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Whole-cell biocatalysts have a wide range of applications in many fields. However, the transport of
substrates is tricky when applying whole-cell biocatalysts for industrial production. In this research, P.
pastoris whole-cell biocatalysts were constructed for rebaudioside A synthesis. Sucrose synthase was
expressed intracellularly while UDP-glycosyltransferase was displayed on the cell wall surface
simultaneously. As an alternative method, a fermentation process is applied to relieve the substrate
transport-limitation of P. pastoris whole-cell biocatalysts. This fermentation process was much simpler,
more energy-saving, and greener than additional operating after collecting cells to improve the catalytic
ability of whole-cell biocatalysts. Compared with the general fermentation process, the protein
production capacity of cells did not decrease. Meanwhile, the activity of whole-cell biocatalysts was
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the transport-limitations. Furthermore, the induction time was reduced from 60 h to 36 h. The
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1. Introduction

Steviol glycosides (SGs) are a group of sweetening agents, which
have been applied to food and beverages for their advantages of
high-intensity sweetness, low-calorie, non-nutritive nature, and
high stability.”” The therapeutic properties of SGs have been
studied on antihyperglycemic, antihypertensive, anti-
inflammatory, antitumor, antidiarrheal, diuretic, and immu-
nomodulatory effects.** More than 30 steviol glycosides have
been discovered in Stevia rebaudiana in the past few years. The
stevioside (ST) and rebaudioside A(RA) are the main contents in
commercially steviol glycoside products.® In the previous study,
ST is 250-300 times sweeter than sucrose with an unflavored
aftertaste.® As a sweetener with better taste, the high purity of
RA is more popular than St in the market. To extract RA from
Stevia rebaudiana, there are some techniques for physical
separation such as high-speed counter-current chromatog-
raphy,” preparative high-performance liquid chromatography
(HPLC),® and adsorptive separation.® However, ST is difficult to
be separated from the products due to the similar physical
properties of the two substances. Therefore, it is necessary to
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and ultrasonication treatment based on the high efficiency and simplicity.

focus on the conversion of ST to RA, and enzymatic catalysis is
an efficient method to be considered.

Enzymes are the principal cost of industrial-scale production
in the biochemical industry.’ On the one hand, the steps of
purifying enzyme are omitted of whole-cell biocatalysts, and the
cost would be significantly saved."* On the other hand, whole-
cell biocatalysts are more stable than free enzymes, which are
promising alternatives. Due to the protection of cell walls and
membranes, whole-cell biocatalysts can be applied in harsh
conditions and unconventional reaction systems,'** and the
cost is only one-tenth of a purified enzyme system.' In addition,
whole-cell biocatalysts are commonly used when cofactors are
involved in the reaction," such as the reactions catalyzed by
oxidoreductases that depend on nicotinamide cofactors*'® and
the redox-neutral multi-step reactions coupling of enzymes."”'*

Undeniably, whole-cell biocatalysts have limitations. Low
selectivity may lead to by-products,** which can be overcome by
using dead whole-cell biocatalysts or the selective knockout of
host-related gene.* One of the main limiting factors is
transport-limited caused by cell walls and cytomembranes.*
Generally, there are three main strategies to improve the
permeability of whole-cell biocatalysts reliving the limitation of
transport: (i) adding permeabilizing reagent, such as surfac-
tant,*»** organic solvent,” chelating agent,* and other similar
agents.”*”” (ii) Physical processing, such as ultrasonic treat-
ment,*® osmotic pressure,® etc.** (iii) Molecular biology,
including changing the structure and composition of cell
membranes,* expressing potential transporters,®* and
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expressing membrane-active peptides.*® Both advantages and
limitations are present in each strategy. For example, adding
permeabilizing reagents introduces unwanted substances,
physical processes are not conducive to scale-up, and molecular
biology strategy is individualized and complicated to operate.
Therefore, novel methods to improve transport-limited should
be developed.

P. pastoris is widely applied in the production of industrial
enzymes.**** P. pastoris whole-cell biocatalysts have been re-
ported to apply to various fields, including biodiesel produc-
tion,*® esters production,” phosphatidylserine production,*®
and synthesis of isomalto-oligosaccharides.*® In the previous
study, P. pastoris could be used for RA synthesis as a whole-cell
biocatalysts.*>** Two forms of whole-cell biocatalysts could be
constructed depending on whether the proteins are expressed
in intracellular or displayed on the surface. When the protein
was expressed intracellular, the permeability of the biocatalysts
should be improved to increase activity.*® On the contrary, the
surface display system was benefited from substrate trans-
portation and protein stability, but the low activity was needed
to be improved.>

In this study, a fermentation process was applied to improve
the capacity of P. pastoris whole-cell biocatalysts. A recombinant P.
pastoris, co-expressing sucrose synthase (SUS) intracellular and
surface displaying UDP-glycosyltransferase (UGT), was constructed
to synthesize RA. Based on general high cell density fermentation,
the initial cell density and methanol feed strategies were explored
to study the relationship between the fermentation process and
transport-limited. In addition, the improvement of whole-cell
biocatalysts by fermentation process optimization was compared
with traditional strategies, including permeabilizing reagent and
ultrasonication treatment.

2. Materials and methods

2.1. Gene cloning, plasmid construction and strain
transformation

P. pastoris GS115 (his4™) (Invitrogen) expressing UDP-
glycosyltransferase or sucrose synthase driven by the Paox:
promoter was used as the wild-type (WT) strain, and all over-
expression strains were driven from this strain. Escherichia coli
TOP10 was used as the host for plasmid construction. The
sucrose synthase gene was cloned from mung bean, which was
cloned into a pPICZA (Invitrogen) expression system. Moreover,
the UDP-glycosyltransferase gene UTG76G1 was from Stevia
rebaudiana, which was fused with the P. pastoris cell wall protein
GCW61 and the a-factor signal sequence, then incorporated
into a pPIC9K (Invitrogen) Codon optimization of these genes
was conducted on http://www.jcat.de, and the optimized
sequences were sent for chemical synthesis at Jierui (Shanghai,
China). Detailed information on the construction of integration
plasmids is shown in ESI Table 1.1 All the primers used in this
study are listed in ESI Table 2.1

The recombination strains containing BleoR and KanR
maker were cultivated in yeast extract peptone dextrose (YPD)
agar plate, 100 ug mL™ " zeocin, and 200 ug mL™ "' geneticin
(G418) were added as selection pressure, respectively. For
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shake-flask culture, single colonies were picked from the agar
plate and inoculated into test tubes containing 5 mL buffered
glycerol-complex (BMGY) medium for overnight growth at 30 °C
in a 250 rpm orbital shaker, then the precultures were inocu-
lated into shake flasks containing 25 mL buffered methanol-
complex (BMMY) to an initial ODgg, of 1.

BMMY medium, containing 10 g L™ yeast extract, 20 g L™"
tryptone, 13.4 g L™' yeast nitrogen base (YNB), and various
concentrations of methanol. A 10% (v/v) phosphate buffered
saline (PBS, 1 M, pH 6.0) was used to maintain pH. Yeast extract
peptone dextrose (YPD) medium containing 10 g L™* yeast
extract, 20 g L™ " tryptone, and 20 g L™ " glucose.

2.2. Feed-batch fermentation

After overnight cultivation in YPD medium at 30 °C, the seed
cultures were inoculated (8%, v/v) into a 15 L bioreactor (FUS-
15L; Ncbio, Shanghai, China) with 7.5 L basal salt medium
(BSM) that contained 27 mL L™ " 85% H;PO,, 40 g L™ " glycerol,
18 g L' K,S0,, 14.9 g L™ MgS0,-7H,0, 4.13 g L' KOH and
0.93 g L' CaS0,, supplemented with 4.35 mL L™' PTM1 trace
salts (65 g L™ FeSO,-7H,0, 20 g L' ZnCl,, 6 ¢ L™ CuSO,4
5H,0, 3 ¢ L™' MnSO,-H,0, 0.5 ¢ L™' CoCl,, 0.2 g L'
MoNa,0,-2H,0, 0.2 ¢ L™" biotin, 0.09 ¢ L™" KI, 0.02 g L™"
H;BO; and 5.0 mL L™ " 98% H,S0,).The fermentation process
was divided into three stages. Stage I was the cell growth phase
in which dissolved oxygen (DO) was maintained at >30% of air
saturation by control of the agitation rate (200-800 rpm, stage
I). And 1.8 L 50% (w/w) glycerol (containing 12 mL L™* PTM1
solution) was feed (stage II) to maintain dissolved oxygen >30%.
The temperature controlled to 30 °C by recirculating water and
the pH maintained at 5.5 by feeding 25% ammonium hydroxide
at stages I and II. Stage III was the protein production phase by
the addition of methanol (containing 12 mL L™' PTM1 solution)
to induce, the culture temperature-controlled to 25 °C, pH
adjusted to 6.0, maintained DO > 20% of air saturation with an
agitation rate of 800 rpm. The optimization experiments of
culture temperature, pH value and methanol concentration are
shown in ESI Table 3.1 All culture strategies in the 15 L biore-
actor are listed in ESI Table 4.7

2.3. Biomass analysis

The biomass was characterized by dry cell weight (DCW, g L™")
and absorbance at 600 nm. A 10 mL sample was collected every
4 h (stages I and II) or 6 h (stage III) then centrifuged at 4200 g at
4 °C for 10 min. 100 mM PBS 7.0 was used to resuspend the cells
then repetition the centrifugation procedure. The samples were
washed three times and resuspended in 10 mL 100 mM PBS (pH
7.0), and 1 mL cell resuspension was used to measurement of
ODggo and 9 mL to measure dry cell weight. The tubes containing
centrifuged cells were dried at 105 °C until a constant weight was
maintained. The relationship between ODgy, and DCW was rep-
resented by the equation: 1 ODggo L™ " = 0.24 gpcw L.

2.4. Measurement of SUS, UGT and catalytic activity

The fermentation broth samples were centrifuged at 8200 g at
4 °C for 5 min, washed three times in 100 mM PBS (pH 7.0), then
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the ODggo was measured then maintained at ODgyo = 60.1 mL
sample as described above was pipetted into a pre-cooled cell
disruption tube containing 700 mg glass beads (0.5 mm), then
adding 3 pL of protease inhibitor cocktail (Sigma), which was
subjected to high-speed homogenization for 1 min, then placed
in an ice bath for 1 min. This process of high-speed homoge-
nization and the ice bath was repeated 8 times. The cell lysates
were collected to measure SUS and UGT enzyme activities, and
the catalytic activities of the double-enzyme coupling reaction.

The activities of UGT were measured by quantifying the
synthetic rate of uridine diphosphate glucose (UDPG) and
consumption rate of uridine diphosphate (UDP) generation
using HPLC. According to eqn (1), one unit of enzyme activity
was defined as generating 1 umol UDPG (or consuming 1 umol
UDP) per minute. The activities of SUS were measured by
quantifying the synthetic rate of UDP and consumption rate of
UDPG generation using HPLC. According to eqn (2), one unit of
enzyme activity was defined as generating 1 pmol UDP (or
consuming 1 umol UDPG) per minute. The catalytic activity of
whole-cell was determined by measuring RA generation by
HPLC. According to eqn (1) and (2), one unit of activity was
defined as generating 1 pg RA per hour. The reaction starts by
adding all the substances of the reaction system. At the end of
the reaction, 100 pL 0.9 M phosphoric acid solution was added
to stop the reaction for 5 minutes, and then 100 pL 2 M NaOH
solution was added to neutralize the reaction solution for liquid
phase detection. The SUS reaction system included 50 mM PBS
7.0, 50 mM sucrose, 2 mM UDP, and 3 mM MgCl,, reaction time
was 20 min. The UGTs reaction system included 50 mM PBS 7.0,
2 mM UDPG, 3 mM MgCl,, and 10 g L™ " ST, The reaction time
was 20 min. The coupling reaction system included 50 mM PBS
7.0, 50 mM sucrose, 1 mM UDP, 1.5 mM MgCl,, and0 g L™ " ST,
the reaction time was 6 h.

All reaction systems and conditions are shown in ESI Table
5.1

UGT

ST + UDPG Y1 RA + UDP (1)
Sucrose + UDP > fructose + UDPG 2

The UDP and UDPG were measured using a Waters 2695
HPLC system equipped with a ZORBAX SB-C18 column (4.6 x
150 mm) and a UV-detector (262 nm), with a column tempera-
ture of 35 °C. The mobile phase was 0.2 M phosphate buffer
(0.1 M Na,HPO; and 0.1 M KH,PO3, pH 7.0), at a flow rate of 1
mL min~". ST and RA were determined by a Waters 2695 HPLC
system equipped with a Sapphire C18 column (4.6 x 250 mm)
and a UV-detector (210 nm), with a column temperature of
40 °C. The mobile phase was phosphate buffer (1.38 g L™*
Na,HPO3;, pH 2.6): acetonitrile at a ratio of 0.68 : 0.32, and flow

rate of 1 mL min .

2.5. The surface display volume analysis

Strains containing a FLAG tag could be used to measure
immune response. Flow cytometric analysis was performed as
described by Wang et al.*> 1 mL cell suspension (ODggo = 40)
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was centrifuged at 4200 g for 1 min. The cells were washed three
times with 10 mM PBS (pH 7.4) then resuspended in 10 mM PBS
containing 1% (m/v) bovine serum albumin (BSA) for 30 min to
block non-specific binding to the cells surface. A monoclonal
antibody (2 pg pL ') toward the FLAG tag (DYKDDDDK) was
used as the primary antibody. Each tube cell's suspension was
diluted to ODggpo = 5.1 uL aliquot of antibody was added to 200
uL of cells suspension and then incubated on a shaker for 2 h at
37 °C, 80 rpm. The cells were washed three times, resuspended
in PBS (pH 7.4) then 200 pL of PBS containing 1% BSA and Alexa
Fluor 488 conjugated goat anti-mouse IgG antibody (10 ng uL )
added. After incubation for 1 h at 37 °C, 80 rpm (in the dark),
the cells were washed three times and resuspended in 1.5 mL
PBS (pH 7.4). The cell suspension was analyzed by flow cytom-
etry (Beckman Coulter, Fullerton, CA). Ten thousand cells per
sample were counted and analyzed using Exp032 software
(Beckman Coulter).

2.6. Measurement of propidium iodide(PI) staining

The PI staining adopted the method as described before.** 1 mL
cell resuspension (ODgy, = 40) was centrifuged at 4200 g for
1 min. The cells were collected and washed three times in
10 mM PBS (pH 7.4), and the ODg, adjusted to 5.10 pL aliquot
of 5 mmol PI was added to 200 pL of cell suspension then
incubated on a shaker for 20 min at 37 °C. Cells were washed
three times then resuspended in 1.5 mL PBS (pH 7.4). The cell
suspension was analyzed by flow cytometry, as described in
Section 2.5.

2.7. Reactive oxygen species (ROS) detection

The fluorescent probes DHE (dihydroethidium) was used to
determine levels of ROS as described in ref. 44. Briefly, cells of
an ODggo of 0.4 were harvested by centrifugation and resus-
pended in 2 mL PBS. DHE was added to cells at a final
concentration of 10 ug mL ™" and incubated at 30 °C for 30 min.
Flow cytometry analysis was performed using a FACS Canto with
the settings DHE red filter (600-650 nm).

2.8. Measurement of methanol concentration and
intracellular metabolites

The extraction of intracellular metabolites was performed as
described by Pena et al.*> 4 mL volume of ethanol was added to
a cell suspension then heated to 85 °C, vortex-mixed for 20 s,
incubated for 100 s, vortex-mixed again for 10 s then incubated
for a further 80 s. After a total of approximately 3 min in the
water bath, the sample was vortex-mixed for 10 s then placed
onto dry ice for 3 min. Each sample was then centrifuged at
4000 g at —9 °C for 10 min after which the extract was decanted
into a 15 mL tube. 1 mL volume of each extract was pipetted into
a 2 mL centrifuge tube then dried using a vacuum centrifuge.
Dried samples were then dissolved in 500 pL H,O for analysis by
HPLC (Waters 2695) equipped with a Carbomix H-NP10:8%
column (7.8 x 300 mm, 10 um, non-porous) and a differential
refraction detector (RID, Waters 2414) at a detector temperature
of 30 °C. A column temperature of 55 °C was used. The mobile

phase was 2.5 mM sulfuric acid at a flow rate of 0.6 mL min~".
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3. Results and discussion

3.1. Construction of P. pastoris whole-cell biocatalysts

The pattern of glycosylation influences the sweetness and taste
perception of steviol glycosides. As the most abundant steviol
glycosides, ST can be catalyzed to synthesize RA by UGT with UDP-
glucose (UDPG) as an activated sugar donor. Considering the high
price of UDPG, sucrose synthase was expressed to form a cycle to
regenerate UDPG in the reaction system. In this study, the UGT was
displayed on the cell's surface, and SUS was intracellularly expressed
together in P. pastoris to synthesize RA efficiently (Fig. 1a).
Recombinant yeasts containing different copies of UGT and SUS
genes have been constructed to determine the optimal combination
of copy numbers, As Fig. 1b. The combination of two copies SUS and
four copies UGT (Pp-S,U,) was the optional ratio for a whole-cell
biocatalyst, which would be used in the subsequent research.

3.2. Pp-S,U, catalyzes RA synthesis at inefficiency due to
transport-limited

Since UGT was displayed on the surface and SUS was located
intracellularly of the whole-cell biocatalyst, UDP and UDPG would
cross the cell barrier twice for a complete cycle. The intact cell
membrane and wall were the rate-limiting factor in the circulation
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of reaction. The catalytic activity of whole-cell Pp-S,U, was only
18.7 + 0.45 p g~ " DCW " after induction 60 h culture by general
high-density fermentation process, which would be due to the
permeability and space resistance of cells (Fig. 2a).

To testify the effect of the permeability and space resistance
on the catalytic activity of Pp-S,U,, Pp-S,U, cells were broken by
bead ruptor as the free enzyme to compare the activities of
cascade reaction, SUS, and UGT. Comparing the activity of the
free enzyme with the whole-cell biocatalyst, the catalysis activity
increased to 58.3 + 4.30 p g~ ' DCW ' from 19.3 + 0.45 p g
DCW ', the SUS activity increased to 13.5 & 0.81 p g~ ' DCW ™ *
from 1.5 + 1.01 p g~ ' DCW ', The UGT activity increased from
1.7+ 0.06 ng ' DCW ' to 11.3 + 0.42 u g~ ' DCW " (Fig. 2b).
When the inhibition of the cell barrier was removed, free
enzyme exhibited a significant increase in catalytic activities.
The results indicated that the catalytic capacity of the Pp-S,U,
could be improved by lifting transport-limited.

3.3. Determination of fermentation conditions in the

manufacture of Pp-S,U, strain

As a whole-cell biocatalyst, the fermentation process of Pp-S,U,
may affect its functions and properties. The basal conditions
during fermentation, including pH, temperature, and methanol
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Fig.1 Construction of Pichia pastoris whole-cell biocatalysts. (a) The RA synthetic pathway from ST by Pichia pastoris whole-cell biocatalysts. (b)
HPLC spectra of catalytic reaction by Pichia pastoris whole-cell biocatalysts.
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concentration, were investigated in the shaker flasks. The
properties of enzymes were closely related to pH. SUS was
a weakly acidity enzyme with an optimum pH values of 5.5-
7.5,% and UGT was a neutral enzyme. Therefore, both optimal
pH of two enzymes should be considered in the culture of the
Pp-S,U, strain. To determine the optimal pH value of fermen-
tation process, Pp-S,U, strain was cultured at pH values ranging
from 5.0-7.5. The double-enzyme cascade reaction showed the
most significant catalytic activity of the Pp-S,U, strain were
culture at pH 5.5 and 6.0, representing 30.79 £ 3.19 and 30.28 +
0.93 pg ' DCW " after 30 h induction (Fig. 3a). Considering the
optimal pH of UGT, pH 6.0 was finally selected as the proper pH
condition for the culture process.
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The temperature would affect the yield of recombinant
proteins produced by P. pastoris. Low temperatures would
enhance cell viability and reduce the degradation of recombi-
nant proteins.””*® The maximum catalytic activity of Pp-S,U,
was 45.68 + 2.49 p g ' DCW ! cultured at 25 °C after 24 h
induction (Fig. 3b), which indicated that 25 °C should be used
in the following experiment.

As the source of carbon, energy, and induction agent,
methanol is an essential factor in the production of recombi-
nant proteins for P. pastoris.** However, high methanol
concentrations caused an insufficient oxygen supply that would
damage the P. pastoris cells.*® To examine the effect of methanol
concentration on the culture of Pp-S,U, strain, initial methanol
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Table 1 Compare high-density fermentation and shake-flask fermentation

Average metabolic rate

Fermentation method Culture medium Methanol concentration of methanol (g g~ DCW ' h™) pH Temperature
High-density fermentation BSM DO-stat ~0 0.047 £ 0.0103 6 20-30
Shake-flask fermentation BMMY Add 1% (v/v) per 24 h 1% — 0 0.104 + 0.0081 6 25

concentrations ranged from 0.5%-3% (v/v), pH 6.0 and 25 °C. As
shown in Fig. 3c, the catalytic activity of Pp-S,U, gradually declined
with increasing methanol concentrations. The maximum catalytic
activity was 42.56 &= 0.15 p g~* DCW ™" after 30 h induction with
0.5% (v/v) methanol concentration. The catalytic activities show
insufficient difference while the methanol concentration was less
than 1% (v/v), which suggested that methanol accumulation was
unfavorable to Pp-S,U, strain fermentation.

Comparing the catalytic activities of Pp-S,U, cultured in the
shake flasks and the high-density fermentation process, the
shake flasks were more effective than the fermentation cylinder.
The culture conditions of shake flasks fermentation and high-
density fermentation process were shown in Table 1, with
significant differences in methanol concentration, culture
medium, and average metabolic rate. The above data indicated
that high methanol concentration did not promote the catalytic
activity of Pp-S,U, (so the option of methanol concentration
could be ruled out in the subsequent studies.) which allowed us
to rule out the option of methanol concentration. In other
words, a DO-stat feedback mode to feed methanol in scale
fermentation was suitable for the Pp-S,U, strain.

BMMY and BSM medium were applied in the high-density
fermentation to choose a better medium (Fig. 3d). When the
Pp-S,U, strain was cultured with BMMY, the highest catalytic
activity was only 8.92 + 0.61 p g ' DCW " after 64 h induction,
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46.2% of using the BSM for fermentation. These data suggested
that BSM was a better culture medium than BMMY to culture the
Pp-S,U, strain in larger-scale production. BMMY was a nutrient-
rich medium that could provide more nutrients for the cell to
adapt to the changes and maintain cell integrity. However, the
BSM was a basic salt medium that could only provide inorganic
salt ions. When culture by BSM medium, cells will be under stress
for all requirements need to be synthesized by themselves, which
may cause defects of cell membranes or cell walls. When the cell
barrier was incomplete in whole-cell biocatalyst, the substrate
transport-limited may be lifted, which explained the high activity
of Pp-S,U, cultured with BSM. In summary, the culture conditions
were identified as pH 6.0, 25 °C, BSM as the medium, and DO-stat
feedback mode. The difference in methanol metabolic rate will be
discussed in the 15 L bioreactor.

3.4. Fermentation strategies I: low initial cell densities
improved the catalytic performance

Based on the results above, a new fermentation strategy was
designed to study the culture conditions of Pp-S,U, strain to
increase its catalytic activity by improving the transport-limited.
Four patterns a, b, ¢, and d, as the initial cell densities of
induction were ODgo9 = 45.5, 86.6, 182, and 325, were per-
formed, respectively (Fig. 4). The DO-stat feedback mode was

b

Whole cell —e— Whole cell-SUS —a— Whole cell-UGT
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T
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1004 >
1204 = . R . o
Free enzyme —e— Free enzyme-SUS —4— Free enzyme-UGT

Whole cell —e— I'ree enzyme -SUS —&— Whole cell-UG

Q.
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o
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s
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v (u*g”
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Fig. 4 Activity curve of four fermentation strategies. (a) a pattern. (b) b pattern. (c) c pattern. (d) d pattern.
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used to make sure there was no methanol accumulation in the
culture medium and the same stirring speed, ventilation rate,
pressure, and methanol flow rate to make sure the same DO
(Dissolved Oxygen). As shown in ESI Fig. 2,1 the differences in
cell concentration (d > ¢ > b > a) among the four batches re-
flected differences in methanol metabolism(a > b > ¢ > d).

Both activities of coupled enzymatic reaction or single
enzyme reaction of the four patterns showed bell-shaped
distribution, no matter whole-cell biocatalyst or free enzyme
were used. However, the whole-cell and free enzyme acquired
the activities peak at different times, and the whole-cell was
always later than free enzyme due to transport-limited. The
maximum catalytic activity, maximum single enzyme SUS and
UGT activity in the whole-cell state were observed in the
b pattern, which was 63.67 + 2.16, 41.62 + 6.83, 5.29 £+ 0.41 p
g ' DCW ', respectively. However, the free enzyme had
a different result (Table 2). In a free enzyme system, the
transport-limited was removed entirely, and the activities of SUS
and UGT were rapidly accumulated to the peak in a short time,
the longest of which was only 30 h (a pattern). When the initial
cell densities ODggo = 86.6 (b, ¢, and d patterns), there was no
significant difference in the activity peaks of double-enzyme
coupling reaction and UGT activity, and the time nodes were
almost the same in all four patterns. In a pattern, the activities
of double-enzyme coupling reaction and UGT are lower than
that initialed with ODgg, = 86.6, which indicated that low cell
densities (high methanol metabolic rate) would decrease the
expression level of UGT. Although the SUS enzyme activity peak
of a, b, and c patterns had an insufficient difference, a signifi-
cant reduction was observed in the d pattern, which showed
that high cell densities (low methanol metabolic rate) would
decrease the expression of SUS. The variation trend of activities
was consistent at low initial cell densities (a and b patterns) for
both whole-cells and free enzymes. Especially in the a pattern,
the catalytic activity peaks of whole-cell and free enzyme were
reached almost simultaneously. Moreover, the time gap of
reaching the catalytic activity peaks of the whole-cell and the
free enzyme was widened with increasing cell density because of
time-inconsistent between protein production and transport-
limited removal. Therefore, low initial cell densities (a,
b patterns) in the fermentation process were conducive to
improving the whole-cell biocatalysts Pp-S,U,.

Table 2 Compare the activities of four patterns

RSC Advances

Compared the activities ratio of whole-cell to the free enzyme
(lyse-cell) (WC/LC) in four patterns (ESI Fig. 41), the ratio value
of SUS, UGT, and double-enzyme represented the degree of
elimination of permeability limited, space resistance, and total
transport-limited, respectively. The more limitations were
removed, the higher value of the ratio. The WC/LC of SUS, UGT,
and double-enzyme was gradually increased with the fermen-
tation process, and the a and b patterns were greater than the ¢
and d patterns. All results show that low initial cell densities
were beneficial to remove transport-limited. Considering
enzymes' production and transport-limited removal, the
b pattern was the optimal fermentation process in our research.

PI staining is often used to identify cell viability, which
cannot pass through the membranes of living cells to dye the
nucleoplasm. Therefore, the healthy and PI staining cells have
two different signals, which is the basis for the flow cytometry
test of viability (Fig. 5a). However, the PI staining cells were not
necessarily dead, and the method also can be used to identify
the cell integrity.**** AS verified by plate counts (Fig. 5b), the
number of living cells did not decrease when the staining signal
was increased. The change of cell surface structure led to cell
perforation, allowing PI to enter and stain the chromosomes.
The trend of stained perforated cells increased with the induc-
tion time extension, and the highest rate (b pattern) reached
83% (Fig. 5¢). Low initial cell densities (a and b patterns) had
a higher proportion of PI staining cells than high initial cell
densities (c and d patterns), indicating that transport-limited
was removed more thoroughly for low initial cell densities.
The higher the numerical PI staining cells, the less restriction
was evident, showing PI-staining could be used to characterize
transport-limited and quickly determine the termination time
of fermentation.

The methanol feed rate was a fixed value, and methanol
would not accumulation in fermentation broth (ESI Fig. 51),
which indicated lower cell densities led to a faster rate of
methanol metabolism. A faster methanol metabolic rate would
accelerate energy metabolism and produce protein speed,
which would also accumulate more reactive oxide species
(ROS).*>* The SUS and UGT have had a similar expression level
in four patterns show that an appropriate methanol metabolic
rate does not affect protein production but may damage the cell
membranes and wall by ROS product by itself. The

Catalytic reaction

Sucrose synthase UDP-glycosyltransferase

Activity Induction Activity Induction Activity Induction

Pattern (ng ' DCW time (h) (g 'DCW™ time (h) (ng ' DCW™ time (h)
a Whole cell 47.76 = 1.54 36 19.29 £ 3.35 42 3.69 £ 0.97 36

Free enzyme 65.09 £ 1.25 36 76.69 £ 0.133 30 14.37 £ 0.65 30
b Whole cell 63.67 £ 2.16 30 41.62 £+ 6.83 42 8.10 £ 0.82 36

Free enzyme 112.78 + 2.03 12 86.42 £ 0.44 12 27.89 £ 0.62 12
¢ Whole cell 29.00 £ 1.61 36 14.3 £ 1.17 24 3.81 £ 0.09 18

Free enzyme 114.81 £+ 3.97 18 82.16 £ 0.40 18 27.81 £ 0.46 18
d Whole cell 20.44 £ 0.26 60 6.30 + 3.88 60 2.50 £ 0.08 60

Free enzyme 117.39 + 1.33 18 25.74 £ 0.83 18 26.27 £ 0.49 18

© 2021 The Author(s). Published by the Royal Society of Chemistry
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accumulation of ROS, causing damage to the cell wall and
cytomembrane,®® indicated cell wall stress. Experiments were
designed to verify this hypothesis (Fig. 6). P. pastoris Pp-S,U,
was first cultured in a 15 L bioreactor after 12 h induction, then
incubated in 0.1 M PBS (pH 6.0) containing different concen-
trations of H,0, (Fig. 6a). Cells of Pp-S,U, were treated with
H,0, at 1 mM, 3 mM, and 5 mM to improve the catalytic
activities. A 1.96 £ 0.05 folds increase in RA production was
observed in cells treated with 3 mM H,0,. PI staining results
indicated that the cell permeability was also improved (Fig. 6d).

To further demonstrate that the cell wall and cytomembrane
damages were caused by ROS result in the improvement of
catalytic activity, transcription factor HAC1 was expressed in Pp-
S,U,. As a transcription factor, HAC1 could alleviate ER stress,
and trigger unfolded protein response (UPR), which would
reduce ROS production.’®*” Compared to Pp-S,U,, a 69% cata-
lytic activity decrease and reduced ROS levels were both
observed in the HACI-expressing strain (Fig. 6¢c and d). This
result suggested that the decrease of ROS led to the trans-
limited increase, reducing the catalytic activity of the HAC1-
expressing strain.

To summarize, ROS accumulation would damage the cell
wall and cytomembrane, improving catalytic activity. The
fermentation strategy to initial with low intensity of cells

36336 | RSC Adv, 2021, 11, 36329-36339

accelerated methanol metabolism, which would increase the
ROS production, could be an effective solution to improve
whole-cell biocatalysts.

3.5. Fermentation strategies II: high rapid metabolism of
methanol improved the catalytic performance

To further investigate this fermentation process, a second
fermentation strategy based on the strategy I was proposed.
Strategy II explored the effect of methanol flow rate (1, 2, 3, and
4 g L7 h™") on the catalytic efficiency of Pp-S,U, cultured in
a 15 L bioreactor (Fig. 7a). As displayed in Fig. 7b, a higher
methanol feed rate led to faster cell growth. The catalytic
activities curve of Pp-S,U, was presented in Fig. 7c, where the
maximum catalytic activity was obtained at 58 h, 42 h, 30 h, and
30 h for methanol flow rates of 1,2, 3,and 4 g L 'h™, respectively.
The activities were 42.42 + 1.10, 58.44 + 1.17, 63.12 + 2.3, and
54.26 &+ 1.98 1 g~ ! DCW™'. With increasing methanol flow rate,
the induction time of acquiring the maximum catalytic activity of
Pp-S,U, was gradually decreased from 58 hat 1 gL *h ' to 30 hat
4 g L' h™". This result was similar to the strategy I, where the
induction time decreased as the methanol consumption rate
increased.

Furthermore, the PI staining of cells was examined after
fermentation with strategy II (Fig. 7d). The proportion of PI

© 2021 The Author(s). Published by the Royal Society of Chemistry
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staining cells to total cells fermented with high methanol
consumption was significantly higher than that of cells with low
methanol consumption, indicating that rapid methanol
consumption increased cell permeability and changed the cell
surface properties.

In general, stable cell surface characteristics to regulate
substrate permeability and protein production would be achieved
by maintaining appropriate methanol flow. However, under
different patterns, the fermentation conditions of Pp-S,U, did not
change except for the metabolic rate of methanol. No methanol
accumulation was observed, suggesting that the flow of methanol
was equal to the consumption. The rapid metabolism of methanol
led to an improvement in the surface properties of Pp-S,U,.

3.6. Compared to permeabilizing reagent addition and
ultrasonicationtreatment

To demonstrate the advantages of fermentation strategies, the
permeabilizing reagents and ultrasonication were used to
improve transport-limited of Pp-S,U, (Fig. 8). Several usual
permeabilizing reagents, SDS, Triton-X100, Tween-20, Tween-
80, polyethylene glycol 4000(PG-4000), and Sarcosine were
added as 0.1% (v/v) and 0.5% (v/v) in Pp-S,U, for 10 min
(Fig. 8a). The catalytic activities were maintained at 85.7 +
1.85% to 106.1 £+ 0.85% of the untreated cell with all the
reagents except for SDSs. However, Pp-S,U, treated with SDS
hardly had any catalytic activity, probably because of too much
damage to the cellular structure.

Ultrasonication is effective in improving surface properties.
Pp-S,U, was treated with different strengths and time lengths of
ultrasonication treatment (Fig. 8b). The catalytic activities of all
whole-cell biocatalysts improved after ultrasonic treatment.
When Pp-S,U, was treated by 95 W ultrasonication for 1 h, the
highest 1.98 £ 0.08 folds increase was observed.

Compared to permeabilizing reagent addition and ultra-
sonication treatment, improving the catalytic activity of Pp-S,U, by
applying the fermentation strategies I and II had a superior 2.62 +
0.06 folds increase. With the advantages of short induction time

36338 | RSC Adv, 2021, 11, 36329-36339

(60 h to 36 h), simple operation, and no extra addition, the
fermentation process proposed in this study benefited from
reducing the cost and making the production process greener.

4. Conclusion

In this study, the effect of the fermentation process on the P.
pastoris whole-cell biocatalyst was investigated and compared
with the traditional methods. The catalytic activity of the Pp-
S,U, increased 1.62 folds, and the induction time decreased to
36 h by adjusting initial cell density. A similar result was ob-
tained by changing the methanol flow rate, indicating that the
rapid methanol consumption rate was an important factor
affecting P. pastoris whole-cell biocatalysts. Compared with
permeabilizing reagent treatment and ultrasonication treat-
ment, the fermentation process showed significant advantages
that would help to reduce the cost and make the production
process greener. In summary, an appropriate fermentation
process could improve the efficiency of P. pastoris whole-cell
biocatalysts for RA synthesis, which can reduce the fermenta-
tion time and minimize the subsequent process.
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