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Abstract

The high-density fermentation of recombinant Pichia pastoris was carried
out in a 1-L fermentor. After 60 h of fermentation, the activities of p-amino
acid oxidase (DAAO) and catalase assayed with the permeabilized cells attained
12,532 and 684,800 U/L, respectively. Additionally, the stability of DAAO and
catalase within the permeabilized cells was relatively high. The half-life of
the two enzymes reached 14.5 and 4.0 d at 30°C, respectively. Furthermore,
these permeabilized cells could convert p-phenylalanine into 99%
phenylpyruvate within 100 min and could be efficiently reused up to 13
cycles. Afterbeing treated with base and heating, these treated permeabilized
cells could be reused up to three cycles in a batchwise conversion of cepha-
losporin C, and about 90% 7-B-(4-carboxybutanamido)-cephalosporanicacid
was ultimately obtained at each cycle.

Index Entries: D-Amino acid oxidase; catalase; stability; permeabilized
cells; bioconversion.

Introduction

D-Amino acid oxidase (DAAO) (EC 1.4.3.3) is a flavoprotein that cata-
lyzes the oxidative deamination of p-amino acids and cephalosporin C
(CPC) to the corresponding o-keto acids, ammonia and H,O,. Both in the
presence and in the absence of catalase, this enzymatic reaction has several
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biotechnological applications, including the production of a-keto acids (1,2)
and 7-aminocephalosporanic acid (3), the resolution of a racemic mixture
of amino acids (4), as well as the analytic determination of b-amino acid (5).
DAAO can be obtained from mammals and microorganisms. The yeasts,
such as Rhodotorula gracilis and Trigonopsis variabilis, are the rich sources of
this enzyme. They are also robust producers of catalase. Nevertheless,
whole cells of these yeasts generally exhibited comparatively low activities
of the two intracellular enzymes, owing to the permeability barriers of the
cellmembrane to substrates and products. Fortunately, this problem canbe
alleviated by treating these cells with detergents or organic solvents to
remove the permeability barriers.

Many researchers have reported the application of DAAO and cata-
lase in the immobilized form for bioconversions. However, the two enzymes
in permeabilized cells directly employed for enzymatic reactions may be
economically viable, because many complicated processes in the produc-
tion of free enzyme and consumption of the costly supports involved in the
preparation of the immobilized enzymes can be avoided. In the case of
permeabilized cells, the main drawback is the instability of DAAO and
catalase in these cells. To solve this problem, some investigators have car-
ried out extensive attempts to seek efficient methods to stabilize the two
enzymes within permeabilized cells for bioconversions (6-10). Therefore,
from an applied point of view, itis highly desirable that the expression host
be able to stabilize the two cellular enzymes within the permeabilized cells.
In the present work, both DAAO and catalase were highly expressed in
recombinant Pichia pastoris in a 1-L fermentor. The stability of the two en-
zymes in the permeabilized cells was investigated. In addition, applica-
tion of the permeabilized cells in the production of o-keto acids and
7-B-(4-carboxybutanamido)-cephalosporanic acid (GL-7-ACA) was
evaluated.

Materials and Methods

Chemicals and Media

D-Alanine, p-phenylalanine, phenylpyruvate, and cetyltrimethyl-
ammonium bromide (CTAB) were purchased from Fluka. CPC was kindly
provided by Shijiazhang Pharmaceutical Group (Shijiazhang, China).
GL-7-ACA was synthesized in our laboratory according to a published
method (11).Itsstructure was analyzed by mass spectrum. All other chemi-
cals were of analytical grade. The recombinant strains were kindly provided
by Professor Zhongyi Yuan. The culture media (buffered glycerol-com-
plex medium and basal salts medium) have been described in detail pre-
viously (12).

Fermentation of P. pastoris in 1-L Fermentor

The recombinant P. pastoris was cultivated in 80 mL of buffered glyc-
erol-complex medium in a 250-mL flask and incubated with shaking at
30°C. The culture was inoculated to basal salts medium in a 1-L fermentor
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after 18 h. Fermentation was performed under the conditions of 30°C, pH
5.5,550 rpm, and 0.3 L/min aeration. After 23 h, the glycerol was fed to the
medium at a rate of 4 mL /h for 6 h. During the fed-batch phase, the culture
conditions were maintained as just described. Afterward, methanol was
added continuously ata constant rate of 1 mL /hto the medium. The induc-
tion conditions were controlled at 30°C, pH 5.5, 650 rpm, and 0.1 L/min
aeration. During the fermentation process, the culture was withdrawn at
different time intervals to determine the dry cell weight (DCW) and the
activities of DAAO and catalase within the permeabilized cells.

Cell Permeabilization

P. pastoris cells (0.31 g DCW) were suspended uniformly in 10 mL of
0.4% CTAB in 50 mM pyrophosphate buffer, pH 8.5. The cells were incu-
bated in this solution for 30 min at 25°C with intermittent shaking and then
separated by centrifuging at 4000¢ for 10 min. The yeast pellet was washed
twice with pyrophosphate buffer (50 mM, pH 8.5) and suspended in 10 mL
of the same buffer. The suspension was used for enzyme assay and prepa-
ration of o-keto acids directly or after dilution.

Treatment of Permeabilized Cells

Further treatment of permeabilized cells was performed as follows:
The pH of the suspension prepared in the previous section was adjusted to
11.5 with 1 M NaOH. The suspension was kept at 25°C for 30 min. The pH
was then adjusted to 7.5 using 20% H,PO, (w/v). Next, the suspension was
heated to 65°C for 2 min and immediately cooled to 4°C. These cells were
collected by centrifugation and suspended in 10 mL of pyrophosphate
buffer (50 mM, pH 7.5). The suspension was used for conversion of CPC
directly or after dilution.

Enzyme Assay

DAAQO activity was measured by a previously described method (1).
One unit of DAAO activity corresponded to the formation of 1 pmol/min
of pyruvate at 37°C. Catalase activity was assayed spectroscopically at 240
nm (13). One unit of catalase activity was defined as the amount of enzyme
required to degrade 1 pmol of H O,/min under the determined conditions.

272
Esterase activity was determined by the method reported by Becka et al. (10).

Preparation of o.-Keto Acids

The untreated permeabilized cells (0.11 g DCW) were added to 25 mL
of 25 mM p-phenylalanine in 50 mM sodium pyrophosphate buffer, pH 8.5.
The reaction mixture was incubated in a 250-mL flask at 37°C in a metabolic
shakerat250 rpm. Aliquots of the reaction mixture wereremoved at different
time intervals and the formation of keto acid was measured by 2,4-
dinitrophenylhydrazine reaction and high-performanceliquid chromatog-
raphy (HPLC) assay. At the end of the reaction, the cells were separated by
centrifugation and reused for the next reaction cycles.
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Preparation of GL-7-ACA

The treated permeabilized cells (0.1 g DCW) wereadded to 50 mL of 1%
CPC in 50 mM potassium phosphate buffer, pH 7.5, containing 0.05 mL of
Dow antifoam. This conversion was carried out at 28°C in a stirred reactor
equipped with an O, distributor and a Teflon two-blade paddle stirrer. Pure
oxygen gas was sparged into the reaction mixture from the bottom of the
reactor at a flow rate of 0.2 L/min. After 1.5 to 2 h, the cells were collected
by centrifugation and reused for the next oxidation reactions. The formed o.-
ketoadipyl-7-ACA (AKA-7-ACA) in this reaction was converted into GL-7-
ACA by adding 5 mL of 30 mM H,O, solution to the supernatant. The final
yield of GL-7-ACA was calculated by HPLC assay of the supernatant.

HPLC Assay

The progress of the preparation of a-keto acid was monitored by a
reverse-phase XDB C-18 column (Zorbax, 4.6 x 250 mm). The mobile phase
was 25% (v/v) methanol in sodium acetate solution (20 mM, pH 4.2) ata
flow rate of 1 mL/min. Samples were detected at 214 nm, and the elution
times of D-phenylalanine, phenylpyruvate, and phenylacetate were 4.21,
6.13,and 18.9min, respectively. A reverse-phase XDB C-18 column (Zorbax,
4.6 x 150 mm) was also employed to follow the progress of the conversion
of CPC. The flow rate of the eluent (25 mM sodium phosphate, pH 3.5; 8%
[v/v]acetonitrile) was 1 mL/min, and the peaks were monitored at254 nm.
The elution times of CPC, AKA-7-ACA, and GL-7-ACA were 2.68, 3.46, and
8.17 min, respectively. The sum of peak areas was used for calculation of the
conversion rate.

Results and Discussion

Expression of DAAO and Catalase in Recombinant P. pastoris Cells

High-density fermentation of recombinant P. pastoris was carried out
in a 1-L fermentor. Figure 1 shows the relationship among fermentation
time, biomass, and the activities of DAAO and catalase assayed with the
CTAB-permeabilized cells. The cells grew quickly in the medium and the
maximum biomass reached 86.8 g DCW /L after 48 h of inoculation. After-
ward, the cell concentration decreased rapidly. This might be owing to the
cell autolysis because of the lack of nutrients in the medium during the late
phase of fermentation. Catalase was always highly expressed in the cells,
even at the beginning of fermentation (e.g., 5760 U/g DCW at 12 h). During
the fermentation process, the trend of catalase activity was similar to that
of biomass. The maximum activity of catalase was 764,192 U/L at 48 h.
However, DAAO was expressed in trace levels in the cells when glycerol
was present in the medium. After glycerol was exhausted completely, the
cells were induced to begin methanol metabolism by feeding methanol to
themedium atanappropriaterate (1 mL/h). The maximum DAAQO activity
up to 12,532 U/L was obtained 60 h. Thus, the peak of DAAO activity
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Fig. 1. Biomass and activities of DAAO and catalase as function of fermentation
time. The time “0 h” was the starting time of inoculating cells into a 1-L fermentor. (@)
Biomass; (A) catalase activity; (ll) DAAO activity.

lagged behind that of biomass. The probable reason is that there was a
shortage of iron and FAD in the cells at the time when the maximum bio-
mass occurred, and further accumulation of iron and FAD was required to
supply the maximum activity of DAAO. In this experiment, we harvested
these P. pastoris cells after 60 h of fermentation. The expressionlevels of DAAO
and catalase reached up to 12,532 U/L (293 U/g DCW) and 684,800 U/L
(15,984 U/g DCW), respectively.

Stability of DAAO and Catalase in Permeabilized P. pastoris Cells

The untreated permeabilized cells were incubated at 30°C in 50 mM
pyrophosphate buffer, pH 7.5. Aliquots of the cell suspension were with-
drawn at different time intervals, and the cells were collected by centrifu-
gation for assays of DAAO and catalase activities; Fig. 2 presents the results.
Thehalf-life of DAAO and catalase in the permeabilized cells was up to 14.5
and 4.0 d, respectively. Unexpectedly, the stability of catalase in the
permeabilized cells was found to be lower than that of DAAO, which was
the opposite of the result reported by Upadhya et al. (7).

Whole cells of P. pastoris also contained a little esterase. In the conver-
sion of CPC by DAAO, both the catalase and esterase activities generate
negative effects, which are related to the increase in byproduct (6). There-
fore, it is essential that the two enzymes in the permeabilized cells be inac-
tivated before these cells are used as the catalyst for the conversion of CPC.
After treating the permeabilized cells with base (pH 11.5, 30 min) and heat-
ing (65°C, 2 min) (see Materials and Methods), in these cells 99.5% of cata-
lase activity and 100% of esterase activity were eliminated, whereas 82.6%
of DAAO activity was still retained. In addition, the half-life of DAAO in
the treated permeabilized cells decreased to 12.2 d under the conditions
described above (Fig. 2), indicating that the treatment had a slight effect on
the stability of DAAO in the permeabilized cells.
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Fig. 2. Stability of DAAO and catalase in permeabilized P. pastoris cells. The activi-
ties of DAAO and catalase in the permeabilized cells before incubation were taken as
100%. (M) DAAOinuntreated permeabilized cells; () DAAOin treated permeabilized
cells; (A) catalase activity in untreated permeabilized cells.

According to a previous report, permeabilized cells displayed a typi-
cal autolytic process, which led to the solubilization of cell components and
engendered a decrease in the stability of the intracellular enzymes (14). In
the present work, the autolytic release of DAAO and catalase from the
permeabilized P. pastoris cells was also studied. To avoid the inactivation
of thereleased DAAO and catalase, the permeabilized cells were incubated
at 25°C in 50 mM pyrophosphate buffer (pH 7.5) containing 25 mM -
mercaptoethanol. Every 12 h, these cells were collected by centrifugation,
then incubated under the same conditions. The activities of DAAO and
catalase present in the supernatant were assayed. As shown in Fig. 3, the
rate of catalase release from the permeabilized cells was found to be much
higher than that of DAAO. After 144 h, the total amount of released catalase
activity was 16.7-fold more than that of DAAO. Thus, it was inferred that
the intensity of catalase proteins integrated with other cell components was
comparatively weak. This might be one of the reasons that catalase in the
permeabilized cells showed a relatively lower stability.

Application of Permeabilized P. pastoris Cells in Bioconversions

To assess the efficacy of both the untreated and treated permeabilized
cells as the catalysts used for the bioconversions, these cells were applied
for the conversion of D-phenylalanine and CPC, respectively. These reac-
tions were carried out under the reaction conditions described in Materials
and Methods. It was observed that the untreated permeabilized cells could
convert D-phenylalanine to 99.0% phenylpyruvate within 100 min (Fig. 4A),
and that these cells could be used up to 13 cycles without any significant
decrease in phenylpyruvate yield (Fig. 4B). Additionally, no phenylacetate
(a byproduct) was found during the conversion process by HPLC assay
(Fig.5). The absence of phenylacetate in this reaction might be owing to the
high content of catalase along with the DAAO present in the peroxisomes,
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Fig. 4. Conversion of D-phenylalanine into phenylpyruvate by permeabilized P.
pastoris cells. The initial moles of p-phenylalanine were taken as 100%. (A) Effect of
reaction time on conversion percentage; (B) effect of reaction cycles on phenylpyruvate
yield. (M) p-Phenylalanine; (A) phenylpyruvate.

which resulted in the two enzymatic reactions being restricted in the mi-
croenvironment of the peroxisomes. As a result, the generated H,O, from
the DAAOQ reaction was removed efficiently by catalase.

Figure 6 shows that the treated permeabilized cells were applied for
the conversion of CPC. It can be seen that CPC was converted into 76.5%
AKA-7-ACA and 19% GL-7-ACA after a 100-min reaction time (Fig. 6A). A
large amount of AKA-7-ACA formed in this reaction owing to a small
amount of residual catalase activity present in the treated permeabilized
cells. After treatment of the AKA-7-ACA with H,O, solution (see Materials
and Methods), 90% of the final GL-7-ACA yield was obtained. Meanwhile,
these permeabilized cells could be used efficiently for three cycles without
a significant decrease in conversion efficiency (Fig. 6B). Thus, the number
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Fig. 6. Conversion of CPC into GL-7-ACA and AKA-7-ACA by permeabilized P.
pastoris cells. The initial moles of CPC were taken as 100%. (A) Effect of reaction time
on conversion percentage; (B) effect of reaction cycles on final GL-7-ACA yield. (H)
CPC; (@) GL-7-ACA; (A) AKA-7-ACA; (+) byproduct.

of permeabilized cells reused in this conversion was much less than that in
the conversion of b-phenylalanine. This could be owing to the presence of
oxygen tension and the rendered H,O, in the reaction, which produce con-
siderable inactivation of DAAO in permeabilized cells.

Comparison of Stability and Catalytic Efficiency of DAAO
and Catalase in Permeabilized Cells of Different Yeasts

Table 1 summarizes the stability and catalytic efficiency of DAAO and
catalase in permeabilized cells of different yeasts. By comparison, the sta-
bility of the two cellular enzymes observed in our study was much higher
than that reported previously (6-8). The half-life of DAAO and catalase in
the permeabilized P. pastoris cells was about 10 and 2 times more than that

Applied Biochemistry and Biotechnology Vol. 136, 2007



‘d[qe[TreAe J0U “YN

smQ €l 66 0¥ vl 0¢ (Puel8 OvvaAl) suogsvd *q
8 VN VN VN W 0¢ (euad OVVAAL) sugvLive ],
9 VN VN VN 0¢C 14 (euad OVVAAL) syguLva
A I 8 VN VN VN (euad OV A3Y) 51710048
L ) L6 a4 Q1 T (euad OV A3Y) s110048 Y
9OURIRJay  SAPAd Jo ON  (9) PIOIK  9sereied Ovvd (Do) damjeradwa], (se01nos auad OV V()
areaniAdifuayd jo (p) oJ1-J1eH sysea
uonjeredar
Amqeis

S31SE3 X JUSIJJI(] JO S[[9D PIZI[IqeawId J Ul ase[ere)) pue Oy Jo Aouaniyyy onArere) pue AIqeis ayL

I 21qeL,

Vol. 136, 2007

287

Applied Biochemistry and Biotechnology



288 Tan et al.

of the two enzymes in permeabilized R. gracilis cells (7), respectively, even
at a higher temperature (increased by 5°C). In addition, DAAO in the
permeabilized P. pastoris cells was about twofold more stable than that in
permeabilized T. variabilis cells at 30°C (§). Furthermore, in the case of
conversion of p-phenylalanine under the same reaction conditions, the
number of cycles that the permeabilized P. pastoris cells could be efficiently
reused was atleast fourfold more than that of permeabilized R. gracilis cells (7).

The effect of DAAQO gene sources on the stability of this enzyme has
been documented by other researchers (15,16). It was reported that soluble
DAAO fromT. variabilis (TvDAAO) was more stable than that from R. gracilis
(RgDAAOQ). According to the present comparison, it seemed that the stabil-
ity of DAAO in permeabilized cells was also closely related to the nature of
expression hosts.

Conclusion

High expression of DAAO and catalase was obtained through high-
density fermentation of recombinant P. pastoris in a 1-L fermentor. After
treatment of the cells with CTAB, these permeabilized cells exhibited a
good stability of DAAQO and catalase. On the basis of the above-mentioned
characteristics, application of the permeabilized cells in the related biocon-
version was attempted. It was observed that these cells could be efficiently
reused up to 13 and 3 cycles in the preparation of phenylpyruvate and GL-
7-ACA, respectively, without a significant decrease in bioconversion effi-
ciency. According to these results, it may be feasible to use permeabilized
P. pastoris cells as catalysts for the production of o-keto acids and GL-7-
ACA in order to lower production cost.
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