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Abstract In this study, D-amino acid oxidase (DAAO)

and catalase (CAT) in the permeabilized recombinant

Pichia pastori cells were well investigated. It appeared that

their thermal stability was negatively correlated with the

apparent enzymatic activities. The frozen-melted cells

presented the best stability and the lowest apparent activ-

ities of DAAO and CAT, whereas the cetyltrimethylam-

monium bromide (CTAB) permeabilized cells displayed

the weakest stability and the highest apparent activities of

the two enzymes. Simultaneous action of DAAO and CAT

in the CTAB-permeabilized cells and glutaryl-7-aminoce-

phalosporanic acid acylase (GA) immobilized on carrier

contributed to the conversion of cephalosporin C (CPC) to

7-aminocephalosporanic acid (7-ACA) with a yield of

76.2%. During such a reaction cycle, no visible activity

loss occurred at the immobilized GA, whereas the loss rates

of DAAO and CAT activities were about 0.029 and

1.13 U min-1, respectively. Nevertheless, this problem

could be easily solved by continuous feeding of the new

permeabilized cell suspension at the rate of 6 ml h-1 to the

reactor. Following such a fed-batch strategy, these per-

meabilized cells and the immobilized GA could be effi-

ciently reused for 6 and 15 reaction cycles, respectively,

yielding around 76% 7-ACA at each reaction cycle.

Keywords Cephalosporin C � D-Amino acid oxidase �
Glutaryl-7-aminocephalosporanic acid acylase � Catalase �
7-Aminocephalosporanic acid

Introduction

As a significant intermediate for making semisynthetic

cephalosporin antibiotics, 7-aminocephalosporanic acid (7-

ACA) is prepared by a two-step enzymatic transformation

performed in two or three reactors prevalently (Bianchi et al.

1998; Parmar et al. 1998). The first step involves that

cephalosporin C (CPC) is converted by D-amino acid oxi-

dase (DAAO) into a-ketoadipyl-7-ACA (AKA-7-ACA) and

hydrogen peroxide (H2O2), and then the two intermediate

products spontaneously reacts each other to render 7-b-(4-

carboxybutanamido)-cephalosporanic acid (GL-7-ACA).

GL-7-ACA is further hydrolyzed by GL-7-ACA acylase

(GA) to 7-ACA in the second step.

Extensive attempts have been carried out to seek for a

rational protocol to produce 7-ACA in a single reactor in

order to simplify the reaction process for the sake of

lowering production cost. Among the reported protocols,

the simultaneous action of DAAO and GA for converting

CPC to 7-ACA is studied more extensively and intensively

(Aail et al. 1995 and 1996; Bianchi et al. 1998; Luo et al.

2004; Zheng et al. 2007; Tan et al. 2006). However, the

main drawback of this method is regarded as that H2O2 in

the reaction system can decompose the cephalosporin
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nucleus into undesirable byproducts and inactivate the

catalysts, especially DAAO (Lopez-Gallego et al. 2005;

Vicenzi and Hansen 1993). On the other hand, it has been

reported that the cephalosporin acylase and the mutants of

the N-terminal (Ntn) hydrolases can directly convert CPC

to 7-ACA (Matsuda et al. 1987; Nigam et al. 2005; Oh

et al. 2003 and 2004; Pollegioni et al. 2005; Wolf et al.

2002). Nevertheless, the successful application of such a

single enzyme for 7-ACA production at industrial level has

not been found, likely because of the comparatively low

enzyme yield. Recently, a new protocol for single-pot

conversion of CPC to 7-ACA in absence of H2O2 using co-

immobilized DAAO and CAT and carrier-immobilized GA

has been developed (Lopez-Gallego et al. 2005). It was

reported that AKA-7-ACA could be hydrolyzed by GA if

the glutaric acid (or H2O2) was absent from the reaction

mixture due to the sufficient CAT activity in the co-

immobilized system (Fig. 1). In this case, it is essential that

enough CAT is located near DAAO molecules for in situ

elimination of H2O2, which formed from the oxidative

deamination of CPC to AKA-7-ACA.

Actually, it is well known that DAAO has a relatively

poor stability even in the immobilized form (Betancor et al.

2003; Lopez-Gallego et al. 2005; Vicenzi and Hansen 1993).

Therefore, if three related enzymes (DAAO, CAT and GA)

are simultaneously employed in carrier-immobilized forms

(e.g. all enzymes immobilized on a carrier or different car-

riers) or in free-cell forms (e.g. all enzymes expressed in a

host cell or different host cells) to convert CPC to 7-ACA,

the residual active catalyst in such a reaction system will be

eventually discarded along with the inactivated catalyst

because these catalysts are inseparable. As an alternative, we

proposed that these enzymes should be prepared in disparate

forms. This would permit us to selectively remove the

inactivated catalyst and keep the active one for next reac-

tions. Since DAAO is quite unstable, it may be highly

desirable to directly utilize DAAO and CAT in cell form for

the enzymatic process to avoid the waste of the related

catalysts.

In our previous work, DAAO and CAT were co-

expressed through a high-density fermentation of the

recombinant Pichia pastoris (Tan et al. 2007). We have

also demonstrated a di-enzymatic protocol for single-pot

conversion of CPC to 7-ACA by simultaneous action of

DAAO in the permeabilized P. pastoris cells and the car-

rier-immobilized GA (Tan et al. 2006). However, there was

an unsettled matter that lots of H2O2 was required to feed

to the reactor, resulting in negative effects on the employed

catalysts. To solve this problem, in this study we directly

converted CPC to 7-ACA by a tri-enzymatic system, which

included DAAO and CAT present in the permeabilized

P. pastoris cells and the carrier-immobilized GA. The
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stability of the cellular DAAO and CAT were observed and

a fed-batch strategy for the consecutive conversion of CPC

to 7-ACA was also investigated.

Materials and methods

Materials

CPC and 7-ACA were kindly supplied by Shijiazhuang

Pharmaceutical Group Co. Ltd. (Shijiazhuang, China). D-

Alanine and cetyltrimethylammonium bromide (CTAB)

were purchased from Fluka Co. GL-7-ACA was synthe-

sized by ourselves as described by Shibuya (Shibuya et al.

1981), and its structure was analyzed by mass spectrum.

All other chemicals were of analytical grade.

The recombinant strain P. pastoris GS115 (his-mut?)

with a gene encoding DAAO from T. variabilis was kindly

donated by Professor Zhongyi Yuan (Shanghai Institutes

for Biological Sciences, China). GA immobilized on an

epoxy resin modified with poly(methyl methacrylate) was

supplied by Hunan Flag Biotech. Co. Ltd. (Changsha,

China). The biocatalyst beads were spherical particles

with an average diameter of 200 lm, having an activity of

40 U/g measured as the following method.

Ultrasonic disruption of cells

P. pastoris cells (0.62 g, by dry cell weight, DCW) were

uniformly suspended in 20 ml of pyrophosphate buffer

(50 mM, pH 7.5), containing 25 mM b-mercaptoethanol as

DAAO stabilization agent. This cell suspension was incu-

bated in an ice-bath and then disrupted by an ultrasonic cell

disruptor (Microson model XL200). Sonication was carried

out in short bursts in order to avoid overheating the mix-

ture. The suspension of disrupted cells was used for

enzyme assay directly.

Cell permeabilization

P. pastoris cells (0.31 g DCW) were froze at -20�C for

8 h, and then melted at room temperature. The treated cells

were washed twice with pyrophosphate buffer (50 mM, pH

7.5) and suspended in 10 ml of the same buffer. On the

other hand, equivalent amount of P. pastoris cells was

suspended at a cell concentration of 31 mg DCW/ml in

three kinds of pyrophosphate buffer (50 mM, pH 8.5)

containing 30% acetone (v/v), 2.5% (v/v) double-solvent

(toluene/ethanol = 1:4, v/v) and 0.4% CTAB (w/v),

respectively. The three kinds of suspension were orderly

incubated at room temperature with intermittent stirring for

30, 5, 30 min, respectively. The treated cells were collected

by centrifugation (6,0009g, 10 min) and washed twice

with pyrophosphate buffer (50 mM, pH 7.5), and then

suspended in 10 ml of the same buffer. The cell suspension

was used for enzyme assay.

Heat treatment of the permeabilized cells

The suspension of the CTAB-permeabilized cells was

incubated at 65�C for 2 min and immediately cooled to

4�C. The suspension was centrifuged at 6,0009g for

10 min to collect cells. Then cells were washed with

pyrophosphate buffer (50 mM, pH 7.5) and re-suspended in

the same buffer at an appropriate concentration. The cell

suspension was used for enzyme assay and subsequent

enzymatic conversions either directly or after dilution.

Enzyme assay

The stability of DAAO and CAT within the permeabilized

cells was assayed as follows: The cell suspension was

incubated at a measurement temperature (4 or 30�C). Ali-

quots of the cell suspension were withdrawn at regular

intervals and the cells were collected by centrifugation for

assaying DAAO and CAT activities.

DAAO activity was determined with the permeabilized

cells by measuring the formation of keto acid according to

the previous methods (Brodelius et al. 1981; Yu et al.

2002). One unit of DAAO activity corresponded to the

formation of 1 lmol min-1 of pyruvate at 37�C. The

activity of immobilized GA was measured following the

method described by Monti (Monti et al. 2002). One unit of

GA activity was defined as the amount of enzyme which

produced 1 lmol min-1 of 7-ACA at 37�C. CAT activity

was assayed spectroscopically at 240 nm (Aebi 1984).

Esterase activity was determined by the method reported

by Becka et al. (Becka et al. 2003).

Conversion of CPC to 7-ACA

Three milliliters of the permeabilized cell suspension

(20 U of DAAO and approximately 1000 U of CAT) and

0.5 g of carrier-immobilized GA (20 U) were incubated

with 50 ml of 1% CPC (w/v) in potassium phosphate buffer

(0.1 M, pH 7.5), containing 80 ll antifoam (Dow Corning

2210). The reaction was performed in a mechanically

stirred reactor (150 ml) which has been well described in

our previous work (Tan et al. 2006). The stirring rate was

settled at 120 rpm. The reaction temperature was con-

trolled at 28�C using a circulating water system outside the

reactor core. The reaction pH was always maintained at 7.5

using a pH-stat. The pure oxygen gas was injected to the

reaction mixture from the bottom of the reactor at a flow

rate of 0.2 l min-1. The samples were taken from the

reactor each 30 min intervals. After 2–2.5 h, the reaction
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mixture was released through the bottom of the reactor and

the immobilized GA catalyst was intercepted in the reactor

by the wire filter. The cells were filtered outside the reactor

and recycled selectively for further conversions. The

products present in the supernatant were assayed by high

performance liquid chromatography (HPLC).

HPLC assay

The reactive products were measured through HPLC with

reverse phase XDB C-18 column (Zorbax, 4.6 9 150 mm).

The flow rate of the eluant (25 mM sodium phosphate, pH

3.5, 8% acetonitrile, v/v) was 1 ml min-1 and samples

were detected at 254 nm. The retention times of different

products were as follows: 2.1 min for CPC, 3.2 min for

AKA-7-ACA, 8.7 min for GL-7-ACA and 1.7 min for 7-

ACA. Other minor peaks were considered as the by-prod-

ucts. The conversion rate was calculated on the basic of

peak areas.

All experiments were performed at least in triplicate

under the same conditions and the results are presented as

the mean value. The experimental errors never exceeded

5%.

Results and discussion

Characterization of enzymes in the permeabilized cells

In this study, no activities of DAAO and CAT were

detectable when the whole cells of recombinant P. pastoris

were used for activity assay. It was implied that the per-

meability barriers of the cell wall/membrane prevented

substrates and products from diffusing through the cells,

which restricted the activity exhibition of intercellular

enzymes in the whole cells. To remove the permeability

barriers of cells for exploiting the intracellular enzyme

activities, some researchers have developed various meth-

ods including physical and chemical treatments for differ-

ent microorganisms (Becka et al. 2003; Gough et al. 2001;

Gowda et al. 1991; Moreno et al. 2004; Nandita Bachhawat

et al. 1996; Upadhya et al. 1999; Vicenzi and Hansen 1993;

Zhu et al. 2001). After treatment of these P. pastoris cells

by different methods, the activities and stability of DAAO

and CAT were further analyzed. As shown in Table 1, the

frozen-melted cells and the CTAB-permeabilized cells

exhibited the lowest and highest apparent enzymatic

activities, respectively. However, the highest stability of

DAAO occurred at the frozen-melted cells and 132.6% of

its initial activity could be retained under the incubation

conditions of 4�C, pH 7.5, for 35 days. The lowest stability

of DAAO was found in the CTAB-permeabilized cells and

60% of its initial activity was retained under the same

incubation conditions (Fig. 2). The half-lives of DAAO

and CAT in the frozen-melted cells were 30.5 and 22 days,

respectively, compared to 14.5 and 4 days in the CTAB-

permeabilized cells at 30�C (Fig. 3). On the other hand,

during the early storage period there was an increase in the

enzymatic activities in the frozen-melted cells incubated at

4 and 30�C. With regard to these results, we noticed that

there was a negative relationship between the stability and

the apparent enzymatic activities (Figs. 2 and 3). As to the

reasons, we considered that a mild permeabilization treat-

ment caused a slight disruption of the cell wall/membrane

to allow only a few substrates and products to diffuse

through the cells, offering the treated cells low apparent

activity. These treated cells with nearly intact cell wall/

membrane could efficiently prevent the intracellular

Table 1 DAAO and CAT activities of the treated P. pastoris cells

Cell treatment DAAO activity (U/g DCW) CAT activity (U/g DCW)

None nd nd

CTABa 293 15984

Frozen-meltedb 68 528

Double-solventc 220 11754

Acetoned 247 12256

Ultrasonic disruptione 475 17654

nd not detectable
a 0.31 g of cells was incubated with in 10 ml of 0.4% CTAB (w/v) in pyrophosphate buffer (50 mM, pH 8.5) for 30 min
b 0.31 g of cells was froze at -20�C for 8 h, and melted at room temperature
c 0.31 g of cells was incubated in 10 ml of pyrophosphate buffer (50 mM, pH 8.5) containing 30% acetone (v/v), for 30 min
d 0.31 g of cells was incubated in 10 ml of 2.5% toluene:ethanol (1:4, v/v) in pyrophosphate buffer (50 mM, pH 8.5) for 5 min
e 0.62 g of cells was suspended in 20 ml of pyrophosphate buffer (50 mM, pH 7.5), containing 25 mM b-mercaptoethanol as DAAO stabilization

agent, and then disrupted by a an ultrasonic cell disruptor in a an ice-bath
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enzymes from leaking out the cells and protect enzymes

against attack from the external environment, presenting a

preferable stability behavior accordingly. However, it

could be inevitable that a further disruption of the cell/

membrane in these cells was triggered by an autolysis

process or by an alteration of the membrane structure of

peroxisomes, which was regarded as the location of DAAO

and CAT in vivo (Upadhya et al. 2000). As a result, this

would abate the permeabilized barrier and thus increase the

apparent enzymatic activities during the early storage

period.

The operation stability of the two cellular enzymes

could be improved if the frozen-melted cells were used as

the catalysts for bioconversion. In that case, however, we

would have to increase the cell concentration to provide the

reaction with enough enzymatic activities because the

apparent enzymatic activities in the frozen-melted cells

were relatively low. This could hamper the matrix diffusion

during the reaction and thereby reduce the conversion

efficiency. From this point of view, we selected the CTAB-

permeabilized cells as the catalysts for the reaction sys-

tem. Unfortunately, in these permeabilized cells there was

a little esterase activity, which acted on the -OCOCH3 side

chain to bring undesirable de-acetyl derivatives (byprod-

ucts) (Pilone and Pollegioni 2002). After heat treatment

(see Materials and methods), esterase activity in these

treated cells was entirely eliminated while the activities

and stability of DAAO and CAT were not impaired

visibly.

Determination of the reaction conditions

The relatively high activities of the DAAO, CAT and GA

were obtained in the pH range of 7.5–9.0, 8.0–9.0 and 6.8–

8.0, respectively. The superior stability of DAAO and CAT

in the CTAB-permeabilized cells was occurred at a low

incubation pH value (7.0–7.5). No significant effect of pH

values on the stability of the immobilized GA was

observed. In addition, CPC and 7-ACA were relatively

unstable at high pH values ([8.0), especially for 7-ACA.

The three enzymes displayed the relatively high activ-

ities at the temperature range of 30–40�C, but their ther-

mal stability would be weakened with increase in

temperature. CPC and 7-ACA suffered a deleterious effect

at high temperature and would be decomposed gradually

at temperature over 30�C. AKA-7-ACA was considerably

unstable at high pH and temperature, and about 44% of its

initial concentration was decomposed to different

byproducts at pH 8.0, 23�C within 3 h (Vicenzi and

Hansen 1993). As far as these results were concerned, the

conversion conditions were chosen as pH 7.5, 28�C.

However, pH value of reaction mixture was gradually

altered with the concentration change of formations,

especially the acidic derivatives, such as ketoadipic acid (a

by-product of this reaction). Therefore, pH value should

be controlled at 7.5 by a pH-stat, where the diluted

ammonia solution was monitored to feed to the reactor.

Although it has also been reported that DAAO conversion

rate with CPC could be increased linearly with the oxygen

concentration (Vicenzi and Hansen 1993), we refused to

operate the reaction under oxygen pressure for safety

issues and avoiding complexity.
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Single-pot conversion of CPC to 7-ACA

The cellular DAAO and CAT and the immobilized GA

were employed simultaneously for the conversion of CPC

to 7-ACA in one reactor. As shown in Fig. 4, CPC was

converted to 76.2% 7-ACA, along with 4.8% AKA-7-ACA

and 19% unidentified byproducts after 2.5 h. No measur-

able GL-7-ACA was detected during the reaction process

according to the HPLC assay. This fact likely meant that

enough CAT and DAAO molecules coexisting in a cell

could efficiently hydrolyze the formed H2O2 and hence

prevented the reaction between H2O2 and AKA-7-ACA.

Unfortunately, a great deal of byproducts was generated in

this reaction. It was suggested that the GA hydrolysis rate

with AKA-7-ACA was comparatively low, leading to the

decomposition of AKA-7-ACA into various byproducts

even under mild reaction conditions. The result was in

accord with that reported by Lopez-Gallego: GA preferred

GL-7-ACA to AKA-7-ACA as a substrate and the Km

of GA for GL-7-ACA was 4-fold lower than that for

AKA-7-ACA (Lopez-Gallego et al. 2005).

Single-pot conversion of CPC to 7-ACA using

a fed-batch strategy

The activity assay of individual enzymes during the reac-

tion process was performed optionally by sampling these

separable catalysts from the reaction mixture. At the end of

reaction, DAAO and CAT in the permeabilized cells

retained 78% and 83% of the initial activity, respectively

(Fig. 5). The activity loss of the two cellular enzymes

approximately conformed to a linear trend and the average

loss rates were about 0.029 and 1.13 U min-1, respec-

tively. However, the immobilized GA indicated no activity

loss.

The loss of DAAO and CAT activities during the

reaction could be compensated by continuous addition of

the new permeabilized cell suspension to the reactor. The

addition rate should be determined by the loss rate of

DAAO activity because its activity was a limiting factor in

this reaction compared to the enough CAT activity. In this

case, we decided to feed the cell suspension to the reaction

system at the rate of 6 ml h-1 (about 2 U h-1 of DAAO)

owing to the easy control. As shown in Fig. 6, the equiv-

alent amount of CPC could be converted into 76% 7-ACA,

5.8% AKA-7-ACA and 18.2% byproducts under the same

conditions within 2.5 h. These cells could be reused for 6

reaction cycles without any significant decrease in the

7-ACA yield (Fig. 7). However, reuse of these cells for

more conversions would lead to a little delay in reaction

time for a comparable 7-ACA yield. We inferred that the

used permeabilized cells without DAAO activity over-

crowded in the reaction mixture, increasing diffusion lim-

itation and thus lowering the conversion rate. Therefore,

we preferred to entirely renew the used permeabilized cells

every 6 reaction cycles (about 15 h of reaction time).

Likewise, the carrier-immobilized GA could be reused for

15 reaction cycles without a significant decrease in
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conversion efficiency (Fig. 7). However, for the sake of

short reaction time, the used GA catalyst was completely

replaced by the new one every 15 reaction cycles (37.5 h of

reaction time).

Conclusions

This work demonstrates a new protocol that single-pot

conversion of CPC to 7-ACA in the absence of H2O2 can

be realized with a tri-enzymatic system, which includes

DAAO and CAT in the permeabilized P. pastoris cells and

GA immobilized on carrier. From the obtained results, it

may be suitable to utilize DAAO and CAT in the perme-

abilized P. pastoris cells for this enzymatic process on the

basic of the enzymatic activities and stability. Despite no

high yield of 7-ACA obtained in this work, a significant

advantage is that we can avoid many complicated pro-

cesses and consumption of costly support, which are

involved in preparing the co-immobilized DAAO and

CAT. Meanwhile, the tri-enzymatic system in two dispa-

rate forms permits us to selectively separate and recycle the

employed catalysts for the consecutive fed-batch conver-

sions, avoiding the waste of the catalysts.

The main drawback occurred at the reaction system is

high concentration of by-products. To solve the problem,

the preferential solution can be achieved by seeking for the

enzyme with high hydrolysis activity toward AKA-7-ACA

from natural microorganisms using AKA-7-ACA or its

analogs as induced substrates. Additionally, the three

enzymes including GA, cephalosporin acylase and peni-

cillin G acylase belong to members of Ntn hydrolase

family and the structural homologies at their active-sites

are very high (Oh et al. 2004). Therefore, a substantial

effort can be devoted to mutate the active-site residuals of

these enzymes by directed evolution technology for

producing the targeted mutants with new acylase activity

toward AKA-7ACA (Lopez-Gallego et al. 2008; Oh et al.

2003 and 2004; Pollegioni et al. 2005; Wolf et al. 2002).
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