinyang 464000, China

e-mail: liuyan3020@yeah.net

© Springer Nature Singapore Pte Ltd. 2018 413
H. Liu et al. (eds.), Advances in Applied Biotechnology, Lecture Notes
in Electrical Engineering 444, https://doi.org/10.1007/978-981-10-4801-2_42



414 Y. Liu et al.

inverse electron demand Diels-Alder reaction [11] to develop a novel multicom-
ponent synthesis of 2-pyrrolidinones.

One possible Ugi/intramolecular inverse electron demand Diels-Alder reaction
was illustrated by Irini Akritopoulou-Zanze et al to afford 2-pyrrolidinones
(Scheme 1) [12] and another additional reaction had already shown that
MCR/IMDA reaction cascades with electron-deficient oxadiazole as dienophile was
possible leading to [4 + 2] cycloaddition product (Scheme 2) [13].

In order to further apply the illustrated strategy to diversity-oriented synthesis,
we set out to examine the previously unexplored Ugi reaction subsequentially
combined with intramolecular inverse electron demand Diels-Alder cycloaddition.
We initially selected benzaldehyde (la), 1,3,4-oxadiazol-2-amine (2a), (Z)-4-
(benzyloxy)but-3-enoic acid (3a) and tert-butyl isocyanide (4a) as substrates for the
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Scheme 1 Construction of heterocycle via sequential Ugi/inverse electron demand Diels-Alder
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Scheme 3 Synthesis of 2-pyrrolidinones via an Ugi/Intramolecular inverse electron demand
Diels-Alder sequence

designed Ugi/Diels-Alder cascade reaction. The reaction proceeded to Sa in protic
solvents such as MeOH. When heated to 60 °C, there was still no desired
intramolecular Diels-Alder reaction product being detected. Once the formation of
5a deemed completed by TLC analysis, the reaction was stoped. Then mixture was
cooled to room temperature and concentrated under reduced pressure to give a
residue. Put 0-C¢H4Cl, into the residue, then elevated temperature to 120 °C for
2 h. We had found that the Diels-Alder product 7a was cleanly produced in 47%
yield and its structure was verified by NMR (Scheme 3). No other identifiable
products were observed or isolated.

From results of the experiment, a sequence of reactions involving Ugi and
intramolecular Diels-Alder cycloaddition was proposed to explain the formation of
adduct 7a. In this process, a traditional oxo-bridged tricycle intermediate 6a was
formed via the sequence. Herein, we reported the realization of the designed
Ugi/intramolecular inverse electron demand Diels-Alder sequence to yield diver-
sified 2-pyrrolidinones.

2 Result and Discussion

Initially, the Diels-Alder cycloaddition was performed in 0-C¢H4Cl, with Sa as the
substrate, and the yield was 47% (Table 1, entry 1). A solvent screen found that
0-CsH4Cl, was the best solvent (Table 1, entries 1-6). Lowering the temperature to
100 °C decreased the yield. Although heating the reaction could shorten the
reaction time, it gave a lower yield (Table 1, entries 7 and 8). The reaction is also
tolerant to a variety of reaction times from 1 to 4 h (Table 1, entries 9 and 10), but



416 Y. Liu et al.

Table 1 Reaction conditions varying the solvents, temperatures and reaction times®

1. [4+2] cycloaddition
2 N
[e] /gN OBn MOB"
[¢]

Enty Sovelution [5a] (M) Temp. (°C) Time (h)b Yield (%)°
1 0-CcH,Cl, 1.0 120 2 47
2 p-CsHyCly 1.0 120 2 21
3 m-CgH4Cl, 1.0 120 2 16
4 Toluene 1.0 Reflux 2 0
5 o-xylene 1.0 120 2 0
6 DMSO 1.0 120 2 0
7 0-CgH,Cl, 1.0 100 2 30
8 0-CgH4Cl, 1.0 140 2 36
9 0-CgH,Cl, 1.0 120 1 29
10 0-CgH,Cly 1.0 120 4 45

#Reaction conditions: 5a (1.0 mmol) heated in 2 mL solvent
"The reaction was monitored by TLC
“Isolated yield

long reaction time did not led to increased yield. Generally, the optimized condition
of the Diels-Alder additional reaction to generate 7a used 1.0 equiv of Sa, in
0-CsH4Cl, at 120 °C for 2 h (Table 1, entry 1).

With the conditions optimized, we further endeavoured to explore the substrate
scope and generosity of this Ugi/Intramolecular inverse electron demand
Diels-Alder sequence using commercially available substrates to build up a
diversified and substituded 2-pyrrolidinones library. Table 2 summarizes the results
of additional examples employing different substrate. As expected, the optional use
of benzylamine 1b (Table 1, entry 2), a double bond input 3¢ (Table 1, entry 3) and
isocyanide with little steric hindrance 4d (Table 1, entry 4) resulted in the similar
scaffold as the one in entry 1, Table 2 via air oxidation of the corresponding
Diels-Alder intermediate. 1,3,4-oxadiazol-2-amine (2a) were required for complete
conversion to the final products (Table 1, entry 1-4).

In conclusion, we have developed an Ugi/intramolecular inverse electron
demand Diels-Alder reaction sequence, which provided access to a concise and
diversity-oriented strategy for the synthesis of substituded 2-pyrrolidinones in a
two-step procedure. The procedure is general and efficient and the substrates are
easily available. Considering the importance of 2-pyrrolidinone derivatives, this
method may find wide application in the synthesis of more complex polycyclic
heterocycles.
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Table 2 Substrate scope of the Ugi/Diels-Alder cascade reaction®

Enty Aldehyde Amine Acid Isocyanide Isolated product Yield (%)"

CHO o NHz COOH c
] Q] A~ it ° o 7a,47
NN 0Bn Bu N
~NH OBn
Bu o
NH, _
o. 2 COOH
2 gn-CHO 'S Z e o o 7b, 42
NN 0Bn Bu )N\/>;[\
~NH OBn
Bur o
CHO o_ NH, COOH G
3 O > e o ° 7e, 43
NN OMe Bu )N\/>;L
~NH OBn
Bu o
o
N\~
OBn

CHO o_NHz COOH c
& n//C
4 ©/ X o~ el o Z)él 7d,39

~NH
Bu o

“Reaction conditions: amine (1.0 mmol), acid (1.0 mmol), aldehyde (1.0 mmol) and isocyanide
(1.0 mmol) in MeOH (2 mL) at r.t. for 12 h; then in 0-CgH4Cl, (5 mL) at 120 °C for 2 h

"Isolated yield

3 Experimental

3.1 General Procedure for the Synthesis of 2-Pyrrolidinones
7a, 7b, 7c and 7d

A mixture of benzaldehyde (1a) (106 mg, 1.0 mmol), 1,3,4-oxadiazol-2-amine (2a)
(85 mg, 1.0 mmol), (Z)-4-(benzyloxy)but-3-enoic acid (3a) (192 mg, 1.0 mmol)
and tert-butyl isocyanide (4a) (83 mg, 1.0 mmol) was added to a round bottom
flask equipped with 2 mL methanol, which was stirred at r.t. for 12 h. The reaction
was monitored by TLC. When it completely finished, stopped the reaction. Then the
mixture was cooled to r.t. and solvent was distilled under reduced pressure to give a
residue. Without any isolation, the residue was add to 5 mL 0-C¢H4Cl,, then ele-
vated temperature to 120 °C for 2 h. Once finished, 0-CcH4Cl, was removed to
give another residue which was purified by silica gel column chromatography with
Petroleum ether/ethyl acetate/DCM as the mobile phase.

3.2 Characterization of Compound 7

Compound 7a (197 mg, 47%) was obtained as white solid. 'H NMR (400 MHz,
ds-DMSO): 6 8.18 (s, 1H), 7.27-7.33 (m, 10H), 6.53 (s, 1H), 5.82 (s, 1H), 4.93 (s,
2H), 4.53 (s, 2H), 2.85 (s, 2H), 1.15 (s, 9H). '3C NMR (100 MHz, ds-DMSO):
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027.4,29.2,60.0, 64.6, 71.7, 83.1, 99.8, 127.1, 127.6, 128.9, 129.6, 136.1, 151.3,
168.6, 169.7. LRMS (ESI) m/z: 421.2 [M + H]".

Compound 7b (183 mg, 42%) was obtained as white solid. 'H NMR
(400 MHz, dg-DMSO): & 8.18 (s, 1H), 7.32-7.33 (m, 5H), 7.14-7.19 (m, 5H), 6.53
(s, 1H), 5.82 (s, 1H), 4.93 (s, 2H), 4.92 (t, 2H), 4.53 (s, 2H), 3.33 (d, 2H), 2.85 (s,
2H), 1.15 (s, 9H). *C NMR (100 MHz, ds-DMSO): 29.2, 35.6, 57.2, 60.0, 71.7,
127.1, 127.6, 127.7, 128.6, 128.9, 136.1, 136.6, 171.1. LRMS (ESI) m/z: 435.2
M + H]".

Compound 7c¢ (148 mg, 43%) was obtained as white solid. 'H NMR
(400 MHz, ds-DMSO): 6 8.18 (s, 1H), 7.27-7.31 (m, 5H), 6.53 (s, 1H), 5.82 (s,
1H), 4.53 (s, 2H), 3.51 (s, 3H), 2.85 (s, 2H), 1.37 (s, 9H). '*C NMR (100 MHz,
de-DMSO): 8 27.4, 29.2, 56.1, 60.0, 71.4, 83.1, 99.8, 127.6, 128.9, 129.2, 129.6,
138.8, 151.3, 168.6, 169.7. LRMS (ESI) m/z: 345.1 [M + H]".

Compound 7d (164 mg, 39%) was obtained as white solid. '"H NMR
(400 MHz, dg-DMSO): 6 8.01 (s, 1H), 7.27-7.33 (m, 10H), 6.53 (s, 1H), 5.82
(s, 1H), 4.93 (s, 2H), 4.53 (s, 2H), 3.18 (t, 2H), 2.85 (s, 2H), 1.49 (m, 2H), 1.29
(m, 2H), 0.89 (t, 3H). '*C NMR (100 MHz, ds-DMSO): § 13.8, 19.8, 32.2, 38.9,
64.0, 71.7, 83.1, 99.8, 127.1, 127.6, 128.9, 129.2, 129.6, 136.1, 136.8, 151.3,
169.2, 169.7. LRMS (ESI) m/z: 421.2 [M + HJ".
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Optimization of Medium Components
for the Production of Flavonoids

and Soluble Protein with Phellinus
igniarius in Liquid Culture

Yingchao Wang, Zhouli Yuan, Xinrong Tan, Zaohong Ran
and Hong Jin

1 Introduction

The submerged fermentation of edible fungi not only shows the higher growth
speed of mycelium and higher utilization rate of the nutrition, the mycelia obtained
have a variety of nutrients and bioactive substances, but also the submerged fer-
ments contain a wealth of primary metabolic products, such as proteins, polysac-
charides and secondary metabolism products [1-4], such as flavonoids, antibiotics,
etc. In our previous studies also confirmed that edible fungi of Phellinus igniarius
and Grifola frondosa produced a lot of secondary metabolites such as polysac-
charides, flavonoids and soluble protein in liquid fermentation broth [5, 6]. These
substances can enhance the ability of human and animal to resist, increase nutrition
and improve the taste. The study will provide important new resources for the
development of new feed and functional drinks rich in mycelium body, proteins and
flavonoids [7].

Phellinus igniarius was a kind of edible fungus with an important medicinal
value, and its submerged ferments contained a variety of bioactive substances, such
as soluble protein, vitamin C and flavonoids etc. [8]. Corn silk had the effects of
diuresis, detumescence and lowering blood sugar, cholesterol and blood pressure in
traditional Chinese medicine, and be treated as health care tea because of its rich
nutrients [9, 10]. However, only a little corn silk was used in Chinese medicine in
our country, most of it is discarded as an agricultural waste after harvest. If it is
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collected, utilized and added in the fermentation culture medium of Phellinus
igniarius, will have the important significance to preparing new functional feed and
drink by submerged fermentation of producing flavonoids and protein. Similar
researches were rarely reported [11]. In our study, the corn silk and wheat bran as
materials of Phellinus igniarius submerged fermentation, and contents of flavonoids
and soluble protein in ferments were determined. The optimum medium formula
was obtained by through orthogonal test and overall balance analysis in order to
provide research basis for corn silk further development and application.

2 Materials and Methods
2.1 Materials

Corn silk, collected by ourselves, the corn silk was screened by the same maturity
degree, dried at 60 °C, crushed and reserved over 60 mesh sieve. Phellinus
igniarius strain was obtained from the biotechnology laboratory of Tianjin
Agricultural University. It was maintained on potato agar and incubated at 28 °C
for 7 days. Formula of liquid seed medium: 3% glucose, 0.3% peptone, 0.05%
MgSOy4, 0.1% KH,PO,, pH unadjusted. Formula of basal liquid submerged fer-
mentation medium (100 mL): 6 g wheat bran, 0.2 g KH,PO,, 0.4 g yeast extract,
0.1 g MgSQO,, pH unadjusted [12-14].

2.2 Experimental Methods

2.2.1 Inoculation and Culture

The seed culture was cultivated for 5 days in 100 mL of liquid seed medium that
was inoculated with 3—4 strain blocks of the activated Phellinus igniarius with the
size of 0.5 cm® at 25 °C and 150 rpm in a shaking incubator. 10 mL of the seed
culture was transferred into 100 mL of fresh liquid submerged fermentation med-
ium in a 250 mL flask. They were then cultivated for another 5 days at 25 °C and
150 rpm in a shaking incubator. After 5 days’ cultivation, the culture broth was
used as the culture strains of further fermentation.

2.2.2 Determination of the Contents of Flavonoid and Soluble Protein
in the Fermentation Liquid [15, 16]

The fermentation broth was centrifuged at 3000 rpm for 10 min, the supernatant
was used to determine the contents of flavonoid and soluble protein by the method
from Liu [8] the absorbance of flavonoids was determined at 285 nm wavelength.
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With the concentration of quercetin (mg/mL) as the horizontal coordinate, the
absorbance as the vertical coordinate, the standard curve was drawn, the equation
was y = 36.800x + 0.0074, R* = 0.9967 with a good linear relationship. With the
protein concentration (mg/mL) as the horizontal coordinate, the absorbance is the
vertical coordinate, and the standard curve is drawn at the 595 nm wavelength. The
linear regression equation was obtained as follows: R?=0.9971;
y = 5.8514x + 0.0021, with a good linear relationship. The content of flavonoids
(mg/mL) in the fermentation liquid = concentration of extract (mg/mL) x dilution
ratio. Soluble protein content (mg/mL) in fermentation broth = concentration of
extract (mg/mL) x dilution ratio.

2.2.3 Determination of Culture Time

10 mL of the seed culture was transferred into 100 mL of fresh liquid submerged
fermentation medium in a 250 mL flask. They were then cultivated for 7 days at
25 °C and 150 rpm in a shaking incubator. Fermentation broth was sampled for
once every 24 h and the contents of flavonoid and soluble protein from the broth
were determined. The strain growth curves were drawn to find out when the con-
tents of flavonoid and soluble protein were the highest with the cultivation.

2.2.4 The Effect of Different Ratios of Corn Silk and Wheat Bran

Different ratio of corn silk and wheat bran was added into the basal liquid sub-
merged fermentation medium. The ratios of corn silk and wheat bran were
respectively: corn silk to wheat bran (0-6%), (3—6%), (6—6%), (9—-6%), (12—-6%),
(15-6%) and (18—-6%). 10 mL of the seed culture was transferred into 100 mL of
fresh such liquid submerged fermentation medium in a 250 mL flask. They were
then cultivated at 25 °C and 150 rpm in a shaking incubator and ended at the day
which had been found to be the optimal cultivation. Contents of flavonoids and
soluble protein from the broth were determined to find the optimal ratio at which
contents of flavonoids and soluble protein were the highest.

2.2.5 Effects of Different Inoculation Amount

On the basis of optimal ratio, three different inoculation amounts (1.5, 3, 4.5%)
were studied to find the optimal one.

2.2.6 Orthogonal Test

In order to obtain the optimal formula of culture medium whose ferment broth
showed the highest levels of flavonoids and soluble protein, based on the above
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Table 1 The orthogonal test design of four factors and four levels

Levels Factors

Ratio of corn silk to bran KH>PO, (%) Yeast extract (%) MgSOy (%)
1 6% + 3% 0.10 0.2 0.05
2 5% + 6% 0.15 0.3 0.10
3 4% + 9% 0.20 0.4 0.15
4 3% + 12% 0.25 0.5 0.20

single factor experiment, ratio of corn silk to bran, yeast extract, KH,PO,, and
MgSO, were selected as factors to design the orthogonal test of four factors and
four levels, the factors and levels were shown in Table 1. The optimal culture
medium formula was obtained through comprehensive equilibrium analysis.

2.2.7 Statistical Analysis Method

All the data were analyzed by the software of SPSS 17.1.

3 Results and Analysis

3.1 The Change Curve of the Contents of Flavonoids
and Soluble Protein

The change curve of the content of flavonoids with culture time was shown in Fig. 1.
During the process of submerged fermentation, there was a linear relationship
between the content of metabolite flavonoids and the culture time, and content of
flavonoids was increased with the time increasing, until the 4th day it reached the
maximum and thereafter was decreased with the increase of time. Flavonoids are
secondary metabolites, which were mainly produced in the stable phase. At early
stage of infection, mycelium was just added into the new medium, and grew slowly
for adapting to the new culture medium, so, the content of metabolites was lower.
With the increase of days of culture, Phellinus igniarius was growing to the expo-
nential phase, content of metabolites was accumulated, then to a period of decline,
the death of the fungus, reduced metabolites and accumulation would appear and
continue to decline. Predictably, mycelium in the growth process, continued to use
the nutrients for its breeding and production of products until the nutrients could not
maintain biological activity and metabolism, so, the incubation time was the 4th day
after incubation when flavonoid content was reached the highest.
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Fig. 1 The change curve of the content of flavonoids during the process of Phellinus igniarius
submerged fermentation
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Fig. 2 The change curve of content of soluble protein during the process of Phellinus igniarius
submerged fermentation

The change curve of soluble protein content was shown in Fig. 2. The cir-
cumstance as for change of soluble protein content with culture time was similar to
that of the flavonoids. at the 4th day of incubation, content of soluble protein
reached maximum value.

As a whole, at the 4th day of incubation, contents of metabolites of flavonoids
and soluble protein were determined to reach the highest level. In the following test,
the stop incubation time was set at the 4th of incubation.

3.2 Effect of Different Concentration Ratio of Corn Silk
and Wheat Bran

The effect curves of corn silk and wheat bran with different ratio on the contents of
flavonoids and soluble protein in the fermentation liquid were shown in Figs. 3 and
4. Ratios 1-7 were established on the basic 6% wheat bran and added different
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Fig. 4 Effect of different concentration ratio of corn silk and wheat bran on content change of
soluble protein

concentration of corn silk (0, 3, 6,9, 12, 15 and 18%), which was shown in Fig. 3.
In the process of submerged fermentation of Phellinus igniarius, content of fla-
vonoids varied greatly with different conc. of corn silk, the ratio 4 (9% corn silk,
6% wheat bran) showed the highest level of flavonoid content.

That meant that corn silk might play an active supplement role on the synthesis of
flavonoids in the process of submerged fermentation of Phellinus igniarius. Over a
certain concentration, metabolite synthesis showed a downward trend. According to
Han ping’ report [17], the main chemical constituents in corn silk were volatile fatty
oils, volatile oils, saponins, polysaccharides, vitamins, various organic acids, and so
on, thus, corn silk in culture medium was mainly used as carbon source, and wheat
bran also as carbon source, whose main component was cellulose and hemicellulose.
From the point of nutritional components, the nutrition of corn silk was more com-
prehensive than that of wheat bran, to some extent, it was a good supplement to the
wheat bran, but the nutritional carbon source factor of corn silk was not enough,
reasonable collocation of both would be more beneficial to the fermentation of
Phellinus igniarius. How to use the waste of corn silk instead of wheat bran, reduce the
cost of fermentation was the purpose of our study. Therefore, the optimal ratio of corn
silk and wheat bran for flavonoids was ratio 4, namely 9% corn silk, 6% wheat bran.
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It was shown in Fig. 4, based on the fixed concentration of wheat bran, different
ratios of corn silk and wheat bran had slight effect on the content of soluble protein in
fermentation liquid. To comprehensive consider as for the contents of flavonoids and
soluble protein, the optimal ratio was ratio 4, it was 9% corn silk, 6% wheat bran.

3.3 The Determination of Inoculum Amount

In the process of Phellinus igniarius submerged fermentation, different inoculation
amount affected the yields of metabolites in the fermentation broth. yields of fla-
vonoids and soluble protein increased with the increase of inoculum amount, when
the inoculum amount reached 3%, yields of flavonoids and soluble protein reached
the maximum value and then began to decline. But the specific trends of the
changes in the yield of both were different. The yield of flavonoids increased very
fast under lower inoculation volume, and decreased little slower under high inoc-
ulation amount, as for soluble protein, the circumstance was vice versa.

The secondary metabolites are the metabolites that were synthesized after the
growth of edible fungi to the stable stage. Inoculum size was smaller, making fewer
mycelia in the fermentation broth, slowed the growth of mycelium, extended the
growing season, delayed the stabilization period, the formation time of secondary
metabolites was delayed, so total volume of products was reduced; inoculum size
was larger, there were more hyphal fragments in medium, fungi thrived, at the of
steady stage there were a large number of secondary metabolites of the cell, thereby
increasing the total amount of metabolites in the fermentation broth. If Inoculum
size was too big, mycelium growth was too fast and uneven, produced a lot of small
pellets, broth viscosity was increased, causing the lack of oxygen, instead, the
metabolites synthesis decreased. In conclusion of Figs. 5 and 6, the optimal inoc-
ulation amount was determined to be 3%.

Fig. 5 The effect of different 3 09
inoculum amount on the E 08 | I/I\I
content of flavonoids in the éﬁ ’
fermentation liquid = 07r
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5 0.6
g
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= 04+
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Fig. 6 The effect of different inoculum amount on the content of soluble protein in the
fermentation liquid

3.4 Orthogonal Test

In order to obtain the optimal formula of culture medium whose ferment broth
showed the higher levels of both flavonoid and soluble protein, based on the above
single factor experiment, ratio of corn silk to bran, yeast extract, KH,PO,, and
MgSO, were selected as factors to design the orthogonal test of four factors and
four levels according to Table 1. Results were shown in Table 2. From Table 2, the
best culture medium formula based on the content of flavonoids was A4B,C;3D;.
According to the analysis of range, size order of each factor affecting the content of
flavonoids in fermentation liquid was: ratio of com silk to wheat
bran > KH,PO, > yeast extract > MgSO,. The best medium formula based on the
content of soluble protein was A4B;C4D;, the size order was ratio of corn silk to
wheat bran > yeast extract > MgSO, > KH,PO,. The two schemes were not the
same, so, the comprehensive balance method [18] was used to carry out the analysis
of multi-indexes to obtain the final optimal formula of medium with both higher
levels of flavonoids and soluble protein.

From Table 2, factor A (the concentration ratio of corn silk to wheat bran)
showed significant effects on contents of flavonoid and soluble protein with bigger
ranges, indicating that factor A was the biggest effective factor. In terms of the
content of flavonoids, A4 level was the best, as for the content of soluble protein, A4
level was also the best. Overall, A4 level was selected. In terms of the content of
flavonoids, B, level (KH,PO,) was the best. In terms of soluble protein content, B;
level was the best, but B, level was not bad. Aiming to both of indexes, B, level
was selected. Factor C (yeast extract) showed smaller range to the content of
flavonoids, but bigger range of soluble protein content. That meant yeast extract
was the major influence factor on the soluble protein content. In terms of the
content of flavonoids, C; level was the best, C,4 level is not too bad; for soluble
protein content, C4 level was the best. In summary, the level of the best yeast
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Table 2 Results of orthogonal test

Test A B C D Content of Content of soluble
no. flavonoid (mg/mL) protein (mg/mL)
1 1 3 2 3 0.529 0.437
2 2 1 4 2 0.955 0.607
3 3 3 4 4 1.162 0.687
4 4 1 2 1 1.496 0.690
5 1 1 3 4 0.654 0.430
6 2 3 1 1 0.874 0.542
7 3 1 1 3 1.222 0.603
8 4 3 3 2 1.453 0.660
9 1 4 1 2 0.491 0.337
10 2 2 3 3 0.983 0.576
11 3 4 3 1 1.330 0.670
12 4 2 1 4 1.488 0.656
13 1 2 4 1 0.722 0.453
14 2 4 2 4 0.811 0.535
15 3 2 2 2 1.224 0.625
16 4 4 4 3 1.434 0.723
Ky 0.599 1.082 1.019 1.106

Kz 0.906 1.104 1.015 1.031

Kus 1.235 1.005 1.105 1.042

Ky 1.468 1.017 1.068 1.029

Ry 0.869 [0.099 |0.090 |0.077

Kp; 0414 [0.583 |0.535 |0.589

Kp> 0.565 [0.578 |0.572 |0.557

Kps 0.646 [0.582 |0.584 |0.585

Kpy 0.682 [0.566 |0.618 |0.577

Rp 0.268 [0.017 |0.083 |0.032

extract was C4. The impact of Factors D (MgSQO,) on both of indicators: Factor D
showed smaller ranges to the contents of both flavonoids and soluble protein. That
meant MgSO, was the minor effect factor on the soluble protein content. In terms of
the content of flavonoids and soluble protein, D, level was the best, so, D, level was
selected.

In conclusion, after the overall balance, the optimal scheme of medium was
gotten to be A4B,C4D;, namely corn silk 12%, wheat bran 3%, KH,PO, 0.15%,
yeast extract 0.5%, MgSO, 0.05%. Three sets of parallel experiments were con-
firmed by using the optimal medium formula. The content of flavonoids in fer-
mentation broth was 1.551 mg/mL, and the soluble protein content was
0.691 mg/mL.
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4 Conclusion

Through orthogonal test and comprehensive balance analysis method, the optimal
medium composition was determined: 3% wheat bran, 12% corn silk, 0.5% yeast
extract, 0.15% KH,PQO,4, 0.05% MgSO,. The best inoculation amount was 3%.
With the optimal formula. The confirmation experiment was that the content of
flavonoids in fermentation broth was 1.551 mg/mL, and the soluble protein content
was 0.691 mg/mL.
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Application of Sun Light Conversion
Film on the Outdoor Culture
of Nostoc flagelliforme

Shigang Shen, Peipei Han, Shunyu Yao, Rongjun Guo and Shiru Jia

1 Introduction

Nostoc flagelliforme is an edible filamentous terrestrial cyanobacterium with great
food and herbal values, which is distributed in arid and semi-arid areas. The
extracellular polysaccharide (EPS) of N. flagelliforme has been proved to possess a
variety of properties, such as antivirus, antioxidant, and anti-tumor [1-3]. Besides,
it has been reported with high intrinsic viscosity, good emulsification activity, and
excellent flocculation capability, indicating it was a very promising candidate for
numerous industrial applications [4]. However, the poor growth rate of N. flagel-
liforme plus increased market demands causes the endangered status of this specie
[5]. Therefore, the Chinese government designated N. flagelliforme a Category 11
Protected Plant in 2000. Under the protection regime, picking and trading of wild N.
flagelliforme are strictly prohibited. To conserve the endangered resource, the
cultivation of N. flagelliforme cells isolated from colonial filaments in liquid sus-
pension culture has been successfully established. And the cultivation of N. flag-
elliforme cells isolated from colonial filaments in liquid suspension culture has been
successfully established. Our previous work has demonstrated that exopolysac-
charide of wild N. flagelliforme and liquid-cultured N. flagelliforme showed great
similarity, which provided the basis for industrial use of N. flagelliforme [6].
Currently, the open pond raceway and closed tubular photobioreactors are the
main ways for the large-scale cultivation of microalgal. Photoautotrophic mode is
commonly used, and light is the only source for the generation of energy and
reduced carbon under photoautotrophic conditions. Changes in light quality and
light intensity have been found with significant influence on the biomass and EPS
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production of cyanobacteria [7-9]. In our previous work investigating the effects of
different wavelengths of light on N. flagelliforme culture, it was found that blue and
red lights could promote biomass accumulation and EPS production [10].
Therefore, efficient use of the light source is essential to cultivate the N. flagelli-
forme in the outdoors, especially to improve the biomass and EPS production.

Natural sunlight is the only energy in the large scale culture of microalgal, but
the sunlight and ultraviolet radiation is serious at noon, which has a significant
inhibitory effect on the growth of algal cells. Sunlight conversion film (SCF) could
make light quality conversion (convert violet and green light into red light) and thus
improve light utilization rate. The results of the fluorescence test showed that SCF
could strengthen the intensity mainly in red light range (630-680 nm) and a little in
blue light range, which is in favor of the algal growth. However, SCF was usually
used in agriculture, and there are few studies about the application of SCF on
microalgae culture. Considering the SCF function and adaptability of algae to light
quality (red and blue light), application of SCF on microalgae culture can improve
the photosynthetic efficiency of microalgae, thereby increasing the productivity of
biomass and EPS. Therefore, in this study, the effects of different types of SCF on
N. flagelliforme culture were examined.

2 Materials and Methods

2.1 Strain and Culture Conditions

The N. flagelliforme cells (TCCC11757) cultivated in BG-11 medium [11] were
obtained from the Tianjin Key Lab of Industrial Microbiology (Tianjin, China).
Inoculums were prepared by transferring the cells from stock culture, and incubated
aseptically in 2 L Erlenmeyer flasks containing 1 L BG-11 medium. Cultures were
bubbled with sterilized-filtered air, and the air flow was controlled by a rotameter
(FMA3306, Omega Engineering Limited, Manchester, UK). Photoautotrophic
culture of N. flagelliforme was performed in closed Erlenmeyer flasks under out-
door conditions, and the light intensity and daytime temperature in the experiment
process were natural. The cells grown under common polyethylene film were
treated as control. The surface of Erlenmeyer flasks was covered with seven dif-
ferent types of SCF, which was prepared by adding 3%o sunlight conversion agent
(SCA) on the basis of common polyethylene film. SCA can convert violet and
green light into red light. The model numbers of seven kinds of SCF were 34#, 36#,
39#, 40#, 41#, 43#, 47#, and the brands of added SCA were RBM-4565,
VTR-0617, HNND-14-1, Zhuhai, Yuanfeng, GTR-0645, SDAU, respectively.
Among them, both the SCF 41# and 43# added an extra 5%o red color masterbatch
during the process of manufacturing.
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2.2 The Measurement of Cell Growth, EPS Production,
and Protein Content

The growth increment of the N. flagelliforme cells was measured with dry mass
method. The EPS and CPS production was performed via the modified phenol-
sulphuric acid method using glucose as standard [12]. Crude protein content was
determined by Automatic Kjeldahl Apparatus (JK9830) in accordance with the
method of the determination of protein in foods (GB 5009.5-2010).

2.3 The Measurement of Photosynthetic Pigment

To determine pigment content, 5 mL of sample was taken and centrifuged at
4000x g for 10 min. Subsequently, the supernatant was discarded and then the cells
were re-suspended in 5 mL of methanol in a closed centrifuge tube and stored at 4 °
C for 12 h under dark conditions. After that, the cells were centrifuged at
10,000x g for 10 min, supernatant was collected and absorbance was measured at
665 nm. The content of chlorophyll a and carotenoid were calculated using the
following equations, respectively [13]:

Chlorophylla (mg/L) =13.43 x A665 X Vmethanol/Vcell (21)

Carotenoid (mg/L) = (1000 x A470 — 44.76 X Ages)/221 X Vmethanol/ Veell
(2.2)

2.4 Statistical Analysis

To ensure reproducibility of results, each experiment was performed with three
replications, and the values were expressed as the mean + standard deviation. The
data were analyzed by analysis of variance (ANOVA) or Independent-samples t
Test using the SPSS statistical software (version 20.0). The significance level was
set at P < 0.05.

3 Results and Discussion

3.1 Effects of SCF on the Biomass Accumulation

Effects of seven different types of SCF on the biomass production were investi-
gated, and the results were shown in Fig. 1. Compared to the control group (under
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the use of common polyethylene film), the biomass was greatly increased under the
use of SCF 34#, 39#, 40# and 41#, but there were no obvious difference under the
use of SCF 36# and 47#. After 14 days of culture, under the use of SCF 41#, the
highest biomass was achieved with the value of 1.36 g/L, which was increased by
20.35% compared with control group. The results showed that SCF 40# and 41#
can significantly promote the biomass accumulation (P < 0.05), which indicted that
SCF 40# and 41# were more suitable for cell growth.

3.2 Effects of SCF on EPS Production

As we can see from Fig. 2, under the use of different types of SCF, the significant
difference was observed in the EPS production. After 14 days of culture, EPS
production was higher in the order of 41#, 36#, 39#, 40#, 43#, 34#, 47# and
control, which reached 46.53, 36.64, 36.61, 35.35, 34.03, 30.71, 30.32 and
28.52 mg/L, respectively. Under cultivation of SCA 41#, the EPS production was
1.63 times to that of control group. The results showed that SCF 41# significantly
stimulated the EPS production, which may be related to the properties of adding red
color masterbatch (P < 0.01). Red color masterbatch is originally used for agri-
cultural production, and it has the function of promoting fruit ripening.

From Figs. 1 and 2, it was found that both the biomass and EPS production
reached the highest under cultivation of SCF 41#, which increased by 20.35 and
63.15% compared with control group, respectively. Results of the experiment
indicated SCF could convert useless wavelengths to be useful for N. flagelliforme
growth, thereby increasing the productivity of biomass and EPS, which could bring
up remarkable economy benefits. Taken biomass and EPS into consideration, SCF
41# was more suitable for culture of N. flagelliforme.
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3.3 Effects of SCF on the Photosynthetic Pigment Content

In order to explore the effect of SCF on the photosynthetic pigments of N. flag-
elliforme, the photosynthetic pigment contents were measured after 14 days of
culture. As shown in Fig. 3a, compared with control group, the carotenoid content
was greatly increased under cultivation of SCF 40#, 34#, 39# (P < 0.05), but there
were no obvious difference among the treatments of SCF 36#, 47#, 41#, 43#. While
for chlorophyll a, it was higher under cultivation of SCF 40#, 34#, 39# and lower
under 36#, 47#, 41#, 43#, than that of control group. Under cultivation of SCF 40#,
the highest content of carotenoid and chlorophyll a was obtained with values 3.87
and 8.69 mg/L, which was an increase of 19.44 and 10.42% compared with control
group, respectively.
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Fig. 3 Effects of SCF on the photosynthetic pigment content of N. flagelliforme. Control (the cells
grown under common polyethylene film)
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As presented in Fig. 3b, similar change patterns of phycocyanin (PC) and
allophycocyanin (APC) were observed under the use of SCF. Both the PC and APC
content were significantly higher under cultivation of SCF 40#, 39#, 41#, 34#
(P <0.01) and lower under SCF 47# (P < 0.01), than under SCF 36#, 43#.
However, the PE was not detected throughout the culture period, which was in
agreement with previous study reporting only PC and APC in the isolated intact
phycobilisomes [14]. The highest PC and APC content were obtained under SCF
40# with values of 65.61 and 27.39 mg/L, which were respectively increased by
27.84% and 10.27%, compared to control group.

3.4 Effects of SCF on the Protein Content

After 14 days of cultivation, the protein content of N. flagelliforme under cultiva-
tion of different SCFs was measured, and the results were shown in Fig. 4. Notably,
under cultivation of SCF 34# and 36#, although the crude protein content was
slightly higher than that of the control group, it was much higher than that of the
other SCFs treatments (P < 0.05). Particularly, compared with control group, under
cultivation of 39#, the protein content was significantly decreased (P < 0.05). The
results showed that SCF 34# and 36# were beneficial for protein synthesis.

4 Conclusions

In this study, different types of SCF were applied to culture the N. flagelliforme in
order to improve the production of biomass and EPS. The results demonstrated
clearly that SCF could significantly increase the biomass and EPS production.
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Particularly, under the use of SCF 41#, both the biomass and EPS production
reached the highest, which were increased by 20.35 and 63.15% compared with
control group, respectively. Based on this study, application of SCF on the
microalgal culture was feasible and these results will shed light on novel culture
strategies for microalgal outdoor cultivation.
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Determination of Ginkgolic Acids
in Ginkgo Seeds Using HPLC-MS
in the Presence of Lipids

Yanying Hu, Guojuan Sun, Huitu Zhang, Liming Zhang,
Tongcun Zhang and Yujie Dai

1 Introduction

Ginkgolic acids are a class of 2-hydroxy-6-alkyl benzoate compounds existing in
ginkgo leaves, seeds, roots and barks. Commonly there are 5 kinds of ginkgolic
acids, C13:0, C15:0, C15:1, C17:1, and C17:2, detected in previous reports. They
have the potential to sensitization and mutagenicity, and strong cytotoxicity [1-3].
They can cause allergic reaction, gene mutation, nerve damage, which leads to
nausea, heartburn, allergic shock, allergic purpura, exfoliative dermatitis, gas-
trointestinal mucosal allergy, convulsion, paralysis and other adverse reactions.
Their content is strictly limited in a variety of ginkgo related phytopharmaceuticals
[2]. In China, because there are no strict limits of ginkgolic acids for ginkgo seeds
used as food, some adverse reactions are usually taken place when they are over-
dosed. It is necessary to determine the content of ginkgolic acids with a sensitive
and selective analytical method.

There are many methods reported for the determination of ginkgolic acids in
ginkgo biloba leaves, such as TLC, GC, GC-MS, HPLC etc. [4-6]. TLC method is
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fast, cheap and easy to operate, but only suitable for qualitative analysis because of
its large errors and limited precision. GC and GC-MS need a derivatization process
for the determination of ginkgolic acids, which is relatively cumbersome [7], fur-
ther, it is not easy to judge the results because the ginkgo acid derivatives, not
ginkgolic acids themselves are directly detected for this process. Duo to the high
resolution and no need of derivation process, HPLC was reported recently to be
used for the quantitative analysis of ginkgolic acids in ginkgo biloba leaves and
their extracts. HPLC-MS has the advantages of high efficiency, fast speed and high
sensitivity, which is suitable for the determination of components with trace con-
tent, difficulty for separation, or variability. It also gives rich information of the
samples such as retention time, online UV spectra, molecular weight and charac-
teristics of structural fragments of the components synchronously. When these
methods were used for the determination of ginkgolic acid contents in ginkgo seeds
[8], an extraction process using a Soxhlet extractor, which is complicated and
time-consuming, was usually conducted. Compared with the extract of ginkgo
leaves, the extracts of ginkgo seeds or ginkgo sarcotesta contain higher content of
lipid substances [9]. On the other hand, strong polar solvents such as water,
methanol or acetic acid were usually used as the mobile phase in HPLC analysis
[4-6]. Because the containing lipids are immiscible in these mobile phases and are
similar in properties to ginkgolic acids, which may give negative influence on the
determination of ginkgolic acids, the pretreatment of silica gel column chro-
matography was usually conducted in order to get rid of them [10]. It is a
time-consuming process, which may decrease the accuracy of the qualitative
determination of ginkgolic acids with HPLC method due to the inevitable sample
loss.

In order to simplify the pretreatment processes and improve the accuracy of
ginkgolic acids’ analysis, isopropanol, which has a better solubility to ginkgo acids,
was used in this study as extraction solvent and a component of mobile phase and
HPLC-MS, which has the high sensitivity and selectivity, was employed to
determine the content of ginkgolic acids in ginkgo seeds.

2 Materials and Methods

2.1 Samples and Reagents

The fresh ginkgo seeds were purchased from Taixing (Jiangsu Province, China).
Standard samples (>99.0%) of ginkgo acids C15:1, and ginkgolic acid mixture
(C13:0, C15:0, C15:1, C17:1 and C17:2) were purchased from Shanghai Tongtian
Biotechnology Incorporated Company (China), batch number were 12101935,
12102306 and 12102406 respectively.
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2.2 Methods and Procedure

2.2.1 Preparation of the Sample Solution

Before extraction, the hulled ginkgo seeds were dried to constant weight, grinded to
powder, and then screened with a 200 mesh sieve. 2.0 g of the powder was
weighted accurately into a 50 mL conical flask with plug and placed on a ther-
mostatic shaker (Jintan Science Analysis Instrument Co. Ltd, THZ-82, China).
25 mL isopropanol was added to extract the ginkgolic acids and the shaker was
shaking for a period (the shaking speed is 124 r min~' at 28 °C). Then the liquid
was filtered with 0.22 pm microporous membrane (Tianjin Keyilong Experiment
Equipment Co., Ltd., China) and condensed with a rotary evaporator (Shanghai
Yarong Biochemistry Instrument Factory, RE-3000, China), finally the volume of
the extraction was adjusted to 2.5 mL to obtain the sample solution for the deter-
mination of ginkgolic acids.

2.2.2 Preparation of the Standard Solution

1.0 mg of the standard, ginkgolic acid C15:1, was weighted accurately into a 10 mL
volumetric flask and isopropanol was added to adjust the volume of ginkgolic acid
solution to 10 mL as the stock solution. Before the determination, 1.0 mL of the
stock solution was then diluted for four times and filtered with 0.22 pm microp-
orous membrane.

2.2.3 Analyses of Ginkgolic Acids by HPLC-MS

Quadrupole LC/MS system (1260 Agilent Technologies, USA) with an
Agilent ZORBAX SB-C18 column (4.6 mm X 75 mm, 3.5 um, Agilent
Technologies, USA) was employed for the determination of ginkgolic acids in
ginkgo seeds. Acetonitrile, isopropanol and methanol were chromatographic grade
and the high purity water was bought from Wahaha Tianjin Bottled Water Co. Ltd.
(China). Column temperature was 30 °C. The mobile phase was isopropanol/
acetonitrile/acetic acid (42:57:1, v/v). The flow rate was 0.25 mL min~'. The
column was equilibrated for 12 min before the sample injections. UV spectra were
recorded over a range of 190-400 nm and the chromatographic elution curve was
acquired at 312 nm. The LC elution was introduced directly into the ESI interface
without splitting. Object compounds were analyzed in negative ion mode. The
nebulizer pressure was 60 psi. The capillary voltage was 3 kV. The dry gas flow
was 6.6 L min~! and the temperature of the dry gas was 350 °C. The analysis was
carried out using selected ion monitoring (SIM) at 347, 345, 373 and 371 for
ginkgolic acid C15:0, C15:1, C17:1 and C17:2 respectively. The peak width is
0.1 min and the injection volume was 5.0 pL.
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2.2.4 Preparation of Working Curve (Linearity)

Eight levels of concentration within the range 0.0008—0.1 mg mL ™" were prepared
and injected into the HPLC-MS system respectively, and the peak areas were
obtained.

2.2.5 Validation of the Determination Method

The limit of detection (LOD) was determined by the ratio of signal to noise, the
ratio was detected using the lowest concentration of the standard curve through
Agilent ChemStation. And the levels in which the response was 3 x higher than the
ratio of signal to noise was taken as LOD. The limit of quantitation (LOQ) for
ginkgolic acids C15:1 was identified from the LOD as follows:

LOQ = (10 x LOD)/3 (1)

Each sample was injected into the chromatography system for six parallel times
and chromatograms were recorded. The injection volume was 5.0 uL. The peak
area values were recorded and the content of the ginkgolic acid was calculated, the
average value and RSD (Relative Standard Deviation) were all calculated.

The recovery of the determination method was examined by adding standard
solutions at three different concentrations: 9.4, 12.5, and 15.6 pg mL™", respec-
tively to the container of 2.00 g ginkgo seed powder, followed by subsequent
extraction using the same process employed for the samples, which consisted of
filtration and direct analysis of the extraction solution by HPLC-MS.

3 Results and Discussion

3.1 Selection of the Extraction Solvent and Mobile Phase

Ginkgo seeds contain large amounts of lipids. When the strong polar solvents such
as methanol or ethanol were used for the extraction of ginkgolic acids, these lipids
may form a separate phase from the solvent, which is not conducive to constant
volume process before the determination. However, when the nonpolar solvents
were employed as extraction solvent, ginkgo seeds must be fully dried before the
extraction, otherwise, these solvents were difficult to penetrate into the wet ginkgo
seeds, resulting in the low extraction ratio. In addition, the nonpolar solvents such
as cyclohexane and petroleum ether, cannot be completely miscible with the
common HPLC mobile phase with strong polarity (for example, the acetonitrile).
Through our experiments, it was found that isopropanol not only has good
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miscibility with lipids and ginkgolic acids, but it also miscible with methanol and
acetonitrile, which are often used as a mobile phase in HPLC. Isopropanol itself can
also usually used as a HPLC mobile phase component. Thus, in our study iso-
propanol was selected as the extraction solvent and the main component of the
HPLC mobile phase, which facilitates the extraction and HPLC determination of
ginkgolic acids. In order to improve the separation ability of the HPLC technique,
acetonitrile was used to adjust the polarity of the mobile phase and a small amount
of acetic acid was introduced to reduce the trailing behavior. Thus, in our experi-
ments, isopropanol/acetic acid/acetonitrile (42:1:57, v/v) was used as the mobile
phase.

3.2 Determination of the Extraction Time

2.0 g of the dried ginkgo seed powder was taken for the extraction into a 50 mL
conical flask with plug and placed on the thermostatic shaker with the shaking
speed of 124 r min~! at 28 °C. 25 mL of isopropanol was used as the extraction
solvent for the extraction of ginkgolic acids from ginkgo seeds. In order to ensure
the ginkgolic acids in ginkgo seeds can be adequately extracted, the extraction time
was optimized with single factor experiment. The results are shown in Fig. 1. It can
be seen that the content of ginkgolic acids C15:1 in the extract solvent nearly
doesn’t change after the extraction time is longer than 120 min. Thus, all the
extraction for subsequent experiment was kept for 120 min.
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3.3 HPLC and HPLS-MS Flow Curves of the Sample
Solution

HPLC is widely applied to the separation and determination of natural products.
However, because of the complexity of the natural products, directly injecting the
samples of the solvent extract into the HPLC apparatus can’t give an ideal result. It
is difficult to make all the components in the extract to be separated completely in
the flow curve. Generally, the crude extracts were further separated and purified,
which enhances the complexity of the determination of the components in it. For
the extract of ginkgo seeds, it has plenty of lipids, which are similar to ginkgolic
acids in many properties. These lipids may interrupt the determination of ginkgolic
acids. Previous investigations used the silica gel chromatography as a pretreatment
to remove these lipids [10]. It is inevitable to introduce extra errors for the quan-
titative determination ginkgolic acids. Recently, HPLC-MS has been extensively
applied to the qualitative and quantitative analysis of complex mixtures. Its unique
advantage is that it completely omitted the interference of the substances with
different molecular weights. It can give a quite satisfactory flow curve for quali-
tative and quantitative determination of object molecules. There are two modes for
the HPLC-MS analysis, Scan mode and SIM mode. The Scan mode is for scanning
the sample extracts for expected and unexpected substances as a qualitative analysis
while the SIM mode yields good sensitivity for quantitative analysis of the target
compounds. In this research, in order to determine the retention times and char-
acteristic mass fragments of ginkgolic acids, the primary electron ionization mass
spectra of the analysts were recorded in full-scan mode (m/z 190-400, scan fre-
quency 5 Hz). Simultaneously, for quantitative analysis SIM mode was applied
with target masses of m/z 347.0, 345.0, 373.0 and 371.0 for ginkgolic acids C15:0,
C15:1, C17:1, and C17:2, respectively.

Figure 2 is the HPLC and Selected ion chromatograms (m/z 345 for detecting
C15:1) of the extract of ginkgo seeds. It can be seen that HPLC can’t give inde-
pendent peaks for all the components with direct injection of isopropanol extract
sample, indicating that it can’t give isolated peaks for the extract composition by
using direct injection of the sample solution without any pretreatment. However,
HPLC-MS shows a distinct regular peak at 5.181 min, representing the component
with nucleocytoplasmic ratio of 345, which accords with the peak of C15:1. Other
ginkgolic acid components can also give distinct regular peaks by adjusting
nucleocytoplasmic ratio to corresponding values of their molecular weights.

3.4 Validation of the Determination Method

An analytical procedure should be demonstrated that it is suitable for its intended
purpose, and that an analytical method should meet the requirements of analytical
applications, so that the reliability and credibility of the results should be ensured.
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Fig. 2 HPLC and HPLC-MS analysis of the extract of ginkgo seeds. a HPLC determination of
ginkgolic acids in the isopropanol extract injected directly. b HPLC-MS analysis (SIM mode m/z
345) of ginkgolic acid C15:1 in the isopropanol extract of ginkgo seeds

The following parameters were evaluated for the method validating herein: lin-
earity, limits of detection and quantitation, precision, and recovery. To this end, a
standard of C15:1 and ginkgolic acid mixture (C15:1, C17:1, C17:2, C15:0) were
employed. The results are presented below.

3.4.1 Linearity/Range

The linearity of an analytical methodology indicated that the obtained results of
peak area are directly proportional to the concentration of the analyte in the standard
sample, within a specified range. In this range, the concentrations that are expected
to be detected during analysis of the samples. In the present case, concentrations in
the 0.0008-0.1 mg mL™" range were taken into consideration for the standard
C15:1. The regression equations and the squared correlation coefficients were:

Y =3.5x 108X — 0.0011(r* = 0.9997) (2)

While X is the sample weight (ug) and Y is the peak area. It correlates well in
the range of 0.008-1 ng of ginkgolic acid [11].
3.4.2 Limits of Detection and Quantitation

The ratio that was detected using the lowest concentration of the standard curve

through Agilent ChemStation was 65.7, and the LOD and LOQ are
0.354 x 107 pg and 1.179 x 107> pg respectively.
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3.4.3 Precision Test

Precision values are expressed as the coefficient of variation (CV), according to the
formula:

CV(%) = SD/DAC x 100 (3)

where SD is the standard deviation and DAC is the determined average concen-
tration. As for repeatability, the sample solution was determined for six times.
Correlation between the results was determined within a short period and the data
measured by the same analyst by means of the same instrumentation. The average
concentration was 170.95 mg kg~ ' and CV was 3.3%.

3.44 Recovery Test

Recovery, a measure of the extraction efficiency of the analytical method, was
analyzed by adding known standards to the samples. In our experiments, three
different amounts of ginkgolic acid C15:1 was added into 3 samples each containing
2.0 g of dry ginkgo seed powder. It was extracted and determined with HPLC-MS
as described previously. Each sample was determined for three times and the results
were listed in Table 1. The average recovery is 102.29%, RSD = 5.5%. All the
values were satisfactory for the purposes of this work.

3.5 Determination of Content of Ginkgolic Acids in Samples

In this study, UV detector was set at 312 nm. The results are listed in Table 2. The
results show that there are four kinds of ginkgo acids in sample and the ginkgolic acid
C15:1 has the mostof 170.95 + 0.033 mg kg '. The ginkgolic acid of C15:0 may have

Table 1 The recovery of HPLC-MS method was calculated for ginkgo seed powder spiking with
different amounts of ginkgolic acid C15:1

Sample (mg) Standard (mg) Spiked sample (mg) Recovery (%)
Al 2.08 x 107° 334 x 107° 5.57 x 107° 104.50
A2 2.10 x 107° 334 x 107° 5.60 x 107° 104.80
A3 2.16 x 107° 334 x 107° 579 x 107° 108.68
Bl 211 x 1073 262 x 107° 483 x 107° 103.82
B2 220 x 107° 2.64 x 107° 493 x 1073 103.41
B3 2.14 x 107° 277 x 107° 4.81 x 107° 96.39
Cl1 2.07 x 107 224 x 107° 434 x 107 101.34
2 215 x 107° 232 % 107° 425 x 1073 90.52
C3 2.09 x 107° 223 x 107° 448 x 107° 107.17
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Table 2 The content of main components of ginkgolic acids

Components Content/mg kg7l
C15:0 12.16 £+ 0.033
Cl15:1 170.95 £ 0.033
C17:2 9.63 £ 0.033
Cl17:1 26.34 £+ 0.033
Q C15:0 (m/z 347)
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Fig. 3 The HPLC-MS (SIM mode, m/z 347) analysis of ginkgolic acid C15:0

isomers because there are two adjacent peaks with the same m/z appeared (Fig. 3). The
peak time of sample and the ginkgolic acid mixture standard are the same.

4 Conclusions

In this study, a determination method using HPLC-MS for four kinds of ginkgolic
acids in ginkgo seeds C15:0, C15:1, C17:1, C17:2 was established with isopropanol
as the extraction solvent and a component of the mobile phase. The concentrations
of ginkgolic acids in the extract can be determined using HPLC-MS by the direct
injection of the extract solution without any lipid removal process. The coefficient
of variation and the recovery of the determination method are 3.3% and 102.29%
respectively. It has good linearity within the range of 0.0008-0.1 mg mL™". This
paper provides a simple and convenient method for the determination of ginkgolic
acids in ginkgo seeds with the presence of a large amount of lipids.
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High Concentration Vinegar Production
by Acetic Acid Bacteria Using Edible
Alcohol as Feedstock

Xiao-Yan Yin, Rong Zhai, Wu-Kun Zhong, Jiao Huo
and Zhong-Hua Yang

1 Introduction

Vinegar is a traditional oriental grain condiment with a sour taste and distinct
fragrance. Now, it has been used as a condiment sauce worldwide [3]. The global
vinegar demand is increasing significantly in the last few years [13]. Its main
industrial production technology was semi-continuous fermentation with acetic acid
bacteria (AAB), in which the acidity usually does not exceed 60 g/L. High acidity
vinegar(acidity > 90 g/L acetic acid) can save storage and transport cost [6]. So,
production of high acidity vinegar is valuable [12].

However, there is some hardness in production of high concentration vinegar
with AAB fermentation. The inferior quality white vinegar was mainly produced by
blending the glacial acetic acid. This means that it is not healthy and poor taste. The
traditional high quality vinegar was produced from ordinary fermentation vinegar
by repeatedly freezing, however its productivity is very low [4]. Here, we try to
produce the vinegar from edible alcohol by biocatalysis with acetic acid bacteria
(AAB). This is a safe and feasible route.

AAB has powerful ability to oxidise ethanol. In the two-step reaction [14], the
AAB acts as a cell factory, in which the ethanol is oxidized to acetic acid catalyzed
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by the two enzymes, alcohol dehydrogenase (ADH) and acetaldehyde dehydroge-
nase (ALDH). Simultaneously, some other flavor components are also synthesized
[10].

Carbon source, nitrogen source, inorganic ions and vitamins are the key factors
for ABB [11]. Berraud studied the composition of nutrient salt to the production of
the high concentrated alcohol vinegar [1]. Yang also optimized the medium for
alcohol vinegar fermentation [15]. But in their research, the AAB biomass was still
in a low level, which limited the productivity further improvement. To improve the
AAB biomass in the vinegar fermentation, the carbon source, nitrogen source and
ethanol concentrations were optimized in this work.

2 Materials and Methods

2.1 Microorganisms

The bacteria AAB.WUST-01 was applied as the production strain, which
was preserved in our lab.

2.2 The Original Medium and Culture Conditions

The original medium composition for AAB culture were glucose (10 g/L), yeast
extract (10 g/L), KH,PO,4 (0.5 g/L), MgSO, (0.5 g/L) and NaH,PO, (0.5 g/L), and
ethanol (20 mL/L).

Carbon source optimization: The concentration of glucose was as follows (w/v)
0.2, 0.3, 0.4, 0.5, 0.6%. Others compositions are the same as the original medium.

Nitrogen source optimization: The concentration of yeast extract was as follows
(wlv) 2.3, 2.4, 2.5, 2.6, 2.7%. Others compositions are the same as the original
medium.

Ethanol concentrations optimization: In starting-up stage, the concentration of
ethanol was as follows (v/v) 0.0, 1.0, 2.0, 3.0, 4.0%. The concentration of glucose
and yeast extract were the optimized amount. Others compositions are the same as
the original medium. In production acid stage, the concentration of ethanol was as
3.0, 4.0, 5.0, 6.0, 7.0% (v/v).

In the process, the AAB culture broth, which was at exponential growth phase,
was inoculated into the fermenter with 10% of inoculum size. The fermenter was
opened in 30 °C and 220 r/min agitation rate. The first 24 h culture is the
starting-up stage for AAB biomass growth. The next stage is production stage,
which is mainly production of vinegar.



High Concentration Vinegar Production by Acetic Acid Bacteria ... 453

2.3 Analysis Methods

The acidity of acetic acid was quantitatively determined by titration with 0.1 M
NaOH solution using phenolphthalein as indicator [9].

The total biomass was determined by turbidity method based on the optical
density measurements at 600 nm using a UV/visible spectrophotometer [14].
Samples were diluted to the appropriate concentration to keep the ODgoonm value
between 0.2 and 0.8. The relationship between dry cell weight 