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Abstract Cephalosporin C (CPC) acylase is an enzyme

which hydrolyzes CPC to 7-aminocephalosporanic acid

(7-ACA) directly, and therefore has great potential in

industrial application. In this study, the CPC acylase from a

recombinant Escherichia coli was purified to high purity by

immobilized metal affinity chromatography, and the CPC

acylase was covalently attached to three kinds of epoxy

supports, BB-2, ES-V-1 and LX-1000EP. The immobilized

CPC acylase with LX-1000EP as the support shows the

highest activity (81 U g-1) suggesting its potential in

industrial 7-ACA production. The activity of immobilized

enzyme was found to be optimal at pH between 8.5 and 9.5

and to increase with temperature elevation until 55 �C.

Immobilized CPC acylase showed good stability at pH

between 8.0 and 9.5 and at temperature up to 40 �C.

To avoid product degradation, the production of 7-ACA

utilizing immobilized enzyme was carried out at 25 �C, pH

8.5 in a designed reactor. Under optimal reaction condi-

tions, a very high 7-ACA yield of 96.7% was obtained

within 60 min. In the results of repeated batch production

of 7-ACA, 50% activity of the initial cycle was maintained

after being recycled 24 times and the average conversion

rate of CPC reached 98%.
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Introduction

7-Aminocephalosporanic acid (7-ACA), an important

intermediate in the production of semi-synthetic cepha-

losporin antibiotics, can be generated through either

chemical or enzymatic means. In the past decades, the

production strategy for 7-ACA has shifted from the

traditional chemical method (Feehting et al. 1968; Morin

et al. 1969) to an enzymatic method (Parmar et al.

1998), due to its environmental and economic benefits. The

currently available bioconversion is a two-step enzymatic

process employing d-amino acid oxidase and glutaryl-7-

aminocephalosporanic acid (GL-7-ACA) acylase (Alfani

et al. 1997; Shin et al. 1996; Luo et al. 2004a). While this

approach has matured through long-term research and

practice, manufacturers continue to seek novel technologies

that simplify the reaction process and reduce production

costs.

Recently, several groups have attempted to implement a

‘‘one-step’’ conversion of cephalosporin C (CPC) by using

a d-amino acid oxidase and a GL-7-ACA acylase in a

single reactor (Lopez-Gallego et al. 2005; Tan et al. 2006;

Luo et al. 2004b). Although the reported protocols have

made progress and partially simplified the operating pro-

cedure (Tan et al. 2010), the process still comprises two

enzymatic conversions. To be a true one-step conversion,

the process should apply only a single enzyme. One such

enzyme that can directly hydrolyze CPC to 7-ACA is CPC

acylase (Chen et al. 1991).
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CPC acylase has been found in several microorganisms,

such as Pseudomonas sp., Aeromonas sp., Arthrobacter

viscous etc., and some CPC acylase genes have been

sequenced, cloned and studied. Unfortunately, these CPC

acylases exhibit low specificity and activity towards CPC

and could not meet the requisite production efficiency

(Aramori et al. 1991; Saito et al. 1996; Deshpande et al.

1996; Sonawane 2006). Extensive attempts have been

made to improve the specific activity of those CPC acy-

lases, and some enzymes evolved with high CPC speci-

ficity represent a hallmark for industrial production of

7-ACA (Pollegioni et al. 2005). In our previous work, a

CPC acylase gene was designed and artificial synthesized

based on the protein sequence of cephalosporin acylase II

in Pseudomonas sp. SE83, with global optimization of the

rare codon usage frequency, reduction of GC content and

modification of restriction sites. The recombinant enzyme

was overexpressed in a recombinant E. coli BL21(DE3)/

pET28-acy and exhibited high activity of 2956 U l-1,

showing promise for its application in the one-step enzy-

matic conversion of CPC to 7-ACA (An et al. 2008).

In enzymatic application processes, immobilization of

the enzyme can offer several advantages, including the

ability to be used repeatedly, improvement of enzyme

stability, and broadening the optimum pH range of enzyme.

Because of the role of the two-step enzymatic process in

the 7-ACA industry, much attention has been paid to the

immobilization of d-amino acid oxidase and GL-7-ACA

acylase. Among these immobilization techniques, covalent

attachment has been successful in reinforcing the com-

bining power and enhancing the stability of these enzymes

(Golini et al. 1995; Monti et al. 2000; Zheng et al.2006;

Lim et al. 2006). Contrarily, there have been few studies on

the immobilization of CPC acylase and its application

(Pollegioni et al. 2005). Therefore, in this work, we thor-

oughly investigated purified CPC acylase covalently

attached to epoxy supports. The immobilized enzyme as

well as the free enzyme were characterized, including their

pH and thermal stabilities. The efficiency and reusability of

immobilized CPC acylase for the one-step enzymatic

conversion of CPC to 7-ACA were examined.

Materials and methods

Materials

CPC and 7-ACA were kindly supplied by Hebei Jiupai

Pharmaceutical Co., Ltd. (Shijiazhuang, China). Amicon

Ultra centrifugal filter devices were purchased from Milli-

pore (Boston, USA). BB-2 support was kindly donated by

Tianjin Bike Chemical S&T Co., Ltd. (Tianjin, China).

ES-V-1 support was purchased from Tianjin Nankai

Hecheng S&T Co., Ltd. (Tianjin, China). LX-1000EP sup-

port was kindly supplied by Xi’an SunResin Technology

Ltd. (Xi’an, China). All other chemicals were of analytical

grade.

Preparation of CPC acylase

The construction of the recombinant E. coli BL21(DE3)/

pET28-acy harboring CPC acylase gene were described in a

previous paper (An et al. 2008). The recombinant E. coli

BL21(DE3) was cultured at 37 �C, 200 rpm with 50 mg l-1

kanamycin until the OD600 reached 0.6, and then 1 mM

IPTG was added to the culture at 28 �C for 24 h for protein

production. The harvested cells were suspended in sodium

phosphate buffer (0.1 M, pH 8.0) and a crude cell extract was

prepared by sonication and centrifuged at 15,000 rpm for

20 min.

Then a Cu-IDA column was applied to purify the protein

in manner of immobilized metal affinity chromatography

(IMAC). The purification process is outlined as follows:

Firstly, the crude cell extract was loaded onto the chro-

matography column. Secondly, the column was washed

with buffers (0.05 M sodium phosphate buffer, pH 8.0,

0.3 M NaCl) containing imidazole at different concentra-

tions: 0.05, 0.075, 0.1, 0.125, 0.15 and 0.25 M. Most of the

contaminants eluted in the range of about 0.05 to 0.15 M

imidazole. The target protein was eventually collected with

buffer containing 0.25 M imidazole. Lastly, the collection

was concentrated by an Amicon Ultra centrifugal filter

device (MWCO 30,000) with excessive salt removing.

The purified CPC acylase was stored at 4 �C for further

enzymatic characterization and immobilization.

Immobilization of CPC acylase onto epoxy supports

The epoxy-activated supports are ideal matrixes to perform a

very easy immobilization of proteins and have been utilized

to immobilize various commercial enzymes via multipoint

covalent attachment. These supports are very robust and

suitable for industrial purposes (Mateo et al. 2007). In this

work, three kinds of epoxy supports, BB-2, ES-V-1 and

LX-1000EP were selected on which to immobilize CPC

acylase. The supports were suspended in potassium phos-

phate buffer (1 M, pH 8.0) and then a proper volume of puri-

fied enzyme solution was added. The suspension was kept

under mild stirring for 24 h at 25 �C. Afterwards, the immo-

bilized CPC acylase was recovered by filtration, washed with

deionized water, and stored at 4 �C until further use.

Assay of CPC acylase activity

The enzyme activity of CPC acylase against CPC was

measured according to a previously described method with
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minor modification (Kim and Yoon 2001; Patett and

Fischer 2006). A substrate solution was made by dissolving

CPC in sodium phosphate buffer (0.1 M, pH 8.0) at a

concentration of 20 g l-1 and the pH was adjusted to 8.0

with 1 M NaOH. The CPC solution was blended with the

enzyme solution prepared above and then the reaction

mixture was incubated at 37 �C for 5 min. The reaction

was terminated with a mixture of 20% (v/v) acetic acid and

0.05 M NaOH in a 2:1 ratio. Then 0.5% (w/v) p-dime-

thylaminobenzaldehyde (PDAB) dissolved in methanol

was added to the mixture and the reaction mixture was

incubated at room temperature for 10 min. The absorbance

was measured at 415 nm wavelength. One unit of CPC

acylase activity was defined as the amount of enzyme

capable of producing 1 lmol of 7-ACA per minute at

37 �C, pH 8.0.

The specific activity of the immobilized enzyme was

determined by using the same method, and it was then

defined as lmoles of 7-ACA produced per minute and per

gram of wet resin under the previously described

conditions.

Influence of pH and temperature on the activity of free

and immobilized CPC acylase

The effect of pH on enzymatic activity was tested at 37 �C

using 0.1 M sodium phosphate buffer. The following pH

values were considered: 7.0, 7.5, 8.0, 8.5, 9.0, and 9.5.

The effect of temperature was measured using sodium

phosphate buffer (0.1 M, pH 8.0) at the following tem-

peratures: 20, 25, 30, 35, 40, 45, 50, 55, and 60 �C.

Influence of pH and temperature on the stability of free

and immobilized CPC acylase

The effect of pH on enzymatic stability was evaluated by

incubating the free and immobilized enzyme at 4 �C in

0.1 M sodium phosphate buffer at the following pH values:

7.0, 7.5, 8.0, 8.5, 9.0, and 9.5. Catalyst samples were taken

after 2 h to determine the residual activity.

The effect of temperature was measured by incubating

the catalyst in sodium phosphate buffer (0.1 M, pH 8.0) at

15, 20, 25, 30, 35, and 40 �C. The residual activity of CPC

acylase exposed to each temperature for 2 h was measured

as described above.

One-step conversion of CPC to 7-ACA using

immobilized CPC acylase

The reaction was carried out in a jacketed glass reactor

equipped with a wire filter to allow reusing of the catalyst.

After the immobilized enzyme was added, a solution

containing 30 g l-1 CPC was poured into the reactor and

then a stirring device was switched on. The reaction mix-

ture was kept at 25 �C using circulating water in the jacket

and the pH value was maintained at 8.5 by adding 1 M

ammonium hydroxide. Figure 1 shows the schematic dia-

gram of the reactor system. It was not until less than 2%

CPC remained that the reaction mixture was released.

The catalyst was intercepted in the reactor and then used

for another conversion cycle. During nights, the immobi-

lized enzyme was recovered by filtration, washed with

deionized water, and stored at 4 �C in a 50% v/v glycerol-

phosphate buffer.

High performance liquid chromatography (HPLC)

assay

The reaction products were analyzed through HPLC with

Phenomenex Luna C-18 column (4.6 9 150 mm). The

mobile phase consisted of acetonitrile, methanol, and 1%

(v/v) aqueous acetic acid in the ratio of 7.5:15:77.5. The flow

rate was 0.8 ml min-1 and the UV detector was set at

254 nm. The retention times for 7-ACA and CPC were 2.3

and 3 min respectively. Other minor peaks were considered

as the byproducts. The sum of peak areas was used for the

calculation of conversion rate and yield.

Results and discussion

Purification and immobilization of CPC acylase

During the overexpression of the desired CPC acylase

using the recombinant E. coli, some other enzymes, such as

b-lactamase and esterase, were also produced in the host

cell. These enzymes have been shown to negatively affect

the conversion of CPC to 7-ACA (Zheng et al. 2007).

Therefore, to acquire a high yield of 7-ACA product, it is

essential to remove these enzymes from the crude cell

extract before the immobilization of CPC acylase.

Fig. 1 Schematic diagram of the reactor system for production of

7-ACA
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The recombinant CPC acylase was designed with a 69

his-tag fused at its N-terminus to allow for purification (An

et al. 2008). CPC acylase was easily purified by loading the

crude cell extract onto an IMAC column, washing, and

eluting with sodium phosphate buffer containing imidaz-

ole. As confirmed by SDS–PAGE(Fig. 2), the IMAC eluate

contained only CPC acylase, consisting of its a- and

b-subunit (28 kDa and 58 kDa, respectively); none of the

contaminant proteins like b-lactamase and esterase were

present in the purified sample. The recovery of purified

CPC acylase is 56%, and the corresponding specific

activity is high, 10 U mg-1. The highly purified enzyme

may be capable of catalyzing a significant yield of 7-ACA

from CPC.

Compared with other supports containing different active

groups, the epoxy-type multiporous polymers show good

mechanical properties and market competitiveness and have

been widely used in the two-step conversion of CPC to

7-ACA. We selected three kinds of epoxy supports, BB-2,

ES-V-1 and LX-1000EP, on which to immobilize the high-

purity CPC acylase. The optimal immobilization results of

each support are shown in Table 1. The most effective sup-

port was LX-1000EP; it gave the greatest immobilized

activity, 81 U g-1, and a recovery of 33.8%, which is a

relatively high value for the covalent immobilization of an

enzyme (Zheng et al. 2006). Due to the high immobilization

efficiency and the specific activity of the catalyst, CPC

acylase immobilized on LX-1000EP was subjected to further

study.

Influence of pH and temperature on the activity of free

and immobilized CPC acylase

Changes in pH will affect the ionization states of active-site

amino acid residues and the substrate, thus affecting binding

of substrate to enzyme. Generally, the optimal activity of

enzymes is observed only at a certain pH value. Figure 3a

shows the effect of pH on the CPC acylase activity. The

optimal pH value for the free enzyme was 8.5, whereas the

activity of the immobilized enzyme exhibited a broad max-

imum between pH 8.5 and 9.5. This shift towards an alkaline

pH value, resulting from the immobilization, could be due to

increased proton concentration in the microenvironment

around the enzyme, which would require a more alkaline

medium for the maximum enzyme activity (Palmieri et al.

1994).

The optimum temperature for the free enzyme was

50 �C, whereas that of the immobilized enzyme was shifted

to 55 �C (Fig. 3b). It was speculated that the conforma-

tional flexibility of the enzyme might be impaired in the

immobilization process, so that the enzyme requires higher

temperature to form the appropriate substrate-binding

conformation (Arica et al. 1998). At temperatures above

their optimum temperatures, both the free and immobilized

enzyme activities showed a decrease, probably due to

thermal denaturation of the enzyme. To explore this, we

next investigated the enzyme stability.

Influence of pH and temperature on the stability of free

and immobilized CPC acylase

The effect of pH on the enzyme stability was determined by

measuring the activity after 2 h of incubation (Fig. 4a).

Both forms of CPC acylase were partly inactivated between

pH 7.0 and 8.0, while the immobilized CPC acylase showed

good stability in solutions at pH 8.0–9.5. Figure 4b

describes the thermal stability of CPC acylase, again

determined as the activity after 2 h of incubation. There was

no fatal decrease of the enzyme stability up to 25 �C.

However, above 25 �C, the stability of the free enzyme

decayed sharply. On the contrary, a significant improve-

ment in thermal stability, even at 40 �C, was observed for

the immobilized enzyme; it remained 92% active, whereas

the free enzyme was nearly inactive. This significant sta-

bility improvement could be attributed to the intensification

of the enzyme rigidity and the change of the microenvi-

ronment around the enzyme in the immobilization process.

Fig. 2 SDS–PAGE (12.5%) analysis of crude cell extracts and

purified CPC acylase. Lane 1 crude extract of BL21 (DE3)/pET28-

acy; M indicates protein molecular weight marker (170, 130, 95, 72,

55, 43, 34, and 22 kDa); Lanes 2 purified CPC acylase

Table 1 Immobilization of CPC acylase onto epoxy supports

Support BB-2 ES-V-1 LX-1000EP

Functional group Epoxy Epoxy Epoxy

Particle size (lm) 150–300 100–300 150–300

Apparent activity (U g-1) 48 46 81

Recovery (%) 24.0 19.2 33.8
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CPC and 7-ACA gradually decompose at temperature

greater than 30 �C (Tan et al. 2006), so though the

improvement in stability is generally very important for

industrial applications, subsequent experiments were con-

ducted at 25 �C.

One-step conversion of CPC to 7-ACA using

immobilized CPC acylase

To observe operational characteristics of the biocatalyst, the

conversion rate of CPC to 7-ACA with immobilized CPC

acylase was investigated at 25 �C and pH 8.5 (maintained

with 1 M ammonia). As shown in Fig. 5, using 5 U ml-1 of

immobilized enzyme, a commonly accepted biocatalyst

loading volume in 7-ACA industrial production, a 7-ACA

yield of 96.7% was obtained within 60 min. It was found that

the initial stage was significant for the conversion process;

68.8% CPC was converted within 10 min, while the rem-

nants were transformed during the latter 50 min. We inferred

that the reversible inactivation of enzyme and a gradual

decrease in substrates slowed down the reaction velocity.

In our study on enzyme kinetics research, the apparent Km of
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CPC acylase increased and Vmax was almost unaffected in the

presence of 7-ACA (data not shown). Accordingly, 7-ACA

can be defined as a competitive inhibitor, which competed

with CPC for access to the active site, resulting in the

reversible inactivation of enzyme and hindering the catalytic

steps. In spite of this product inhibition, one-step conversion

is superior to two-step conversion. It could cut down the

reaction time considerably, which is helpful to avoid 7-ACA

loss due to an intermolecular condensation reaction (Buch-

holz et al. 2005). Another advantage is that the catalysis by

CPC acylase does not generate hydrogen peroxide; the two-

step enzymatic process generates hydrogen peroxide, which

often results in the decomposition of CPC and 7-ACA in

solution (Tan et al. 2010). Moreover, utilizing the extremely

pure CPC acylase could prevent the formation of byproducts.

All these factors contribute to the highest 7-ACA yield ever

reported. For the two-step conversion, the reported yield was

around 90% (Bianchi et al. 1998; Tan et al. 2006), while the

one-step reaction in this work increased the yield by more

than 6 % points.

The operational stability of the immobilized CPC acylase

was studied in a repeated batch process and results are dis-

played in Fig. 6. The conversions, each with less than 2%

CPC remaining, were repeated for 24 cycles and a continu-

ous loss of activity was observed. In the end, approximately

50% of the initial CPC acylase activity remained, after which

the biocatalyst was completely replaced for the sake of short

reaction time.

Conclusions

This work reports a new catalyst for producing 7-ACA from

CPC in a one-step enzymatic process. From overexpression

in recombinant E. coli and purification by IMAC, high-purity

CPC acylase was obtained. CPC acylase was then immobi-

lized onto epoxy supports. The activity of CPC acylase

immobilized on LX-1000EP reached 81 U g-1, which is an

acceptable activity level for catalyst employed in mass

production of 7-ACA. The enzymatic characteristics pre-

sented here provide a description of the performance of the

catalyst and the optimal operational conditions for the

reaction. Besides the high efficiency of the reaction with

immobilized CPC acylase, a high 7-ACA yield of 96.7% was

also obtained, suggesting that the one-step enzymatic

method described here is a perfect alternative in the

conversion of CPC to 7-ACA. Future work will focus on the

improvement of the operational stability of immobilized

enzymes to withstand long-term operation. If the immobi-

lized CPC acylase with high activity and stability could be

applied, it would greatly benefit the industrial production of

7-ACA, both in operational convenience and commercial

cost.
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