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논 문 개 요

본 연구에서는 단백질의 세포 내 전달을 위해 기능기를 도입한 나노

입자와 세포 투과성 펩타이드의 응용과 함께 재조합 리파제의 고정화에 대한 

연구를 다루었다. 일반적으로 eukaryotic cell의 plasma membrane은 크기가 

큰 peptide나 protein을 특별한 transporter 없이 통과 시키지 못한다고 알려져 

있다. 세포내로 단백질을 전달시키기 위해서는 liposome이나 cell permeable 

peptides, polymer 그리고 particles 등을 운반체로 이용한다. 한편, 효소는 높

은 선택성과 반응성을 가지며 다양한 반응을 촉매 할 수 있지만 쉽게 비활성

화가 된다는 단점을 가지고 있다. 효소의 안정성을 높이기 위해서 화학적 혹

은 분자생물학적 방법이나 고정화를 이용한다. 

세포 투과성 물질의 개발 연구에서는 나노 입자와 기존에 기능이 알

려진 세포투과성 펩타이드를 이용하여 단백질을 세포 안으로 운반시키는 연구

를 다루었다. 나노입자의 세포 투과율을 높이기 위해 표면에 glucose를 도입

시킨 나노입자를 합성한 후 EGFP를 결합시켰다. 나노입자를 쥐의 배아 줄기 

세포와 HeLa cell에 처리한 후 전달 효율을 확인한 결과 glucose가 없는 나노

입자는 세포내로 전달되지 않았지만 glucose가 도입된 나노입자는 세포 내로 

전달되는 결과를 얻었다. 이와 더불어 다양한 조건 하에서 쥐의 배아줄기 세

포로 형광단백질인 EGFP를 결합 시킨 3 종의 CPPs들 (pEP I_N, pEP I_C, 

Buforin II) 의 transfection 효율을 관찰한 결과 transfection 효율은 CPPs의 종

류에 의존하였다. 



- ii -

재조합 리파제의 고정화 연구에서는 첫 번째로, CAL-B를 E. coli 에 

맞는 codon으로 바꿔준 후 CAL-B의 표면에 소수성 아미노산을 친수성 아미

노산으로 치환시켜 발현효율을 증가시키는 연구를 진행하였다. 분자 모델링을 

통하여 CAL-B의 active site에 영향을 미치지 않는 5개의 아미노산을 선택하

여 aspartate로 치환시킨 결과 wild type 보다 약 3배 많은 단백질을 얻었다. 

두 번째로는 마그네틱 비드를 이용하여 E. coli 에서 발현시킨 BCL을 

refolding 시키는 연구를 하였다. Chaperone을 고정화 시킨 마그네틱 폴리스

틸렌 입자를 이용하여 B. cepacia lipase를 refolding 시킨 결과 

free-chaperone과 비슷한 refolding 반응성을 가지며 10회의 재사용에도 95 % 

이상의 반응성을 유지하였다. 세 번째 고정화 연구에서는 먼저 마그네틱 

PMMA 나노입자에 8 종류의 효소를 고정화 시킨 후 반응성을 비교하였다. 그 

결과 free한 효소와 비슷한 반응성을 보였으며 6번 재사용 후에도 반응성이 

크게 감소하지 않았다. 그리고, 리간드의 종류에 따라 다양한 기능기를 포함

시킬 수 있는 금속유기 구조체 (MOFs)에 EGFP와 CAL-B를 공유결합으로 고

정화시키는 연구를 진행하였다. 고정화 시킨 CAL-B를 유기 용매에서 반응성

을 비교한 결과 free한 CAL-B 보다 높은 반응성을 가졌다. 단백질 및 효소를 

고정화 시킨 후에도 원래의 활성을 유지하였으며, 재사용 후에도 반응성이 크

게 감소하지 않은 결과를 얻었다.
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Chapter 1. Introduction

The cell specific delivery of various molecules has been a valuable 

delivery system for biological and medical researches and for the diagnosis 

and therapy of disease [1]. In protein delivery, use of therapeutic proteins 

has been limited by their inability by pass the plasma membrane [2]. Cell 

permeable peptides (CPPs) such as TAT are very useful for efficient protein 

delivery into cells [3]. In addition, nanoparticles are also being developed as 

alternative carrier systems to traditional colloidal carriers such as liposome. 

Enzymes are very useful biocatalyst, and they can accept a wide 

range of complex molecules substrate and catalyzing reactions with enantio- 

and regioselectivitys [4]. However, enzymes are often easily inactivated. 

There are several stabilization strategies to improve catalytic stability of 

enzymes, for example, enzyme modification, genetic modification, and 

enzyme immobilization strategies [5]. Among these methods, immobilization 

strategy using solid supports has been most extensively researched due to 

the specific advantages such as reduce costs by enabling the efficient 

separation and reuse.

The goal of this thesis is preparation of cellular delivery system for 

protein and immobilization of recombinant lipase. The work in this thesis 

deals with protein delivery systems such as nanoparticles, and cell 

permeable peptides and immobilized supporting materials such as magnetic 

nanoparticles and metal-organic frameworks.  
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1.1. Intracellular protein delivery

The most widely utilized approach for intracellular delivery of 

proteins has been to link the cargo protein with carrier that have the ability 

to penetrate membranes. The delivered protein needs to cross the plasma 

membrane and to be efficiently released in the cytoplasm. Carrier-based 

systems have been used to deliver protein and peptide for many years 

because they have several advantages: (1) increasing the proportion of 

protein that reaches its site of action; (2) improving the transport of the 

drug to its site of action; (3) allowing colocalized deposition of protein with 

other proteins or excipients; (4) improving the stability of the drug in vivo; 

and (5) decreasing the nonspecific delivery of the drug to non-target 

tissues. Many type of synthetic carrier, including liposome, cell permeable 

peptide, polymer and particles, were studied to delivery exogenous genetic 

materials into cells in a cellular specific or nonspecific manner. 

1.1.1. Cell Permeable Peptides

The cell-penetrating peptides (CPPs) are short positively charged 

peptides composed of basic residues (lysine or arginine) of 20 to about 50 

amino acids which can cross the cellular plasma membrane and efficiently 

deliver biologically active proteins to all tissues. CPPs are capable of 

transducting cargo across the plasma membrane, allowing proteins to 

accumulate within the cell. CPPs can be internalized in most cell types and 

allow the cellular delivery of conjugated or fused biomolecules [6]. A wide 

range of biomolecules, for example antigenic peptides [7], peptide nucleic 
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acid [8] antisense oligonucleotides [9], full-length proteins [10], nanoparticles 

[11] and liposomes [12], have been delivered into cell (Fig. 1).

Figure 1. The cell-penetrating peptides (CPPs) are natural peptides 

identified as cellular membrane-crossing molecules.

During the past decade, several cell-penetrating peptides (CPPs) 

that enable the intracellular delivery of polar, and biologically active 

compounds in vitro and in vivo have been described. The CPPs include 

synthetic cell-permeable peptides, protein-transduction domains (PTD), and 

membrane-translocating sequences (MTS), which all have the ability to 

translocate the cell membrane and gain access to the cellular interior. The 

first CPP derives from the third helix of the Antennapedia protein 

homeodomain and was originally named pAntennapedia (pAntp) [13, 14]. 

This peptide is more commonly referred to as penetrating and, together with 

peptides such as the HIV protein derived transactivating regulatory protein 

(TAT) and transportan, is one of the most extensively investigated CPPs. 
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Examples of sequences of known CPPs are listed in Table 1.

Name Sequence Length
Net charge

(+)

Isoelectric

point

Mw

(Da)

Penetratine RQIKIWFQNRRMKWKK 16 7 12.4 2247

TAT GRKKRRQRRRPPQ 13 8 12.7 1719

MAP KLALKLALKALKAALKLA-amide 18 5 11.4 1878

Transportan GWTLNSAGYLLGKINLKALAALAKKIL-amide 27 5 10.9 2842

Transportan 10 AGYLLGKINLKALAALAKKIL-amide 21 4 10.9 2183

R7 peptide RRRRRRR 7 7 12.8 1111

pVEC LLIILRRRIRKQAHAHSK-amide 18 8 12.5 2210

MPG peptide GALFLGWLGAAGSTMGAPKKKRKV-amide 24 5 11.8 2445

KALA peptide WEAKLAKALAKALAKHLAKALAKALKACEA 30 6 10.7 3132

Buforin 2 TRSSRAGLQFPVGRVHRLLRK 21 7 12.2 2435

Table 1. Known CPPs

All these peptides possess multiple positive charges and some of 

them share common features, the ability to interact with lipid membranes 

and to adopt a significant secondary structure on binding to lipids. Although 

the mechanism of transduction across a lipid bilayer is unknown, it is clear 

that transduction does not occur through a classical receptor, transporter, or 

in an endosome-mediated fashion [15]. 
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1.2. Enzyme

Enzymes are highly efficient catalysts with extraordinary enantio- 

and regioselectivity, and they can accept a wide range of complex 

molecules as substrates [16]. Enzymes are widely used in many commercial 

purpose, such as the dairy, textile, chemical, detergent, food, 

pharmaceutical, and brewing industries. There are high expectations for 

processes where enantiomerically enriched intermediates are produced. 

Lipases, esterases and proteases are usually quite stable enzymes which 

are enantioselective. The advantages of using enzymes in chemical 

processes include high substrate and reaction specificity and less side 

reactions. Enzymes use often more environmentally friendly conditions like 

lower reaction temperatures, no need for protecting groups, less waste and 

less energy needed. 

1.2.1. Lipase 

Lipases are abundant enzymes that have been isolated from a wide 

variety of mammalian and microbial sources, even several lipases from 

archaea are known. Generally, there is very little homology among the 

known sequences, the most conserved feature is the consensus sequence 

GxSxG found in the substrate binding site. This is common to all lipases 

and esterases, as is the α/β-hydrolase fold [17]. 

The interior topology of α/β hydrolase fold proteins is composed 

largely of parallel β-sheets (at least five in lipases), separated by stretches 

of α-helix, and forming, overall, a superhelically twisted-pleated sheet. 

Nearly all lipases have the catalytic triad Ser-Asp(Glu)-His (in some 
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exceptions like the Geotrichum candidum or Candida rugosa lipases, the 

aspartate is replaced by a glutamate).

Lipases catalyze the hydrolysis of acylglycerides and in general of a 

wide range of low and high molecular weight fatty acid esters, thiol estes, 

amides, polyol/polyacid esters, diacyglycerol, monoacylglycerol, and glyceol 

[18]. In addition to the ester hydrolysis, lipases can catalyze the following 

several reactions in non-aqueous solvents, such as ester synthesis, 

esterification and transesterification reactions. 

Figure 2. Reactions catalyzed by lipases.

Generally, lipases show almost no activity as long as substrate is in 

monomeric state. However, when the substrate starts to form an emulsion, 

there is a sharp increase in enzyme activity, on the other hand, that is not 

observed for esterase. This phenomenon can be explained by 

three-dimensional structure. It was found that the active site of a lipase was 

covered by a lid-like polypeptide chain composed of one or two amphipathic 
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α-helices. This lid structure rendered the active site inaccessible to 

substrate molecules, thereby causing the enzyme to be inactive on 

monomeric substrate molecules [19, 20]. When the substrate and the 

water-oil phase exist, the lid opens and then lipase becomes active, 

whereas the lid closed and the enzyme remains inactive without substrate.

 Figure 3. a) Esterase kinetics following normal Michaelis-Menten kinetics [21] and b) 

Lipase kinetics where interfacial activation [22]  is observed.

Lipases are the most common biocatalyst in industrial and academic 

research. The advantages of lipases are low cost, no cofactors, and 

showed high activity and stability in water as well as in organic solvents, 

and converting a broad range of substrates with high steroeselectivity. The 

most frequently used lipases for organic synthesis are porcine pancreatic 

lipase (PPL), lipase from Burkhderia cepacia (BCL), lipase from Candida 

rugosa (CRL), and lipase B from Candida antarctica (CAL-B) [23-25]. In 

this study, two kinds of lipases, lipase B from Candida antarctica 

(CAL-B) and lipase from Burkhderia cepacia (BCL) were used.



- 8 -

1.2.1.1. Candida antarctica lipase B 

One of the most effective lipases is Candida antarctica lipase B 

(CAL-B). CAL-B has high regio- and stereoselectivity, activity towards a 

broad range of substrates, and stability at high temperature and in many 

organic solvents. In 1994, the structure of CAL-B was determined by X-ray 

crystallography (Fig. 4) [26]. It is consisted of 317 amino acids and has a 

molecular weight of 33 kDa and an α/β hydrolase fold. The active site is 

composed of Ser105 - His224 - Asp187, as the catalytic triad. 

Figure 4. Structure of Candida antarctica lipase B (1TCA). The catalytic triad consists 

of Ser105, Asp187, and His224. They are displayed in stick representation.
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A catalytic triad is responsible for the catalytic action with the bi-bi 

mechanism (Fig. 5). It is a two-step mechanism with an acylation step and 

a deacylation step separated by a covalent acyl-enzyme intermediate [27]. 

The oxyanion hole is consisted of Gln106 and Thr40. A charge relay 

system involving the catalytic triad of residues (Asp187, His224, and 

Ser105) forms the basis of the mechanism. First, the serine attacks the 

ester to generate the first tetrahedral intermediate (Td1). An acyl enzyme 

intermediate is formed from the release of the alcohol and then by second 

substrate to form the second tetrahedral intermediate (Td2). They release of 

the second product regenerates the free enzyme.

 

Figure 5. Catalytic mechanism of a Candida antarctica lipase B catalyzed hydrolysis 

(R2=hydrogen) or transesterification (R2=alkyl).
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1.2.1.2. Lipase from Burkhderia cepacia (BCL)

The lipase from Burkhderia cepacia is another widely used enzyme 

for organic synthesis and hydrolysis because of its high enantioselectivity 

[28]. BCL is a highly selective catalyst for a broad range of substrates, 

including the kinetic resolution of racemic mixtures of secondary alcohols by 

hydrolysis in water or esterification in organic solvents [29-31]. It is 

consisted of 320 amino acid residues with a calculated molecular mass of 

33 kDa. The active site is composed of Ser87 - His224 - Asp264, as the 

catalytic triad. The oxyanion hole is consisted of Glu88 and Leu17. 

Figure 6. A overlap structure of open and closed BCL. The open and closed conformation of 

BCL is shown in a cartoon representation. The lid of the open crystal structure of BCL (3LIP) 

is colored blue and of the closed homology model green, the sphere of the Ca2+-ion is 

colored yellow. 
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BCL has a large lid, which covers the active site (Fig. 6) [32]. The 

lid is opening at a hydrophobic interface, making the active site accessible 

for substrates and enhancing the activity of the lipases [33, 34]. Because 

the exterior of the lid is hydrophilic and its interior is hydrophobic, the 

hydrophobic surface of lipase increases upon lid opening [35]. 

1.2.2. Protein expression and refolding

Over the past decade the variety of hosts and vector systems for 

recombinant protein expression has increased dramatically. Typical 

expression vectors contain promoters that direct the synthesis of large 

amounts of mRNA corresponding to the gene. They may also include, for 

example, sequences that allow their autonomous replication within the host 

organism, sequences that encode genetic traits allowing cells containing the 

vectors to be selected, and sequences that increase the efficiency with 

which the mRNA is translated. Researchers now select from among 

mammalian, insect, yeast, and prokaryotic hosts, and the number of vectors 

available for use in these organisms continues to grow. Despite the 

development of eukaryotic systems, Escherichia coli remains the most 

widely used host for recombinant protein expression. Escherichia coli is 

easy to transform, grows quickly in simple media, and requires inexpensive 

equipment for growth and storage. And in most cases, Escherichia coli can 

be made to produce adequate amounts of protein suitable for the intended 

application. 

Many recombinant proteins expressed in Escherichia coli were 

accumulated inside the cell as inclusion bodies. Especially many of 

eukaryotic proteins that overexpressed in Escherichia coli are apt to form 
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inclusion bodies because Escherichia coli does not perform post-translational 

modification and formation of disulfide bonds.  It is then necessary to 

extract, solubilize and refold the protein in order to recover activity. A 

number of strategies are presented that are used to optimize the recovery 

of functional target protein [36]. Inclusion bodies may be solubilized by 

exposure to high molarity denaturants, detergents, acidic or alkali buffers, or 

a combination of reagents. Following solubilization, the target protein may 

be subjected to any of various strategies for refolding that result in the 

removal of the solubilizing agent. In general, denaturant removal is 

performed through the use of dialysis or dilution [37]. In addition, molecular 

chaperones facilitate protein folding by transiently binding to non-native 

proteins, which inhibits irreversible protein aggregation and promote folding 

to native state. Moreover, chaperones also minimize aggregation by 

mediating the degradation of proteins that cannot be properly folded. 

Figure 7. Methods for protein refolding. 
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1.2.3. Enzyme immobilization

One of the major problems in use of enzymes is their inactivation. 

There are a large number of stabilization strategies to improve catalytic 

stability of enzymes; for example, enzyme modification, genetic modification, 

and enzyme immobilization strategies. Among these methods, immobilization 

strategy using solid supports has been most extensively studied due to the 

specific advantages such as cost reduction by enabling the efficient 

separation and reuse [38, 39]. In addition, improved catalytic features such 

as activity, stability, and selectivity can be achieved by enzyme 

immobilization [40]. 

Enzymes can be immobilized to plenty of different carriers by 

covalent or ionic binding, entrapment, and adsorption [41]. Among these 

binding methods, covalent binding possesses several advantages: (1) 

enzymes do not leak or detach from the support during utilization due to 

tight binding; (2) the immobilized enzyme can easily make contact with the 

substrate because it is localized on the support surface; and (3)　 an 

increase in heat stability is often observed because of the strong interaction 

between the enzyme and support material [42, 43]. 

1.3. Nanoparticles

Nanoparticles are used to refer to a small particle with all three 

dimensions less than 100 nanometres [44]. The use of nanoparticles has 

shown great promises due to their unique properties, such as size-tunable 

luminescent properties and functionalizability to couple biomolecules or drugs 
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[45]. The nanoparticles, made up of various biodegradable polymers, 

polycyanoacrylate, polylactides (PLAs), and natural polymers gelatine, 

chitosan, sodium alginate and albumin can be used effectively for efficient 

delivery system. 

Figure 8. Examples of nanoparticles [46, 47]  

1.3.1. Polymer nanoparticles

Polymer nanoparticles with spherical shape have been widely used 

in the various fields of industry because they have many advantages such 

as low impact resistance, fair strength and stiffness, high chemical 

resistance, transparency, afford-ability, and easiness of processing. They 

have many useful characteristics, which can be manipulated by controlling 

diameter, degree of cross-linking, surface chemistry, and porosity. 

The main benefits are due to easiness of physical separation of the 

polymer particles and their bound components from the reaction mixture, 
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and easiness of recycling expensive catalysts and ligands. Immobilization of 

reactants on polymer particles enables the use of high concentrations of 

reagents to drive reactions to completion, as byproducts or excess reagents 

can be easily removed by filtration, and decreases the purification time than 

chromatography, distillation or crystallization methods. Another advantage is 

due to the unique environment created for the reactants within the polymer 

supports. They improve stability of catalysts within polymer matrixes, 

increase selectivity for intramolecular reaction, and enhanced regioselectivity 

due to steric hindrance and the activity of some supported chiral catalysts 

by site cooperation. [48, 49]

Polymeric nanoparticles can be easily prepared by heterogeneous 

methods. Heterogeneous polymerization processes are based on two-phase 

systems in which the starting monomers and the resulting polymers are in 

the form of a fine dispersion in immiscible liquid. The heterogeneous 

polymerization systems includes 'suspension', 'emulsion', 'dispersion', and 

'precipitation' . They are clearly distinguished on the basis of the following 

four basis for comparison: (1) Initial state of the polymerization mixture; (2) 

Kinetics of polymerization; (3) Mechanism of particle formation; and (4) 

Shape and size of the final polymer particles. Kinetic feature and the size 

range of polymer particles produced by different heterogeneous 

polymerization process (Fig. 9).
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Figure 9. General kinetic features and particle size ranges of heterogeneous 

polymerization processes [50]. 

1.3.2. Magnetic polymer nanoparticles

Magnetic polymer nanoparticles are another important material in 

bioapplications due to their interesting magnetic properties. Because 

magnetic polymer particles sensitively react in the magnetic field, they are 

used in the fields of sell separation [51, 52], drug delivery system [53, 54], 

and magnetic resonance image contrast agents [55]. 

Magnetic polymer nanoparticles have recently have gained much 

attention to immobilize enzymes due to their several advantages, such as 

low mass transfer limitation and high surface-to-volume ratio [56]. In addition 

they provide a simple procedure of separating reacted enzyme from other 

reaction mixture using a simple centrifugation or an external magnet. 
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1.4. Metal-Organic Frameworks (MOFs)

Figure 10. The building block, or 'modular', principle behind coordination 

polymers 

MOFs are a class of coordination polymers with backbones 

constructed from metal ions and ligands, which form infinite network of 

one-, two- and three-dimensional structures that can be porous (Fig. 10). 

The important characteristics of nodes and linkers are their coordination 

numbers and coordination geometies. These features will affect the overall 

structure of the framework. 

MOFs have attracted the attention of industrial and academic 

research because of their high surface area and tailorable selectivity, which 

makes them suitable for a wide range of applications. There is also 

commercial interest in their applications, such as gas separation, storage, 

and usage as heterogeneous catalysts [57]. 

MOFs have been a focus of intense as novel nanoporous materials. 
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Compared with nanotubes, activated carbon, and zeolites, MOFs have some 

unique features due to their structural flexibility. These unique features 

include  high porosity and surface area, open structures with almost no 

inaccessible void space, flexible cavities shape and size, and tunable 

functionality of pore. 

For synthesizing MOFs using precursors including metal precursors 

and corresponding organic spacing ligands, numerous methods have been 

developed. First, solvothermal and hydrothermal synthesis methods using 

these precursors have conventionally been employed to form MOF crystals. 

Solvothermal synthesis is a method where precursors for MOF crystal 

formation are heated in a solvent other than water [58]. In hydrothermal 

synthesis, precursors for MOF crystal are heated in water. Hydrothermal 

synthesis is suitable when the ligand precursor is water soluble [59]. 

Solvothermal and hydrothermal synthesis methods are typically slow, often 

taking hours and even days. Second, sonochemical methods can lead to 

homogeneous nucleation and a substantial reduction in crystallization time 

compared with conventional solovothermal methods [60, 61]. Third, 

Microwave assisted MOF synthesis yields high quality MOF crystals in a 

reaction time ranging from seconds to minutes. In addition, microwave 

methods provide MOF materials with a uniform crystal size and well defined 

shape [62].
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1.5. Outline of this thesis

This thesis deals with two studies which are cellular delivery system 

for protein and immobilization of recombinant lipase. Chapter 2 describes a 

delivery system using biofuctionalized nanoparticles and cell permeable 

peptides. The glucose-coated beads and known cell permeable peptides 

delivered the EGFP as model protein inside the cells. In chapter 3, the 

recombinant lipases were immobilized on magnetic nanoparticles or 

metal-organic frameworks. Chapter 3.1 showed the mutational effect on 

expression yield of Candida antarctica lipase B in E. coli. The mutant 

increased expression yield three times compared to the wild type without 

change of the catalytic machinery of CAL-B. Chapter 3.2 deals with the 

chaperone conjugated polymeric magnetic beads for refolding of B. cepacia 

lipase. The beads showed comparable refolding activity to the soluble 

chaperone, and retained more than 95% of activity after ten-times recycling. 

In the chapter 3.3 and 3.4, magnetic nanoparticles and metal-organic 

frameworks  were investigated for covalent-immobilization of lipase. The 

lipase-conjugated magnetic beads were showed similar hydrolytic activity to 

the free enzyme and retained activity after six times recycling. And the 

immobilized enzyme with MOFs has higher specific activity compared free 

enzyme in organic solvent. These results clearly indicate that functional 

proteins can be decorated on MOFs without losing their functions and 

recyclable without significant loss of the activity. 
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Chapter 2. Intracellular Protein Delivery for 

Protein

In this chapter, I investigated protein delivery systems based on the 

delivery carriers such as nanoparticles and several known cell permeable 

peptides (CPPs). The EGFP (enhanced green fluorescent protein) as a 

model protein was translocated into mouse embryonic stem cells and HeLa 

cells. The glucose-coated beads delivered the EGFP inside the cells. In 

addition, I examined the transfection efficiency of several known cell 

permeable peptides (CPPs) into mouse embryonic stem cells under various 

conditions. The efficiency of transfection of CPPs-EGFP depends on the 

sequence of CPPs.
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2.1. Intracellular Protein Delivery by 

Glucose-Coated Polymeric Beads*

Abstract: Macromolecules, such as DNAs and proteins, can be internalized 

into cells by carriers. The intracellular delivery of proteins is garnering more 

interest because proteins can be used as therapeutic agents and as a 

research tool for studying intracellular protein-protein, protein-lipid, and 

protein-DNA interactions. Development of a protein delivery system requires 

an appended signal or tag molecule that interacts with cell membranes and 

thus facilitates protein uptake into the cell. For example, cationic lipids are 

drawn to the cell surface via attraction to negatively charged cell membrane 

molecules. Finding molecules that suitably mediate such interactions 

represents a key step in the development of protein delivery systems. 

Glucose is an excellent candidate molecule because cells have various 

mechanisms for the uptake of glucose and glycated proteins. Thus, 

glucose-coated materials could be translocated inside cells, providing a 

potentially important general system for protein delivery. This idea was 

evaluated in this study by preparing glucose-coated polymeric nanobeads by 

dispersion polymerization. The average size of the beads was determined to 

be about 150 nm by scanning electron microscopy. The EGFP (enhanced 

green fluorescent protein) as a model protein for protein delivery was 

attached to the prepared beads by a simple chemical treatment and 

translocated into mouse embryonic stem cells and HeLa cells. Confocal 

 Jun g , S .; H u h , S .; C h e on , Y .-P .; P ark , S . “In tra ce llu la r p rote in  d e livery  b y  g luco se-co a te d p o lym e ric  

b ea d s,” C h em . C o m m u n. 20 0 9, 5 0 03 -5 0 05 .
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image analysis indicated that the glucose-coated beads delivered the EGFP 

inside the cells whereas non-glucose-coated beads or the EGFP alone did 

not. This study therefore demonstrates the potential utility of glucose-coated 

nanobeads for cellular protein delivery.

Introduction

The intracellular delivery of proteins is garnering more interest 

because proteins can be used as therapeutic agents [1] and research tools 

for studying intracellular protein–protein, protein–lipid, and protein–DNA 

interactions [2, 3]. Moreover, the development of a protein delivery system 

may benefit researchers in a variety of applications including drug delivery 

[4, 5], and the control of cell differentiation using signaling peptides or 

functional proteins [6].

However, proteins are generally unable to cross the membrane 

barrier of eukaryotic cells without using protein-specific transport systems 

[7]. For intracellular protein delivery, researchers have used recognition 

molecules that can interact with cell membrane molecules. One example is 

cationic lipids. The cationic head group of cationic lipids [8] is able to 

interact with negatively charged cell membrane molecules through 

electrostatic attractions. Another approach for protein delivery is the usage 

of cell-permeable peptides or proteins that can interact with cell membranes 

and penetrate into cells [9, 10]

The development of protein carriers requires the usage of a 

recognition molecule to establish interactions with the cell membrane. 
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Glucose is a good candidate for such a molecule because it is an 

important monosaccharide in living systems, and most cells utilize it for 

energy and for other metabolic processes. Many mechanisms for the uptake 

of glucose into cells have recently been described [11], although the 

detailed mechanisms are still a matter of debate [12]. 

Results and Discussion

Preparation and identification of polymeric nanobeads. The mono-dispersed 

polymeric nanobeads were prepared by dispersion polymerization. Dispersion 

polymerization is an appropriate method in attaining small-sized 

monodispersed beads in a single step. In this procedure, various functional 

groups can be introduced to the beads by using proper monomers [13]. 

Glucose-coated nanobeads were prepared using 6-O-glucosyl methacrylate, 

styrene, and acrylic acid. Acrylic acid provided the functional group with 

which to conjugate proteins. Glucose was ligated to methacrylate by CAL-B 

(Candida antarctica lipase B, Novozyme 435) to form 6-O-glucosyl 

methacrylate (1 in Fig. 1). Although CAL-B has high regioselectivity toward 

the primary alcohol of glucose, the product may be a mixture of mono- or 

diacylated compounds, but we did not attempt to separate them because 

both products can be used for polymerization. The 6-O-methacryl glucose 

was polymerized with styrene and acrylic acid in aqueous methanol to form 

nanosized beads (2 in Fig. 1) [14]. 
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Figure 1. Synthesis of 6-O-methacryl glucose and mono-dispersed polymeric beads.

The amount of glucose units on the beads was limited to 5-10% 

molar ratio compared to the amount of styrene used. Preparation of 

glucose-free acrylic acid beads for the control experiment was attempted by 

polymerization of styrene and acrylic acid without the addition of 

6-O-glucosyl methacrylate.

Scanning electron microscopy (SEM) (Fig. 2) was used to show that 

the glucose-coated beads were uniformly of an average diameter of about 

150 nm (Fig. 2a). However, the acrylic acid beads were larger than 

glucose-coated beads, having an average diameter of about 300 nm (Fig. 

2b). Because we were unable to prepare acrylic acid beads with the same 

diameter of the glucose-coated beads (~100 nm), and transduction efficiency 

may vary with size, an alternative approach was employed. Thus, 

similar-sized non-glucose-coated nanobeads (0%-glucose-coated beads) for 

the control experiment were prepared by removing glucose units from the 

glucose-coated beads via acid hydrolysis. 
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Figure 2. The scanning electron micrographs of the prepared polymeric beads. (a) 

Glucose-coated beads (10%-glucose content) with diameters of about 150 nm. (b) 

Acrylic acid beads prepared from polystyrene and acrylic acid only have diameters of 

about 300 nm. (c) Non-glucose-coated beads (0%-glucose-coated beads) prepared by 

removing glucose units from the glucose-coated beads via acid hydrolysis. Scale bar = 

300 nm.

.
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Conjugation of polymeric nanoparticles with EGFP. EGFP (enhanced green 

fluorescent protein) was chosen as a model protein because it can easily 

be tracked in cells and its folding status may easily be recognized by 

fluorescence. The fluorescent protein EGFP was covalently attached to the 

beads by a simple chemical treatment. The carboxylic acid groups on the 

beads were utilized tobind proteins after activation with EDC 

(1-ethyl-3-(3-dimethylaminopropyl) carbodiimide) (Fig. 3). The free amino 

groups of EGFP react with the activate dcarboxylic acid groups of the 

beads to form amide bonds at pH 7.3. The amount of bound EGFP was 

determined to be 1.4 mg/g of beads.

Figure 3. Conjugation of glucose-coated polymeric nanobeads with the EGFP. EDC = 

1-ethyl-3-(3-dimethylaminopropyl) carbodiimide, EGFP = enhanced green fluorescent protein.
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Turbidity measurements of the beads with concanavalin A. A turbidity 

measurement using concanavalin A was carried out to confirm whether the 

glucose units are present on the surface of the beads and can function to 

interact with protein. Concanavalin A specifically binds glucose or mannose 

and then aggregates [15]. Thus, if glucose units are present on the surface 

of the beads, they can interact with concanavalin A and aggregation occurs, 

which may be detected by a turbidity measurement at 600 nm. Fig. 4 

shows the aggregation behavior of concanavalin A after addition to the 

bead suspension. The turbidity is significantly correlated with the amount of 

glucose units on the beads. Addition of concanavalin A to the 

non-glucose-coated beads (the acrylic-acid beads and the 

0%-glucose-coated beads) does not increase turbidity, while addition to the 

glucose-coated beads does. Higher turbidity was observed in 

10%-glucose-coated beads than in 5%-glucose-coated beads. 

The process of conjugating proteins on to the beads provides a 

convenient alternative to genetic hybridization of protein transduction 

domains to the target protein because additional optimization of the 

recombinant protein expression is not required. However, a potential 

problem involves the small size of glucose relative to the conjugated target 

protein. For instance, the larger target protein might shield glucose from the 

membrane and there by interrupt the key interaction for delivery. To 

address this problem, we tested whether the glucose unit of the 

EGFP-conjugated beads can interact with the concanavalin A protein. 

Indeed, the turbidity increased upon mixing concanavalin A with the 

EGFP-conjugated glucose-coated beads, although the turbidity was lower 

than for non-EGFP-conjugated glucose-coated beads (Fig. 4). This result 
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indicated that some shielding does occur, but the glucose units can still 

interact with concanavalin A and thereby may establish an interaction with 

the cell membrane to facilitate transduction. 

Figure 4. Turbidity measurements for a mixture of beads and concanavalin A. 

Glucose-coated beads aggregated concanavalin A and lead to a turbidity increase, but 

non-glucose-coated beads did not cause concanavalin A to aggregate. The 0%-glucose 

beads were prepared by removing glucose units via acid hydrolysis while the acrylic-acid 

beads were synthesized from a mixture of styrene and acrylic acid without glucose.
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Transduction of the glucose-coated nanobeads into mouse embryonic stem 

cells and HeLa cells. Mouse embryonic stem cells (mES cells) were chosen 

to test the transduction activity of the glucose-coated nanobeads for protein 

delivery. The development of protein delivery system into stem cells is 

potentially important in clinical therapy using stem cells because protein 

transduction can be applied to directing stem cell differentiation [16, 17]. 

Therefore the development of a novel protein-delivery system into stem 

cells, therefore, has tremendous potential.

EGFP does not cross the membrane of mES cells and thus the 

confocal image of the mES cells treated with EGFP alone does not show 

fluorescence inside the cells (1-a in Fig. 5). Presumably the cell membrane 

does not contain any specific acceptor proteins for EGFP. The 

EGFP-conjugated non-glucose-coated beads were also not found inside the 

mES cells (2-a in Fig. 5). This result clearly indicates that the 

EGFP-conjugated non-glucose-coated beads cannot penetrate into mES 

cells. However, the EGFP-conjugated glucose-coated beads were 

internalized and showed fluorescence in the cells (3-a and 4-a in Fig. 5). 

The merged images (3-b and 4-b in Fig. 5) show that the cells are placed 

on the fluorescent regions. The glucose units on the glucose-coated 

nanobeads are therefore likely responsible for mediating transduction. The 

relative fluorescence intensities for both glucose-coated beads (5% and 

10%-glucose content) were similar within the error range (b in Fig. 5). The 

amount of glucose units does not seem critical in the range used.
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Figure 5. Translocation experiments of the EGFP-ligated beads into R1 mouse embryonic 

stem cells. (a) The confocal microscopic images. 1-a and 1-b, cells treated with EGFP 

alone; 2-a and 2-b, cells treated with non-glucose-coated beads; 3-a and 3-b, cells 

treated with 5%-glucose-coated beads; 4-a and 4-b, cells treated with 

10%-glucose-coated beads; 1-a, 2-a, 3-a and 4-a are dark field images; 1-b, 2-b,3-b and 

4-b are bright field images. The fluorescent regions are identical to the area of cells 

located. (b) The relative intensities of the translocated EGFP. The intensities in a single 

cell were measured using a confocal microscope. Errors are the standard deviations for 

at least seven measurements.
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Analysis by transmission electron microscopy (TEM) of translocation 

experiments. Transmission electron micrographs also provided direct 

evidence that the glucose coated polymeric beads were internalized. The 

TEM image for R1 mES cells untreated (Fig. 6a) and treated with 

non-glucose-coated beads (Fig. 6b) did not show any particles with 

diameters of about 150 nm inside a cell. In contrast, the polymeric beads 

were detected inside a cell in the TEM images for a cell treated with 5%- 

glucose-coated beads (Fig. 6c, 6d). The size of the particles is same to 

that of the polymeric beads

Figure 6. Analysis by transmission electron microscopy (TEM) of translocation experiments 

of the beads into R1 mES cells. a) a cell untreated. b) a cell treated with 

non-glucose-coated beads. c) a cell treated with 5%-glucose-coated beads d) the amplified 

image of c. The arrows indicate the polymeric beads.
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Transduction of the beads into HeLa cells at 37 ºC and mouse embryonic 

stem cells at 4 ºC. Hella cells were tested to evaluate further applicability 

of our delivery system. Similar results were observed in the transduction 

experiment with HeLa cells (Fig. 7). The confocal images for HeLa cells 

treated with EGFP alone or non-glucose-coated beads did not show 

fluorescence in the cells (1-a, 1-b, 2-a, and 2-b in Fig. 7). However, the 

cells treated with 5%-glucose-coated beads clearly showed fluorescence (3-a 

in Fig. 7) and the overlap image indicates that fluorescence is present in 

the cells (3-b in Fig. 7). It can therefore be concluded that glucose plays 

the key role in enabling protein-conjugated beads to cross membranes.

We also performed the transduction experiment at 4 ºC because the 

experiment could provide a clue for the uptake mechanism. In general, 

inhibition of the uptake at 4 °C indicates that the internalization process 

presumably involves an endocytic pathway [18,19]. The mES cells were 

cultured for 8 hr at 4 °C before being incubated with the beads. Incubation 

at 4 °C for 8 hr did not cause internalization of EGFP or any lucose-coated

beads in the cells (4-a, 5, 6, and 7 in Fig. 7). Again a repeated xperiment 

of incubation at 37 °C resulted in internalization of the glucose-coated 

beads (8 in Fig. 7). Although the detailed mechanism of the cellular uptake 

of the protein-conjugated glucose-coated beads is unclear at this time, the 

result indicates that the glucose-coated beads are presumably internalized 

by endocytic machinery.
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Figure 7. Translocation experiments of the EGFP-ligated beads into HeLa cells at 37 °C,

and into R1 mouse embryonic stem cells at 4 °C (4, 5, 6, and 7) and at 37 °C (8). (a) 

The confocal microscopic images of HeLa cells. 1-a and 1-b, cells treated with EGFP 

alone; 2-a and 2-b, cells treated with non-glucose-coated beads; 3-a and 3-b, cells treated 

with 5%-glucose-coated beads. 1-a, 2-a, and 3-a are dark field images. 1-b, 2-b, and 3-b 

are merged images (dark-bright fields). (b) The confocal microscopic images of R1 mouse 

embryonic stem cells. 4-a and 4-b, cells treated with EGFP alone (4-a is a dark field 

image and 4-b is a merged image.) at 4 °C; 5, cells treated with non-glucose-coated 

beads at 4 °C; 6, cells were treated with 5%-glucose-coated beads at 4 °C; 7, cells were 

treated with 10%-glucosecoated beads at 4 °C; 8, cells treated with 5%-glucose-coated 

beads at 37 °C. 5, 6, 7, and 8 are dark field images.

Cytotoxicity of glucose-coated beads on the mES cells. We have measured 

degeneration rate (death rate) of the mES cells after treatment of 

5%-glucose-coated beads (Fig. 8). The rate was dependent on the amount 

of beads used. Addition of below 0.25 μL, that is the experimental condition 

in this study, did not show considerable death rate compared to the control 

experiment. However, adding above 0.5 μL showed significant toxicity on 

the cells.
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Figure 8. Cytotoxicity of 5%-glucose-coated beads on the mES cells. Toxicity was 

measured by degeneration rate (death rate). The number of dead cells was counted 

using a hemocytometer after being stained with 0.4% trypan blue. 

Macromolecule-delivery systems often utilize a cationic moiety to 

interact with the negatively charged cell membrane and there by facilitate 

cell uptake. Non-charged glucose offers an attractive alternative to cationic 

molecules by reducing the cytoxicity associated with charged molecules 

present in cationic-lipid-mediated delivery systems. 

Conclusion

We demonstrated that glucose can be utilized for developing a 

novel protein delivery system. Our experimental results clearly showed that 

glucose mediated delivery of EGFP into mouse embryonic stem cells and 

HeLa cells although the detailed transduction mechanism is unclear at this 
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time. The discovery of glucose-coated-bead-mediated delivery may have 

many biological applications. For example, EGFP can be substituted by 

numerous macromolecules such as peptide-based drugs and functional 

proteins. In addition, biotin-binding proteins may be employed to deliver 

biotinated DNAs and si-RNAs. In summary, our glucose-coated nanobeads 

may provide a universal system for the delivery of a wide variety of 

macromolecules

Experimental Section

General Methods. Chemicals, buffers, lysozyme, and concanavalin A were 

purchased from Sigma-Aldrich. Pfu DNA polymerase and restriction enzymes 

(Xho I and Bam HI) were purchased from Enzynomics (Daejeon, Korea). 

DNA oligomers were obtained from Sigma-Proligo (Singapore). The vector 

(pET-15b) was purchased from Merck biosciences. DNA sequencing was 

performed by Solgent Co. (Daejeon, Korea).The Ni-NTA agarose resin was 

purchased from QIAGEN. 1H-NMR spectrum was recorded from D2O 

solutions on a Varian 500 MHz spectrometer. The SEM images were 

obtained by a Nano-SEM at KIST (Seoul, Korea).

Synthesis of 6-O-methacryl glucose. The monomer (6-O-methacrylglucose) 

was prepared similarly to the literature method [20-21]. Novozyme 435 (3 g) 

was added to a mixture of D-(+)-glucose(6 g, 33 mmol) and vinyl 

methacrylate (11 g, 100 mmol) in t-butyl alcohol (100 ml), and the reaction 

mixture was stirred at 50 °C for 12 hours. After Novozyme 435 was 

removed by filtration, 6-O-methacryl glucose (4.7 g, 55%) was obtained by 
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evaporation of the solvent. The product was used for polymerization without 

further purification. The NMR data were obtained as a mixture of the α- 

and β-forms of 6-O-methacryl glucose.

1H-NMR (500 MHz, D2O) δ 6.02 (d, 2H), 5.59 (s, 2H), 5.08 (d, 1H), 4.52(d, 

1H), 4.33-4.25 (m, 4H), 3.92 (m, 1H), 3.58 (m, 2H), 3.41-3.37 (m, 4H), 

3.12(t, 1H), 1.80 (s, 6H); 
13C-NMR (125 MHz, D2O): δ 169.6,135.8, 127.2, 

96.1, 92.3, 75.6, 74.2, 73.6, 72.7, 71.6, 69.8, 69.7, 69.4, 63.7,17.5

Synthesis of polymeric nanoparticles. Styrene (5 ml, 44 mmol) washed with 

a sodium hydroxide solution (0.1 M), acrylic acid (274 μl, 3 mmol), and 

6-O-methacryl glucose (1.1 or 0.55 g, 4 or 2 mmol, repectively) were added 

to preheated methanol (50 ml) containing water (10%) and hexane (5%) at 

70 °C. The reaction mixture was stirred at 70 °C for 20 hours after 

potassium persulfate (125 mg, 0.43 mmol) was added. The solvent was 

removed by decanting after centrifugation at 10,000 rpm. The prepared 

beads (1.2 g) were washed three times with distilled water (25 ml) and 

dried under vacuum. The acrylic acid beads were prepared similarly without 

addition of 6-O-methacryl glucose.

Removing glucose from nanobeads. The beads (10% glucose-coated beads, 

1 g) were added to an HCl solution (6 M, 100 ml) and refluxed for 16 

hours. After washing three times with distilled water (25 ml), the beads 

were dried under vacuum.
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Expression and purification of the EGFP. The EGFP gene was subcloned 

from EGFP-C2 (Clontech) into the pET-15b (Merckbiosciences). Gene 

specific primers used were as follows:

EGFP-XhoI-F1(5’-GCAAACTCGAGGTGAGCAAGGGCGAGGAGCTG-3’),   

EGFP-BamHI-R1(5’-CAGCCGGATCCTTACTTGTACAGCTCGTCCATGCCG-3’). 

The primers containing restriction sites for Xho I and Bam HI were used to 

introduce these two sites into the genes and to clone the genes into the 

pET-15b vector. The plasmid containing the EGFP gene was transformed 

into BL21(DE3).

An overnight culture of BL21(DE3) (1 ml) containing the EGFP gene 

was added to LB medium (100 ml; ampicillin,100 µg/ml) and incubated at 

37 °C and 200rpm to an OD600 of 0.5. Protein expression was induced by 

adding an IPTG solution (1 ml; 2% w/v) and the expression culture was 

incubated for 6 h at 25 °C and 200 rpm, at which point the OD600 was 

~1.5. The cells were harvested by centrifugation (10 min, 3,800 g, 4 °C) 

and the supernatant was discarded. The cell pellet (~0.8 g) was 

resuspended in the lysis buffer (5 ml/g wet weight; NaH2PO4, 50 mM; NaCl, 

300 mM; imidazole, 10 mM; adjusted to pH 8.0 with NaOH), and lysozyme 

was added to 1 mg/ml. Incubation on ice for 45 min was followed by a 

freeze-thaw cycle at -20 °C and room temperature. The viscous lysate was 

passed several times through a sterile 20-gauge syringe needle and 

centrifuged (10 min, 10,000 g, 4 °C). The supernatant was separated from 

the cell debris. Ni-NTA agarose resin (1 ml of 50% slurry) was added to 

the supernatant (4 ml) and the mixture was shaken at 25 °C for 1 h. The 

lysate-Ni-NTA mixture was loaded on a Poly-Prepcolumn (Bio-Rad), drained, 

and then washed three times with the wash buffer (4ml; NaH2PO4, 50 mM; 
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NaCl, 300 mM; imidazole, 20 mM; adjusted to pH 8.0 with NaOH). The 

His6-EGFP was eluted from the column with four volumes of the elution 

buffer (0.5 ml; NaH2PO4,50 mM; NaCl, 300 mM; imidazole, 250 mM; 

adjusted to pH 8.0 with NaOH).

Eluate (2 ml) containing the purified EGFP from the Ni-NTA column 

was exchanged from the elution buffer to PBS buffer (0.1 M, pH7.3) using 

a centrifugal device (Amicon Ultra-15, Millipore). The protein amount was 

estimated from the absorption at 280 nm (molar absorptivity = 22,015 M
-1 

cm
-1, calculated with tools at Swiss Prot Expasy, http://ca.expasy.org/tools 

/protparam.html)

Conjugation of polymeric nanoparticles with the EGFP. The EGFP was 

conjugated to the polymeric beads similarly to the method in the literature 

[22]. The polymeric beads (100 mg) were resuspended in MES buffer (5 

ml, 0.1 M, pH5.0) and EDC (1-ethyl-3-(3-dimethylaminopropyl) carbodiimide, 

100 mg) was added. The mixture was stirred for 20 min and centrifuged to 

remove the buffer. The activated beads were washed three times with PBS 

buffer (5 ml, 0.1 M, pH 7.3) and resuspended in PBS buffer (1 ml). The 

resuspended beads in PBS buffer (100 μl) and EGFP solution (100 μl, 15 

mg/ml) were mixed and incubated overnight at 4 °C. The EGFP-bound 

beads were washed three times with PBS buffer (1 ml) and resuspended in 

PBS buffer (100 μl).

Turbidity measurement of aggregation of concanavalin A by the prepared 

beads. The prepared beads (1 mg) were suspended in PBS buffer (1 ml) 
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by sonication. The suspension of beads (50 μl) was added to PBS buffer 

(750 μl) in a cuvette (1 ml). The absorbance change at 600 nm was 

monitored for 3 hours after adding a concanavalin A solution (200 μl, 2 

mg/ml of PBS buffer).

mES cell culture and transduction of beads into mES cells. Undifferentiated 

R1 mouse embryonic stem (mES) cells were grown on gelatin-coated tissue 

culture plates in the mES medium (5 ml, Dulbecco’s modified eagles 

medium supplemented with 0.1 mM nonessential amino acids, 0.1 mM 

β-mercaptoethanol, and 10% fetal calf serum). The mES medium contained 

the 1000 U/ml leukemia inhibitory factor (LIF, Chemicon). The mES cells 

were passed every 3 or 4 days onto freshly prepared gelatin-coated plates, 

and fed every day with the mES medium (5 ml) at 37 °C with 5% CO2 

and > 95% humidity. The mES cells were plated on gelatin-coated cover 

glasses for the test of the transduction activity of the prepared beads. The 

cover glasses were placed in each well of a 24-well culture plate and the 

mES medium (0.5 ml) was added. After the mES cells were grown for 2 or 

3 days to 80% confluency, the mES medium was replaced with the mES 

medium (0.5 ml) containing the EGFP solution (0.25 μL, 15 mg/ml) or the 

above EGFP conjugated bead suspension (0.25 μL, 100 mg/ml). The mES 

cells were additionally incubated for 8 hr at 37 °C. The confocal-microscopy 

images were obtained under the unfixed condition after washing three times 

with PBS buffer.

To evaluate temperature dependency of the transduction of the 

beads, a transduction experiment at 4 °C was performed. The mES cells 

were preincubated for 8 hr at 4 °C maintaining 5% CO2 in air before 
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adding the beads. After addition of the beads, the mES cells were 

additionally incubated for 8 hr at 4 °C and then analyzed with a confocal 

microscope.

Fluorescent intensity analysis. The intensity of intracellular EGFP was 

analyzed using a confocal microscope operated by FluoView (Ver1.26). After 

XYX scanning, the images were accumulated and analyzed for measuring 

the intensity from a single mES cell. Experiments were repeated 6 times 

and the measurements were repeated 10 times at each experiment.

HeLa cell culture and transduction of beads into HeLa cells. HeLa cells 

(CRL-1658, ATCC) were cultured under the standard condition with 

Dulbecco’s modified Eagle medium (DMEM; Invitrogen) containing 10% fetal 

bovine serum (FBS; GIBCO), 100 μg/ml penicillin, and 100 U/ml 

streptomycin. HeLa cells were plated on a culture slide glass (Nalgene, 

Rochester, NY) and grown for 2 or 3 days until 80% confluency at 37 °C 

with 5% CO2 in the culture medium supplemented with 10% fetal bovine 

serum. The cells were treated with the beads and analyzed in the same 

manner as the mES cells.

Cytotoxicity of the glucose-coated beads in mES cells. The mES cells were 

cultured on the 24-well culture plate in the mES medium containing LIF 

(1000 iu/ml). When the cells reached 80-90% confluency, the mES medium 

was replaced with the medium containing various amount of 5% glucose 
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bead suspension. After incubation for 8 hr, the cells were treated with 

trypsin-EDTA (Gibco BRL), and harvested and washed with DMEM. The 

trypan-blue-viability test was performed in order to analyze cytotoxicity. 

Briefly, 0.4% trypan blue (Sigma) was added into the cell suspension and 

the cell suspension was incubated for 15 min. The number of dead cells 

was counted using a hemocytometer. The test was repeated 3 times.
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2.2. Mouse Embryonic Stem Cell Uptakes of  

Buforin 2 and pEP-1 Conjugated with 

EGFP*

Abstract: Differentiation of cells can be induced through modulation of 

endogenous regulators using exogenous factors. Useful transfection systems 

to transport such a specific exogenous regulator into cells have been tried 

but still there are many obstacles to overcome. In this study, we examined 

the transfection efficiency of several known cell permeable peptides (CPPs) 

into mouse embryonic stem cells under various conditions. To identify the 

CPP-mediated translocation of a protein, we employed recombinant 

CPP-enhanced green fluorescent protein (EGFP). Viability of R1 cells was 

varied according to experimental groups depending on the kinds of CPPs 

and the concentration employed of CPP-EGFP. Translocation of 

CPP-EGFPs into the R1 cells was not detected until 30 min after 

CPP-EGFPs treatment in all groups. After 1 hr, translocation of 

pEP-1-EGFP-N was detected, but it could not be detected in the other 

group. Transfection of pEP-1EGFP-N was independent on its concentration. 

The time course did not show saturation even after 24 hr in 

pEP-1-EGFP-N. These results showed that the permeability depended on 

the kinds of CPPs and the location of His-tag in the case of examined 

CPPs, and did not need biological energy. In summary, the efficiency of 

transfection of CPP-EGFP depends on the CPP sequences but the culturing 

time is not a key factor in transfection for the mouse embryonic stem cell. 

 Jun g , S .; P a rk , S .; L im , H .; C h eo n . Y . " M o u se  E m b ryon ic  S te m  C ell U ptake s  o f B uforin  2 an d  pE P -1  
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Introduction

In recent years, embryonic stem cells (ES cells) are widely used as 

a model system to explore the mammalian embryonic development and 

applied to the cell therapy. Stem cells possess the capability of transforming 

into many cell types and are good candidates for cell-based therapies in 

regenerative medicine for diseases [1, 2]. So far, stem cell biology has 

been focused on identifying novel pathways such as maintaining the 

pluripotency, and inducing specific cell types. However, it is not easy to use 

as medicine or to study about the differential induction to a specific cell 

type. To get a specific cell type, it is essential to know the interactions of 

multiple genes and the associated factors which are involved in 

differentiation and de-differentiation of ES cells. To meet these requirements, 

many experimental conditions and gene delivery systems like high 

performance microinjection [3], various vector system [4], nucleofection [5], 

lipofectants and calcium phosphate were used. However, stem cells are 

resistant to most common transfection methods. The developments of 

effective strategies for genetic modification of ES cells have been 

progressed and have been resulting in improvement the differentiation of the 

ES cells to a specific cell type. One of the useful methods to modulate the 

gene expression is transgene delivery. Transgene delivery is a powerful 

strategy for induction of specific cell types from ES cells since several 

transcription factors have been demonstrated to regulate stem cell 

differentiation [6, 7, 8]. Among the existing approaches for delivery a gene, 

viral systems is suspected of their potential life-threatening effects of 

immunogenicity and carcinogenicity whereas non-viral ones possess 



- 50 -

significant limitation in terms of efficacy as previously mentioned. Besides, 

genetic modulation has also problem because it should be change the 

genetic structure of the mammals. In addition, an essential prerequisite for 

application of ES cells in regenerative medicine is the development of 

efficient protocols to direct stem cell differentiation into well-defined lineage 

[9]. So we need various ways to modulate the gene expression, nucleic 

acids, proteins, chemicals. However, protein delivery or chemical delivery 

has also limits. Development of a safe as well as an efficient carrier is, 

therefore, an urgent requirement for effective implementation of stem cells in 

regenerative medicine or gene therapy. One of the best candidates is the 

cell permeable peptides (CPP; protein transduction domains, membrane 

translocating sequences); it is known as small peptides that are able to 

ferry much larger molecules, nucleic acids, protein, chemical, into living 

cells. However, it is know that the efficiency is controversy and that the 

permeability depends on the kinds of CPPs and cell types. In this study 

therefore to get a good vehicle for transfection of proteins, chemicals or 

nucleic acids to the differentiating mES cell, we designed two synthetic 

CPPs, expressed CPP-EGFPs and analyzed the transfection modulating 

factors. 
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Results

Toxicity of CPPs on Mouse Embryonic Stem Cell. To know the effects of 

CPP-EGFPs on viability of R1 stem cell, R1 cells were exposed to 

CPP-EGFPs for 12 hr with various concentrations. The viability was 

analyzed using trypan blue import assay. The toxicity was detected and it 

was dependent on the kind of CPPs. pEP 1-EGFP-N and pEP 1-EGFP-C 

showed cytotoxicity at 500 μg/ml dose. In the case of pEP-EGFPs, that 

cytotoxicity was correlated with concentration. However Buforin-2 was not 

much toxic to R1 cells compared with pEP-1-EGFPs (Fig. 1).

Figure 1. Cytotoxicity of CPP-EGFPs on the R1 mouse embryonic stem cell. Cells were 

treated with CPP-EGFPs for 12 hr and checked viability using trypan blue dye 

exclusionmentioned in Materials and Methods.
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Concentration Effects on Transfection. To analyze the concentration effects 

on CPP-EGFPs transfection, CPP-EGFPs were treated as mentioned in 

Materials and Methods. R1 was treated with CPP-EGFPs, 5 μg/ml, 50 μg/ml 

and 500 μg/ml for 12 hr, and observed using confocal microscope. The 

permeability of CPP-EGFPs depended on the kinds of CPPs but not on 

their doses. Transfection of EGFP and Bufroin 2-EGFP was not detected 

after 12 hr (Fig. 2). Buforin 2 could not translocate EGFP into the 

cytoplasm, even in 500 μg/ml (Fig. 2C). In the case of pEP-1, however, it 

could translocate the EGFP-N in to the cytoplasm of R1 cells throw plasma

membrane. Efficiency in transfection of pEP-1 was not correlated with the 

concentration (Fig. 2D). However, if His-tag was moved to the C-terminal of 

EGFP, pEP-1 could not translocate the EGFP through the plasma 

membrane. pEP-1-EGFP-C was mainly localized around the plasma 

membrane of R1 cells (Fig. 2E). 
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.

Figure 2. Efficiency of transfection depends on the CPP. CPP-EGFPs were treated with 

various concentration (-1; 5 μg/ml, -2; 50 μg/ml, -3; 500 μg/ml) and observed after 12 hr. 

Vehicle (A), EGFP (B), Buforin 2-EGFP (C), pEP-1-EGFP-N (D), pEP-1-EGFP-C (E) were 

exposed to R1 embryonic stem cell and transfection was detected using confocal 

microscope. Confocal images illustrate clear intracellular localization of pEP-1-EGFP-N 

(D-1, D-2, and D-3). In the case of pEP-1-EGFP-C it was mainly localized around the 

cells. Overlays show where localization of EGFP (D-3, E-3). Magnification = 200×(box:

400×). 
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Treatment Time on the Transfection Efficiency. In order to explore the 

treatment-time efficiency on CPPs-facilitate-delivery, we examined cellular 

uptake of the recombinant CPP-EGFPs, after 5 min, 30 min, 1 hr and 24 

hr incubation of mES cells with EGFP, Buforin 2-EGFP, pEP-1-EGFP-N and 

pEP-1-EGFP-C. After treatment the R1 cells were observed without fixation 

under the confocal microscope. Until 30 min, translocation of recombinant 

CPP-EGFPs was not detect in all groups (Fig. 3, 4).

Figure 3. Transfection of EGFP (A), Buforin 2-EGFP (B), pEP-1-EGFP-N (C) and 

pEP-1-EGFP-C (D) into R1 mES cells at 5 min after treatment. 50 μg/ml CPP-EGFPs 

overlaid on the R1 cells for 5 min and washed with PBS three times. Evidence of 

transfection could not detect inall group (Large box figure; fluorescence field, small box; 

overlapped image with bright field). Magnification = 200×.
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Figure 4. Transfection of EGFP (A), Buforin 2-EGFP (B), pEP-1-EGFP-N (C) and 

pEP-1-EGFP-C (D) into R1 mES cells at 30 min after treatment. 50 μg/ml CPP-EGFPs 

overlaid on the R1 cells for 30 min and washed with PBS three times. Evidence of 

transfection could not detect in all group (Large box figure; fluorescence field, small box; 

overlapped image with bright field).Magnification = 200×.

pEP-1-EGFP-N was detected in the cytoplasm of R1 cell at 1 hr 

post treatment (Fig. 5). However, translocalization of Buforin 2-EGFP and 

pEP-1-EGFP-C through plasma membrane or nuclear membrane was not 

observed in R1 cells at 1 hr post treatment. Besides the signals was not 

detected even after 24 hr treatment (Fig. 6). pEP-1-EGFP-C could not be 

transfected into the R1 cell but localized mainly around the R1 plasma 

membrane (Fig. 6).
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Figure 5. Transfection of EGFP (A), Buforin 2-EGFP (B), pEP-1-EGFP-N (C) and 

pEP-1-EGFP-C (D) into R1 mES cells at 1 hr after treatment. 50 μg/ml CPPEGFPs overlaid 

on the R1 cells for 1 hr and washed with PBS three times. Evidence of transfection could 

detect in pEP-1-EGFP-N but signal was weak (C). Large box figure is fluorescence field 

and small box is overlapped image with bright field. Magnification = 200×.

Figure 6. Transfection of EGFP (A), Buforin 2-EGFP (B), pEP-1-EGFP-N (C) and 

pEP-1-EGFP-C (D) into R1 mES cells at 24 hr after treatment. 50 μg/ml CPPEGFPs 

overlaid on the R1 cells for 24 hr and washed with PBS three times. Evidence of 

transfection could detect both in pEP-1-EGFP-N and pEP-1-EGFP-C. Signal was mainly 

detected inner cell area in pEP- 1-EGFP-N but it was mainly observed around the cells in 

pEP-1-EGFP-C. Large box figure is fluorescence field and small box is overlapped image 

with bright field. Magnification = 200× (box: A; 200×, C & D; 400×)
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Discussion

Genetic manipulation of ES cells is essential to elucidate gene 

function. Through genetic manipulation, we can direct the differentiation of 

ES cells to specific lineages, use the differentiated cell types from mixed 

populations of ES cell derivatives, use the differentiated derivatives of ES 

cells as a vehicle for gene therapy, and modulated immune response to 

transplanted ES cell derivatives. For therapeutic application in transplantation 

medicine, controlled modification of specific genes could be useful for 

purifying specific ES cell-derived and differentiated cell type from a mixed 

population, and for giving cells new properties to combat specific diseases. 

To manipulate the genes, homologous recombination and 

electrophoration protocols have been used with mouse ES cells and human 

ES cells. Nanoparticles are also used as a mediator to transfection the 

gene constructs or proteins into the eukaryotic cell. However it is needed 

help of the component of target cell to quick transport such as fibronectin 

or E-cadherin in stem cells [13]. To use as a medicine, there are 

overwhelming safety concerns with regards to the application of genetic 

manipulation in human clinical therapy, uncontrolled expression or 

suppression, cellular viability, and unpredictable physiological consequences 

[14. 15]. Therefore it has been asked to develop a methodology which is 

non-genomic modulation. 

A novel alterative would be look at the possibility of incorporating 

CPP within transcription factors. Recent reports show that the usefulness of 

the cell permeable proteins as a delivery mediator. Recently using a 

recombinant cell permeable Cre protein successfully conditional knockin 
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efficiently was induced recombination at defined stages of neural 

differentiation. Cre treatment has no overt side effects on proliferation and 

neural differentiation [16]. In HeLa cell, Buforin-2 and GFP fused Buforin-2 

could enter into the cytoplasm. Syn B1 could effectively transfect peptide 

through blood-brain barrier and into the nervous system [17]. In human ES 

cells import efficacy of PDX1 is very poor compared with TAT-PDX1 in the 

human ES cells [18, 19]. In addition, from this study we know that 

Buforin-2 is a poor transfection mediator in R1 embryonic stem cells. 

However, pEP-1 is a good candidate as a mediator for protein transfection 

into the embryonic stem cells. Based on them, it is clear that the 

composition of CPP is a key factor for the high efficiency of transfection 

and the cell types in effect of the transfection mediated with CPP. It is 

suggested that translocation of CPP is partially under the control by the 

composition of target membrane. 

So far the mechanism of CPP mediated transport is controversy. 

Because in the previous studies, CPP-mediated translocation occurred even 

at low temperatures, and does not have strong cellular specificity, it is likely 

to be independent of endocytotic mechanisms, transmembrane protein 

channels, and protein receptor binding [20]. On the other hand, the other 

groups suggested that any effects of CPP were due to an enhanced 

physical chemical interaction but not uptake of the fusion peptide [21, 22]. 

pEP-1-EGFP-N binding to the cell membrane in R1 cells was not observed 

at 5 min or 30 min after treatment. From 1 hr after treatment, 

cell-membrane-binding pEP-1-EGFP-N was observed and translocalized 

pEP-1-EGFP-N was detected in the cytoplasm. Besides the translocalization 

of pEP-1EGFP-N was not depend on the concentration. This transfection 
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pattern is similar with the Buforin peptide in the HeLa cells [23]. Put 

together it is suggested that pEP-1-EGFP transfection follows the 

concentration-independent passive mechanism.

It is also known that there is dependence of translocation of CPP 

on the dose, time, temperature, and energy [23]. The Buforin-2 peptide is 

moved into the cytoplasm within 10 min by a temperature-independent and 

less concentration-dependent passive mechanism, and the magainin peptide 

show cooperative concentration dependence of uptake [16, 18, 23, 24]. 

CPPs used in this study, Buforin 2 and pEP-1 also were not showed 

dependence on the time and dose. It is suggested that the transfer of CPP 

is dependent on their chemical characteristics in embryonic stem cells. 

Recently the techniques for protein transfection has been developed 

and used in studies such as nanoparticle [25]. Until, however, it is limited 

to apply them on various cell types same as other techniques such as 

DNA or RNA transfection [13]. It has been suspected that CPP mediate 

transfection of protein, and it can be supported from our results. On 

summary, translocation of CPPs is under the control through the 

composition of target membrane and through on their chemical 

characteristics. pEP-1-EGFP transfection is follow the concentration- 

independent passive mechanism. In conclusion our data provide an asking 

other CPP for apply to the embryonic stem cells. Our data showed a 

possible application to protein transfection into the ES cells. For the future 

studies, modified CPP or mediator based on this study is needed to 

develop a better construct for translocation of target protein in embryonic 

stem cell.
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Experimental Section

General methods. All used buffer and chemicals were purchased from 

Aldrich-Sigma, and restriction enzymes (Bam HI and Nde I) were got from 

New England Biolab.

Expression and Purification of CPP fusion EGFP. CCP genes were 

synthesized as 60～70mer oligonucleotide based on the amino acid 

sequences (Table 1) and got full length sequence using overlap PCR. For 

getting CCP- EGFP proteins, we used pET15b and pET20b(+) (Merck) and 

linked to a EGFP construct, and then transformation into E. coli DH5 α or 

BL21 (DE3). 

CPP Amino acid sequence Net charge(+)

Buforin 2 TRSSRAGLQFTPVGRVHRLLRK 7

pEP-1 KETWWETWWTEWSQPKKKRKV 6

Table 1. Cell permeable protein transduction domains 

pET15b has sequences for His-tag in N terminal (depicted as -N) and 

pET20b in C terminal (depicted as -C) (Fig. 7). DNA sequencing was done 

in Solgent In. C. (Korea). Recombinant CCP-EGFPs were purified using 

Ni-NTA agarose resin (Quagen) according to the manual of manufacture. 

Protein concentration was measured using SDS-PAGE and standard protein.
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Figure 7. Vector map of constructed. pEP20b (+) was modified to make the 

pEP20b-deXho I. CPP and EGFP were arranged as depicted in the panel.
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ES Cell Culture. Undifferentiated mouse ES cells (mES cells, R1) were 

maintained as described previously [10, 11]. Briefly, undifferentiated mES 

cells were grown on gelatin-coated tissue culture plates in the mES 

medium, Dulbecco's modified eagles medium (DMEM) supplemented with 

0.1 mM nonessential amino acids, 0.1 mM β-mercaptoethanol, and 10% 

fetal calf serum. mES medium contained the 1,000 U/ml leukemia inhibitory 

factor (LIF; Chemicon, Temecula, CA). The ES cells were passed every 3 

or 4 days onto freshly prepared gelatin-coated plates, and fed every day 

with mES medium. 

Import Assay. mES cells were plated on the gelatin-coated slide glass 

(Nalgene, Rochester, NY) and grown to 2 or 3 days until 70～80% 

confluency at 37℃ with 5% CO2 in mES medium supplemented with 10% 

fetal bovine serum (FBS) and 1000 U/ml LIF. To asses the concentration 

effects of CPP-EGFP fusion proteins, R1 was treated with CPP-EGFP with 

5 μg/ml, 50 μg/ml and 500 μg/ml for 12 hr. To know whether is there time 

dependent procedure, R1 mouse embryonic stem cells were overlaid with 

preformed CPP-EGFP fusion proteins (50 μg/ml) in mES medium and the 

cells were cultured for 5 min, 30 min, 60 min, or 24 hr. Confocal 

microscopy was performed on unfixed condition after 3 times washing with 

PBS as described in detail elsewhere [12].

Dye-exclusion Assay

To assay the viability of the CPP-EGFPs, R1 cells were washed with PBS, 

and incubated with 0.4% trypan blue (Sigma-Aldrich, Stl Louis, MO) for 3 

min. The dye was thereafter rinsed off with PBS and observed viability was 
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analyzed under the inverted microscope (IX 70, Olympus). 
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Chapter 3. Immobilization of recombinant lipase 

In this chapter, I investigated immobilization of recombinant lipase. 

First, I achieved increase of the expression yield of CAL-B (lipase B from 

Candida antarctica). The mutant showed three folds higher expression yield  

compared to the wild type without change of catalytic activity. Second, the 

chaperone-conjugated magnetic polystyrene beads were synthesized for 

refolding B. cepacia lipase. The beads showed comparable refolding activity 

to the soluble chaperone, and retained more than 95% of their refolding 

activity after ten times recycling. Third, the magnetic nanoparticles and 

metal-organic frameworks (MOFs) were investigated for covalent- 

immobilization of lipase. The lipase-conjugated magnetic beads were showed 

similar hydrolytic activity to the free enzyme. And the immobilized enzyme 

on MOFs has the higher specific activity compared to the free enzyme in 

organic solvent.



- 78 -

3.1. Improving the Expression Yield of Candida 

antarctica lipase B in Escherichia coli by 

Mutagenesis*

Abstract: Increasing the expression yield of active Candida antarctica 

lipase B (CAL-B) in Escherichia coli was achieved by using a 

codon-optimized synthetic gene and by mutagenesis to introduce hydrophilic 

residues on the surface of CAL-B. Five residues (four leucines and one 

isoleucine) on the surface of CAL-B were selected and changed with 

aspartate after codon optimization. While the codon optimized synthetic 

gene of CAL-B did not increase the expression yield, the mutation 

increased the activity of the enzyme three-fold (3.3 mg/L of culture) 

compared to the wild type. The mutant enzyme had similar hydrolytic 

activity toward hydrolysis of p-nitrophenyl acetate or p-nitrophenyl butyrate 

and enantioselectivity toward hydrolysis of rac-1-phenylethyl acetate 

compared to the wild-type enzyme.

Introduction

Lipases are industrially and academically important biocatalysts 

because of their high selectivity, reactivity, and stability [1]. One of the most 

frequently used lipases is Candida antarctica lipase B, which has three 

 Jun g , S .; P a rk , S . “ Im p ro vin g the  e xpress io n  y ie ld  o f C a nd id a  a ntarc t ica  lipa se  B  in  E sch er ich ia  coli 
b y  m utag e ne s is ,”  B io te ch no l. Le tt. 20 0 8, 30 , 7 17 -7 2 2.
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disulphide bonds. It has high thermostability, broad substrate-specificity, and 

high selectivity [2]. Recently it has been cloned and expressed in lower 

eukaryotes as well as in E. coli [3-8]. Although it can be expressed with 

high yield in yeasts, such as Pichia pastoris [4] and Saccharomyces 

cerevisiae [5], expression in E. coli is more attractive because of its fast 

growth and easy handling. Expression of fungal proteins in E. coli has 

potential problems such as glycosylation of proteins and rare codon usages 

because E. coli lacks post-modification machinery and has different codon 

preferences from those of fungi. The crystal structure of CAL-B shows 

glycosylation at the Asn74 residue [9] and the sequence of CAL-B gene 

contains several rare codons that are not normally used in E. coli. In 

addition, hydrophobic proteins, such as lipases, are often expressed poorly 

in E. coli because of the formation of inclusion bodies in the cytoplasm or 

the translocation being blocked during the secretion of the protein into the 

periplasm [10]. 

Functional expression of CAL-B in E. coli has been achieved by 

three groups: Chodorge et al. [6] reported the first functional expression of 

CAL-B in E. coli but did not show the detailed result of the functional 

expression level; Blank et al. [7] compared expression of CAL-B in E. coli 

and Aspergillus oryzae and showed that glycosylation may not be 

necessary for functional expression; Liu et al. [8] reported that CAL-B can 

be expressed in E. coli and that a cold shock promoter with co-expression 

of a chaperone provided the highest yield (0.04 mg/l of culture) of the 

active CAL-B.

In this paper, we describe effects of codon optimized gene and 

mutagenesis of introducing hydrophilic residues onto the surface of CAL-B 
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on the yield of functional expression of CAL-B in the E. coli periplasm. We 

show that mutagenesis increased the amount of functional form being 

produced, although codon-optimized synthetic gene did not provide higher 

yield of the amount of functional enzyme in the soluble fraction.

Results 

Synthesis of a codon-optimized CAL-B gene and expression of the 

functional CAL-B. The natural CAL-B gene contains several rare codons 

for E. coli such as Arg (AGG and CGA), Leu (CTA), and Pro (CCC). 

These rare codons often cause low level expression of proteins in E. coli 

because of slow translation, misincorporation of amino acids, and premature 

translation termination [11]. We designed and synthesized a codon-optimized 

gene (opt2CAL-B) containing only two or three most frequently used codons 

in E. coli by recursive PCR [12]. The gene was cloned into a periplasmic 

expression vector (pBAD/gIIIa) containing a 6×His tag at C-terminal. 

Periplasmic expression may help to form disulfide bonds in the tertiary 

structure of CAL-B [13] and to reduce proteolysis during cultivation [14]. 

The culture was incubated at 25 ℃ for 6 h after adding L-arabinose. When 

incubation was performed at 37 ℃, the amount of CAL-B in the soluble 

fraction decreased (Fig. 1). Although functional CAL-B was successfully 

expressed in E. coli using a codon-optimized gene, the amount of the 

purified active CAL-B (about 1 mg/l culture) was similar to that from the 

natural CAL-B gene.
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Figure 1. SDS PAGE analysis of recombinant synthetic CAL-B (opt2CAL-B) produced in 

E. coli. at 37 ℃ for 4 h and 25 ℃ for 6 h. SDS-PAGE was performed on a 12% 

polyacrylamide gel and stained using the Coomassie brilliant blue. M, molecular weight 

marker; I, insoluble fraction; S, soluble fraction.

Selection of the mutation sites and mutagenesis. The CAL-B enzyme 

contains many hydrophobic residues, such as leucine, isoleucine, and 

valine, on its surface. The hydrophobic residues on the surface of CAL-B 

may increase formation of the inclusion body in the cytoplasm or block 

translocation during its secretion to the periplasm [10]. Thus, the substitution 

of the hydrophobic residues with hydrophilic ones may improve solubility of 

an enzyme and increase the expression yield of the functional enzyme. 

However, substitution of residues locating near the active site or residues 

containing side chains oriented toward the interior of the enzyme may 

cause unwanted influence on the catalytic machinery of the enzyme. 

However, distant mutation causes less impact on the catalytic machinery of 

an enzyme [15]. To avoid the unwanted potential influence, we chose the 
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sites for mutagenesis with the following rules; (1) the residues are 

hydrophobic (2) the residues are present on the surface (3) the side chains 

of the residues are oriented toward the outside of CAL-B. Four leucine 

residues (Leu147, Leu199, Leu219, and Leu261) and one isoleucine (Ile255) 

were selected (Fig. 2). The side chains of these residues are located at 

least 17 Å apart from the active center and oriented toward the outside of 

CAL-B. We chose aspartate for substitution because it is a hydrophilic 

amino acid and also has similar size to leucine.

Figure 2. The crystal structure of CAL-B (pdb entry, 1TCA). Four leucine residues and 

one isoleucine residue (Leu147, Leu199, Leu219, Leu261, and Ile255) for substitution 

with aspartate were represented by ball-and-stick. The side chains of these residues 

are located at least 17 Å apart from the active center and oriented toward the outside 

of CAL-B. The structure was created using PyMOL 0.99 (Delano Scientific, San 

Carlos, CA).
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Expression of the mutant enzyme (5D-CAL-B) and comparison of the 

expression yield with that of the wild-type enzyme. The mutant enzyme 

(5D-CAL-B) was expressed same as the wild type enzyme and the yield 

was determined from the amount of the purified protein. The expression 

yield of the mutant was higher than that of the wild-type CAL-B. The 

SDS-PAGE analysis showed stronger band for the mutant enzyme than that 

for the wild-type enzyme (Fig. 3). The total amount of the active enzyme in 

the soluble fraction was determined as 0.12 (±0.07) mg for opt2CAL-B 

(wild-type) and 0.33 (±0.16) mg for 5D-CAL-B (mutant) from 100 ml of 

culture.

Figure 3. SDS PAGE analysis of recombinant synthetic CAL-B (opt2CAL-B) and the mutant 

(5D-CAL-B) produced in E. coli. SDS-PAGE was performed on a 12% polyacrylamide gel 

and stained using the Coomassie brilliant blue. The left is unpurified fractions and the right 

purified ones. M, molecular weight marker; I, insoluble fraction; S, soluble fraction; F, 

flow-through fraction; L, lysis buffer fraction; W, wash buffer fraction; E, elution buffer fraction 

(for details see section Materials and methods)

Comparison of the hydrolytic activity and enantioselectivity between 

the wild-type CAL-B and the mutant enzyme. To determine the effect of 

the mutation on the catalytic machinery of CAL-B, we compared specific 
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activity and enantiomeric ratio of the wild-type and mutant enzyme. 

p-Nitrophenyl acetate and p-nitrophenyl butyrate were chosen to compare 

hydrolysis activity (Eq. 1 in Fig. 4). Both enzymes have similar specific 

activity and specific constant (Table 1). For comparison of enantioselectivity, 

we measured enantioselectivity toward the hydrolysis of rac-1-phenylethyl 

acetate (Eq. 2 in Fig. 4). The glycosylated CAL-B is highly enantioselective 

(E ≥ 200) toward rac-1-phenylethanol [16] and the both present enzymes 

had similar and high enantioselectivity (E ≥ 200) toward the hydrolysis of 

rac-1-phenylethyl acetate (Table 1).

O

NO2

R

O

OH

NO2

O

OHRH2O
+ R= CH3 or C3H7 (1)

O

O

H 2O
OH

O

OH
+ (2)

Figure 4. Model reactions to determine hydrolytic activity and selectivity of the 

mutant and wild-type enzymes. 

Enzyme
Specific activity for p-nitrophenyl 

acetate (μmol min -1 mg-1)

Specific activityb for

 p-nitrophenyl acetate 

(kcat/KM, s-1 M-1)

Specific activity 

for p-nitrophenyl 

butyratec 

(μmol min -1 mg-1)

Enantiomeric 

ratio (E)d

opt2CAL-B (wild type) 1.7 ± 0.46
e

3.9 (±0.97) ×10
3

5.5 ± 0.34  >200 (R)

5D-CAL-B (mutant 1.6 ± 0.29 4.0 (±0.87) ×103 5.4 ± 0.25  >200 (R)

Table 1. Hydrolytic activity and selectivity of CAL-B and the mutant enzymea

a Reaction condition: see section Materials and methods

b Specific constant was obtained from initial rates determined at 0.08-0.8 mM substrate concentrations

c
 The hydrolysis condition is same to the method of Blank et al. [7]

d Enantiomeric ratio was calculated using the measured enantiomeric excess of the starting material (ees) and product 

(eep) at ~40% conversion by the method of Chen et al. [22]

e
 Errors are standard deviations for at least three measurements; entries without errors are single measurements
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Discussion

There are several potential problems to express fungal proteins in 

E. coli ; (1) glycosylation (2) different codon usages (3) formation of 

inclusion body. To express CAL-B in E. coli, these problems should be 

solved because CAL-B is also a fungal protein. E. coli does not have 

post-translational machinery for peptide modification such as glycosylation. 

However, the glycosylation would not be critical for the catalytic machinery 

of CAL-B because the previous results showed that the deglycosylated 

CAL-B is still active. To solve the second problem, we have designed a 

synthetic gene of CAL-B that does not contain any rare codons and used it 

for expression. However, the amount of active CAL-B from the synthetic 

gene was similar to that from the natural gene, although the overall amount 

of proteins expressed from the synthetic gene is higher than that from the 

natural gene. In the case using the synthetic gene, more amounts of 

proteins was found in the insoluble fraction. We assumed that introducing 

hydrophilic amino acids, such as aspartate, onto the surface of CAL-B 

would increase the protein amount in the soluble fraction by decreasing 

formation of inclusion bodies during expression. We selected five residues 

(four leucines and one isoleucine) that are present on the surface of CAL-B 

and substituted them with aspartate. The substitution decreases the 

theoretical hydropathicity of CAL-B from -0.016 to -0.127. As we assumed, 

the substitution resulted in increasing the expression yield of the functional 

CAL-B by a factor of three. In addition to producing more functional 

enzyme, it is important to keep the characteristics of CAL-B as a 



- 86 -

biocatalyst. To confirm that the mutation does not change the activity and 

enantioselectivity of CAL-B, we performed the hydrolysis of p-nitrophenyl 

acetate, p-nitrophenyl butyrate, and rac-1-phenylethyl acetate as model 

reactions for determining the activity and enantioselectivity. The hydrolysis 

activity and enantioselectivity of the mutant were similar to those of the 

wild-type CAL-B. According to the results, it can be concluded that the 

mutation resulted in producing more functional enzyme without change of 

the catalytic machinery of CAL-B.

Experimental Section

General Methods. Chemicals, buffers, and lysozyme were purchased from 

Sigma-Aldrich Korea (Yongin, Korea). Pfu DNA polymerase and restriction 

enzymes (Nco Ⅰ and Sal Ⅰ) were purchased from Enzynomics (Daejeon, 

Korea). DNA oligomers were obtained from Sigma-Proligo (Singapore). The 

vector (pBAD/gIIIa) was purchased from Invitrogen Korea (Seoul, Korea). 

DNA sequencing of the synthetic gene and mutants of CAL-B was 

performed by Solgent Co. (Daejeon, Korea). The Ni-NTA agarose resin was 

purchased from QIAGEN Korea Ltd. (Seoul, Korea).

Synthesis of CAL-B gene and cloning the synthetic gene. A 

codon-optimized sequence for E. coli was designed based on the protein 

sequence of CAL-B (pdb entry, 1TCA) by the Leto backtranslation tool 

(http://www.entelechon.com/). The optimization was performed by cutting off 

the codons below 50% theoretical ratio. The optimized CAL-B gene 
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Sequence 1 (opt1CAL-B) Sequence 2 (opt2CAL-B)

TTG CCG TCA GGT TCT GAC CCG GCC TTT AGC CAG CCG 

AAG TCT GTT CTG GAT GCT GGC CTG ACA TGT CAG GGT 

GCA AGC CCG TCG TCC GTA AGC AAA CCA ATT CTG CTT 

GTA CCA GGC ACG GGC ACT ACG GGC CCG CAG AGC TTT 

GAT TCT AAT TGG ATT CCC CTG TCT ACC CAG CTT GGG TAC 

ACC CCT TGT TGG ATT AGC CCG CCT CCC TTC ATG CTG AAC 

GAT ACA CAA GTG AAT ACT GAG TAC ATG GTC AAC GCA 

ATT ACC GCC CTT TAT GCG GGA AGT GGT AAC AAT AAA 

CTT CCC GTG CTG ACA TGG AGT CAG GGG GGC CTG GTG 

GCA CAG TGG GGA TTG ACG TTT TTC CCA TCG ATC CGC 

TCG AAA GTT GAT CGT CTG ATG GCA TTT GCG CCT GAT TAT 

AAA GGC ACA GTG CTC GCG GGG CCA TTA GAT GCC CTG 

GCT GTG TCA GCA CCT AGT GTC TGG CAA CAG ACG ACC 

GGT TCC GCG CTG ACG ACC GCC CTC CGG AAC GCA GGT 

GGA CTG ACC CAA ATT GTG CCG ACA ACC AAC TTG TAT 

AGC GCC ACC GAC GAA ATT GTT CAG CCG CAG GTC TCC 

AAT TCG CCT CTC GAT TCA AGC TAT CTG TTT AAC GGC AAA 

AAT GTA CAG GCA CAG GCT GTT TGC GGG CCA TTA TTC 

GTC ATC GAC CAT GCC GGT AGC TTA ACC TCC CAG TTC AGT 

TAC GTG GTT GGT CGC TCT GCC CTG CGT AGT ACC ACG 

GGC CAA GCG CGC TCA GCG GAC TAC GGT ATC ACT GAT 

TGC AAT CCG TTA CCG GCG AAT GAC CTG ACT CCG GAA 

CAA AAG GTA GCG GCT GCG GCT TTG TTA GCG CCG GCC 

GCT GCC GCG ATT GTG GCA GGT CCT AAA CAA AAC TGT 

GAA CCG GAT CTG ATG CCC TAT GCC CGT CCG TTT GCG GTC 

GGC AAA CGT ACT TGC TCA GGT ATC GTT ACG CCA

CTG CCG TCT GGT TCC GAT CCG GCT TTC TCC CAG CCG 

AAA TCC GTG CTG GAC GCG GGT CTG ACC TGT CAG GGT 

GCT TCT CCA AGC AGC GTG TCT AAA CCG ATC CTG CTG 

GTA CCG GGC ACC GGT ACC ACT GGC CCG CAG TCT TTC 

GAC AGC AAC TGG ATT CCA CTG TCC ACC CAA CTC GGT 

TAT ACT CCT TGC TGG ATC TCT CCG CCG CCG TTT ATG 

CTG AAC GAT ACT CAG GTA AAC ACT GAA TAC ATG GTA 

AAC GCT ATC ACC GCT CTG TAC GCA GGT TCT GGT AAC 

AAC AAA CTG CCA GTG CTG ACC TGG TCC CAG GGT GGT 

CTG GTT GCA CAA TGG GGC CTG ACT TTC TTC CCG TCT 

ATC CGT TCT AAA GTG GAC CGT CTG ATG GCA TTC GCT 

CCG GAC TAC AAA GGT ACT GTG CTG GCT GGC CCG CTG 

GAT GCA CTG GCT GTA TCT GCG CCA TCC GTG TGG CAG 

CAG ACC ACT GGT TCT GCG CTG ACC ACT GCA CTG CGT 

AAC GCT GGT GGT CTG ACC CAG ATC GTT CCG ACT ACT 

AAC CTG TAC AGC GCA ACC GAT GAG ATC GTT CAG CCG 

CAG GTA TCT AAC TCC CCG CTG GAT TCT TCT TAC CTG 

TTC AAC GGT AAG AAC GTT CAG GCT CAG GCT GTT TGT 

GGC CCG CTG TTC GTT ATC GAT CAC GCA GGT TCC CTG 

ACC TCC CAG TTC AGC TAT GTG GTT GGC CGC TCT GCT 

CTG CGC TCC ACC ACT GGT CAA GCG CGC TCT GCT GAC 

TAC GGC ATC ACC GAC TGC AAC CCG CTG CCG GCG AAC 

GAC TTA ACC CCG GAA CAG AAG GTT GCA GCT GCG GCT 

CTG CTG GCA CCG GCT GCA GCT GCA ATT GTT GCG GGC 

CCG AAA CAG AAC TGC GAA CCG GAC CTG ATG CCG TAC 

GCT CGT CCG TTC GCG GTT GGT AAA CGC ACT TGT TCT 

GGC ATC GTA ACT CCG

Table 2. Codon-optimized sequences of CAL-B

(opt2-CAL-B) was synthesized using the recursive PCR. Eighteen oligomers 

were designed to have an overlap of 18–24 nucleotides for the synthesis of 

the codon optimized gene for CAL-B (Table 2). Gene specific primers 

(opt2CAL-B_F1_NcoI, 5'-TAGCACCATGGCTCTGCCGTCT-3', and 

opt2-CAL-B-R1_SalI, 5'-TGATGGTCGACCGGAGTTA CGATG-3') 

having restriction sites for Nco I and Sal I were used to introduce these 

two sites in the gene and to clone the gene into pBAD/gIIIa vector 

(Invitrogen).
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F_Opt2CAL-B_L147D (5′-CC GCTGGATGCAGATGCTGTATCTGCG-3′)

R_Opt 2CAL-B_L147D (5′-CGCAGATACAGCATCTGCA TCCAGCGG-3′)

F_Opt2CAL-B_L199D (5′-GTA TCTAACTCCCCGGATGATTCTTCTTACCTG-3′)

R_Opt2CAL-B_L199D (5′-CAGGTAAGAAGAATC ATCCGGGGAGTTAGATAC-3′)

F_Opt2CAL-B_ L219D (5′-GTTTGTGGCCCGGACTTCGTTATCG AT-3′)

R_Opt2CAL-B_L219D (5′-ATCGATAAC GAAGTCCGGGCCACAAAC-3′)

F_Opt2CAL-B_I255D (5′-GCTGACTACGGCGATACCGACTGCA AC-3′)

R_Opt2CAL-B_I255D (5′-GTTGCAGTC GGTATCGCCGTAGTCAGC-3′)

F_Opt2CAL-B_L261D (5′-GACTGCAACCCGGACCCGGCGAAC GAC-3′)

R_Opt2CAL-B_L261D (5′-GTCGTT CGCCGGGTCCGGGTTGCAGTC-3′)

Site directed mutagenesis. Using the synthesized CAL-B (opt2CAL-B) as 

a template, the mutant gene was created by overlap PCR mutagenesis 

[17-20] with the mutagenesis primers, 

 

The mutant gene was digested with Nco I and Sal I and inserted into 

pBAD/gIIIa. The plasmid of the mutant was transformed into E. coli (Top10).

Expression and purification of CAL-B. Overnight culture (1 ml of E. coli) 

was added to LB medium (100 ml; ampicillin, 100 μg/ml) and incubated at 

37℃ and 200 rpm to an OD600 of 0.5. Protein expression was induced by 

adding arabinose (1 ml; 2% w/v) and incubated for 6 h at 25℃ and 200 

rpm. When the OD600 reached ~1.5, the cells were harvested by 

centrifugation (10 min, 3,800 g, 4 ℃) and the supernatant was discarded. 

The cell pellet (~0.8 g) was resuspended in the lysis buffer (5 ml/g wet wt; 

NaH2PO4, 50 mM; NaCl, 300 mM; imidazole, 10 mM; pH 8.0 adjusted with 

NaOH), and lysozyme was added to 1 mg/ml. Incubation on ice for 45 min 

was followed by a freeze-thaw cycle at -20 ℃ and room temperature. The 

viscous lysate was passed several times through a sterile 20-gauge syringe 
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needle and centrifuged (10 min, 10,000 g, 4 ℃). The supernatant was 

separated from the cell debris. The cell debris was dissolved in 8 M urea 

solution (4 ml, containing 1 mM dithiothreitol) for SDS-PAGE analysis. 

Ni-NTA agarose resin (1 ml, 50% w/v slurry) was added to the supernatant 

(4 ml) and the mixture was stirred at 25 ℃ for 1 h. The lysate-Ni-NTA 

mixture was loaded on a Poly-Prep column (Bio-Rad), drained, and then 

washed three times with the wash buffer (4 ml; NaH2PO4, 50 mM; NaCl, 

300 mM; imidazole, 20 mM; pH 8.0 adjusted with NaOH). The His6-CALB 

enzyme was eluted from the column with four volumes of the elution buffer 

(0.5 ml; NaH2PO4, 50 mM; NaCl, 300 mM; imidazole, 250 mM; pH 8.0 

adjusted with NaOH). Eluate (2 ml) from the Ni-NTA column containing the 

purified CAL-B was exchanged from the elution buffer to BES (5 mM, pH 

7.2) using a centrifugal device (Amicon Ultra-15, Millipore). 

Determination of the amount of functional enzymes. The functional 

expression yield was confirmed by measuring the amount of purified 

enzymes. The amount of purified enzymes was determined by Bio-Rad 

Protein Assay kit (Bio-Rad) according to the manufacturer’s instructions.

Measurement of hydrolytic activity toward hydrolysis of p-nitrophenyl 

acetate of the wild-type CAL-B and the 5D-mutant enzyme. Hydrolytic 

activity of the enzymes was measured by following the hydrolysis of 

p-nitrophenyl acetate at 404 nm. The assay solution was prepared by 

mixing p-nitrophenyl acetate (20 μl, 200 mM in acetonitrile), acetonitrile (870 

μl), and BES buffer (5 mM, pH 7.2, 11,110 μl). The absorbance change 
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was measured at 404 nm for 5 min after mixing the assay solution (1 ml) 

with the enzyme solution (50 μl). The final concentrations in the reaction 

solution were 0.32 mM substrate, 4.65 mM BES, 7% acetonitrile. The 

activity was calculated according to the method of Janes et al. [20] where 

Δε = 17,300 M
-1cm

-1. 

Determination of enantioselectivity for hydrolysis of rac-1- phenylethyl 

acetate. The hydrolytic reaction was monitored using a pH-stat. The 

reaction was started by an addition of the enzyme solution (500 μl, 0.06 

mg/ml in 5 mM BES buffer, pH 7.2) to a solution of rac-1-phenylethyl 

acetate (50 μl of 1 M in acetonitrile) and acetonitrile (650 μl) in 1 mM BES 

buffer (8.9 ml, pH 7.2). The reaction was stopped at around 40% 

conversion by extraction with ethyl acetate (5 ml). After drying over 

anhydrous sodium sulfate, the organic layer was analyzed by GC with a 

chiral capillary column (Cyclosil-B 30 m × 0.25 mm): initial column 

temperature 80 ℃ for 10 min, ramp up to 120 ℃ at a rate of 2.5 ℃/min, 

and then held at 120 ℃ for 10 min. Enantioselectivity was determined by 

enantiomeric ratio (E) that was calculated using the method of Chen et al. 

[22] from the enantiomeric excesses of both the starting ester and the 

alcohol product.



- 91 -

References

1. Bornscheuer, U.T.; Kazlauskas, R.J.  Hydrolases in organic synthesis. 

2nd ed.; Wiley-VCH, Weinheim, 1999.

2. Rotticci, D.  Understanding and engineering the enantioselectivity of 

Candida antarctica lipase B towards secalcohols. Ph.D. Thesis, KTH, 

Stockholm, Sweden, 2003.

3. Hoegh, I.; Patkar, S.; Halkier, T.; Hansen, M.T. Can. J. Bot. 1995, 73, 

S869-S875.

4. Rotticci-Mulder, J.C.; Gustavsson, M.; Holmquist, M.; Hult, K.; Martinelle, 

M. Protein Expr. Purif. 2001, 21, 386-392.

5. Zhang, N.; Suen, W.C.; Windsor, W.; Xiao, L. Madison. V.; Zaks, A. 

Protein Eng. 2003, 16, 599-605.

6. Chodorge, M.; Fourage, L.; Ullmann, C.; Duvivier, V.; Masson, J.M.; 

Lefe`vre, F. Adv. Synth. Catal. 2005, 347, 1022-1026.

7. Blank, K.; Morfill, J.; Gumpp, H.; Gaub, H.E. J. Biotechnol. 2006, 125, 

474-483.

8. Liu, D.; Schmid, R.D.; Rusnak, M. Appl. Microbiol. Biotechnol. 2006, 72, 

1024-1032.

9. Uppenberg, J.; Hansen, M.T.; Patkar, S.; Jones, T.A. Structure 1994, 2, 

293-308.

10. Quyen, D.T.; Schmidt-Dannert, C.; Schmid, R.D. Appl. Environ. 

Microbiol. 1999, 65, 787-794.

11. Kane, J. Curr. Opinion. Biotechnol. 1995, 6, 494-500.

12. Prodromou, C.; Pearl, L.H. Protein Eng. 1992, 5, 827-829.



- 92 -

13. Baneyx, F.; Mujacic M. Nat. Biotechnol. 2004, 22, 1399-1408.

14. Swamy, K.H.; Goldberg, A.L. J. Bacteriol. 1982, 149, 1027-1033.

15. Park, S.; Morley, K.L.; Horsman, G.P.; Holmquist, M.; Hult, K.; 

Kazlauskas, R.J. Chem. Biol. 2005, 12, 45-54.

16. Park, S.; Kazlauskas, R.J. J. Org. Chem. 2001, 66, 8395-8401.

17. Higuchi, R.; Krummel, B.; Saiki, R.K. Nucleic Acids Res. 1988, 16, 

7351-7367.

18. Ho, S.N.; Hunt, H.D.; Horton, R.M.; Pullen, J.K.; Pease, L.R. Gene 

1989, 77, 51-59.

19. Senanayake, S.D.; Brian, D.A. Mol. Biotechnol. 1995, 4, 13-15.

20. Urban, A.; Neukirchen, S.; Jaeger, K.E. Nucleic Acids Res. 1997, 25, 

2227-2228.

21. Janes, L.E.; Cimpoia, A.; Kazlauskas, R.J. J. Org. Chem. 1999, 64, 

9019-9029.

22. Chen, C.S.; Fujimoto, Y.; Girdaukas, G.; Sih, C.J. J. Am. Chem. Soc. 

1982, 104, 7294-7299.



- 93 -

3.2. Recyclable Chaperone-Conjugated Magnetic 

Beads for in vitro Refolding of Burkholderia 

cepacia lipase*

Abstract: Polymer-coated magnetic beads have become widely used in 

biological applications because of their facile recovery and easily modifiable 

surface. Herein, we report the application of magnetic beads to in vitro 

refolding of B. cepacia lipase. Magnetic particles (Fe3O4) prepared by 

co-precipitation of Fe
2+ and Fe

3+ ions under basic conditions were 

subsequently coated with carboxylic acid-containing polystyrene by emulsion 

polymerization. The polymer-coated magnetic beads were then conjugated 

with molecular chaperone proteins to assist with refolding. The 

chaperone-conjugated magnetic beads efficiently refolded B. cepacia lipase 

and were easily reused. The beads showed comparable refolding activity to 

the soluble chaperone, and retained more than 95% of their refolding 

activity after ten cycles of refolding B. cepacia lipase.

Introduction  

Lipases are widely used in academic and industrial research 

because of their high stability in organic media and high stereo- and 

regio-selectivity[1]. Overexpression of lipases in Escherichia coli (E. coli) 

 Jun g , S .; P a rk , S . “R e cyc la ble  ch a pe ro ne -co nju ga te d  m ag n etic  be a ds  fo r in  v itro  refo ld in g o f 

B u rkh old eria  ce p ac ia lip ase ,” B io te chn o l. L e tt.  20 0 9, 3 1 , 1 07 -1 11 .
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benefits researchers because E. coli grows fast and is easy to handle [2, 

3]. However, many lipases, including B. cepacia lipase (Burkholderia cepacia 

lipase, old name: Pseudomonas cepacia lipase), are poorly expressed in E. 

coli and often form inclusion bodies, which need to be refolded in vitro by 

their molecular chaperones [4, 5]. Recently, Quyen et al. [6] reported 

overexpression of B. cepacia lipase in E. coli and in vitro refolding. 

Surprisingly, a near-stoichiometric amount of a specific molecular chaperone 

was required to refold B. cepacia lipase, despite the fact that chaperones 

catalyze protein folding [7]. This requires much effort in production of the 

functional B. cepacia lipase because the chaperone must be expressed and 

then removed after refolding the lipase. Thus, recycling the chaperone may 

significantly lower the cost of production. For successful chaperone 

recycling, immobilization on supporting materials may be necessary.

To immobilize chaperones, the choice of supporting material is 

important because it may strongly affect enzyme function [8, 9]. The 

supporting material should be stable under refolding conditions and easy to 

recover from the reaction media. Polymer-coated magnetic beads are 

excellent candidates because they are stable in an aqueous solution and 

easily recovered using a magnetic field or simple centrifugation.

In this paper, we report the immobilization of molecular chaperones 

on polymer-coated magnetic beads and demonstrate their utility in refolding 

B. cepacia lipase. Moreover, the chaperone-conjugated magnetic beads can 

be reused several times.
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Results and Discussion

Synthesis of a BCL gene and expression of the BCL. The genes of B. 

cepacia lipase and its chaperone protein used in this study are similar to 

those used by Schmid and coworkers [6], sharing 90.9% and 92.4% DNA 

sequence identity, respectively. Consequently, the B. cepacia lipase gene 

also contains a signal sequence, and the chaperone gene has an initial 

sequence (210 bp) that encodes seventy hydrophobic amino acids. These 

sequences have been shown to decrease protein yields in E. coli [6], and 

were therefore removed from each of the lipase and chaperone genes prior 

to subcloning into the pBADgIIIa vector. Expression of the truncated lipase 

yielded insoluble inclusion bodies while the truncated chaperone was 

expressed in the soluble fraction (Fig. 1). The total protein content of the 

crude inclusion-body solution containing the lipase was 2.6 mg/ml, 

approximately 60% of which was lipase as estimated by SDS-PAGE (Fig. 

1). After being dissolved in a urea solution, the inclusion bodies were used 

for refolding. The chaperone in the soluble fraction was purified to 

homogeneity as an N-terminal His6-tagged fusion protein using NTA-Ni 

affinity column chromatography by Ni-NTA affinity chromatography to yield 

86 mg/l culture (final concentration of 4.3 mg/ml).
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Figure 1. SDS-PAGE analysis of recombinant B. cepacia lipase (BCL, M.W. 

~38 kDa) and molecular chaperone (M.W. ~ 32 kDa) expressed in E. coli. 

SDS-PAGE was performed on a 12% polyacrylamide gel and stained with 

Coomassie brilliant blue. Most BCL was present as inclusion bodies while the 

chaperone was soluble. The chaperone was purified as a His6-tagged fusion 

protein using NTA-Ni affinity column chromatography. M, molecular weight 

marker; I, insoluble fraction; S, soluble fraction; F, flow-through fraction; L, lysis 

buffer fraction; W, wash buffer fraction; E, elution buffer fraction (for details see 

the materials and methods section).

Refolding of B. cepacia lipase by chaperon-conjugated polymeric beads. In 

order to test whether the chaperone-conjugated beads can refold the 

denatured B. cepacia lipase, we initially used polymeric beads (LANXESS 

Korea, Seoul) containing carboxylic acid groups. Carboxylic acid groups in 

the polymeric beads were activated by EDC and then covalently conjugated 

to chaperones. The denatured B. cepacia lipase was refolded by the 

chaperone-conjugated polymeric beads with efficiency comparable to that of 

free chaperone protein, indicating that conjugation to the beads did not 

affect chaperone activity. However, after five cycles of reuse, the 

chaperone-conjugated polymeric beads retained only ~60% of their original 
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refolding activity (Fig. 2), presumably because the polymeric beads are not 

dense enough to be fully recovered by simple centrifugation. We therefore 

prepared more dense magnetic beads to increase the recovery yield. 

Figure 2.  The relative refolding activities of the recycled chaperone-conjugated 

polymeric beads. The refolding activity was estimated from measurement of the initial 

reaction rate of the refolded B. cepacia lipase toward hydrolysis of p-nitrophenylacetate. 

After five-time reuse, the activity remained above 60%.

Synthesis of polystyrene coated magnetic nanoparticles. Magnetic 

nanoparticles (Fe3O4) prepared from a mixture of Fe2+ and Fe3+ ions in a 

basic solution were coated with polystyrene containing acrylic acid. The 

coating process was achieved by radical-initiated polymerization using 

styrene and acrylic acid. The average diameter of the prepared beads was 

estimated to be ~100 nm by scanning electron micrograph (Fig. 3). The 

chaperones were then conjugated to the polymer-coated magnetic beads in 

the same manner for polymeric beads. 
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Figure 3. Scanning electron micrographs (SEM) of the polymer-coated 

magnetic nanobeads. Scale bar = 100 nm.

Refolding B. cepacia lipase by chaperon-conjugated magnetic beads and the 

hydrolytic activity. We refolded the denatured lipase by incubation with the 

chaperone-conjugated magnetic beads at 4 ºC. The crude inclusion bodies 

of the lipase were used for refolding experiments. The refolding activity of 

the beads was estimated from measurement of the initial hydrolysis rate of 

the refolded lipase toward p-nitrophenylacetate (pNPAc). After a  24 hours 

incubation, the supernatant was separated from the beads and concentrated 

for measuring the hydrolysis rate. A near-stoichiometric amount of 

chaperone was required to obtain the maximum reaction rate of the lipase 

(Table 1). Using more than one equivalent of chaperone did not significantly 

improve the reaction rate, although the refolded enzyme produced from a 

half equivalent showed only 5% activity. Similarly, a shorter refolding time 

(12 hr) did not alter the activity of the refolded lipase. The time course for 

refolding showed that there is no significant increase in lipase activity after 

24 hr (Fig. 4).
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Quantity of chaperone-conjugated 

magnetic beads (mg)

Refolding 

time (hr)
Initial reaction rate (μmol/min) Relative activity (%)

0 24 n.d.
b

n.d.

250 24 1.13 × 10
-3
 ± 2.0 × 10

-7c
5

500d 24 2.07 × 10-2 ± 1.7 × 10-4 100c

750 24 2.11 × 10-2 ± 1.1 × 10-5 102

1,000 24 2.71 × 10-2 ± 4.0 × 10-6 105

500 12 1.43 × 10-2  69

750 12 1.38 × 10-2  67

1,000 12 1.47 × 10
-2
  71

Table 1. The rates of hydrolysis of p-nitrophenyl acetate by B. cepacia lipase refolded 

using varying amounts of chaperone-conjugated magnetic beadsa

a 
The hydrolysis conditions are identical to those described by Jung and Park (2008). 

b 
n.d. = not detected

c Errors are standard deviations for at least three measurements; entries without errors are single measurements.

d 
Five hundred milligrams of beads contain 1.85 mg of chaperone. This amount of chaperone represents nearly one 

stoichiometric equivalent of lipase. See the details in the materials and methods section.

e The activity obtained after a 24-h refolding time was regarded as 100%.
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Figure 4 The time course of refolding B. cepacia lipase by the 

chaperone-conjugated magnetic nanobeads. The relative activity was calculated 

from the initial reaction rate of the refolded B. cepacia lipase toward hydrolysis of 

p-nitrophenylacetate. The value for 24-hr refolding time was regarded as 100%. 

Error bars represent standard deviation for at least three refolding experiments.
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Recycling the chaperone conjugated magnetic beads. The 

chaperone-conjugated magnetic beads were easily recovered by magnetic 

field or simple centrifugation. We reused the chaperone-conjugated magnetic 

beads up to ten times and compared the reaction rate using pNPAc of the 

refolded lipase at each round. The reaction rates at each round were 

similar to that for the soluble chaperone (Table. 2). The folding activity of 

the chaperone-conjugated beads still remained above 95% after being 

recycled ten times. 

Number rounds of recycling of 

the beadsa

Initial reaction rate of refolded 

B. cepacia lipase towards pNPAc 

(μmol/min)
b

Relative activity (%)

1 2.20 × 10
-2
  100

2 2.13 × 10
-2
  97

3 2.14 × 10-2  97

4 1.92 × 10-2  87

5 2.11 × 10-2  96

10 2.18 × 10-2  99

B. cepacia lipase refolded 

by free chaperone
a

2.26 × 10
-2
  103

Table 2. Rates of p-nitrophenyl acetate hydrolysis catalyzed by B. cepacia 

lipase refolded by recycled chaperone-conjugated magnetic beads. 

a 
A stoichiometric amount of immobilized or soluble chaperone (1.85 mg) was used with respect to 

the lipase. The refolding was performed for 24 hr.

b 
The hydrolysis conditions are identical to those used to obtain data reported in Table 1. 

Conclusion

These results indicate that chaperone-conjugated magnetic beads are 

suitable for refolding denatured B. cepacia lipase and may be extensively 

recycled to dramatically reduce the costs associated with 

chaperone-mediated expression of soluble lipases. Moreover, because the 
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expression of soluble protein represents a major bottleneck for the study of 

many enzymes, particularly many biologically important membrane-bound 

proteins, this approach provides an important new tool not only for 

chemists, but for enzymologists and structural biologists.

Experimental Section

DNA manipulation. The B. cepacia lipase and chaperone genes were 

separately subcloned from pHPCE-AB (gene bank number: AY682925), 

which contains B. cepacia lipase and chaperone genes, into pBADgIIIa 

vector (Invitrogen) using the following primers containing Nco I and Hind III 

restriction sites at the 5’ and 3’ ends, respectively: CHA_F1_Nco I 

(AGCACCATGGCCCCGCCGTCGCTCGCCGGCTC) and newCHA_R1_Hind III 

(TAGAAAAGCTTGAACGCGCGCTGCCCGCCCC) for the chaperone, and 

mBCL_F1_Nco I (AGCACCATGGCCGCTGGCTACGCGGCG) and

BCL_R1_ter_Hind III (TAGAAAGCTTCACACGCCCGCCAGCTTCAGC) for the 

B. cepacia lipase. The cloned genes were transformed into E .coli (Top 10).

Expression and purification. One milliliter of E. coli overnight culture was 

added to 100 ml of LB medium, and incubated at 37 °C and 200 rpm to 

an OD600 of 0.5. Protein expression was induced by addition of 1 ml of an 

arabinose solution (2% w/v) and the expression culture was incubated for 6 

h at 25 °C and 200 rpm. When the OD600 reached ~1.5, the cells were 

harvested by centrifugation (15 min, 3,800 g, 4 °C) and the supernatant 

was discarded. The cell pellet (∼0.8 g) was resuspended in 4 ml of the 

lysis buffer (NaH2PO4, 50 mM; NaCl, 300 mM; imidazole, 10 mM; pH 8.0 
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adjusted with NaOH) and then sonication (4 kHz, 5 times of 20 sec pulse 

with 30 sec interval) was applied. After centrifugation (10 min, 10,000 g, 4  

°C), the cell debris and the supernatant was separated for further 

experiments. 

For the expression of B. cepacia lipase, the cell debris was 

dissolved in 2 ml of 8 M urea and the concentration (2.6 mg/ml) and purity 

of the resulting protein solution was assessed by the Bradford assay and 

SDS-PAGE, respectively. This solution of B. cepacia lipase was used for 

refolding experiments without further purification.

The expressed chaperone was purified by affinity chromatography as 

follows. Briefly, 1 ml of Ni-NTA agarose resin (50% w/v slurry) was added 

to the supernatant and the mixture was stirred at 4 °C for 1 h. The 

lysate-Ni-NTA mixture was loaded on a Poly-Prep column (Bio-Rad), 

drained, and then washed once with 2 ml of the lysis buffer and three 

times with 4 ml of the wash buffer (NaH2PO4, 50 mM; NaCl, 300 mM; 

imidazole, 20 mM; pH 8.0 adjusted with NaOH). The His6-chaperone protein 

was eluted from the column with four volumes of 0.5 ml elution buffer 

(NaH2PO4, 50 mM; NaCl, 300 mM; imidazole, 250 mM; pH 8.0 adjusted 

with NaOH). The chaperone solution was exchanged into 1 ml of PBS 

buffer using a centrifugal device. The concentration was determined to be 

4.3 mg/ml based on the absorbance at 280 nm (ε(chaperone) = 32,430 M-1 

cm-1, calculated with tools at Swiss Prot Expasy, http://ca.expasy.org/ 

tools/protparam.html).
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Synthesis of magnetic nanoparticles. The magnetic particles (Fe3O4) were 

synthesized similarly to the method of Faridi-Majidi et al. [10]. Ferric 

chloride hexahydrate (26 g, 0.096 mol) and ferrous sulfate heptahydrate (18 

g, 0.065 mol) were dissolved in 50 ml of Milli-Q water under a nitrogen 

atmosphere, and the solution was heated to 70 ºC. After addition of 50 ml 

ammonium hydroxide (28% w/w), oleic acid (5 g) was added to the mixture. 

The mixture was stirred at 200 rpm for 1 h and then the reaction 

temperature was increased to 80 ºC to remove ammonia. The suspension 

was repeatedly centrifuged and resuspended in water until the pH of the 

suspension was ~7 and the pH of the suspension was adjusted to 4-5 with 

0.1 M HCl. 

Preparation of polystyrene-coated magnetic beads. One gram of the 

prepared magnetic nanoparticles was suspended in 48 ml of Milli-Q water 

containing 0.02 g of SDS and sonicated on ice (6 kHz, 30 times of 20 sec 

pulse with 30 sec interval). After addition of 20 mg of potassium persulfate, 

the nanoparticle suspension was shaken for 30 min at 500 rpm under a 

nitrogen atmosphere. The suspension was then heated to 75 ºC and 

shaken again at 200 rpm for 30 min. Five milliliters of styrene(washed with 

0.1 N NaOH and water before use), 0.1 g of SDS, and 0.08 g of 

hexadecane were added to 80 ml of Milli-Q water and the mixture was 

emulsified by vigorous shaking. The styrene emulsion was slowly added into 

the above nanoparticle suspension. After addition of 1 ml of acrylic acid, 

the mixture was additionally stirred at 75 ºC for 20 h. The products were 

washed once with 10 ml of SDS solution (0.1 wt %) and 10 ml of water 

three times. The yield of the polymer-coated magnetic beads was 1.3 g.
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Conjugation of chaperone to the polystyrene-coated magnetic beads. Five 

hundred milligrams of the prepared magnetic beads were suspended in 5 

ml of MES buffer (0.1 M, pH 5.0). After addition of 500 mg of EDC 

(1-ethyl-3-(3-dimethylaminopropyl) carbodiimide), the suspension was shaken 

for 20 min at room temperature. The beads were separated and washed 

three times with 5 ml of PBS buffer. The magnetic beads were 

resuspended in 1 ml of PBS buffer and then 1 ml of chaperone solution 

(4.3 mg/ml) was added. The mixture was incubated overnight at 4 ºC, and 

the chaperone-conjugated magnetic beads were washed three times with 1 

ml of PBS buffer. The amount of bound chaperone was determined to be 

3.7 mg per g of beads by the difference in absorbance of the supernatant 

at 280 nm, before and after incubation.

Refolding of B. cepacia lipase by the chaperone-conjugated magnetic beads 

and activity assay. One milliliter of a lipase-containing urea solution (total 

protein content: 2.6 mg/ml) obtained from solubilization of the inclusion 

bodies was added to 50 ml of the refolding buffer (2 mM calcium chloride 

in 5 mM BES, pH 7.2) in the presence of 500 mg of the 

chaperone-conjugated magnetic beads, and the mixture was incubated for 

24 h at 4 ºC. A control without magnetic beads was also performed using 

0.43 ml of the soluble chaperone (4.3 mg/ml). After removal of the 

magnetic beads, the supernatant was concentrated to 1 ml and lipase 

activity of a 50 μl aliquot was measured by monitoring the hydrolysis of 

p-nitrophenylacetate as previously described [3]. The chaperone-conjugated 

magnetic beads collected by centrifugation or magnetism were recycled by 

washing three times with 15 ml of BES buffer (5 mM, pH 7.2). 
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3.3. Facile Preparation of Biocatalyst-Decorated 

Magnetic Nanobeads

Abstract: Magnetic beads with coated polymethylmethacrylate (PMMA) were 

investigated for immobilization enzymes. The PMMA-encapsulated magnetic 

beads were synthesized by emulsion polymerization. The size of magnetic 

beads was uniform, and the average diameter was about ~81 nm. After 

prepared PMMA-encapsulated magnetic beads, eight commercial enzymes, 

Lipase B from Candida antarctica (CAL-B), Lipase from Burkholderia 

cepacia (BCL), Lipase from Candida rugosa (CRL), Lipase type I from 

Wheat Germ (WGL), Lipase from Rhizopus arrhizus (RAL), Lipase from 

Mucor javanicus (MJL), Lipase from Thermomyces Lanuginosus (TLL), and 

protease S, immobilized by carbodiimide activation. The amounts of 

immobilized enzymes were about 1 mg/g. The lipase-conjugated magnetic 

beads showed similar hydrolytic activity to the free enzyme. The recycling 

experiment showed that the lipase-conjugated magnetic beads can be used 

several times with maintaining the same activity. 

Introduction

Immobilization is a conventional approach for improving stability and 

recyclability of enzymes [1, 2]. Most techniques for immobilization of 

enzymes are based on physical adsorption on porous supporting materials, 

which contain a large surface area. Adsorption of enzymes on such 

materials can decrease a tendency for aggregation of enzymes and thereby 
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sustaining the active forms in organic solvents. However, enzymes 

immobilized by this method are not recyclable when the reaction is 

performed in aqueous media on account of enzymes’ leaching out of the 

supporting matrix. Covalent immobilization can be one of the alternative 

approaches for recycling biocatalysts in aqueous media. Nevertheless, 

covalent linkage of enzymes on the macro-sized porous polymer materials 

causes mass transport limitation because the interior enzymes in the porous 

materials may have less or  slow contact with substrates. Mass transport 

limitation results in retardation of reactions as well as decrease of 

enantioselectivity [3]. Instead, utilizing nano-sized polymer particles as a 

supporting material can reduce mass transport limitation, but it is often 

problematic to recover the particles by centrifugation from an aqueous 

media due to their low density [4]. To overcome these drawbacks, using 

nano-sized magnetic particles as a supporting material has been proposed. 

Protein-decorated magnetic nanoparticles have garnered more 

attention in biotechnology, such as isolation of proteins, enhancement of 

magnetic resonance imaging, and immobilization of enzymes [5-15]. 

Nano-sized magenetic particles possess a greatly enhanced surface area, 

which affords better contact with substrates without mass transport limitation. 

In addition, one of the most distinct characteristics of magnetic nanoparticles 

over polymer nanobeads in bio-applications is that they are conveniently 

separable from a reaction media by applying an external magnetic field or 

by simple centrifugation. Although several enzymes, such as hydrolase 

[16-21], glucose oxidase [22], alcohol dehydrogenase [23], and 

chloroperoxidase [24], have been directly or indirectely immobilized on 

magnetic nanoparticles, many cases do not provide sufficient activity or 
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require a complicated process for manufacturing. For example, direct 

conjugation of a lipase (Candida rugosa lipase) to magnetic nanoparticles 

showed 236-fold activity decrease compared to the free form of the lipase 

[16]. Silica- or polymer-entrapped enzymes on magnetic particles showed 

improved activity and stability, but additional processes after encapsulating 

are required to protein conjugation [18, 24]. Herein, we describe a facile 

process of covalent immobilization of biocatalysts on polymer encapsulated 

magnetic nanoparticles with maintaining comparable activity to the free 

enzymes in aqueous media. 

Results and Discussion

Synthesis of polymer-coated magnetic nanoparticles. The process of 

manufacturing enzyme-conjugated magnetic nanobeads is straightforward 

and simple compared to the previously reported methods [16-24] (Fig. 1). 

The current approach introduces a functional group to be used for enzyme 

conjugation during the encapsulation step of polymethylmethacrylate (PMMA) 

on magnetic nanoparticles, whereas the previous methods required 

additional processes to introduce such functional groups. The magnetic 

nanoparticles (Fe3O4) were prepared by coprecipitation of Fe (II) and Fe (III) 

ions in a basic solution. 
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Figure 1. Process for preparation of lipase-conjugated magnetic nanobeads.

 

The precipitated magnetic particles were then encrusted with oleic 

acid to enhance interaction with polymers. Initially, we encapsulated the 

magnetic particles with polystyrene (PS) containing carboxylate groups by 

emulsion polymerization in an aqueous solution. The PS-coated magnetic 

beads were uniform, but an average diameter was submicron-sized (~300 

nm, Fig. 2). 

Figure 2. FE-SEM image of PS-coated magnetic beads. An average diameter 

of the beads is estimated to be ~300 nm. The scale bar = 100 nm.
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Presumably, the phenyl groups in PS are strongly amassed and 

become larger in water. In order to reduce the size of beads and thereby 

to provide a larger surface area, we used methyl methacrylate, which has 

lower aggregation propensity in water. The encapsulation process of PMMA 

was achieved by radical-initiated polymerization using methyl methacrylate 

and acrylic acid in an aqueous methanolic solution. Powder X-ray diffraction 

analyses indicate that the polymer encapsulation does not affect the 

structural integrity of Fe3O4 (Fig. 3a), and the nanobeads can be attracted 

by applying an external magnetic field and thus separable from the reaction 

media (Fig. 3b). Field-emission scanning electron microscopy (FE-SEM) 

analyses of the resulting magnetic nanobeads revealed that the magnetic 

nanobeads are uniformly spherical and an average diameter of the 

PMMA-coated beads is estimated to be ~81 nm (Fig. 3c and Fig. 4a).
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Figure 3. a) PXRD patterns of Fe3O4 and PMMA-encapsulated magnetic beads, b) picture 

showing magnetic attraction. c) FE-SEM image of the polymer-coated magnetic 

nanobeads, d) FE-SEM image of the CAL-Bconjugated magnetic nanobeads, Scale bar = 

100 nm.

Conjugation of enzymes to the polymer-coated magnetic nanoparticles. 

Commercial seven lipases and one protease (Table 2) were then 

conjugated to the PMMA-encapsulated magnetic nanobeads after activation 

of the carboxylate groups on the PMMA-encapsulated magnetic beads by 

1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC). The EDC activation of 

the carboxylate groups on the surface of the PMMA-encapsulated magnetic 

nanobeads allows formation of an amide bond with the free amino groups 
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(i.e. the N-terminal or the side chain of lysine) of enzymes.

The morphology of the lipase-conjugated magnetic nanobeads was 

not altered but the diameter became slightly larger (~84 nm, 

CAL-B-conjugated beads shown as a representative in Fig. 3d and Fig. 4b). 

The protein amount in a solution was measured by the Bradford protein 

assay [25] and the amount of immobilized enzyme was determined to be 

0.75-0.91 mg g
-1 by difference in the protein amount of the supernatant 

before and after incubation (Table 1). 

Figure 4. Measuring the diameters of the magnetic beads. a) polymer-coated magnetic 

nanobeads, b) CAL-B-conjugated magnetic nanobeads. An average diameter was 

estimated to be 81.0 ± 6.4 nm for polymer-coated magnetic nanobeads and 84.0 ± 11.7 

nm for CAL-B-conjugated magnetic nanobeads. The scale bar = 100 nm. 
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Figure 5. The AFM images of a magnetic nanobeads. a) a PMMA-coated magnetic 

nanobead, b) a CAL-B-cojugated nanobead.

entry enzymes
amount of bound proteins

 (mg g-1)

1 Lipase B from Candida antarctica (CAL-B) 0.84

2 Lipase from Burkholderia cepacia (BCL) 0.88

3 Lipase from Candida rugosa (CRL) 0.83

4 Lipase type I form Wheat Germ (WGL) 0.75

5 Lipase from Rhizopus arrhizus (RAL) 0.79

6 Lipase from Mucor javanicus (MJL) 0.89

7 Lipase from Thermomyces Lanuginosus (TLL) 0.93

8 Protease S 0.91

Table 1. The amount of protein bound to the magnetic beads. 

In order to investigate the detailed morphologies of the surfaces of 

a single magnetic nanobead, three dimensional atomic force microscopy 

(AFM) images were obtained (Fig. 5). The surface of a lipase-conjugated 

nanobead contains fewer valleys and the valleys have longer peak-to-valley 

distance compared to that of a PMMA-encapsulate magnetic bead, although 

the separated lipase particles could not be detected. 
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Comparison of the hydrolytic activity and enantioselectivity between the free 

enzyme and the enzyme conjugated magnetic nanoparticles. For evaluation 

of the catalytic efficiency of the immobilized lipases on the magnetic 

nanobeads, we measured the reaction conversion as well as 

enantioselectivity towards hydrolysis of rac-1-phenylethyl butanoate in an 

aqueous solution as a model reaction (Table 2). The kinetic resolution of 

rac-1-phenylethyl alcohol by lipases has been extensively studied and well 

documented in the literature [26-32]. The immobilized lipases catalyzed the 

hydrolysis with 10-75% conversion (entry 1-10) but protease S showed no 

conversion (entry 11). Presumably, protease S does not accept 

rac-1-phenylethyl butanoate as a substrate rather than becoming inactive by 

immobilization. In fact, the reaction of protease-Sconjugated nanobeads with 

p-nitrophenyl acetate as a substrate showed equivalent activity to that of 

the free enzyme (Fig. 6)

Figure 6.　Hydrolysis of p-nitrophenyl acetate by protease S. The reactions were performed 

as the previously reported method [31] with using 30 mg of protease-S-conjugated magnetic 

nanobeads and the corresponding amount of free protease S (27 μg). Both immobilized and 

free protease S showed similar activity. 
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entry enzymes ees(%) eep(%) Conversion (%) E

1 Lipase B from Candida antarctica (CAL-B) (20 mg) >99.9 >99.9 50 >200

2 Lipase B from Candida antarctica free form 97.4 >99.9 49 >200

3 Lipase from Burkholderia cepacia (BCL) >99.9 >99.9 50 >200

4 Lipase from Burkholderia cepacia free form 53.5 >99.9 35 >200

5 Lipase from Candida rugosa (CRL) 80.9 69.8 54 13.7

6 Lipase from Candida rugosa free form 59.8 53.2 53 5.9

7 Lipase type I form Wheat Germ (WGL) 3.8 1.3 75 1.1

8 Lipase from Rhizopus arrhizus (RAL) 9.5 89.7 10 20.2

9 Lipase from Mucor javanicus (MJL) 14.5 80.7 15 10.8

10 Lipase from Thermomyces Lanuginosus (TLL) 33.1 98.3 23 156.8

11 Proteaes S <0.5 <0.5 <1 n.d

Table 2. Hydrolysis of lipase-conjugated magnetic nanobeads toward rac-1-phenylethyl 

butanoate.

Among seven lipase-conjugated nanobeads, CAL-B-, BCL-, and 

CRL-conjugated ones showed high conversion as well as high 

enantioselectivity (entry 1, 3, and 5, respectively). The reactions by those 

three free lipases were also carried out in order to determine the varation 

of enzyme activities by the current immobilization method (entry 2, 4, and 

6). Interestingly, the reactions by the lipase-conjugated nanobeads in this 

study showed comparable conversions to the reactions by the free lipases, 

although it is generally reported in previous literatures that the activity of 

covalently immobilized enzyme decreases [16-21, 33].
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Recycling of the enzyme conjugated magnetic nanoparticles. We conducted 

recycling experiments of the three lipase-conjugated magnetic nanobeads. 

The lipase conjugated beads were isolated by a magnet for consecutive 

runs after a reaction completed. As shown in the Fig. 7, the conversion in 

the reactions by CAL-B- and BCL-conjugated magnetic nanobeads was 

consistent during six-time recycling with maintaining the same 

enantioselectivity (E = >200). For the CRL-conjugated magnetic nanobeads, 

it was observed that the conversion decreased by 5% at each run, but the 

value is still smaller than the activity loss (~15%) in the previous report 

[16]. 

Figure 7. Recycling of th lipase-conjugated nanobeads



- 117 -

Conclusion

The enzyme-conjugated magnetic nanobeads were facilely 

manufactured in a shorter process in comparison with the methods in the 

previous literatures. The lipases were covalently anchored onto the surface 

of the nanobeads after simple treatment by EDC. The immobilized lipases 

showed no loss of the activity compared to the free enzymes with 

maintaining identical enantioselectivities. This study also demonstrated that 

the immobilized lipases by the current method can be easily separable from 

reaction products and recyclable without significant loss of the activity in 

aqueous media.

Experimental section

General Methods. Chemicals and buffers were purchased from 

Sigma-Aldrich. Lipases and protease S were purchased from Sigma-Aldrich 

or kindly donated from amino enzyme inc. (Japan). The FE-SEM images 

and were obtained by JSM-7500F (Jeol, Japan). The AFM images were 

obtained in the non-contact mode by XE-100 (Park system, Korea).

Synthesis of magnetic nanoparticles. The magnetic particles (Fe3O4) were 

synthesized similarly to the method by Faridi-Majidi et al. [34]. Ferric 

chloride hexahydrate (9.72 g, 35.96 mmol) and ferrous sulfate heptahydrate 

(6.68 g, 24.03 mmol) were dissolved in 80 ml of Milli-Q water under 

nitrogen atmosphere. The reaction mixture was heated to 90 °C. After 
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addition of ammonium hydroxide (28 wt%, 24 ml), oleic acid (5 ml) was 

added into the reaction mixture. The mixture was stirred at 200 rpm for 3 h 

at 90 °C. The products were separated by centrifugation and washed with 

25 ml of doubly distilled water to neutrality.

Synthesis of polymer coated magnetic beads. Methyl methacrylate (5 ml), 

Fe3O4 (0.5 g), hexadecane (200 μL) and AIBN (2,2′-azobis 

(2-methylpropionitrile), 125 mg) were mixed and sonicated for 5 min using a 

bath sonicator. After PVP (polyvinylpyrrolidone, 1.5 g) and acrylic acid (1 

ml) were dissolved in an aqueous methanol solution (25% v/v, 100 ml), the 

methanol solution was heated to 70 °C. Methyl methacrylate suspension 

was added dropwise to the methanol solution for 5 min. The reaction 

mixture was stirred at 400 rpm and 70 °C for 16 h under nitrogen 

atmosphere. The products were washed three times with doubly distilled 

water (50 ml). The yield was 5.3 g. 

Conjugation of enzyme with magnetic beads. The prepared magnetic beads 

(1 g) were suspended in MES buffer (10 ml, 0.1 M, pH 5.0). After addition 

of EDC (1-ethyl-3-(3-dimethylaminopropyl) carbodiimide, 100 mg), the 

suspension was shaken for 20 min at room temperature. The beads were 

separated and washed three times with PBS buffer (10 ml, pH 7.4). The 

magnetic beads were resuspended in PBS buffer (2 ml) and an enzyme 

solution (1 mg ml-1, 2 ml) was added. The mixture was incubated overnight 

at 4 °C. The enzyme-conjugated magnetic beads were washed three times 

with PBS buffer (2 ml). The amount of the bound enzymes was determined 

by the Bradford assay (Table 1). 



- 119 -

Hydrolysis of (±)-1-phenylethyl butanoate. To 1 ml of PBS buffer (pH 7.4) 

containing rac-1-phenylethyl butanoate (0.05 mmol) in 7 ml vial was added 

enzyme-conjugated nanobeads (30 mg) except for CAL-B (20 mg) or same 

amount (17-27 μg) of free enzymes. The reaction mixture was shaken at 

200 rpm and 30 °C for 24 h. The supernatant was separated from the 

catalyst under a magnetic field, and the catalyst was washed with PBS 

buffer (3×1 ml). The combined buffer solution was extracted with n-hexane 

(3×3 ml). The organic layer was dried over MgSO4 and analyzed by GC 

(Agilent 6890N) equipped with FID detector with a chiral capillary column 

(CHIRADEXTM-BDM, 30m × 0.25 mm I.D., ASTEC). GC condition: The GC 

column temperature was initially programmed at 100 °C for 10 min, then 

gradient to 125 °C at 1 °C/min, and then held at 190 °C for 2 min. 

(S)-Phenylethyl alcohol and (R)-phenylethyl alcohol were detected at 15.4 

min and 16.1 min, respectively. Also (S)-phenylethyl butanoate and 

(R)-phenylethyl butanoate were detected at 25.7 min and 25.1 min, 

respectively.

 

Recycling of the lipase-conjugated magnetic nanobeads. To 1 ml of PBS 

buffer (pH 7.4) containing rac-1-phenylethyl butanoate (0.05 mmol) in 7 ml 

vial was added enzyme-conjugated nanobeads (30 mg) except for CAL-B 

(20 mg). The reaction mixture was shaken at 200 rpm and 30 °C for 24 h. 

The supernatant was separated from the catalyst under magnetic field, and 

the catalyst under magnetic field was carefully washed with PBS buffer 

(3×1 ml). Then into the reaction vial with the catalyst was added 1 ml of 

PBS buffer (pH 7.4) containing 1-phenylethyl butanoate (0.05 mmol) to start 

the new cycle of the reaction for 24h.
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3.4. Biofunctionalization of Metal-Organic 

Frameworks by Covalent Protein 

Conjugation

Abstract: Metal-Organic Frameworks which are synthesized by solvothermal 

method were measured by X-ray diffraction (XRD) patterns and Scanning 

Electron Microscope (SEM). Then proteins such as Enhance green 

fluorescent protein (EGFP) and Candida Antarctica lipase B (CAL-B), was 

covalently bound to the MOFs by a simple chemical treatment. The EGFP 

fluorescence on the MOFs was confirmed using a fluorescence microscope 

and luminescence spectrometer. Furthermore, the X-ray diffraction (XRD) 

studies were carried out in order to compare the structure of MOFs and 

conjugated-CAL-B MOFs in order to compare the structure. Finally, we 

compared the specific activity and the enantiomeric ratio of the commercial 

CAL-B, conjugated-CAL-B MOFs, and Novozyme 435 in order to determine 

the effect of the MOFs for immobilized proteins.

Introduction

Metal-organic frameworks (MOFs) are garnering more interest in 

material science. Thermally and mechanically stable MOFs with large void 

volumes have been useful in advanced applications such as selective 

catalysis, sensors, and high-efficiency gas storage [1-14]. Although diverse 

MOF materials have been prepared by solvothermal reactions between 

metal ions and organic linker compounds, organic linkers should possess 
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adequate thermal stability because of their synthetic conditions. To 

incorporate thermally unstable compounds into MOFs, the "postsynthetic 

covalent modification" was recently explored by several research groups 

[15-25]. For instance, Cohen and coworkers used IRMOF-3 (isoreticular 

metal-organic framework-3) as a starting MOF material for postsynthetic 

modification. IRMOF-3 is composed of Zn(II) ions and 2-amino-1,4-benzene 

dicarboxylic acid (NH2-BDC). The two carboxylate groups of NH2-BDC link 

Zn4O nodes but the amino group is intact during the IRMOF-3 formation. 

Thus, the amino groups are available for further modification of the 

framework. Cohen and cowokers have shown that the amino groups can be 

modified by simple organic reactions and introduced several organic groups 

[15]. Since then many groups have reported modifications of MOFs using 

similar approaches, which require a special functional group, such as amino 

group, for further modification [15-24]. Therefore, these approaches should 

be limited for the MOFs bearing such functional groups in the original linker 

molecules. 

Results and Discussion

Synthesis of metal-organic frameworks. We have explored to overcome this 

limitation by using the linking groups of MOFs. In fact, typical organic 

linkers of the MOFs contain carboxylate groups. For example, a series of 

IRMOFs are composed of Zn4O nodes and dicarboxylate organic linkers [6]. 

A new indium(III)-based one-dimensional (1D) coordination polymer was 

prepared from the reaction between In(NO3)3 and 1,4-phenylenediacetic acid 
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(H2pda) in N,N-diethylformamide (DEF). The crystal structure was shown in 

Fig. 1 and 2. 

Figure 1. A perspective view of the 1D-MOF (1) indicating the pseudotetrahedral 

8-coordinate In(III) centers. The [H2NEt2]
+ ions and hydrogen atoms are omitted for 

clarity. Symmetry operations: A (x, -y, 0.5+z) and B (x, -y, -0.5+z).

Figure 2. A view of the 1D-MOF (1) with the [H2NEt2]
+ ions. The [H2NEt2]

+ ions are 

shown in a CPK model.

The coordination mode of indium in the 1D-MOF is 8-coordinated by 

four carboxylates. Overall bonding scheme of the indium ion is very similar 

to those observed in several previous examples of 3D In-MOFs. The indium 

ion formed pseudotetraheral structure with four bridging pda ligands chelated 
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in a bidentate manner. However, the bent geometry of methylene groups of 

the bridging pda ligands prevented the pseudotetrahedral motifs from 

expanding into a 3D network. Instead, it formed a 1D coordination polymer 

bearing a relatively large cavity between two negatively-charged indium ions 

and two parallel benzene rings from the pda ligands. In fact, the counter 

cation, diethylammonium ion, is perfectly captured in this cavity. The 

diethylammonium ions were generated from the decomposition of solvent 

molecules, DEF, during the reaction. The 2D-MOF, [Zn(bpydc)(H2O)·(H2O)]n, 

is composed of zinc ions and 2,2’-bipyridine 5,5’-dicarboxylate (bpydc) [26]. 

IRMOF-3 was used as the 3D-MOF [27]. 

Characters of conjugated prtoeins to the MOFs by EDC or DCC activiation. 

Either pendent Zn4O nodes or carboxylate groups should occupy the 

surface of the frameworks and thereby are exposed on the surface of 

IRMOFs. If pendent carboxylate groups are present on the surface of 

MOFs, then they could be activated and modified by simple organic 

reactions. We assumed that a certain amount of the carboxylate groups are 

exposed and can be activated by 1-ethyl-3-(3-dimethylaminopropyl) 

carbodiimide (EDC) or dicyclohexyl carbodiimide (DCC). Then, the activated 

carboxylates can be conjugated with other compounds or even biomaterials, 

such as proteins. We exploited this idea of conjugating proteins to 

coordination polymers or MOFs with different structural architectures, such 

as one-, two- and three dimensional (3D) structures. To our knowledge, the 

incorporation of functional proteins to MOFs has not yet been achieved. We 

first chose enhanced green fluorescence protein (EGFP) as a model protein 

because its presence and the folding status of EGFP can be easily tracked 
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by fluorescence microscopy. All organic linkers of the MOFs contain 

carboxylate groups. We attempted to conjugate MOFs with EGFP by 

treating EDC to activate the dangling carboxylate groups of MOFs (Fig. 3).

Figure 3. Schematic representation of the bioconjugation of the 1D-polymer, 

[(Et2NH2)(In(pda)2)]n, with EGFP. Fluorescence microscopic images of EGFP coated 

MOFs. a) 1D + EGFP. b) 2D + EGFP. c) 3D + EGFP. An Olympus WIB filter set 

(λex = 460−490 nm; λem > 515 nm) was used for recording the fluorescence

We noticed, however, the 1D-polymer was only activated and 

conjugated with EGFP. Presumably, pda was rather easily activated in 

aqueous media because aliphatic carboxylate is more reactive than aromatic 

one [28]. In addition, this observation implies that no physical adsorption of 

EGFP to the MOFs occurs. For 2D and 3D-MOFs, we activated the 

carboxylates by DCC in dichloromethane instead of EDC in an aqueous 

buffer. This activation step did not alter the crystallinity of the MOFs (Fig.  

4).
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Figure 4. PXRD patterns of the 1D-MOF (a), 2D-MOF (b), and 3D-MOF (c), and the 

corresponding EGFP-conjugated 1D-, 2D-, and 3D-MOFs. The activation step by EDC or 

DCC did not alter the PXRD patterns for all MOFs.

For the following protein-conjugation step, we need to use a buffer 

(PBS, pH 7.3) as a reaction media in order to conjugate proteins because 

proteins are not soluble in most organic solvents. The use of a buffer could 

be problematic because MOFs, especially the 3D-MOF (IRMOF-3), may be 

not stable against water. Therefore, we evaluated the stability of the 

3D-MOF in water and PBS buffer by comparing PXRD patterns before and 

after soaking the 3D-MOF in water or PBS buffer. To our surprise, 1-h 
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incubation of the 3D-MOF in a PBS buffer did not alter the PXRD pattern 

of the original phase while longer incubation (for 6 h) in PBS buffer or 

incubation in water did (Fig. 5).

Figure 5. PXRD patterns before and after soaking the 3D-MOF in water and 

PBS buffer.

We envision that this finding will broaden the scope of IRMOF-3 

functionalization in an aqueous buffer solution. After activation of the MOFs, 

we successfully conjugated EGFP with the MOFs. However, the longer 

reaction period (> 1 h) for binding EGFP to 1D- and 3D-MOFs altered the 

structural integrity while the 2D-MOF remained unchanged (Fig. 4). The 

six-histidine tag attached to the N-terminal of EGFP may coordinate to the 

metal ions of the 1D- and 3D-MOFs and result in the structural alteration 

but not for the 2D-MOF. The different coordination environment (N2O4) of 

2D-MOF is presumably more stable than those of the other MOFs. 

The presence of EGFP on the surface of the MOFs was confirmed 



- 130 -

by a fluorescence microscope. The EGFP-decorated crystals emitted a 

uniform green fluorescence (Fig. 3). In addition, the IR spectra of EDC- and 

EGFP decorated 1D-MOF showed different patterns from that of 1D-MOF 

(Fig. 6). 

Figure 6. IR spectra of 1D-MOF and the conjugated 1D-MOFs.

Thus, it can be concluded that EGFP was successfully introduced 

on the surface of the MOFs and the anchored EGFP is still functional. 

Solid-state luminescence measurements also provided the characteristic 

spectrum of EGFP (Fig. 7). 
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Figure 7. Emission spectrum: EGFP (a), 1D and 1D + EGFP (b), 2D and 2D + 

EGFP (c), and 3D and 3D + EGFP (d). The emission spectra were recorded under 

488-nm excitation at room temperature. The characteristic maximum emission for 

EGFP is 509 nm.

The surface modification of the MOFs was further confirmed by 

using a confocal laser scanning microscope (CLSM). Most green emissions 

from the EGFP-decorated MOFs were observed from the surface of crystals 

(Fig. 8). The amounts of EGFP coated on the MOFs were determined as 

0.048, 0.052, 0.064 mg g-1 of the 1D-, 2D-, and 3D-MOFs, respectively. To 

our knowledge, this is the first direct bioconjugation of coordination polymers 

or MOFs.
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Figure 8. Z-stacked CLSM images of 1D + EGFP (a), 2D + EGFP (b), and 3D + 

EGFP (c). The excitation wavelength is 488 nm. 
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The catalytic activity and enantioselectivity of CAL-B conjugated MOFs and 

recycling experiment. We also applied this strategy to conjugate MOFs with 

a functional protein, such as an enzyme. We chose CAL-B (Candida 

antarctica lipase B) that catalyzes hydrolysis or formation of an ester. CALB 

is one of the most widely used enzymes because of its high activity and 

selectivity [29-30]. CAL-B was conjugated to the three MOFs through the 

same coupling methods. The amounts of proteins decorated on MOFs were 

determined as 0.12, 0.17, and 0.18 mg g
-1 of the 1D-, 2D-, and 3D-MOFs, 

respectively (Table 1). 

Enzyme
The amount of CAL-B

 protein decorated (mg g-1)

Specific activity

(μmol min-1 mg-1)

Enantiomeric 

ratio (E)[a]

Free CAL-B - 0.037 ± 0.013 [b] >200

1D - n.d.
[c]

-

1D+CAL-B 0.12 14± 3.7 >200

2D - n.d. -

2D+CAL-B 0.17 23 ± 3.8 >200

3D - n.d. -

3D+CAL-B 0.18 40 ± 3.3 >200

Table 1. The catalytic activity and enantioselectivity of CAL-B/MOF conjugates

[a] E = enantiomeric ratio as defined by C. S. Chen, Y. Fujimoto, G. Girdaukas, C. J. Sih, 

J. Am. Chem. Soc. 1982, 104, 7294-7299. [b] Error are standard deviations for three 

measurements obtained from recycling experiments. [c] n.d. = not detected. 

PXRD patterns showed that the structural integrity of frameworks 

was intact after CAL-B conjugation (Fig. 9). It is noteworthy to realize that 
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even the hydrolytically unstable 3D IRMOF-3 maintained its framework 

structure during the conjugation. For example, nitrogen sorption 

measurement at 77 K for the EGFP-conjugated 3D-MOF exhibited very low 

Brunauer-Emmett-Teller (BET) surface area, 15.0 m
2 g

-1, compared with the 

activated native 3D-MOF which showed BET surface area of 1605.1 m
2 g

-1 

(Fig. 10). The pore volume also significantly decreased from 0.78 cm
3 g

-1 to 

0.08 cm
3 g

-1 after CAL-B-conjugation. These data clearly demonstrate the 

efficient outer surface functionalization of 3D-MOF by CAL-B. 

Figure 9. PXRD patterns of the 1D-, 2D- and 3D-MOFs, and CAL-B-conjugated 1D-, 

2D- and 3D-MOFs.
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Figure 10. N2 adsorption/desorption isotherms for the native 3D-MOF (a) and the 

CAL-B-3D-MOF (b) measured at 77 K. Both samples were activated at 393 K for 2 h.

To evaluate the activity of the immobilized CAL-B, we tested the 

catalytic activity in the transesterification of (±)-1-phenylethanol as a model 

reaction (Scheme 1). In addition, CAL-B has high enantioselectivity toward 

(R)-(+)-1-phenylethanol (E = >200) [31]. We also measured the 

enantioselectivity of the immobilized CAL-B and the free CAL-B. We 

compared the specific activities of the CAL-B coated coordination polymers 

with free CAL-B enzyme. In general, immobilized enzymes are more active 

in organic solvents than free enzymes and can be easily separated from 

the reaction mixture and re-used. We have measured and averaged the 

specific activities from three-times recycling experiments (Fig. 11, 12 and 

Table 1). 
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Figure 11. Measurements of the specific activities of CAL-B-conjugated MOFs: 1D-MOF + 

CAL-B (a), 2D-MOF + CAL-B (b), and 3D-MOF + CAL-B (c). Only a single measurement 

was shown as a representative example.

Figure 12. Recycling experiment results for the CAL-B-conjugated MOFs. The 

averaged values were shown in the Table 1.

The recycling did not cause a significant decrease of the activity 

CAL-B-coated coordination polymers indeed showed several hundred-fold 

higher activities and the same enantioselectivity of the product compared to 

the native CAL-B. Especially, the CAL-B on 3D-MOF showed about 103-fold 

higher activity than free CAL-B. In addition, the enantioselectivity of CAL-B 

coated on the three MOFs is as high as that of the free CAL-B. Despite 

the lack of detailed rate enhancement mechanism at the moment, we 
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speculate that the MOFs might provide confined spaces nearby the surface 

resided enzymes for substrates to contact enzymes more efficiently. The 

enhanced rate acceleration of 3D-MOF compared with 1D- and 2D-MOFs 

could be explained by the same speculation. In addition, the amino groups 

of IRMOF-3 presumably help to maintain the optimum pH for the enzymatic 

reaction because an addition of a weak base to an enzymatic reaction 

media can prevent a decrease of pH caused by formation of a by-product, 

such as acetic acid which can be generated by hydrolysis of vinyl acetate 

[28].

Conjugated EGFP to CAL-B decorated 3D-MOF. After CAL-B was 

incorporated onto 3D-MOF, the CAL-B decorated 3D-MOF is still bearing 

unmodified amino groups. These amino groups may be served as further 

modification sites. Thus, the CAL-B-decorated 3D-MOF can be conjugated 

with another protein. We introduced EGFP (0.063 mg g-1), which was 

activated by EDC, to the CAL-B-decorated 3D-MOF (Fig. 13) to form dual 

protein-conjugated MOF. The dual proteinconjugated 3D-MOF showed 

multi-functionality, i.e. fluorescence and transesterification activity (38 μmol 

min-1 mg-1). 
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Figure 13. Microscopic images of dual protein decorated 3D-MOF: an optical microscopic 

image (a) and a fluorescence microscopic image (b).

Conclusion

The protein, Enhance Green Fluorescent Protein and Candida 

antarctica lipase B, was covalently bound to the MOFs after simple 

treatment by EDC. The immobilized enzyme with MOFs has the high 

specific activity compared free enzyme in organic solvent. These results 

clearly indicate that functional proteins can be decorated on MOFs without 

losing their functions and recyclable without significant loss of the activity. 

media. This study also This approach therefore is an important step 

towards the functional modification of MOFs.
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Experimental section

General Methods. Chemicals, buffers, and CAL-B were purchased from TCI 

or Sigma-Aldrich. The Ni-NTA agarose resin was purchased from QIAGEN.

Synthesis of the compound 1D. A mixture of In(NO3)3·xH2O (0.301 g, 1.0 

mmol) and 1,4-phenylenediacetic acid (0.388 g, 2.0 mmol) in 20 ml 

N,N-diethylformamide (DEF) was heated in a Teflon-lined high pressure 

bomb at 150 ºC for 72 h. Colorless needles were separated by filtration 

and washed with DEF and ethanol. The crystals were air-dried at ambient 

conditions. X-ray quality needles were chosen from the mother liquor.

Single-Crystal Structural Analysis of 1D-MOF (1). Data were collected on a 

Bruker SMART APX diffractometer using Mo-Kα radiation (λ = 0.71073 Å). 

The data were obtained at 150-170 (2) K and refined by full-matrix 

least-squares refinements on F 2 using all data with SHELXTL programs. 

The crystallographic data are listed in Table 2. Selected bond lengths and 

angles are listed in Table 3.
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Empirical formula C24 H28 In N O8

Frormula weight 573.29

Temperature 293(2) K

Wavelength 0.71073 Å

Crystal system Monoclinic

Space group Cc

Unit cell dimensions a = 19.192(4) Å α = 90.00°

b = 8.7720(18) Å β = 120.71(3) °

c = 16.666(3) Å γ = 90.00°

Volume 2412.3(8) Å
3

Z 4

Density (calcuated) 1.579 Mg/m
3

Absorption coefficient 1.029 mm-1

F(000) 1168

Crystal size 0.15 x 0.05 x 0.05 mm3

Theta range for data collection 2.47 to 25.995.

Index ranges -17 ≤ h ≤ 23, -10 ≤ k ≤ 9, -20 ≤ l ≤ 20

Reflections collected 6523

Independent reflection 3280 [R(int) = 0.0358]

Completeness to theta =25.99 99.7 %

Absorption correction None

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 3280 / 2 / 309

Goodness-of-fit on F2 0.991

Final R indices [I>2sigma(I)] R1 = 0.0382, wR2 = 0.0764

R indices (all data) R1 = 0.0650, wR2 = 0.0847

Absolute structure parameter 0.00

Largest diff. peak and hole 0.474 and -0.365 e.Å
-3

Table 2. Crystal data and structure refinement for 1.
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In(1)-O(7)   2.250(11)

In(1)-O(3)  2.251(13)

In(1)-O(1)  2.278(14)

In(1)-O(5)  2.285(14)

In(1)-O(8)  2.291(12)

In(1)-O(2)  2.304(11)

In(1)-O(6)  2.306(14)

In(1)-O(4)  2.373(13)

In(1)-C(1)  2.524(16)

In(1)-C(3)  2.66(2)

In(1)-C(11)  2.660(10)

O(1)-C(1)  1.17(2)

O(8)-C(17)  1.30(2)

C(12)-C(13)  1.42(3)

C(12)-C(11)  1.50(2)

C(14)-C(15)  1.32(2)

C(14)-C(13)  1.33(2)

C(17)-O(7)   1.268(18)

C(17)-C(18)  1.40(2)

C(1)-O(2)  1.286(19)

C(1)-C(2)  1.65(2)

C(4)-C(3)  1.60(3)

C(4)-C(5)  1.61(2)

C(5)-C(10)  1.34(2)

C(5)-C(6)  1.43(2)

C(13)-C(19)  1.40(2)

C(8)-C(7)  1.37(2)

C(8)-C(9)  1.44(2)

C(8)-C(18)#1  1.52(3)

C(6)-C(7)  1.45(2)

C(2)-C(21)#1  1.50(3)

C(10)-C(9)  1.33(2)

O(5)-C(11)  1.15(2)

O(6)-C(11)  1.303(19)

O(4)-C(3)  1.28(2)

C(15)-C(21)  1.38(2)

C(3)-O(3)  1.15(2)

C(18)-C(8)#2  1.52(3)

C(21)-C(20)  1.32(3)

C(21)-C(2)#2  1.50(3)

C(20)-C(19)  1.42(3)

N(1S)-C(2S)  1.379(17)

N(1S)-C(3S)  1.40(2)

C(2S)-C(1S)  1.499(12)

C(4S)-C(3S)  1.62(3)

O(7)-In(1)-O(3)  131.5(4)

O(7)-In(1)-O(1)  87.1(5)

O(3)-In(1)-O(1)  138.0(5)

O(7)-In(1)-O(5)  131.8(4)

O(3)-In(1)-O(5)  82.4(4)

O(1)-In(1)-O(5)  80.7(5)

O(7)-In(1)-O(8)  56.1(4)

O(3)-In(1)-O(8)  98.3(5)

O(1)-In(1)-O(8)  90.80(19)

O(5)-In(1)-O(8)  167.5(5)

O(7)-In(1)-O(2)  130.87(16)

O(3)-In(1)-O(2)  81.3(5)

O(1)-In(1)-O(2)  58.0(5)

O(5)-In(1)-O(2)  79.4(5)

O(8)-In(1)-O(2)  88.3(5)

O(7)-In(1)-O(6)  79.9(5)

O(3)-In(1)-O(6)  108.4(2)

O(1)-In(1)-O(6)  92.2(5)

O(5)-In(1)-O(6)  54.5(5)

O(8)-In(1)-O(6)  135.6(5)

O(2)-In(1)-O(6)  129.6(5)

O(7)-In(1)-O(4)  81.5(5)

O(3)-In(1)-O(4)  54.3(4)

O(1)-In(1)-O(4)  167.7(5)

O(5)-In(1)-O(4)  103.6(3)

O(8)-In(1)-O(4)  86.6(6)

O(2)-In(1)-O(4)  133.8(4)

O(6)-In(1)-O(4)  81.4(5)

O(7)-In(1)-C(1)  109.2(5)

O(3)-In(1)-C(1)  111.2(6)

O(1)-In(1)-C(1)  27.5(6)

O(5)-In(1)-C(1)  78.4(5)

O(8)-In(1)-C(1)  89.8(5)

O(2)-In(1)-C(1)  30.4(5)

O(6)-In(1)-C(1)  111.5(6)

O(4)-In(1)-C(1)  164.1(5)

O(7)-In(1)-C(3)  108.4(5)

O(3)-In(1)-C(3)  25.4(5)

O(1)-In(1)-C(3)  163.4(5)

O(5)-In(1)-C(3)  92.8(5)

O(8)-In(1)-C(3)  93.0(5)

O(2)-In(1)-C(3)  106.0(5)

O(6)-In(1)-C(3)  96.4(6)

O(4)-In(1)-C(3)  28.9(5)

C(1)-In(1)-C(3)  136.2(6)

O(7)-In(1)-C(11)  108.8(4)

O(3)-In(1)-C(11)  92.2(5)

O(1)-In(1)-C(11)  88.6(5)

O(5)-In(1)-C(11)  25.5(5)

O(8)-In(1)-C(11)  164.8(5)

Table 3. Selected bond lengths [Å] and angles [°] for 1.
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O(2)-In(1)-C(11)  104.1(5)

O(6)-In(1)-C(11)  29.3(5)

O(4)-In(1)-C(11)  90.7(5)

C(1)-In(1)-C(11)  96.6(5)

C(3)-In(1)-C(11)  91.9(2)

C(1)-O(1)-In(1)  88.1(11)

C(17)-O(8)-In(1)  94.0(10)

C(13)-C(12)-C(11)  124.8(16)

C(15)-C(14)-C(13)  127.2(16)

O(7)-C(17)-O(8)  112.3(16)

O(7)-C(17)-C(18)  127.3(14)

O(8)-C(17)-C(18)  119.6(15)

O(1)-C(1)-O(2)  129.6(17)

O(1)-C(1)-C(2)  121.7(17)

O(2)-C(1)-C(2)  108.2(15)

O(1)-C(1)-In(1)  64.4(11)

O(2)-C(1)-In(1)  65.3(8)

C(2)-C(1)-In(1)  169.8(12)

C(1)-O(2)-In(1)  84.3(10)

C(17)-O(7)-In(1)  97.0(10)

C(3)-C(4)-C(5)  105.4(13)

C(10)-C(5)-C(6)  119.7(16)

C(10)-C(5)-C(4)  125.7(14)

C(6)-C(5)-C(4)  114.6(15)

C(14)-C(13)-C(19)  116.1(17)

C(14)-C(13)-C(12)  127.8(17)

C(19)-C(13)-C(12)  116.0(18)

C(7)-C(8)-C(9)  118.1(17)

C(7)-C(8)-C(18)#1  118.2(17)

C(9)-C(8)-C(18)#1  123.5(15)

C(5)-C(6)-C(7)  114.6(16)

C(21)#1-C(2)-C(1)  121.2(15)

C(9)-C(10)-C(5)  126.2(17)

C(11)-O(5)-In(1)  95.8(10)

C(10)-C(9)-C(8)  117.5(16)

C(11)-O(6)-In(1)  90.6(10)

O(5)-C(11)-O(6)  117.8(12)

O(5)-C(11)-C(12)  131.0(15)

O(6)-C(11)-C(12)  110.6(15)

O(5)-C(11)-In(1)  58.7(8)

O(6)-C(11)-In(1)  60.1(7)

C(12)-C(11)-In(1)  170.2(12)

C(3)-O(4)-In(1)  88.0(12)

C(14)-C(15)-C(21)  119.4(16)

O(3)-C(3)-O(4)  120.3(19)

O(3)-C(3)-C(4)  131.3(17)

O(4)-C(3)-C(4)  108.5(17)

O(3)-C(3)-In(1)  57.1(11)

O(4)-C(3)-In(1)  63.2(10)

C(4)-C(3)-In(1)  171.6(12)

C(8)-C(7)-C(6)  123.2(16)

C(17)-C(18)-C(8)#2  108.4(15)

C(20)-C(21)-C(15)  115.3(17)

C(20)-C(21)-C(2)#2  119.1(17)

C(15)-C(21)-C(2)#2  125.1(18)

C(21)-C(20)-C(19)  126.1(18)

C(13)-C(19)-C(20)  115.5(17)

C(2S)-N(1S)-C(3S)  108.1(10)

N(1S)-C(2S)-C(1S)  111.1(11)

N(1S)-C(3S)-C(4S)  113.2(11)

Symmetry transformations used to generate equivalent atoms:

#1 x,-y,z+1/2 #2 x,-y,z-1/2

Expression and purification of the EGFP. The EGFP proteins were 

expressed and purified according to the literature [32].

Activation of 1D-MOF.  The 1D-compound (100 mg) was suspended in 

MES buffer (5 ml, 0.1 M, pH 5.0) and EDC (100 mg) was added. The 

mixture was then shaken for 20 min and centrifuged. After the supernatant 

being decanted, the activated 1D was washed three times with PBS buffer 

(5 ml, 0.1 M, pH 7.3) and resuspended in PBS buffer (1 ml).
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Activation of 2D- and 3D-MOF. The 2D- and 3D-MOFs (100 mg) were 

suspended in a solution (10 ml) of 1% w/v hexanediamine and 1% w/v 

DCC in dichloromethane and shaken for 4 hr at 10 ºC. The activated 

compounds were washed with dichloromethane (10 ml), acetone (10 ml), 

and ice-cold water (10 ml), and resuspended in PBS buffer (1 ml).

Conjugation of proteins with the activated 1D-, 2D-, and 3D-MOF. The 

above suspension in PBS buffer (100 μL) and protein solution (100 μL, 1 

mg ml
-1) were mixed and incubated at 4 ºC for 1 h (in the cases of 1D- 

and 3D-MOFs) or 16 h (in the case of 2D-MOF). The protein- conjugated 

1D-, 2D- and 3D-MOFs were washed three times with PBS buffer (1 ml) 

and air-dried. The amount of the proteins in the solution was determined by

Bio-Rad Protein Assay kit (Bio-Rad) according to the manufacturer 

instructions. The amount of the conjugated proteins to MOFs was estimated 

by the difference of the amount of protein in the supernatant before and 

after incubation.

Conjugation of EGFP with the CAL-B-conjugated 3D-MOF. EDC (10 mg) 

was added to an EGFP solution (100 μL, 3.4 mg ml-1 in 10 mM of PBS 

buffer, pH 7.3). The solution was incubated overnight at 4 ºC. The 

CAL-B-conjugated IRMOF-3 was added to the activated EGFP solution. The 

mixture was incubated at 4 °C for 16 h. The CAL-B and EGFP-conjugated 

3D-MOF was washed three times with PBS buffer (1 ml, 10 mM, pH 7.3).
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Spectroscopic Techniques. The emission spectra with set of λex = 488 nm 

were recorded in the wavelength range of 450–50 nm with an LS 55 

Luminescence Spectrometer. The slit width for excitation and emission was 

5.0 nm and the scan speed was 100 nm min
-1.

Confocal Laser Scanning Microscope (CLSM). CLSM images of the 

EGFP-coated MOFs were obtained by using a Zeiss LSM 700 system. 

Green channel images were obtained with an excitation wavelength of 488 

nm.

X-ray Powder Diffraction (PXRD). PXRD patterns were obtained by using a 

Bruker D8 Focus with an X-ray tube with a Cu target. 

Nitrogen Sorption Analysis. The N2 sorption analysis was performed on a 

Belsorp-miniII (BEL Japan) at 77 K. The fresh as-prepared 3D-MOF 

(IRMOF-3) crystals immediately soaked in CHCl3 in a screw-capped vial 

were shaken for two days. The CHCl3-exchanged sample was dried at 393 

K under high vacuum for 2 h before measurements. The CAL-B-3D-MOF 

was also dried at 393 K under the same condition.

Measurement of catalytic activities of the CAL-B-conjugated MOFs toward 

the transesterification of (±)-1-phenylethanol. The CAL-B-conjugated MOFs 

or free CAL-B powders were mixed with (±)-1-phenylethanol (1 mmol) and 

vinyl acetate (1 mmol) in isopropylether (5 ml). The samples (100 μL) were 

retrieved with 30-min intervals for 420 min and analyzed by a GC with a 

chiral column (Cyclosil-B 30 m × 90.25 mm). The reactions were finished 
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before 5% conversion reached in order to obtain the initial reaction rates. 

After the reaction was completed, the CAL-B-conjugated MOFs were 

recovered by centrifugation and washed three times with isopropylether. The 

recovered CAL-B conjugated MOFs were used for the next run under the 

same reaction condition. The reactions were carried out three times. The 

GC condition: initial column temperature 80 ºC for 10 min, ramp up to 120 

ºC at a rate of 2.5 ºC min
-1 and then held at 120 ºC for 10 min.
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Conclusion and Summary

The most widely approach for protein delivery system has been to 

link the cargo protein with carrier. Liposome, cell permeable peptides, 

polymer and particles are very useful for efficient protein delivery into cells. 

Enzymes are highly efficient catalyst with extraordinary enantio- and 

regioselectivity, and they can accept a wide range of substrates. However, 

one of the major problems in use of enzymes is their inactivation. To 

improve catalytic stability of enzymes, enzymes have been immobilized to 

solid supports. The immobilization has many advantages such as cost 

reduce and reuse. In this thesis, biofunctional materials based on are cell 

permeable peptides, nanoparticles, and metal-organic frameworks were 

synthesized and applied for protein delivery, immobilization of recombinant 

lipase .

 

In the cellular delivery system for protein studies, I investigated the 

glucose-coated beads and CPPs for protein delivery. The glucose-coated 

polymeric beads were synthesized by dispersion polymerization. The result 

showed the EFGP as a model protein were delivered inside mouse 

embryonic stem cell and HeLa cell by the glucose-coated beads. In 

addition, I performed the transfection efficiency of cell permeable peptides 

(CPPs) in mouse embryonic stem cell under the various conditions. The 

efficiency of transfection of CPPs-EGFP depends on the sequence of CPPs 

but the culture time is not a key factor in transfection for the mouse 

embryonic stem cell. The result showed CPPs would be very useful 
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vesicles to induce the embryonic stem cells. 

In the immobilization of recombinant lipase studies, I first 

investigated the mutational effect on expression yield of Candida antarctica 

lipase B in E. coli. The mutant was created by introduction of hydrophilic 

resides on surface of CAL-B. The mutant increased expression yield three 

times compared to the wild type. The mutant resulted in producing more 

functional enzyme without change of the catalytic machinery of CAL-B. And 

I employed the polymer-coated magnetic beads as protein immobilized 

support. B. cepacia lipase expressed E. coli requires assistance of 

chaperone to be properly refolded. The chaperone conjugated polymeric 

magnetic beads efficiently refolded B. cepacia lipase and were easily reused 

by simple methods. The beads showed comparable refolding activity to the 

soluble chaperone, and retained more than 95% of activity after ten-times 

recycling. Magnetic nanoparticles and MOFs were investigated for  covalent 

-immobilized supporting materials. The magnetic beads with coated 

polymethylmethacrylate (PMMA) were synthesized by emulsion 

polymerization. The lipase-conjugated magnetic beads were showed similar 

hydrolytic activity to the free enzyme and retained activity after six times 

recycling. In addition, I used the metal-organic frameworks as enzyme 

immobilized supporters. The immobilized enzyme with MOFs has higher 

specific activity compared free enzyme in organic solvent. These results 

clearly indicate that functional proteins can be decorated on MOFs without 

losing their functions and recyclable without significant loss of the activity. 
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This thesis deals with preparation of cellular delivery system for 

protein, and biofuctionalization of nanoparticles and metal-organic 

frameworks for immobilization of recombinant lipase. In protein delivery, use 

of therapeutic proteins has been limited by their inability by pass the 

plasma membrane. To protein delivery into the cell, the carriers are needed. 

Liposome, cell permeable peptides, and polymer have been used. Recently, 

delivery carriers synthesis and applications have gained more attention due 

to increase of the demand for systems of drug delivery or stabilizer. 

Enzymes are very useful biocatalyst, and they can catalyze various 

and have highly enantio- and regioselectivitys and accept a wide range of 

substrate. However, enzymes are often easily inactivated. There are several 

stabilization strategies to improve catalytic stability of enzymes, for example, 



enzyme modification, genetic modification, and enzyme immobilization 

strategies. Among these methods, immobilization strategy using solid 

supports has been most extensively researched due to the specific 

advantages such as reduce costs by enabling the efficient separation and 

reuse. 

First, the protein delivery system studies were investigated based on 

the delivery carriers such as nanoparticles and several known cell 

permeable peptides (CPPs). I prepared glucose-coated polymeric nanobeads 

by dispersion polymerization. The EGFP (enhanced green fluorescent 

protein) as a model protein for protein delivery was attached to the beads, 

and translocated into mouse embryonic stem cells and HeLa cells. The 

glucose-coated beads delivered the EGFP inside the cells whereas 

non-glucose-coated beads or the EGFP alone did not. In addition, I 

examined the transfection efficiency of several known CPPs into mouse 

embryonic stem cells under various conditions. The transfection of CPPs 

was independent on its concentration. 

Second, immobilization of recombinant lipase were investigated. I 

achieved increase of the expression yield of CAL-B (lipase B from Candida 

antarctica) by using a codon-optimized synthetic gene and mutagenesis to 

introduce five aspartates on the surface of CAL-B. The 5D-CAL-B mutant 

showed three-fold higher expression yield (3.3 mg/L of culture) compared to 

the wild type. And I employed magnetic beads in refolding B. cepacia 

lipase. The chaperone-conjugated magnetic polystyrene beads efficiently 

refolded B. cepacia lipase and were easily reused. The beads showed 



comparable refolding activity to the soluble chaperone, and retained more 

than 95% of their refolding activity after ten cycles of refolding B. cepacia 

lipase. 

In addition, biofuntionalization of nanoparticles and metal-organic 

frameworks was studied. The eight commercial enzymes were immobilized 

to the magnetic polymethylmethacrylate (PMMA) beads by carbodiimide 

activation. The lipase-conjugated magnetic beads were showed similar 

hydrolytic activity to the free enzyme. The recycling experiment showed that 

the lipase-conjugated magnetic beads can be used several times with 

maintaining the same activity. In addition, the Enhance green fluorescent 

protein (EGFP) and Candida antarctica lipase B (CAL-B) were covalently 

bound to the metal-organic frameworks (MOFs). The immobilized enzyme on 

MOFs has the higher specific activity compared to the free enzyme in 

organic solvent. It can be concluded that the functional proteins can be 

decorated on MOFs without losing their functions and they are recyclable 

without significant loss of the activity. 
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