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One of the key steps in protein characterization and functional ana lysis is 

protein purification. Fusion of an affinity tag to protein of interest is enabling the protein 

separation from other contaminants in the extract through an affinity chromatography step. 

Considering a C-terminal domain of dextransucrase from Leuconostoc mesenteroides NRRL B

SI2F (DSR-S), it often refers as a glucan-binding domain (GBD). however, amino acid 

sequences responsible for the glucan binding have not been totally elucidated yet. The 

objectives of our study are to investigate the precise role of GBD in glucan binding and to 

generate shortest fragment that could be employed as a tag for affinity purification onto 

avai lable cross-linked dextran supports. Fourteen truncated forms of DSR-S C-terminal domain 

were tested for their abi lity to bind dextrans. With a 14 kDa molecular weight, the shortest 

fragment (GBD-7) exhibiting a strong interaction with dextran was found to be localized at C

terminal end of the GBD and consists of six YG repeats. With a dissociation constant Kd of 2.8 

10.9 M, thi s motif shows a very high affinity for isomaltohexaose and longer dextran s. 

confirming a very strong dextran binding property . 
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representing in the GBD-7 sequences were replaced by frequently-used codons in E coli by 
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folds ofa wild-type. In order to increase its solubility and simultaneously reduce its size, nested 

truncated forms of GBD-7 proteins were generated. From the GBD-7 sequences, it can be 

deleted only 12 amino acids at N-terminus with retained binding activity. The trullcations at C

terminal VS epitope part of the GBD-7 fusion protein could enhance its expression in with or 

without Thioredoxin tag. 
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CHAPTER I 

INTRODUCTION 

In proteomic researches, diverse kinds of proteins are investigated for their 

function and structure. A process to separate an individual protein from several 

thousands of other proteins in the extract is a major important step to achieve that 

goal. However, proteins are different in chemical and structural properties and not 

easily purified in the same way. Fusion of affinity tag with the various recombinant 

proteins can be purified on a specific ligand under a standard condition. This process 

is usually called affinity tag purification and appropriate for purification of numerous 

protein targets. Nowadays, many affinity tag systems are commercially available e.g. 

His (Janknecht et al., 1991), glutathione S-transferase (GST) (Smith and Johnson, 

1988), maltose-binding protein (MBP) (Kellennan and Ferenc~ 1982). Most of them 

were fonnerly genetically engineered into a vector which is ready to generate a fusion 

protein. Aside from protein purification, the tag is also expected to facilitate detection, 

soluble expression, and not to interfere with the biological activity of the protein 

partner. Until now, no affinity tag matches for all purposes even the most widely 

used, His tag. A significant drawback of the His tag is that proteins purified by these 

systems are usually contaminated. This may not be sufficiently pure for some 

purposes (Keefe et aI., 2001). Therefore, it is great interest to increase a variety of 

affinity tag systems. 

Glucansucrases are enzymes mainly produced by lactic acid bacteria such as 

Leuconostoc mesenteroides (soil bacteria), Streptococcus species (oral flora), or 

Lactobacilli. They catalyse the synthesis of glucan polymers and the concomitant 

release of fructose from sucrose (Monchois et al., 1999). Various types of glucosidic 

linkages are fonned by glucansucrases (a-I,2; a-l,3; a-l,4 or a-l,6 linkages) 

depending on the enzyme specificity (Monsan et aI., 2001). In the presence of 

acceptors, glucansucrase may transfer the glucosyl residue from sucrose to the 

acceptor to the detriment polymer synthesis. This generally results in the fonnation of 

oligosaccharides when the acceptor is well recognized. These enzymes are thus very 

useful for the production of glucan polymers or oligosaccharides. For example, 
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dextran from L. mesenJeroides B-512F was one of the first biopolymers to be 

produced on an industrial scale in 1948. Dextran can be used in several applications 

in the medical field, as blood plasma substitute, and in the field of separation media 

(Sephadex®) (Monsan et aI., 2001). Oligosaccharides with 0.-1,2/0.-1,6 linkages 

produced by L. mesenteroides NRRL B-1299 are produced at the industrial scale to be 

employed as prebiotic compounds (Remaud-Simeon et af., 2000). 

Seventy glucansucrase encoding genes (named gtf for Streptococcus sp. 

enzymes and dsr for L. mesenteroides enzymes) have been cloned and sequenced by 

recombinant DNA techniques (http://www.cazy.org). The calculated molecular 

weights of these enzymes are range from 160 to 300 kDa (Shah et af., 2004). The 

availability of glucansucrase primary sequences allowed sequence comparison of 

these enzymes which were classified in the family 70 of glycoside hydro lases from 

sequence similarities (Henrissat and Romeu, 1996). All of them possessed the same 

organization which comprises 4 regions (Figure 1). The first one corresponded to the 

N-terminal signal peptide allowing protein secretion. The second one was the variable 

region which was not very much conserved among glucansucrases. The other domain 

was the highly conserved N-terminal catalytic domain, which contains the catalytic 

amino acid residues. The last interesting domain covering from 300 to 400 amino 

acids was a domain often referred as C-terminal glucan binding domain (Monchois et 

aI., 1998; Monsan et aI., 2000 cited in Russell 1990; Wilke-Douglas et af., 1989) 

II III IV 

o 400 800 1200 

Figure 1. Schematic primary structure of glucansucrases. I, signal peptide; II, 

variable region; III, N-terminal catalytic domain; IV, C-terminal glucan binding 

domain. 

This domain is generally composed of a series of YG repeats. The consensus 

sequence of the YG repeat is NDGYYFxxxGxxIf>x(G/N)xIr1--rHo (x, non-conserved 

1600 aa 
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amino acid residue; W, hydrophobic amino acid residue) (Giffard and Jacques, 1994). 

The number and organization of these repeats are specific to each source of enzymes 

(Monchois el al., 1999). However, the function of C-tenninal domain has not been 

totally elucidated yet. Identification of a minimal motif responsible for glucan binding 

should be perfonned. Moreover, the dextran-binding domain (DB D) of GTF from S. 

sobrinus has been successfully applied as an affinity tag for recombinant protein 

purification (Kaseda el aI., 2001). Nevertheless, they used the full-length DBD (30 

kDa) that might harm the folding of fusion partner and cause high metabolic burden 

of host cell. Elution with high concentration 50 mg/ml of 18.1 kDa dextran might not 

desired for some applications like protein structural detennination. Therefore, using 

the GBD as the affmity tag should be improved for developing an efficient and cost 

effective purification system. 

Objectives 

The objectives of this research were: 

I. To screen the minimal GBD sequences of a dextran sucrase from L. 

mesenteroides NRRL B-512F which interact specifically to dextran 

2. To investigate the potential application of small GBD fragments as an affinity 

tag onto cross-linked dextran supports 

3. To reduce size and improve soluble expression of small GBD fragment by 

directed evolution 

Expected outcome 

The amino acid data of GBD responsible for binding from this study will give 

more infonnation about structure/function relationship of GBD for better 

understanding the enzyme mechanism. Moreover, the small fragment of GBD could 

be employed as a chromatographic affinity tag for recombinant protein purification 

process. 

Methodology 

1. Screening of GBD sequence specific to dextran binding 

1.1 Generation of the truncated fonns ofGBD encoding gene 
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1.2 Cloning and expression ofthese proteins in E. coli TOP 1 0 cells 

1.3 Estimation affmity of the proteins to dextran by glucan binding assay 

1.4 Confmnation of the glucan binding property by affmity electrophoresis 

against an insoluble dextran 

1.5 Detennination of dissociation constant to dextran among the short 

fragments 

2. Evaluation of the shortest GBD motif for affmity purification onto cross

linked dextran supports 

2.1 Test the purification onto different cross-linked dextran supports 

2.2 Optimization of the purification process in tenn of binding time, dextran 

size and concentration. 

2.3 Comparison of the purification by GBD to His tag 

3. Generation of nested deletion libraries of the shortest GBD to reduce its size 

and improve the solubility 

3.1 Optimization of phenotypic high-throughput screening for GBD 

3.2 Creating ofthe libraries and screening for size and soluble expression 

3.3 Comparison of the GBD variant expression to that of the wild-type 

Contents of the thesis 

The organization of this manuscript is started with an introduction of the 

research including rational and problem, objectives, methodology. Then, the chapter 

II presents the literature reviews about current situation of affinity chromatography, 

the role of C-tenninal domain of glucansucrases and integration of directed evolution 

technique for protein improvement. Materials and methods used in this study are also 

mentioned in the following chapter. The chapter IV, results and discussion, is divided 

into 3 parts corresponding to: (i) rational engineering of the DSR-S glucan-binding 

domain, (ii) recombinant protein purification by GBD-dextran support affmity 

chromatography, (iii) evolving GBD-7 towards a smaller size and a better expression. 

After that, all results are summarized in the chapter V and future perspectives are also 

described. Appendices indicated other infonnation that did not included in the 

previous chapters. 



CHAPTER II 

LITERATURE REVIEW 

1. Affinity chromatography 

Protein purification is a powerful and versatile tool for separating an individual 

protein apart from crude extract. Nowadays, the protein purification has become one 

of the most commonly technique for studying biochemical properties, protein-protein 

interaction, and structural genomics. A number of chromatographic methods were 

developed for separating protein of interest from the mixture by charge, molecular 

weight, isoelectric point, hydrophobicity, and biological affinity (Janson and Ryden, 

1998). However, size and biochemical characteristics of proteins are distinguished 

depend on their amino acid codes. So, the purification strategy of each protein must 

be different. The only chromatographic purification, which has general applicability, 

is affinity chromatography base on affinity-mediated isolation (Negrouk et al., 2004). 

In post-genomic era, important of affinity chromatography is increased owing to high

throughput expression and large-scale purification for structural detennination is 

required (Routzahn and Waugh, 2002). Moreover, fusion with a tag in the affinity 

chromatography has also been found to improve the yield and solubility of target 

proteins (ferpe, 2003; Hammarstrom et aI., 2002; Braun et aI., 2003; Waugh, 2005). 

1.1 Principle of affinity chromatography 

Affinity chromatography exploits the biological affinity for adsorption to a 

solid phase (Janson and Ryden, 1998). In this approach, genetic manipulation is 

required to produce a fusion of target protein and affmity tag. This affinity tag usually 

defines as exogenous amino acid sequences with high affinity for a specific biological 

or chemical ligand (Arnau et aI., 2006). Most of the times, protease cleavage site is 

included between the gene and the affinity tag sequences for further eliminating the 

tag. The presence of the affmity tag may affect important characteristics or functions 

of the target protein (ferpe, 2003). After the recombinant protein was constructed to 

an expression vector, the fusion protein is expressed in specific host cells. Protein 

extract derived from this construct is applied to a solid phase or support which is 

specifically bound to the carrier protein. Other proteins in crude extract can be 
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removed during washing steps. Protease is then added in order to separate the target 

protein from the fusion tag (Figure 2). In some case, the fusion protein is eluted 

altogether by adding competitors which can contend the binding of affinity tag to 

support. 

Specific tag 

> 
Specific support 

Figure 2. Affinity chromatography. 

Protease 
cutting site 

< 
Gene of interest 

<; 

Purified protein 

In general, a good affinity tag should possess these following characteristics 

(Lichty et al. , 2005 ; Waugh, 2005; Terpe, 2003). 

(a) Offer a high yield and purity 

(b) Has no effect on biological activity and folding of partner protein 

(c) Can be placed at any position (N- and C-terminus) 

(d) Can be used to detect the fusion protein 

(e) Reversibly bound to an inexpensive matrix 

(f) Facilitate the recombinant protein expression in any heterologous host 

(g) Can be eluted in mild condition without irreversibly affecting the protein to 

be isolated 

(h) Enhance solubility and proper folding 

(i) Can be easily removed to produce the native protein 
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However, no single affmity tag is optimal with respect to all of these 

parameters. Deleterious effects of fusion tagging have been investigated which is 

resulting in undesirable characteristics (Arnau el al., 2006). For example, protein 

confonnation changing (Chant el aI., 2005), low protein yield (Goel el al., 2000), 

inhibition of enzyme activity (Kim el al., 2001; Cadel el al., 2004), alteration of 

enzyme activity (Fonda el aI., 2002), undesired flexibility in structural studies (Smyth 

el al., 2003), and toxicity (de Vries el aI., 2003). Selection of the suitable system is 

relied on the target ,?_rotein itself (e.g. stability, hydrophobicity), the . expression 

system, and the application of the purified protein (Terpe, 2003). 

1.2 Current available affinity tag purification system 

Most of affinity tag systems have been continually developed during this past 

20 years. They differ in matrix used, elution method, condition for purification, and 

nature of the tag itsel( The last characteristic was used by Lichty el al. (2005) to 

categorize the tags into the following 3 classes: 

Class I: Epitope affinity tags that use peptide of protein fusion to bind to small 

molecule ligands linked to a solid support e.g. hexahistidine (His) tag bind to 

immobilized metal ion (Hochuli et a/., 1987), glutathione S-transferase (GST) tag 

bind to glutathione attached to resin (Smith and Johnson, 1988). 

Class II: Peptide tags bind to a protein-binding partner immobilized onto 

chromatography resin e.g. CBP tag (calmodulin-binding peptide) which is bind 

specifically to calmodulin resin (Stofko-Hahn et aI., 1992). 

Class HI: Epitope affinity tags which a binding support is an antibody recognizing a 

specific peptide epitope. This class may be considered as a subset of the second class. 

For example, FLAG peptide which can be used with one of several anti-FLAG 

antibody resins (Brizzard et al., 1994). 
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Class] 

1.2.1 Polyhistidine tag (His tag) 

The polyhistidine tag is one of the most widely used tags which 

typically consists of five or six consecutive His residues (Hochuli et 01., 1988). The 

fusion could be performed in both N- and C-terminus of target proteins (Hochuli et 

01., 1988). Optimal placement of the tag is protein specific (ferpe, 2003). Purification 

using the His tag is based on an immobilized metal ion affmity chromatography 

(IMAC) which was presented by Porath et aI. (1975). The IMAC is based on the 

interaction between a transition metal ion (Co2+, Ne+, Cu2+, Zn21 immobilized on a 

matrix and specific amino acid side chains. Histidine is the amino acid that exhibits 

the strongest interaction with immobilized metal ion matrices, as electron donor 

groups on the histidine imidazole ring readily form coordination bonds with the 

immobilized transition metal (ferpe, 2003). In 1987, Hochuli et 01. firstly reported a 

nitrilotriacetic acid (NTA) as adsorbent which was able to strongly chelate Cu2+ and 

Ne+. One year later, they were successfully purified dihydrofolate reductase fused 

with the His tag onto Ne+ -NT A resin (Hochuli et 01., 1988). The NT A molecule 

occupied four of six ligand binding site of the nickel ion (Figure 3), leaving two site 

free to bind with the His tag (Figure 4). Nowadays, Ne+-NTA matrices are 

commercially available in many scientific companies, such as Qiagen, Invitrogen, 

Sigma etc., with reasonable prices. 

Figure 3. Interaction ofNTA molecule to Ni ion (Qiagen). 
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Figure 4. Capture of His tagged proteins by metal-chelated affinity matrix 

(Qiagen). 

Purification using His tag is started by adsorption of His-tagged 

proteins to an adsorbent or resin at neutral or slightly alkaline pH in either native or 

denaturing condition (Nilsson et a/., 1997). Washing step is then perfonned using 

buffer containing trace amount of imidazole (10-20 mM) in order to prevent non

specific binding of host proteins. The imidazole ring is the part of the structure of 

histidine and can also bind to nickel ion affecting the binding of histidine residues in 

untagged proteins (Figure 5). The His-tagged proteins are [mally recovered using high 

concentration of imidazole (100-250 mM) or low pH condition with purity of more 

than 90% in a single step using Ni2+-NTA as a support (Hochuli et aI., 1988, Qiagen's 

manual). 

Imidazole Histidine 

Figure 5. Chemical structures of imidazole and histidine. 
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Currently, another matrix for purifying His tagged proteins was 

developed by Clontech Company which is TALONTM metal affmity resin. The 

TALON resin consists of a C02+-carboxylmethylaspartate (C02+-CMA). The 

advantages of the TALON resin over the Ni-NTA are less contaminating proteins 

obtained and no metal leakage (Chaga et aI., 1999). However, the presence of 

imidazole can influence NMR experiments, competition studies, and crysllographic 

trials, and often result in protein aggregates (Terpe, 2003; Hefti et aI., 2001) 

Moreover, unless specific protocols are optimized for each protein, the His tag can not 

completely remove contaminants. The His tag is also not appropriated if the target 

protein activity is compromised by immobilized ion or chelating groups. Samples 

containing EDTA, EGTA, or DTT cannot be purified using Ne+-NTA without 

additional sample treatment (Keefe et aI., 2001). Purification under anaerobic 

condition is also not recommended because Ne+-NTA is reduced (Terpe, 2003). 

1.2.2 Glutathione S-transferase (GST) 

In 1988, recombinant protein purification using a 26 kDa GST 

enzyme of Schistosoma japonicum or GST tag was firstly demonstrated in E. coli 

(Smith and Johnson, 1988). Fusion protein could be efficiently purified from crude 

cell lysate by glutathione-affinity chromatography. Bound fusion proteins can be 

recovered by competition with 10 mM reduced glutathione under native condition. 

The vectors have been introduced site-specific protease sequences such as thrombin 

or blood coagulation factor X, so that the GST tag can be cleavage from the fusion 

proteins. The tag and non-cleaved fusion protein can be removed by absorption on 

glutathione-agarose resin. PreScission protease contained the human rhinovirus 3C 

protease including the GST tag was successfully engineered providing removal of this 

protease after proteolysis by affinity chromatography on gluthathion-agarose (Terpe, 

2003). In 1994, it was able to produce both N- and C-terminal fusion to the GST tag 

in T7 expression vector engineered by Sharrocks (1994). 

Until now, several evidences showed that the tag could be 

located at both N- and C- terminus and was successfully applied in E. coli (Smith and 

Johnson, 1988), yeast (Lu et af., 1997), mammalian cells (Rudert et af., 1996), and 
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baculovirus infected insect cells (Beekman et aI., 1994). Detection of the GST tag was 

available both enzyme assay and immunoassay (e.g. Novagen, Amersham 

biosciences). It was also found that the tag can prevent intracellular protease cleavage 

and stabilize the fusion protein (Terpe, 2003). 

By contrast, the GST can fonn a homodimer which can 

complicate purification of fusion proteins and renders this affmity tag unsuitable for 

isolation of oligomeric proteins. Furthennore, four cysteine residues in each subunit 

of the GST dimer can lead to a significant degree of oxidative aggregation (Kaplan, el 

aI., 1997; Waugh, 2005). The GST tag is considered as large protein module and can 

result in interference to structural characterization of a fusion protein. Also, proteins 

purified solely on the basis of this tag are not sufficiently pure for some purposes 

(Keefe et a/., 2001). 

1.2.3 CeUulose-binding domain (eBn) 

On the basis of amino acid sequence similarities, more than 180 

different CBDs have been identified and classified into 13 families (Tomme el a/., 

1995). Most of the reported CBOs belong to families 1, II, and III. In family I, CBDs 

are compact polypeptides of 32-36 residues, which are found only in fungi. The 

CBDs of families II and III are much larger and contain 90-100 and 130-172 

residues, respectively (Carrard et a/., 2000). CBDs can vary in size from 4 to 20 kDa 

and can locate at different positions, N-tenninal, C-tenninal, and internal, within 

polypeptides (Terpe, 2003). Among them, some CBDs, family I, bind reversibly to 

cellulose and can be used as an affinity tag for protein purification. It was shown that 

the CBDs function nonnally when fused to heterologous polypeptides and can be used 

for purification and immobilization purposes (Greenwood et a/., 1989; Ong et al., 

1989). 
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Table 1. CDD tag sequences used in Novegen's vector (Novagen). 

CBD tag CBD Family Molecular weight Protein source 

CBDclos Ina 17kDa Cellulose-binding Protein A; 

Clostridium cellulovorans 

CBDcenA ITa 11.7 kDa Endo-l,4-b-glucanase A; 

Cellulomonas jimi 

CBDcex lIa 10.8 kDa Exo-l,4-b-glucanase A; 

Cellulomonas jimi 

CBDs can bind to cellulose at a pH range from 3.5 to 9.5 and 

can be placed at the N- or C- terminus of the target protein. The affinity of the tag is 

strong, thus an immobilized fusion protein can only be released with buffers 

containing urea or guanidine hydrochloride. Refolding step of proteins is required 

after this denaturing elution (Terpe, 2003). The advantage of cellulose is that it is 

inert, has low non-specific affinity, is available in many different forms, and has been 

approved for many pharmaceutical and human uses (Terpe, 2003). Currently, CBDs 

from Clostridium cellulovorans (CBDc1os) and Cellulomonas jimi (CBDcenA and 

CBDcex) are commercially available by Novagen as shown in Table 1. These CBO 

domains are engineered into pET expression vectors and can efficiently bind both 

amorphous and crystalline celluloses (Novagen). 

1.2.4 Maltose-binding protein (MBP) 

MBP (40 kDa) is a binding protein specific for maltose and 

maltodextrins produced by the malE gene of E. coli K12 (Duplay et al., 1988). MBP 

can be employed as an affinity tag for recombinant protein purification on matrix 

containing . cross-linked amylose. Competitive elution of bound proteins can be 

achieved using buffer containing 10 mM maltose (Kellerman and Ferenci, 1982; 

Terpe, 2003). In 1988, specific vectors for the MBP tag were firstly constructed 

allowing fusion proteins of foreign peptides and MBP (Guan et al., 1988). The fusion 

protein can be directed to the periplasm by including the leader sequence from the 

phoA gene on the vector. The recognition sequence of blood coagulation factor Xa 

protease was inserted between the MBP and fusion partner (Maina et al., 1988). After 

cleavage by factor Xa, the target protein can be separated from the MBP tag by 



13 

repeating the affinity chromatography step. Nowadays, MBP tag is usually included 

in commercial vectors such as pMAL with a protease cleavage site (Figure 6). 
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Figure 6. Left: Schematic of pMAL system, Right: SDS-PAGE of fractions from 

the purification of MBP-paramyosin-ASal. A: Lane 1: uninduced ceUs. Lane 2: 

induced cells. B: Lane 1: purified protein eluted from amylose column with 

maltose. Lane 2: purified protein after Factor Xa cleavage. Lane 3: para myosin 

fragment eluted from second amylose column (New England Biolabs). 

Fusion to MBP can be performed at N- or C-terminus when the 

fusion proteins were expressed in bacterial cells (Sachdev and Chirgwin, 2000). The 

MBP tag can act as a solubility enhancer to the fusion partner (Kapust and Waugh, 

1999; Waugh, 2005). The tag is also suitable for large-scale protein purification. 

However, some proteins do not bind efficiently in the presence of 0.2% Triton X-I00 

or 0.25% Tween 20. Denaturing agent cannot be used (Terpe, 2003). Moreover, the 

size of MBP is relatively large leading high metabolic burden of host cells (Waugh, 

2005). 
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1.2.5 Chitin-binding domain (ChBD) 

C-tenninal chitin-binding domain (ChBD) of chitinase Al from 

Bacillus circuians WL-12 is a small peptide consisting of 45 amino acids (Chern and 

Chao, 2005). The ChBD was reversibly bound to insoluble chitin via hydrophobic 

interaction and can be function over a wide range of pH (Watanabe et ai., 1994; 

Hashimoto et ai., 2000). Application of the ChBD to be an affinity tag is attractive 

owing to its small size and specific binding to naturally abundant chitin as support 

(Wen et ai., 2002; Chern and Chao, 2005). 

ChBD tag has been commonly available in combination with 

inteins (lliIerventing protEINS) to serve as a self-cleaving affinity tag (ferpe, 2003; 

Shanna et ai., 2006). The tag can facilitate highly selective capture of the fusion 

protein on an inexpensive substrate-chitin (lMPACT® system, New England Biolabs) 

in both low cell density and high cell density cultures (Shanna et ai., 2006). 

Commercial expression vectors correspond to the IMPACT purification system have 

been constructed for both N- and C-tenninal fusion (Figure 7). 

Moreover, recent development is focused on utilization of 

ChBD as immobilizing tag. It was explored immobilization of the ChBD with d

hydantoinase on chitin given the enzyme could be reusable (Chern and Chao, 2005). 

In addition, immobilization of cells with surface-displayed ChBD was well described 

(Wang and Chao, 2006). 
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Figure 7. Schematic illustration of IMPACT purification system (New England 

Biolabs). 

1.2.6 His-patch thioredoxin (Hp-Tn) 

The expression system based on the use of E. coli thioredoxin 

(trxA, 11.7 kDa) as a gene fusion partner has been demonstrated by the production of 

a variety of mammalian cytokines and growth factors (LaVallie et ai., 1993). The 

fusion with thioredoxin can prevent the forming of an insoluble aggregates or 

inclusion bodies and increase solubilities of these proteins when expression in E. coli. 

A major disadvantage of the tag, however, is it cannot be purified with a specific 

matrix through affinity chromatography (Terpe, 2003). The engineering of a metal 

affinity site on the surface of the thioredoxin molecule can facilitate such problem (Lu 

et ai., 1996). They showed that a metal ion binding capacity can be conferred on 

thioredoxin by changing two or three surface-exposed residues to histidine and that 

these mutant forms of thioredoxin (termed "histidine patch" or His-patch 

thioredoxins) retain the wild type molecule's ability to act as an effective fusion 

partner (Lu et ai., 1996). Structure of Hp-thioredoxin mutant compare to wild-type is 
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illustrated in Figure 8. The Hp-trx fused proteins can be purified on Ni2
+ -NT A 

column on the basis ofIMAC and is now commercially available. 

A 8 

Figure 8. A: Structure of wild-type thioredoxin that was determined by x-ray 

crystallography. The arrow indicates the COOH-terminal carboxyl group where 

the fusion linker is attached. The side chains of five residues are shown in the 

figure: Ser-l, His-6, Asp-26, Glu-30, and Gln-62. In various thioredoxin mutants 

Ser-l, Glu-30, and Gln-62 were changed to histidine, His-6 was changed to 

asparagine, and Asp-26 was changed to alanine, either individually or in 

combination, resulting in the different thioredoxin mutants; B: A molecular 

model of hp2TrxA in which histidine side chains replaced the native glutamate 

and glutamine side chains at positions 30 and 62, respectively. The NDI nitrogen 

of His-30 and the NE2 nitrogen of His-62, the proposed metal chelating groups, 

are indicated by arrowheads. The drawings were made with the program 

MOLSCRIPT (Lu et al., 1996). 

Class II 

1.2.7 Calmodulin-binding peptide (CBP) 

Purification by affmity chromatography on immobilized 

calmodulin is suitable for recombinant proteins expressed in bacteria because 

endogenous bacterial calmodulin-binding proteins are unknown. Importantly, 
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calmodulin is a relatively inexpensive protein (pestov and RydstrOm, 2007). One step 

affinity chromatography using CBP tag has been established since 1992 (Stofko-Hahn 

et al., 1992). They constructed the fusion protein of three functional units: a 

phosphorylation site for the cAMP dependent protein kinase, a recognition site for the 

coagulation factor Xa, and a peptide derived from the C-tenninus of skeletal muscle 

myosin light-chain kinase that binds calmodulin in the presence of free calcium. 

These CBP-fused proteins could bind to caimodulin-agarose resin and could be eluted 

with calcium chelators such as EGT A or EDTA. After purification, the affinity tail 

can be cleaved by proteolysis with factor Xa. 

The CBP consists of 26 amino acid residues and can be placed 

at both N- and C-tenninus (Terpe, 2003). The translational efficiency, however, may 

decrease by the N-tenninal fusion, while the high expression level can be achieved by 

the fusion at the C-tenninus (Zheng et al., 1997). Another protocol for purification of 

recombinant membrane proteins fused with CBD tag was described as illustrated in 

Figure 9. 
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iB 
Figure 9. Summary of steps using CDD for purifying membrane proteins (pestov 

and Rydstrom, 2007). 
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1.2.8 Streptavidin-binding peptide (SBP; Strep-tag ll) 

A nine-amino-acid peptide (Ala-Trp-Arg-His-Pro-Gln-Phe

Gly-Gly) with affinity toward streptavidin was frrstly developed as an affmity tag for 

recombinant protein purification (Schmidt and Skerra, 1993). Competitive elution can 

be performed with biotin or biotin derivative as it occupy the same surface pocket of 

Strep tag:streptavidin complex (Schmidt et al., 1996). Subsequently, a modified Strep 

tag termed Strep tag II which is compose of eight amino acids (Trp-Ser-His-Pro-Gln

Phe-Glu-Lys) was created to increase affinity binding of streptavidin under the same 

condition (Schmidt et aI., 1996). However, the interaction of the Strep-tag II to 

streptavidin was still fairly weak (72 J1M). The affinity of this interaction was then 

improved by a streptavidin mutant or Strep-Tactin that bind the Strep-tag II with the 

affmity constant about 1 J1M (Voss and Skerra, 1997). The Strep-tag II fusion proteins 

are generally eluted from the Strep-Tactin affinity column under physiological buffer 

conditions using a low concentration of a biotin derivative for competition (Figure 10; 

Schmidt and Skerra, 2007). 

3 

Figure 10. Schematic iUustration of the Strep-tag purification cycle. The cell 

lysate containing the Strep-tag n fusion protein is applied to a column with 
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immobilized Strep-Tactin (Steps 1 and 2). Mter a short washing step with a 

physiological buffer, host proteins are removed (3) and the purified Strep-tag II 

fusion protein is specifically displaced via competition with a low concentration 

of »-desthiobiotin (4). D-Desthiobiotin removal is accelerated by application of a 

DADA solution and indicated via color change from yellow-orange to red (5). 

Finally, DADA is quickly removed by washing with a small volume of running 

buffer (6), thus making the column ready for the next purification run (1) 

(Schmidt and Skerra, 2007). 

Recently, the new streptavidin-binding peptides possess 

nanomolar-affmity for streptavidin was presented in termed Nano-tag (LamIa and 

Erdmann, 2004). The frrst nano-tagl5 is 15 amino acids long and binds to streptavidin 

with a dissociation constant of 4 nM. The Nano-tag9 is 9 amino-acid peptides with a 

dissociation constant of 17 nM. Since the interactions between these two new tags and 

streptavidin are moderate when compare to the biotin-streptavidin system, they have 

been attracted for reversible immobilization on the available streptavidin-coated 

surface plasmon resonance (SPR) biosensor chip (Li el a!., 2006). The system is great 

benefit to various biosensors, biochips, and immunoassay applications based on the 

streptavidin capture surface (Li el a!., 2006). 

Alternatively, a streptavidin-binding peptide named SBP-tag 

with a length of 38 amino acids was screened from peptide library and was used as 

affinity tag for protein purification. The dissociation constant of the tag is 2.5 nM and 

the binding capacity of immobilized streptavidin is 0.5 mg per ml of matrix (Wilson 

el a!., 2001; Keefe el a!., 2001). 

Class III 

1.2.9 FLAG tag 

An affinity gene fusion system that has become popular in 

recent years is the so-called FLAGTM system, based on the fusion of an eight-amino

acid peptide to target protein for immunoaffinity chromatography on immobilized 

monoclonal antibodies (Nilsson el al., 1997). This small tag is compost of Asp-Tyr-
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Lys-Asp-Asp-Asp-Asp-Lys peptide sequence. The Tyr residue containing aromatic 

ring is the major factor in antigen-antibody interaction (Einhauer and Jungbauer, 

2001). The peptide sequence is hydrophilic and contains an internal enterokinase 

cleavage recognition sequence (Asp-Asp-Asp-Asp-Lys) that enables the removal of 

the tag from target protein (Nilsson et aI., 1997; Einhauer and Jungbauer, 2001). 

Until now, three monoclonal antibodies (Ml, M2, M5) to the 

FLAG sequence were developed and usually be called anti-FLAG. The monoclonal 

antibody Ml can bind to the FLAG-tagged protein with calcium-dependent manner 

allowing protein elution by chelating agents (Hope et aI., 1996). One limitation of the 

anti-FLAG Ml is that it can only be located at extremely N-terminus of the fusion 

protein (Nilsson et aI., 1997; Einhauer and Jungbauer, 2001). Overcoming this 

drawback, anti-FLAG M2 which can bind to the fusion protein of FLAG tag at C

terminus was established (Brizzard et ai., 1994). The elution of the fusion protein 

from the anti-FLAG M2 is performed at low pH or competition with high 

concentration of synthetic FLAG peptides. A third monoclonal antibody (M5) was 

raised against the sequence Met-Asp-Tyr-Lys-Asp4-Lys. The binding of the anti

FLAG M5 does not require calcium and exhibits a high affinity to for N-terminal 

FLAG fusion protein (Einhauer and Jungbauer, 2001). 

A variety of host cells have been reported to use the FLAG tag 

system such as bacteria (Blanar and Rutter, 1992; Su et aI., 1992), yeast (Hopp et aI., 

1988; Einhuauer et ai., 2002), and mammalian cell (Zhang et ai., 1991). However, 

the FLAG system cannot be applied in the presence of denaturants as they affect 

antibody or fusion stability. For this reason, expression of FLAG fusion proteins in 

inclusion bodies may not be the best choice (Einhauer and Jungbauer, 2001). Another 

disadvantage of the system is that the purification yield per volume of matrix is low 

because antibodies are used as the capture agents (Keefe et aI., 2001). In addition, 

immunoaffinity chromatography, applied to the production of therapeutic proteins has 

several drawbacks: ligand leakage, instability, need for validation of antibody 

production, and required removal of antigenic FLAG tag from therapeutic proteins 

(Einhauer and Jungbauer, 2001). 



21 

1.2.10 C-myc tag 

The c-Myc tag consists of 10 amino acid residues (Glu-Gln

Lys-Leu-Ile-Ser-Glu-Glu-Asp-Leu). The tag was isolated from the transcription factor 

c-Myc which was an oncoprotein that plays a role in cell cycle regulation, 

metabolism, apoptosis, differentiation, cell adhesion, and tumorigenesis (Dang et ai., 

1999; De Buck et aI., 2004). The epitope tag can be expressed in different protein 

contexts and still confer recognition by the 9E 1 0 immunoglobulin developed by Evan 

et ai. (Munro and Pelham, 1986; Evan et ai., 1985). The c-Myc tag can be used in 

many applications including Western blotting, immunoprecipitation, ELISA, and flow 

cytometry (Kipriyanov, 1996). Moreover, a single-step purification of the c-Myc 

fused proteins can be undertaken using the 9E 1 0 antibody immobilized affmity 

column (Kramer et al., 1997). However, it is a wildly used detection system but is 

rarely applied for purifications (Terpe, 2003). 

While it was reported for expression in bacteria (Dreher et al., 

1991; Vaughan et ai., 1996), problem in expression of the c-Myc fused protein was 

occurred in Legionella pneumophila (De Buck et af., 2004). It was observed that the 

amount of mRNA transcripts in the presence of the tag was lower than in absence. 

The authors assumed that there was either a degradation of the c-Myc tagged proteins 

or a decrease in protein production of the protein (De Buck et aI., 2004). 

Other tag systems, which are not described in detail here, are also available 

e.g. poly-arginine (Sassenfeld and Brewer, 1984), S-tag (Connelly et af., 1990), and 

NusA (Davis et af., 1999) etc. Even though, new affinity tag systems are still 

continually developed in the recent year due to the widespread of using affmity tags 

throughout biotechnology. New peptide tag like AviD-tag is recently developed for 

purification on NeutrAvidin, a chemical modified avidin for reducing non-specific 

interactions (pierce) (Gaj et aI., 2007). This tag can be used for protein purification 

and immobilization with higher yield than a Strep tag. In addition, a unique viral 

peptide sequence (R tag) and its specific monoclonal antibody are reported as an 

immunoaffmity system (Jones et af., 2007). This system is suitable for application in 
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E. coli, Arabidopsis thaliana, or Pichai pastoris as it do not naturally presence in 

these host cells. 

1.3 Comparison of advantage and disadvantage of affinity tag systems 

As no single affinity tag is optimal with respect to all applications, each tag 

has its strengths and weaknesses (Waugh, 2005). Selection of an appropriate affmity 

tag depends on nature of target proteins, type of application of the proteins, stage of 

development of the proteins, costs of different chromatographic supports, and 

purification condition (Terpe, 2003; Amau et 01., 2006). Some useful information 

about the common affinity tag systems were summarized in Table 2. Sizes of the tags 

are varying from 5 to 396 amino acid residues. The use of a small peptide tag should 

not harm the fused protein activity and may not need to remove, whereas the use of a 

large peptide or protein can increase solubility and promote proper folding of the 

target protein (Terpe, 2003). Another consideration is the cost of resin that they 

interact. The expensive resin with low binding capacity is less attractive for high

throughput applications. In addition, advantages and disadvantages of various tags 

were described in Table 3 with respect to their elution condition, solubility 

enhancement, and cost of resin (Waugh, 2005). 

More recently, there was a systematic comparison of affmity tags in term of 

purification yield and purity (Lichty et ai., 2005). Different affmity tags were fused 

with dihydrofolate reductase (DHFR) which can be easily performed a quantitative 

spectrophotometric assay. The silver staining of SDS-PAGE gels revealed purity 

gained from each purification tag. Epitope tags such as the FLAG tag showed highest 

purity (Figure 11, lane 7), in contrast to the His tag that produced many contaminants 

after purification on Talon cobalt metal resin (Figure 11, lane 1-3). However, the His 

tag provided the highest elution yield of almost 70% for the tag/resin tested (Table 4). 



Table 2. Comparison of common affinity tag systems (Nilsson et al., 1997; Terpe, 2003; Lichty et aL, 2005). 

Tag Size (a.a.) Ligand Detection Elution Source Capacity I 

His 5-15 TALON Anti-His Imidazole, low pH Clontech 5-14 mgjml 

Ni2+-NTA Qiagen 

GST 201 Glutathione Anti-GST Reduced glutathione Amersham 5-10 mgjml 

CBD 27-189 Cellulose (CBIND) Anti-CBD Family I: guanidine HCl or urea Novagen N/A 

>4M 

Family I1,III: ethylene glycol 

MBP 396 Amylose Anti-MBP Maltose NE Biolabs 3 mgjml 

ChBD 52 Chitin Anti-ChBD Fused with intein:30-50 mM NEBiolabs 2mgjml 

DTT, ~-mercaptoethanol or 

cysteine 

Hp-Trx 109 Ni2+-NTA Anti-Thio Imidazole Qiagen N/A 

CBP 26 Calmodulin Anti-calmodulin EGTA Strategene 2 mgjml 

Strep II 8 Strep-tactin Strep-tactin Desthiobiotin IBA 50-100 

nmollml 

FLAG 8 Anti-FLAG mAb Anti-FLAG M2 EDTA, low pH, FLAG peptide Sigma 0.6 mgjml 

c-Myc 10 Red Anti-c-Myc Anti-c-Myc Low pH, c-Myc peptide Sigma 1-1.5 mgjml 

1 Capacity of resins for the fusion protein and cost infonnation was obtained from manufacturer' s catalogs and websites. 

Cost Iml resin I 

$9 

$10 

$16 

N/A 

$10 

$2 

$10 
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$44 

$63 

$510 
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Table 3. Advantages and disadvantages of some commonly used fusion partners 

(Waugh, 2005). 

Tag' 

GST 

MBP 

NusA 

Advantage 

Efficient translation initiation 

Inexpensive affinity resin 

Mild elution conditions 

Efficient translation initiation 

Inexpensive affinity resin 

Mild elution conditions 

Enhance solubility 

Efficient translation initiation 

Enhance solubility 

Not an affmity tag 

Disadvantage 

High metabolic burden 

Homodimeric protein 

Does not enhance solubility 

High metabolic burden 

High metabolic burden 

Thioredoxin Efficient translation initiation Not an affinity tag2 

Enhance solubility 

Ubiquitin Efficient translation initiation 

Might enhance solubility 

Low metabolic burden 

Not an affmity tag 

FLAG Expensive affinity resin 

Harsh elution conditions High specificity 

Low metabolic burden Specificity of IMAC is not as high as 

Inexpensive affinity resin other affmity methods 

Tag works under both native and Does not enhance solubility 

denaturing conditions 

STREP Low metabolic burden 

High specificity 

Enhance solubility 

Low metabolic burden 

High specificity 

Expensive affinity resin 

Does not enhance solubility 

Not an affinity tag 

Expensive affinity resin 

Does not enhance solubility 

SET 

CBP 

S-tag 

Mild elution conditions 

Low metabolic burden 

High specificity 

Expensive affinity resin 

Harsh elution conditions (or on-column 

cleavage) 

Does not enhance solubility 

I GST, glutathione S-transferase; MBP, maltose-binding protein; NusA, N-utilization substance A; 

FLAG, FLAG-tag peptide; His6, hexahistidine tag; STREP, streptavidin-binding peptide; SET, 

solubility-enhancing tag; CBP, calmodulin-binding peptide. 

2 Derivatives of thioredoxin have been engineered to have affinity for immobilized metal ions 

(His-patch thioredoxin) or avidinlstrepavidin (Smith et 0/., 1998). 
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Figure 11. Comparison of affinity tags to purify tagged DHFR proteins 

expressed in E. coli. As shown in the schematic above the gels, each of the tagged 

recombinant proteins contain a specific N-terminal tag (identified by TAG label 

just above each lane), followed by the His tag and DHFR. The CYD tagged 

polypeptide was C-terminally tagged as CBP-mS-DHFR-CYD. Eluted fractions 

were fractionated by SDS-P AGE and the gels were silver stained. Each tagged 

protein is highlighted by a red arrowhead. The identity of the tag used for each 

purification is shown immediately above each lane and the identity of the affnity 

resin just above that. CBP, calmodulin-binding peptide; STR, Strep D; GST, 

glutathione S-transferase; CYD, covalent yet dissociable NorpA peptide; and 

HPC, heavy chain of protein C. Abbreviations used for affnity resins: CAM, 

calmodulin; InaD, PDZ domain of InaD protein; M2 mAb, anti-FLAG M2 

monoclonal antibody; Prot C mAb, anti-protein C (clone HPC4) monoclonal 

antibody; GSH Seph, GSH-Sepharose. 
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Table 4. Purification yields for active tagged DHFR proteins from E. coli extracts 

determined by NADPH assay (affinity tag used to purify the protein highlightd 

in bold) (Lichty et al., 2005). 

Tag Resin Yield (elution fraction) (%) Recovery (flow through and 

fractions) (%) 

CBP-HIS Talon 67.7 ± 4.3 82.4 ± 2.4 

CBP-HIS Calmodulin 55.3 ± 7.6 88.6 ± 5.4 

STR-HIS Strep-Tactin 61.5 ± 6.1 87.6±5.7 

FLAG-HIS M2MAb 56.1 ± 2.3 84.5 ± 2.5 

HPC-HIS ProtC MAb 62.5 ± 1.2 80.3 ± 3.9 

CYD (c-tenn) lnaDPDZ 57.6± 4.0 81.1 ±4.6 

GST-HIS GSH-Seph 40.8± 5.0 77.8 ±4.6 

1.4 The tag removal by proteolytic enzymes 

Either large or small affmity tags have the potential to interfere with the 

biological activity of a protein or certain applications such as crystallization or NMR 

experiments. Also the affmity tag can cause unwanted immune responses, alter the 

properties of the target protein. Besides the chemical cleavages which are performed 

at rather harsh condition, removal of the tag by proteolytic enzymes at mild condition 

is more preferable (Nilsson et aI., 1997). The removal of the tag can simply 

introduced the specific cleavage site of the protease between the tag and the target 

protein. The most commonly used proteases are enterokinase, tobacco etch virus 

(TEV), thrombin, and factor Xa (Table 5; Terpe, 2003). Finally, a downstream 

process for the protease removal has to be performed to obtain the real purified 

protein. Some of these proteases have been fused to an affinity tag allowing the 

protease removal on an affinity resin (Figure 12). For example, PreScisson protease™ 

can bound to a glutathione resin as it was previously fused with GST tag (Amersham 

Bioscience). 



Table 5. Recognition sequences of proteolytic enzymes. 

Protease 

Enterokinase 

TEV 

Thrombin 

Factor Xa 

PreScisson protease 

Recognition sequences 

Asp-Asp-Asp-Asp-Lys 

Glu-Asn-Leu-Tyr-Phe-Gln-Ser 

Leu-Val-Pro-Arg-Gly-Ser 

Ile-Glu-Gly-Arg 

Leu-Glu-Val-Leu-Phe-Gln-Gly-Pro 

References 

Terpe, 2003 

Carrington and Dougherty, 1988 

Nilsson el aI., 1997 

Nagai and Thogerson, 1984 

Arnau el al., 2006 
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In addition, separation of the tag from the target protein can accomplished 

using a self-splicing intein (Xu et al., 2000). Inteins are naturally occurring protein 

sequences capable of post-translational self excision from a host-intein precursor 

protein through a process known as "protein splicing" (Banki and Wood, 2005). The 

first commercially available intein purification system (IMP ACTTM) was developed 

by the combination of a chitin-binding domain and modified Saccharomyces 

cerevisiae vacuolar ATPase subunit A intein (New England Biolabs). The mutation 

taken in this intein lead it enable the cleavage at the N-terminus in the presence of 30 

mM DIT or J3-mercaptoethanol over a wide pH range (5.5-9.0) (Banki and Wood, 

2005). However, the intein system has not been tested for high-throughput 

applications. The large size of the catalytic machinery that must be incorporated into 

the fusion protein can increase the metabolic burden in the cells. Moreover, the slow 

rate of autoprocessing is also a drawback of the system (Waugh, 2005). 
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Figure 12. Concept of affinity-tagged protease removal in a single affinity 

chromatography step (Nilsson et ai., 1997). 

1.5 Future directions of affinity tag applications 

A variety of affinity tags and methods for tag removal have been developed. 

Most of these methods are suitable for laboratory scale applications (Arnau et al., 

2006). On the other hand, in a competitive pharmaceutical market where production 

costs are high, the development of more economically sound production and 

purification processes may be a trend to follow (Arnau et aI., 2006). Utilization of a 

combined affmity tag such as the tandem affinity purification (TAP) tag might be 

applicable. The TAP tag is a combination of IgG binding domain of Straphylococcus 

aureus protein A and a calmodulin binding peptide (Riguat et aI., 1999; Puig et al., 

200 I). The TAP purification system enables purification of target protein and removal 

ofthe tag in two sequential affmity columns (Figure 13). 
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Moreover, large-scale structural genomics centers on the world have made 

great step in the development of automated tools for high-throughput protein 

expression and purification, although only a few different strategies for the protein 

production and purification have been reported (Waugh, 2005). For example, an 

automated method for high-throughput protein purification applied for a His tag and a 

GST tag has been reported (Scheich et aI., 2003). In addition, directed evolution of 

existing proteins will also benefit from a universal platform for production and 

purification (Arnau et al., 2006). Another prospective is the use of affinity tag in 

peptide/protein chip design for determination of binding constant and drug delivery 

application (Terpe, 2003). 
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Figure 13. A: Schematic representation of the C- and N-terminal TAP tags. B: 

Overview of the TAP purification strategy (Puig et ai., 2001). 
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2. C-terminal domain of glucansucrases 

2.1 Glucansucrases 

Glucansucrases (E.c. 2.4.1.5) are extracellular enzymes mainly produced by 

the soil bacterium Leuconostoc mesenteroides (commonly termed dextransucrase, 

DSR), Streptococcus species from the oral flora (commonly termed 

glucosyltransferase, GTF), and by lactic bacteria Lactococci. They catalyse the 

synthesis of high molecular weight D-glucose polymer or glucan from sucrose 

(reaction 1). When efficient acceptors, like maltose or isomaltose, are added to the 

reaction medium, the glucansucrases catalyze the synthesis of low molecular weight 

oligosaccharides instead of high molecular weight glucan (Monchois et al., 1999). 

Reaction 1: n Sucrose • (Glucose)n + n Fructose (Monsan and Paul, 1995) 

As sucrose is a widely available and cheap substrate, they are very attractive 

for the synthesis of novel oligosaccharides and polymers (Remaud-Simeon et al., 

2003). Furthermore, the GSF were found to involve in the plaque formation causing 

dental caries (Hamada and Slade, 1980). Therefore, many researches were 

investigated their genetic, reaction mechanism, and structure-function relationship. 

2.1.1 Enzymatic classification and characterization 

In the enzyme nomenclature, glucansucrases were 

characterized to be E.C. 2.4.1.5 based on their reaction catalyzed and product 

specificity. They can also categorize to the glucoside hydrolase (GH) family 70 

according to amino acid sequence similarities (Henrissat and Davies, 1997). 

Currently, 70 members of glucansucrases are belonging to the GH family 70 on 

carbohydrate active enzyme database available at http://www.cazy.org (Coutinho and 

Henrissat, (999). The glucansucrases from different strains produce different kinds of 

glucans with different sizes and structures. 

The products are compost of a main linear chain of D-glucose 

polymer, either principally linked through a(I-6) glucosidic bonds (dextran polymer), 
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or through a(I-3) glucosidic bonds (mutan polymer) as well as linked alternately 

through a(I-6) and a(l-3) glucosidic bonds (alternan polymer) (Monchois et al., 

1999). Moreover, glucans also differ from a(I-2), a(l-3), a(I-4), and a(l-6) 

glucosidic bonds, the degree of branching, the length of branch chains and their 

spatial arrangement (Monchois et aI., 1999). The main characteristics of some 

glucansucrases are presented in Table 6. 

Table 6. Main characteristics of some glucansucrases. (Monchois et aI., 1999). 

Strain Gene Glucan1 Size (a.a.) M.W. (kDa) 

S mulans GS5 gtf-B 87% a(I-3) 1475 150 

13% a(l-6) 

gtf-C 85% a(I-3) 1375 140 

15% a(l-6) 

gtf-D 85% a(I-3) 1430 155 

13% a(I-6) 

S downei Mfe28 gtf-I 88% a(I-3) 1556 160 

12% a(I-6) 

gtf-S 10% a(I-3) 1328 147 

90% a(l-6) 

S sobrinus OMZ176 (serotype d) gtf-T 27% a(l-3) 1542 163 

73% a(I-6) 

gtf-I Nd2 1590 175 

S gordonii (S sanguis) gtf-G 40% a(I-3) 1578 170 

60% a(I-6) 

L. mesenleroides NRRL 8-512F dsr-S 5% a(I-3) 1290 170 

95% a(I-6) 

L. mesenteroides NRRL 8-1299 dsr-A 15% a(l-3) 1290 146 

85% a(I-6) 

dsr-B 5% a(I-3) 1508 167 

95% a(I-6) 

1 Structure ofthe produced glucan presented in percentage of total linkages 

2 not determined 
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2.1.2 Reaction catalyzed by glucansucrases 

Glucansucrases catalyze the cleavage of glycosidic bond of 

their substrate sucrose and couple a glucose unit to a growing glucan (polyglucose) 

chain (transglucosylation), water (hydrolysis), or other acceptor substrate (acceptor 

reaction) (Figure 14). The energy released by cleavage of the energy-rich glycosidic 

bond in sucrose is used for synthesis of new glucosidic bonds (van Hijum et aI., 

2006). For the acceptor reaction, the acceptor can be a saccharide molecule like 

maltose, isomaltose, and O-a-methylglucoside causing the production of 

oligosaccharide instead of a glucan polymer (Monchois et al., 1999). 

Sucrose 

+ 
Enzyme 

Fructose 

-'" (IV) Fructose 

(glucosc),,~1 + Enzyme 
(glucose). 

~ 
O-glucosyl-Enzyrne r ~ g1ucosyt~ed acceptor 

(III) Enzyme 
~ACCeptor 

H20 r .~ 
(II) D-glucose + Enzyme 

Figure 14. Reaction catalyzed by glucansucrase. (I) glucan synthesis by 

successive transfer of glucosyl units; (ll) sucrose hydrolysis by transfer of the 

glucosyl unit onto water; (ill) oligosaccharide synthesis by transfer of the 

glucosyl unit onto an acceptor molecule; and (IV) isotopic exchange by reverse 

reaction of glucosyl-enzyme complex formation (Monchois et al., 1999). 

2.1.3 Mechanism of action 

The glucan synthesis mechanism was proposed that the reaction 

occurring in 3 steps: (1) initiation, (2) elongation, (3) termination (Tsuchiya et al., 

1953). 

(1) Initiation 

The initiation of reaction required a primer like glucan, 

glycogen, or starch for activating the polymerization (Monchois et aI., 1999). The 
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hypothesis has been supported by the fact that addition of exogenous glucan has an 

activating effect on glucan synthesis (Kobayashi et aI., 1986; Gennaine et aI., 1974; 

Gennaine et aI., 1977). However, in the absence of any exogenous primer, the 

. glucansucrases are still active. Binding of glucan to enzyme may promote a change in 

the catalytic site conformation allowing the enzyme to become more active (Mooser, 

1992). 

(2) Elongation 

The mechanism of autopolymerization and direction of chain 

growth remains not fully understood (Monchois et al., 1999). There are two 

mechanisms proposed in the elongation step. The first mechanism occurs at the non

reducing end of glucan chain (Figure 15A). In this mechanism, the aspartic acid or 

glutamic acid provide a nucleophilic group on the C, of the glucosyl moiety of 

sucrose, leading to the formation of a covalent glucosyl-enzyme complex. Another 

residue acts as proton donor to give the release of fiuctose (Sinnot, 1990). Then, 

another glucosyl residue can also be activated by trapping the hydrogen from the 

hydroxyl group linked to the C6 (Monchois et al., 1999). However, the requirement of 

a primer to start the glucan synthesis making this mechanism is irrelevant (Su and 

Robyt, 1994). 

Another mechanism is the two-site mechanism which 

elongation occurs at the reducing end of the glucan chain (Ebert and Shenk, 1968). It 

was found that glucan and glucosyl residues coming from sucrose cleavage were both 

covalently linked with enzyme through their reducing end (Robyt et aI., 1974). This 

mechanism is composted of two different steps: (l) the two nucleophilic sites attack 

two sucrose molecules leading to the release of two fiuctose molecules and giving 

two glucosyl residues covalently linked to the enzyme; and (2) the OH-C6 of one of 

the two glucosyl residues may make a nucleophilic attack on the C, of the other one. 

That promotes the fonnation of an a( 1-6) bond and the release of one or two 

nucleophilic sites which can attack sucrose in order to create a new covalent glucosyl

enzyme complex (Monchois et aI., 1999; Figure 15B). 
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(3) Termination 

Termination step correspond to the dissociation of glucan 

from the enzyme (Monchois et ai., 1999). 

Tnnsldun lIMe 

-

A 

rn 0iAcP 

~\J Qi 
HQri:) ( 

o(~ GJr"·HO 
HO ) 

Sewl.\d catalytic site 

B 

Figure 15. Scbematic representation of tbe two polymerization mecbanisms of 

glucansucrases. A, mecbanism involving only one active site, as suggested by 
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Mooser (Mooser, 1992) and resembling that of a-retaining transglucosidases; B, 

mechanism involving two active sites, as proposed by Robyt et al. (1974) 

(Source: Moulis et aI., 2006a). 

However, identification of active site found only one catalytic 

triad (2 aspartic acids, 1 glutamic acid). Considering the sequential insertion, it is also 

difficult to understand how the OH-C6 of one glucosyl group is able to attack the C1 

of the dextransosyl group when it is far away, except if a configuration inversion 

occurs (Monchois et al., 1999). Moreover, the recent study showed that sucrose and 

glucose produced by hydrolysis reaction act as initiator for glucan polymerization. . 

Then, elongation occurs by transfer of glucosyl residue coming from sucrose to the 

non-reducing end of initially formed products (Moulis et aI., 2006a). Based on results 

from Moulis et al. (2006a) the first mechanism that involve only one active site and 

polymerization occurs at non-reducing end of glucan chain seem to have more 

relevant. 

2.1.4 Primary structure 

Glucansucrases are large enzymes with an average molecular 

weight of 160 kDa. Due to its large size, no three-dimensional structure is now 

available. The sequence comparison of these enzymes showed that they all are 

compost of four domains: a signal peptide, a variable region, a catalytic domain, and a 

C-terminal glucan binding domain (Figure 16; Monchois et aI., 1999; Remaud

Simeon, 2003). The N-terminal signal peptide is a well conserved region involving in 

the enzyme secretion. The second motif, variable region, has only few conserved 

amino acids and seems to have no important role in the enzyme mechanism 

(Monchois et al., 1999). The highly conserved catalytic domain was proposed to 

contain (/3/a)s-barrel of GH family 13 a-amylase enzymes (Moulis et al., 2006a). The 

last C-terminal domain was predicted to involve in glucan binding as truncation of the 

C-terminal end of GTF-I was suppressed its glucan binding ability (Ferretti et al., 

1987). 
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Figure 16. Schematic structure of glucansucrases for which encoding genes have 

been cloned. A, signal peptide; B, variable region; C, N-terminal catalytic 

domain; D, C-terminal glucan binding domain (Monchois et aI., 1999). 

2.1.5 Role of glucansucrases 

Glucansucrases were identified more than 50 year ago. They 

have an industrial value to produce dextrans and oligosaccharides (Monchois et aI., 

1999). The potential uses of native dextran include secondary recovery of petroleum 

from oil drilling muds, stabilization of soil aggregates, protective coating for seeds, 

deflocculants in paper products, metal plating processes, and food stabilizer (Ceming, 

1990). Low molecular weight dextrans have their biggest outlet in the pharmaceutical 

industry, where fractions of various molecular weights and molecular distributions 

have been used as blood plasma extenders and blood flow improvers (Ceming, 1990). 

For example, dextran with 70 kDa is used as a blood volume expander and dextran 

with 40 kDa is used as a blood flow improver. In addition, oligosaccharide containing 

a-l,2 linkages produced by a dextransucrase from L. mesenteroides NRRL B-1299 is 

used as an prebiotic substance that encourage the growth of a beneficial microflora 

(Monchois et al., 1999; Remaud-Simeon et aI., 2003). 

Moreover, the native dextran can be employ as starting 

material, which is then submitted to acid or enzymatic hydrolysis, solvent 

fractionation procedures for making pharmaceutical and industrial dextran products 

(Cerning, 1990). In separation manufacturer, Dextran is also applied as molecular 

sieves by preparing a cross-linking dextran with epichlorohydrin in the presence of 

sodium hydroxide (Sephadex®), with bis-acrylamide (Sephacryl®), or with agarose 

(Superdex®) (Amersham Biosciences). 
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Glucans or mutans synthesized by S. mutans and S. salivarius 

are critically important in dental plaque formation causing a dental caries because 

they are water-insoluble and possess a marked ability to promote adherence when 

synthesized de novo on various solid surfaces (Ceming, 1990). Initiation of dental 

plaque occurs by the activity of extracellular GTF of streptococci to form high 

molecular weight branched extracellular glucans. These glucose polymers provide the 

aggregation of mutans and other oral streptococci through interaction with bacterial 

cell-associated glucan-binding proteins. These accumulations of streptococci which 

produce lactic acid will ensure the dental caries by destroy dental enamel (Smith, 

2003). 

2.1.6 Dextransucrase S (DSR-S) 

Dextransucrase (DSR-S) from L. mesenteroides NRRL B-SI2F 

is a glucansucraSe that mainly produce D-glucose polymer or dextran containing 9S% 

a(1-6) and S% a(I-3) linkages (Binder et aJ., 1983; Robyt and Eklund, 1983). As its 

abilities to produce a wide variety of dextrans and oligosaccharides by addition of 

different acceptors, it was extensively use for production of industrial polymers such 

as chromatographic supports, photographic emulsions, iron carriers, and blood plasma 

substitutes (Kim and Robyt, 1994; Monsan and Paul, 1995). It is also important 

because of its theoretical and practical aspects in understanding the mechanism of 

glucan synthesis (Kim and Robyt, 1994). The DSR-S has a molecular weight of 175 

kDa and composes of 1,527 amino acid residues which can be divided into four 

domains like all glucansucrases. In the DSR-S sequences, the three catalytic triads 

locate at Asp-S51, Glu-S89, and Asp-662 positions (Moulis et aI., 2006a). 

The characterization of DSR-S activity revealed that optimal 

pH and temperature of both soluble and immobilized enzyme were pH 5.2 and 30°C 

respectively (Figure 17; Kaboli and Reilly, 1980). Moreover, addition of ea2
+ 

significantly stabilized the soluble dextransucrase. 
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Figure 17. A: Effect of pH on dextransucrase activity at 30°C, B: Effect of 

temperature on dextransucrase activity at pH 5.2. (0) soluble DSR-S, (il) 

immobilized DSR-S (Kaboli and Reilly, 1980). 

Working with the native enzyme, expression of DSR-S was 

found to have some problems associated with the synthesis of glucan in the presence 

of sucrose in culture medium (Kim and Robyt, 1994). The sucrose, however, require 

for production of the enzyme. The glucan synthesized can cause the enzyme:glucan 

complex and the high viscosity of the glucan itself which are major problem for the 

studies of structure-function relationship of the enzymes. Cloning of the dsr-S gene to 

E. coli was then carried out to avoid these limitations (Monchois et ai., 1997). The 

gene was cloned into pTrc 99A under the control of the trc promoter and induction by 

IPTG. From this system, 200 U L-1 culture of DSR-S were produced overnight at 30 

°C in LB supplemented with 100 mM tris HCI pH 6.4. More recently, the expression 

system for the DSR-S was optimized by producing in pBADffOPO Thiofusion vector 

(Invitrogen) controlled by arabinose operon (Moulis et ai. , 2006b). The recombinant 

DSR-S were produced 5850 U L-1 culture at 23°C in 2X YT medium supplemented 

with 100 mM tris HCI pH 6.4. However, various molecular mass forms of active 

DSR-S were obtained as also found in previous studies (Figure 18). 
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Figure 18. Anti-6x His Western blot from Thioredoxin-DSR-S-His produced at 

23°C (Moulis et al., 2006 b). 

2.2 The C-terminal glucan binding domain of glucansucrases 

Despite to numerous researches that focused on the characterization of N

tenninal catalytic domains and enzyme activity, a number of published results were 

also investigated the structure and biological function of the C-tenninal domain. This 

domain is usually called glucan-binding domain (GBD) as its proposed function. In 

GTF, the C-tenninal domain was supposed to have dual functions: glucan synthesis 

and glucan-mediated binding of bacterial cells on tooth surfaces (Ferretti et ai., 1987; 

Colby and Russell, 1997). The recent study confirmed that the C-tenninal domain of 

GTF enzymes participated in cellular adherence to tooth surfaces and contribute to the 

cariogenicity of S. mutans (Figure 19; Matsumura et ai., 2003). Therefore, this 

domain has been received attention as vaccines against the dental caries. To date, the 

GbpB of S. mutans has been shown to induce protective immune responses to 

experimental dental caries. Interestingly, salivas of young children often contain IgA 

antibody to the GbpB, indicating that initial infection with S. mutans can lead to 

natural induction of immunity to this protein (Smith, 2003). 
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Figure 19. Molecular pathogenesis of mutans streptococci (MS) (Smith, 2003). 

In addition, the C-tenninal domain of glucansucrases has been interested as a 

potential affmity tag for recombinant protein purification. The dextran-binding 

domain (DB D) of GTF from S. sobrinus was demonstrated the affinity purification of 

a green and a red fluorescent protein or GFP and RFP respectively (Kaseda et aI., 

2001). The purified proteins of about 90 % purity were obtained after the purification 

using the DBD tag on a cross-linked dextran support of Sephadex G-I00 and elution 

by 50 gil of dextran 18.1 kDa (Figure 20). The advantage of this system is its low cost 

compared to other systems because expensive resins are not required. 
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Figure 20. One-step purification of recombinant proteins using DBD as the tag. 

Schematic representation of the recombinant proteins (a) and SDS-PAGE 

analysis of the protein preparations (b). The calculated molecular weight of each 

protein is indicated in parentheses. The parent GTF (lanes 1 and 2), its 

functional moiety DBD (lanes 3 and 4), the DBD-tagged proteins GFP-DBD 

(lanes 5 and 6) and RFP-DBD (lanes 7 and 8) were adsorbed with Sephadex G-

100 beads and eluted with 25 mglml dextran (18.1 kDa). The SDS-PAGE 

patterns of the proteins before (lanes 1, 3, 5 and 7) and after (lanes 2, 4, 6 and 8) 

this one-step purification step is shown. After the purification, the SDS-P AGE 

gel shows mainly single strong bands approximately corresponding to the 

expected molecular weights. The purities of those proteins were 95%, 96%, 89%, 

and 92% for GTF, DBD, GFP-DBD, and RFP-DBD, respectively (Kaseda et al., 

2001). 

2.2.1 Structure of the C-terminal domain 

The C-terminal domain of glucansucrases is compost of a series 

of repeated units which have been divided into 5 classes: A, B, C, D, and N repeats 

according to the sequence similarity (Table 7; Ferretti e/ a/., 1987; Gilmore et a1., 

1990; Abo e/ a/., 1991; Giffard et aI., 1991; Monchois et a1., 1998). The number and 

distribution of these repeats are specific to each enzyme as shown in Table 8 

(Monchois et aI., 1999). It was revealed that the A repeat always present in all 

glucansucrases, whereas the D and N repeats are specific to the enzyme produced by 
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S. salivarius ATCC 25975 and L. mesenteroides NRRL B-512F respectively. They 

are composed of a common amino acid pattern: an aromatic amino acid residues 

stretch, sometimes include tyrosine, surrounded by conserved residues (von Eichel

Streiber et al., 1992). The following consensus sequence is IDGYYFD+N+G. 

Table 7. The consensus sequences of C-terminal domain (x indicates non 

conserved amino acid) 

Repeat Consensus sequence References 

A WYYFNxxDGQAA TGLQTIDGQTVxxFDDNxGQxVK Monchois et aI., 1998 

B VNGKTYYFGSDGTAQTQANPKGQ~SGVLRFYNLEGQYVSGSG Ferretti et aI., 1987 

C DGKIxxYFFDPDSGEVVKNRFV Monchois et aI., 1998 

D GGVVKNADGTYSKY Giffard et al., 1994 

N YYFxAxQGxxxL Monchois et aI., 1998 

Table 8. Pattern of repeated units composing the C-terminal domain of 

glucansucrases (Monchois et al~ 1999). 

Strain 

S. mutanGS5 

S. downei Mfe28 

S. sobrinus 6715 (serotype g) 

S. sobrinus OMZ176 (serotype d) 

S. salivarius A TCC 25975 

L. mesenteroides NRRL B512F 

L. mesenteroides NRRL B-1299 

Gene 

gtf-B 

gtf-C 

gtf-D 

gtf-I 

gtf-s 

gtf-Ia 

gtf-T 

gtf-Is 

gtf-J 

gtf-K 

gtf-L 

gtf-M 

dsr-S 

dsr-A 

dsr-B 

Repeating unit 

A-A-C-A-C-A-C-A-C-A-C-A-C 

A-A-C-A-C-A-C-A 

A-A-A-A-A 

A-A-C-A-C-A-C-B-A-C-B-A-C 

A-A-C-A-C-A-C 

A-A-C-A-C-A-C-A-C-A-C 

A-A-C-A-C-C-A-A-C 

A-A-C-A-C-A-C-A-C-A-C 

A-D-A-D-A-D 

A-D-A-A-A-D-A-D-A-D-A-D 

A-A-C-A-C-A-C 

A-C-A-C-A-A-C-A 

A-C-C-A-A-N-C-N-N-N-N 

A-A-A-C-A-C-A-C 

A-C-C-A-A-C 
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Sequences similar to the A repeats also present in other 

organisms, notably the C-terminal part of a dextranase inhibitor protein produced by 

S. sobrinus UAB 108 acting like a glucan binding protein (Sun et al., 1994), the 

choline-binding autolysins (Shah and Russell, 2002), and the toxins A and B of 

Clostidium difficile (Wren et aI., 1991) which are also characterized by conserved 

aromatic amino acids (tyrosine, phenylalanine) and glycine. 

Another classification of the repeating unit of the C-terminal 

domain is YG repeat based on a multiple duplication hypothesis (Giffard and Jacques, 

1994). They proposed that the repeat sequences evolve in response to selection for an 

increase in the number of copies of a particular domain through multiple duplication 

events occurring at different times (Figure 21). A following consensus sequences is 

NDGYYFxxxGx:xJr>x(GlN)xIf'Ir1f' (x, non-conserved amino acid residue; lfl, 

hydrophobic amino acid residue). The YG repeat can be found in both the A-D and N 

repeated and the outside sequences. Similar elements were also conserved in the cell 

wall binding domain of the Clostidium difficile toxins and the PspA protein of 

Streptococcus pneumoniae, suggesting that similar selective pressures had also been 

imposed on these sequences (Giffard and Jacques, 1994). The distribution of the YG 

repeat and their relationship with A-D repeat system was defined in Figure 22. 
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Figure 21. Diagrammatic representation of a hypothetical series of duplication 

and divergence events consistent with phylogenetic analyses that would give rise 
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to homologous regions coding for three sequential "YG" repeats within the 

GBDs of the GtfJ and GtfK of S. salivarius (Giffard and Jacques, 1994). 

tDOD , 

1000-, 

1000 
I 

1000 
! 

10110 , 
t:J 

1000 
1 

1100 . 

I) 

I 

1100 . 

HOO 

1100 
• 

1100 
! 
fir, 

' c::J 

lJlIO 
I 

c:J I I I 1 

c:::::J 

1100 
! 

lOoo 
! 

1DO 
I 

1200 , 

(:(ICO .,. 

1000 
I 

1200 
! 

1.300 '40D l~tXl 
1 , • 

1- I ' i t a iJ I - - E~ I I I I t I 
Cl c::l c::! c:I t:::J o (] 0 0 

1300 1000 
1 , 

.t J _, 1- , _, I , I I I , t 

13DO 
I 

1300 
! 

1400 

I ; I I, '0;) 
cut' 
YC 

ClCl~ 

.1000 
1 

I • 
CJ 

t2DO 
1 

1100 . 

200 

1 

1300 
1 

I I 1 I I 
CJ CJ 

1301} 
1 

I~OO .. 

8DO 
.L 

1400 
1 

• I CJ 

1400 
1 

t3QO 
. 1 

400 
· 1 

A 
C 

I 

cup 
,.~ 

A 

ll!oIID . 

elf" 
YO 

" c 

SO(l 
1 

CD 0 c:::r:J qfD 0 0 a 
Q El J::) 0 i:::J C) CJ .0 CJ 0 

~r .. 
YI; 

A 
I) 

(iU'J( 

'rei 
A 
II 

Figure 22. Location of the "YG" repeat in the GBDs of streptococcal Gtfs and 

the glucan binding protein (GBP) of S. mutans, and their spatial relationship 

with previously defined classes of repeats. Each scale represents the amino acid 

number of the GBD from an arbitrary beginning to the end of the polypeptide. 

The only exception is the GBP, where the entire polypeptide is shown (Giffard 

and Jacques, 1994). 
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2.2.2 Role in glucan binding 

The C-terminal domain has been proposed to responsible for a 

glucan binding. Conserved amino acid residues may be involved in binding with 

glucosidic units. The clustered aromatic residues (tyrosine, tryptophane and 

phenylalanine) may stabilize the binding between sugar and protein by interacting 

with the sugar unit. The polar (lysine, glycine and phenylalanine) or acid (aspartic 

acid) residues may allow hydrogen bond forming with hydroxyl residues of sugar 

(Monchois el ai., 1999). Amino acids like lysine, glycine, asparagine, or serine are 

able to introduce flexibility into the protein structure and may allow the glucosyl 

residue to be correctly orientated to the binding site (Lemieux, 1989). 

The secondary structure prediction for repeated units carried 

out by von Eichel-Striber and colleagues (von Eichel-Striber el aI., 1992) suggested 

that direct repeating units might be the structure of a functional binding pocket. An 

antiserum directed against a peptide TGAQTIKGQKL YFKANGQQVKG present in 

the C-terminal domain of S. downei Mfe 28 GTF-I inhibit glucansucrase activity 

(Smith el aI., 1993). A 17-kDa peptide coming from mild trypsic digestion of the C

terminal domain of S. sobrinus 6715 GTF-S was able to bind with glucan (Wong el 

al., 1990). 

The minimum number of these repeated units necessary to 

ensure glucan binding properties was also investigated. For GTF-S from S. mulans, 

the loss of only one C-terminal A repeated unit or of two N-terminal A repeated units 

is sufficient to suppress its binding capacity (Lis el aI., 1995). This difference tends to 

support the idea that all the units are not required in a similar way. Moreover, it 

appears that the number of required units is different for enzymes producing a soluble 

glucan than for those producing an insoluble one, the latter enzymes appearing less 

sensitive to deletions. (Monchois el al., 1999) The presence of only the first two N

terminal repeated units is sufficient for GTF-I and GTF-Ia to bind glucan (Ferretti el 

al., 1987; Kato and Kuramitsu, 1990) 
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More recently, the glucan binding assay of nested series of 

truncated forms of GlF-I or GBD of S. downei revealed that the binding capacity to 

dextran was proportional to the number of repeats (Figure 23; Shah and Russell, 

2002). From this study, a minimal of four repeats was necessary to remain the glucan 

binding. The results obtained have been confirmed and extended the earlier reports 

that the C-terminal truncation of GlF results in loss of glucan binding property. 

Moreover, they proposed that the C-terminal glucan binding region functions as an 

independent domain as it can efficiently bind dextran as well as the full enzyme (Shah 

and Russell, 2002). 
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Figure 23. Gluean binding activity. The bar chart shows the binding activity of 

the di_erent deletion mutallts as revealed by alkaline phosphatase activity 

measured 5 min after addition of substrate. The averaged results of three 

experiments are shown. The table shows the repeats possessed by each mutant 

(Shah and Russell, 2002). 

Besides many investigations on a C-terminal domain of GTF 

from oral streptococci, there were only few reports concerning about those of DSR 

from L. mesenteroides. Abilities to bind dextran of different dextransucrases were 

undertaken by the use of biotin-dextran to detect proteins electroblotted onto 

nitrocellulose membrane (Shah et 01., 2004). Figure 24 showed that neither 

alternansucrase and dextransucrases of strain B-1355, nor the dextransucrase of B-

512F, nor DSR-E of B-1299 bound dextran. The only Leuconostoc enzyme to bind 
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was DSR-B of B-1299, whereas strong binding was shown by the S. mutan GTF 

(Shah et aI., 2004). However, they were unsuccessful for expression of C-terminal 

domain of Leuconostoc dextran sucrase in E. coli. Thus, this lack of binding of the 

Leuconostoc DSR has not been confinned by gluean binding assay in a microplate. 

Figure 24. SDS-PAGE analysis of cell extracts from L mesenteroides and S. 

mutans strains. (A) Zymogram of active glucansucrases after SDS-PAGE 

separation and incubation in sucrose. (B) The same samples electroblotted and 

developed with biotin-dextran to detect glucan binding proteins. Lane 1, L 

mesenteroides NRRL 8-1355; lane 2, L mesenteroides NRRL 8-512F; lane 3, L 

mesenteroides NRRL 8-1299; lane 4, S. Mutans UA159; lane M, molecular mass 

ladder of 250, 150, and 100 kDa (arrows) (Shah et al., 2004). 

2.2.3 Role in enzyme activity 

GBD is also thought to be involved in the enzyme activity. The 

presence of the C-terminal gluean-binding domain seems to be necessary to keep an 

active enzyme. For GTF-D the loss of the C-terminal A repeated unit is sufficient to 

reduce the activity by of 90% (Lis et al., 1995). The truncation of the last 85 amino 

acid residues of the C-terminal domain of DSR -S resulted in only about 25% of the 

initial activity being retained (Monchois et aI., 1998). On the other hand, the enzymes 
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synthesizing predominantly a-I,3 linkages are less affected by deletions at the 

carboxyl terminus than the enzyme synthesizing a-I,6 linkages (Remaud-Simeon et 

aI., 2000). Some contradictory results show that it is difficult to precisely attribute a 

. clear role of GBD. However, the fact that with some deleted enzymes, hydrolytic 

activity remains, but glucan binding and synthesis properties disappears (Abo et al., 

1991, Kato et aI., 1990), shows that the C-terminal domain may be important for the 

polymer chain growth (Monchois et aI., 1999). 

The C-terminal domain seems also be involved in glucan 

structure determination. Deletion oftbe three C-terminal units (A-C) ofGTF-G led to 

an enzyme being obtained which produced an a(1-6) linked glucan whereas wild-type 

GTF-G produced a glucan composed by a(1-6) and a(I-3) glucosidic linkaged 

(Vickerman et aI., 1996). 

Recent experiment on successive deletions of the' C-terminal 

domain of DSR -S indicated that truncation of one N and C repeat affected 50% of the 

enzyme activity with no significant change in product formation (Figure 25; Moulis et 

aI., 2006a). On the contrary, deletion of an additional A repeat at the C-terminal end 

(DSR-S vardel ~) resulted in a dramatic decrease of initial activity by 99%. 

Moreover, shifting of dextran production from high molecular weight dextran to low 

molecular weight dextran was observed. They proposed that the A repeat may act as 

the anchor of the growing polymer to the enzyme surface, thus leading to efficient 

elongation of large size products (Moulis et aI., 2006a). It can be conclude that the C

terminal end has the role in elongation step and efficiency of polymer formation. 
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Figure 25. Schematic representation of the DSR-S-truncated variants and their 

relative activity. The four different domains: (i) signal peptide, (ii) variable 

region, (iii) catalytic domain, and (iv) C-terminal domain, and the repeated units 

A, C, and N (shaded boxes) are localized according to Monchois et ale (Monchois 

et al., 1998; Moulis et al., 2006a). 

3. Directed evolution 

In the past several years, directed evolution has become an alternative approach to 

rational design for the improvement of structural and functional properties of proteins 

or enzymes. The directed evolution does not rely on the understanding of enzyme 

structure-function relationship, but rely on the simple and powerful Darwinian 

principles of mutation and selection (Johannes and Zhao, 2006). According to the 

Darwin's own accounts "The key (of breeding) is man's power of accumulative 

selection: nature gives successive variations; man adds them up in certain directions 

useful to them" (Darwin, 1859 cited in Woodyer et ai., 2004). As shown in Figure 26, 

the directed evolution is starting by generation of genetic diversity from a target gene 

or a family of related gene. This step is typically accomplished by random 

mutagenesis and gene recombination. The mutated gene library is cloned into an 

expression vector and then transformed to host cells. The variant proteins are sorted 

for the desired character by screening or selection and those genes whose encoding 
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improved proteins, are used as the parents for the next round of evolution. This 

process of improvement is repeated until the goal is achieved (Woodyer el ai., 2004). 

random 
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Figure 26. Schematic representation of directed evolution. As with Darwinian 

natural evolution, genetic diversity is introduced into a target gene through 

random mutagenesis or gene recombination. Functionally improved mutants are 

first identified by a selection or high throughput screening method and then used 

as the parents for next round of evolution. The process will be repeated until the 

goal is achieved (Woodyer et al., 2004). 

3.1 Generation of mutant library 

Numerous artificial evolution techniques were developed in the past decade 

and have enhanced the process of gene manipulation (Ashie, 2003). For random 

mutagenesis, many effective methods such as UV radiation, mutator strains, and 

error-prone polymerase chain reaction (EP-PCR). Among these methods, EP-PCR is 

by far the most common approach (Woodyer el al., 2004). In addition, gene 

recombination is alternative method for increasing genetic diversity. Compare to the 

random mutagenesis, the gene recombination can accumulate beneficial mutations 

while simultaneously removing deleterious mutations (Woodyer et al., 2004). 

Examples of the gene recombination method are DNA shuffling, staggered extension 

process (StEP), random priming recombination, random chimeragenesis on transient 
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templates (RACHITI), and incremental truncation for the creation of hybrid enzymes 

(ITCHY), etc. 

3.1.1 Error-prone PCR (Ep-PCR) 

Ep-PCR utilizes a low-fidelity Taq polymerase to induce 

nucleotide substitutions in the gene during PCR amplification. The polymerization is 

performed at conditions which reduce the fidelity of the polymerase such as unequal 

concentration of nucleotide bases, inclusion of Mn2
+, and varying concentration of 

Mi+ (Woodyer et al., 2004). Then, the resulted variants are contained random point 

mutations along the gene. A wide range of substitutions can be obtained by this 

process, including AT to GC and GC to AT transitions, as well as AT to T A 

transversions (Fromant et aI., 1995). However, the Taq polymerase usually inserted 

nucleotide substitution with bias toward AT to GC changes (Cirino et al., 2003). 

Nowadays, commercial enzyme with rather equal the nucleotide substitution is also 

available as Mutazyme II (Strategene). Because of the changes in the Ep-PCR being 

intragenomic, it is also referred as 'asexual PCR' (Ashie, 2003). One limitation of the 

Ep-PCR is only small size of fragements (less than 800 bp) can be processed (Ash ie, 

2003). 

3.1.2 DNA shuffling 

DNA shuffiing is an in vitro recombination of homologous 

genes firstly invented by W.P.c. Stemmer (1994). The process involves the random 

fragmentation of parental sequences, assembly of two or more DNA segments into a 

full-length gene by repeated cycles of denaturation, annealing, and extension in the 

presence of polymerase (Figure 27). These hybrids are amplified by PCR and then a 

shuffiing library is eventually generated (Ash ie, 2003). Before the assembly, the 

segments are often subjected to random mutagenesis by error-prone PCR, random 

nucleotide insertion or other methods (Harayama, 1998). Unlike the error-prone PCR, 

the DNA shuffling is mentioned as "sexual PCR", since it allows mixing of genetic 

material between different parental sequences (Abies, 2003). 



DNAIoeI • 

Figure 27. DNA Shuming (Ashie, 2003). 

•• ...... 
Pt. 1 

52 

DNA shuffling, however, usually introduces new point 

mutations at relatively high rate (0.7%). Even though, these point mutations may 

useful for increasing the diversity of some applications, they are problematic for 

others. Much lower mutation rates are desired, for example, during in the in vitro 

evolution of long genes or whole operon, or during recombination of beneficial 

mutations already identified previously, or Family shuffling with ssDNA (Zhao and 

Arnold, 1997). The fidelity of DNA shuffling can enhance by addition of Mn2+ 

instead of M~+ during the DNase I digestion (Lorimer and Pastan, 1995), the choice 

of DNA polymerase used during gene assembly, and preparation of DNA by plasmid 

digestion (Zhao and Arnold, 1997). 

3.1.3 Random-priming recombination (RPR) 

An alternative method of recombination named random

priming recombination was developed by Shao et af. (1998). In this technique, 

random sequence primers are used to create several short DNA fragments 

complementary to different sections of the template sequences (Figure 28). Little 
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point mutations can be occurred owing to base misincorporation and mispriming. 

Then, these short DNA fragments can prime one another base homology, and be 

recombined and reassembled into full-length genes by thermocycling in the presence 

of a thermostable polymerase. The conventional peR is performed for further 

amplification of the full-length genes. The following steps are cloning, 

transformation, expression and then screening or selection for desired protein. 
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Figure 28. Random-priming in vitro recombination (RPR). (i) Synthesis of short 

single-stranded DNA fragments from random-sequence primers. X's indicate 

newly introduced mutations. (ii) Template removal. (iii) Reassembly and 

amplification. (iv) Cloning and screening (or selection). (v) Cycle is repeated 

until desired functional improvement is achieved (Shao et al., 1998). 

Advantages of RPR over DNA shuffling are: (a) the RPR can 

directly use single-stranded polynucleotide templates without an intermediated step 

for synthesizing the whole second strand. Mutations and/or crossovers can be 

introduced by using Taq polymerases. (b) No digestion by DNase I required, so it is 

not necessary to remove the DNase I before fragment reassembly into full-length 

sequence, (c) Using synthetic random primer is uniform in their length and 
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distribution resulting in a low sequence bias. (d) DNA fragment as small as 200 bp 

can be primed equally as well as large DNA molecules (Shao et aI., 1998). 

3.1.4 Staggered extension process (StEP) 

The staggered extension process (StEP) is based on priming the 

template sequences followed by repeated cycles of denaturation and extremely 

shorted annealing/extension step of PCR (Zhao et aI., 1998). As illustrated in Figure 

28, the growing fragment anneals to different templates according to sequence 

complementary and extends continually in each cycle. The switching template will be 

occurred in each short cycle until full-length sequences formed. When the product 

yield is low, the full-length chimeric genes can be amplified by a conventional PCR. 

Compared to other recombination techniques, the StEP is much simpler and less labor 

intensive and can be performed using a pair of flanking primers in a single PCR tube 

(Zhao, 2004). -A =t 
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Figure 29. Schematic representation of the StEP in vitro recombination method. 

Only one primer and single strands from two parental genes (templates) are 

shown. (A) Denatured template genes are primed with one defined primer. (B) 

Short fragments are produced by brief polymerase-catalyzed primer extension. 

(C) Through another cycle of StEP, fragments randomly prime the templates 

(template switching) and extended further. (D) This process is repeated until 

full-length genes are produced. (E) Full-length genes are purified and 

(optionally) amplified in a peR reaction with external primers. (Woodyer et al., 

2004). 
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3.1.5 Incremental truncation for the creation of hybrid enzymes 

(ITCHY) 

A combinatorial approach to generate fusion libraries between 

two gene fragments called incremental truncation for the creation of hybrid enzymes 

(ITCHY) with independent DNA homology was first described by Ostermeier et al. 

(1999). The ITCHY does not rely on the parental sequence homology to create 

crossovers, but the truncation libraries are generated by digestion of the parental 

genes with exonuclease III under controlled conditions (Lutz et ai., 200 I). The 

process involves protecting one end of a linear DNA containing the gene of interest, 

while the other end is made susceptible to the exonuclease III digestion (Figure 30; 

Ashie, 2003). The digestion is preceded at very low rate to produce different truncated 

forms in the library. The single-stranded DNA was removed by S I nuclease digestion. 

The following steps are ligation, transformation, and expression of truncated variants. 

This approach allows the more diverse set of functional fusion created than DNA 

shuffling and is able to identify functional structural motifs such as binding and 

catalytic domains of enzymes (Ostermeier et ai., 1999; Ashie, 2003) . 
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Figure 30. Incremental truncation (Ashie, 2003). 
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3.1.6 Random chimeragenesis on transient template (RACIDTT) 

The random chimeragenesis on transient template (RACHITf) 

is a gene family shuffling technique that aligns donor fragments on a full-length 

template (Coco et aI., 2001). From the Figure 31, one of parent genes is used as a 

transient scaffold where complementary fragments of the other parents anneal. 

Unhybridized fragment termini are trimed by endonuclease activity of Taq DNA 

polymerase and then gaps are filled by Pfu DNA polymerase. These trimming 

reactions have a potential to reduce the size of the shuffled fragments and increase the 

number of recombination per gene (Farinas et aI., 2001). In this method, no 

thermocycling, strand switching, or staggered extension is required, but rather the 

trimming, gap filling, and ligation of parental gene fragments hybridized on a 

transient DNA template. Moreover, it can be evolved clones from 4 to 14 parents 

simultaneously, including mixed, uncharacterized gene and/or significantly more 

divergent parental genes (Coco et aI., 2001). The exploitation of a bottom-strand 

template from only one parent and only top-strand fragments of other parents can 

prevents the parental fragment from reannealing to their own complementary stand 

(Coco et al., 2001). However, the choice of the scaffold will probably influence the 

outcome of the experiment, as sequences that are similar to the scaffold will be 

incorporated more frequently into the chimeras (Farinas et aI., 2001). 
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Figure 31. Random chimeragenesis on transient templates (RACIDTT) (Coco et 

aL,2001). 
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3.2 Screening or selection of the mutant for desired properties 

One of the most critical steps of directed evolution approach is finding the 

desired mutants by screening or selection of the libraries. The screening is the process 

that all members in the library are assayed individually by using biochemical or 

biophysical analysis (Woodyer et al., 2004). This process can be performed in either 

agar plates or microtitre plates (96- or 384-well plates). For the agar plate, the change 

of color can be detected by direct visualization or by digital image analysis. On the 

microplate, most screens involve transferring individual colonies to the microplate 

containing culture medium, growing the cells until stationary phase, and inducing 

protein expression. An additional cell lysis is carried out, when the desired protein is 

intracellular expressed to release cellular contents. Eventually, enzymatic activity is 

assayed with a microplate reader spectrophotometer (Salazar and Sun, 2003). 

In a selection, the target protein is linked to the survival or growth of the host 

organisms where the desired property will grow or grow faster. The selection is often 

achieved by genetic complementation of host organisms that are deficient in a certain 

pathway or activity. Using selection, large libraries of protein variants can be 

performed and the size of the library is limited only by the cell transformation 

efficiency. Unfortunately, it is very difficult to couple the selected enzymes or 

proteins to the growth or survival of the microorganism. Moreover, host organisms 

often create solutions that not related to the target enzyme feature as complexity of 

genetic regulatory network. Thus, extra care must be taken to ensure the positives are 

indeed the result of the mutations in the target enzyme (Woodyer et al., 2004). 

Another consideration for the screening/selection of desired protein is the 

number of mutants capable to screen. Designing the experiment for high-throughput 

variants with a short time period is very challenge. The often screening limits the 

number of library members approximately 104_106
, even with the use of robotic 

technology (Woodyer et aI., 2004). Therefore, it is beneficial to develop and validate 

the effective screening or selection process for each desired characteristic. For 

example, the screening for protein solubility and heterologous protein expression can 

be done in two ways: screening/selecting for the activity of a fusion partner or a 



58 

reporter protein, or screening/selecting for the protein's own function (Roodveldt et 

aI., 2005). Using a C-terminal fusion green fluorescent protein (GFP) as solubility 

reporter was applied to the screening of TEV protease (van den Berg el aI., 2006). In 

this method, high level of soluble expressed protein resulted in high fluorescent 

intensities. Moreover, dot blot technique has been successive applied to anti-His 

antibody to detect the expressed protein. This antibody was conjugated with enzyme 

producing signal such as anti-His-HRP (Nguyen et al., 2006; Vincentelli et al., 2005). 

3.3 Recent applications of directed evolution 

Many directed evolution approaches have been established over the part 

decade. It has been successfully to engineer various proteins for improvement of their 

natural characteristics such as enzyme activity, substrate selectivity, enzyme secretion 

and solubility. 

3.3.1 Enzyme activity 

The activity of enzyme is naturally too low for commercial and 

therapeutic applications; therefore it is necessary to improve enzyme activity by 

directed evolution (Johannes and Zhao, 2006). DNA shuffling has been successively 

applied to the directed evolution ofN-acetyltransferase (GA'D that the variant has the 

activity over 10000 folds compared to the wild-type enzyme after 11 rounds of the 

shuffling (Castle el al., 2004). In addition, different mutagenesis techniques such as 

epPCR, DNA shuffling, and DNA family shuffling have also been used to enhance 

activity of lipase enzyme (Fujii et al., 2005; Qian and Lutz, 2005; Suen et al., 2004). 

Another recent target of directed evolution is a barley a-amylase. Engineering of the 

a-amylase by three rounds of epPCR and DNA shuffling was resulted in a 1,000 folds 

of total activity compared to that ofthe wild-type enzyme (Wong el aI., 2004). 

3.3.2 Stability 

Many industrial applications require enzymes that can function 

at high temperature or in non-natural environments such as in organic solvent 

(Johanne and Zhao, 2006). Combination of epPCR and DNA shuffling was found to 

increase thermostability of f3-glucoronidase in E. coli (Flores and Ellington, 2002). 
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For N-carbamyl-D-amino acid amidohydrolase, the DNA shuffling provided an 

increase in both thermostability and oxidative stability (Oh et aZ., 2002). 

3.3.3 Solubility and heterologous expression 

High level production of stable and functional proteins remains 

the bottleneck of many scientific researches including structural determination and 

protein-protein interaction. One example of using directed evolution for increasing the 

protein solubility is that the solubility of phosphotriesterase from Pseudomonas 

diminuta was improved 20-fold by epPCR and DNA shuffling (Roodveldt and 

Tawfik, 2005). In addition, Waldo et al. (1999) evolved the highly insoluble 

nucleotide diphosphate kinase from Pyrobaculum aerophiZum into a 90% soluble by 

DNA shuffling and active variant that enabled the determination of its crystal 

structure (Pedelacq et aZ., 2002). Using epPCR and DNA shuffling was reported to 

increase the solubility of tobacco etch virus protease for 5 folds of the wild-type with 

retained activity (van den Berg et aZ., 2006). Moreover, incremental random N

terminal deletion was enhanced the solubility of 14 from 19 "hard to express" 

mammalian proteins (Comvik et aI., 2006). 



CHAPTERm 
MATERIALS AND MEmODS 

1. Bacterial strain, vectors, and culture conditions 

1.1 Bacterial strain 
Escherichia coli TOP I 0 cells (Invitrogen) were used as cloning and 

expression host in all following experiments. Genotype of the TOP I 0 strain is F 

mcrA L\(mrr-hsdRMS-mcrBC) cjl80lacZL\M15 L\lacX74 recAI dooR araD139 L\O(ara

leu)7697 galU galK rpsL (sf?) endAI nupG. The strain is capable to transport L

arabinose, but could not metabolize it. This is compatible to pBAD expression system 

where enable recombinant protein production in this study. 

1.2 Vectors 

Table 9. Vector characteristics and source. 
Plasmid Characteristic 

pBADffOPO thiofusion 

j 
J, 

pBADffOPO TA 

Resistance to ampicillin, 

Expression in E. coli is driven by 

the araBAD promoter; 

Recombinant proteins are 

expressed as fusions to His-Patch 

thioredoxin for high-level 

expression and simple 

purification. 

Resistance to ampicillin, 

Expression in E. coli is driven by 

the araBAD promoter, Providing 

polyhistidine tag at C-terminus of 

desired proteins. 

Reference 

Invitrogen 

Invitrogen 
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1.3 Culture conditions 

Media formula 

All bacterial cultures were typically grown In LB (Luria-Bertani) 

medium or 2XYT rich medium. In case of expression the target protein, the medium 

was supplemented with 100 mM Tris HCl to pH 6.4. For E. coli carrying ampicillin 

resistant plasmid, 100 /lg/ml of filtered-sterilized ampicillin was finally added before 

inoculation. Solid media were prepared for isolation and propagation of E. coli 

colonies. 

LB 

Tryptone 

Yeast extract 

NaCI 

Agar (for solid media) 

2XYT 

Tryptone 

Yeast extract 

NaCI 

Agar (for solid media) 

SOC 

Tryptone 

Yeast extract 

NaCI 

MgS04 

MgCh 

Adjust to pH 7.0 with NaOH. Autoclave. 

10 gi l 

5 gil 

10 gi l 

15-20 gi l 

16 gi l 

10 gi l 

5 gi l 

15-20 gi l 

10 gi l 

5 gi l 

5 gi l 

10mM 

10mM 

Add filter-sterilized glucose to a final concentration of 20mM. 
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Growth condition 

Bacterial cells from glycerol stock or from a single colony were 

inoculated into vials containing LB-ampicillin medium. The cultivation was preceded 

at 37°C overnight with vigorously shaking. These bacterial cultures were generally 

used as sources for plasmid extraction or as a starter culture for recombinant protein 

expression. 

1.4 Bacterial storage 

The bacterium was grown at 37°C overnight with vigorous shaking. All 

strains were stored at -20°C and -80°C in 15% (v/v) glycerol or 4 °C in solid media. 

1.5 Preparation of competent cells 

In particular case, competent E. coli TOPIO cells were manually prepared 

instead of commercial chemically TOP 1 0 competent cells (Invitrogen). The 

competent cells were prepared by DMSO method as described by Inoue et af. (1990). 

From glycerol stock, starter culture was prepared in 2 ml ofLB and growed at 37°C 

overnight. Then, Erlenmeyer flask containing 100 ml of SOC was inoculated by the 

overnight culture to an 00600 of 0.025 and incubated at 18°C until the OD600 = 0.6. 

The culture was placed on ice for 10 min and centrifuged at 3,800 rpm for 10 min at 4 

°C. The pellet was resuspended gently in 30 ml of cold TB and incubated on ice for 

15 min. After that, the cell solution was centrifuged again at 3,800 rpm for 10 min at 4 

°C. The pellet was resuspended gently in 8 ml of cold TB and then added 560 ,.11 of 

DMSO. That solution was placed on ice for 10 min. Finally, the cells were aliquoted 

into 50-100 J.Ll and freezed in liquid nitrogen. The competent cells were stored at -80 

0c. 
TB 

Pipes 10mM 

CaCb 15mM 

KCI 250mM 

MnCb 55mM 



Adjust pH to 6.7 with KOH prior to adding MnCh. 

Sterilizationn using 0.2 JlIll filters. 
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2. Molecular biology techniques 

2.1 Polymerase Chain Reaction (PCR) 

2.1.1 Primers 

Table 10. Primer sequences. 

Primer name 

ForGBD 

RevGBD 

GBDIF 

GBD3R 

GBD5F 

GBD7R 

GBD9F 

GBDIOF 

GBDllF 

GBD12R 

GBDJ3R 

GBD14F 

GBD15R 

GBD16R 

GBD17F 

GBD18R 

Nde(gbd7F 

Cde(gbd7F 

Cdel..Ebd7R 

CodLeArgF 

CodLeArgR 

CodJleF 

CodIleR 

pBADF 

TrxF 

pBADR 

Sequence (5' to 3') 

3568-ACCATGGA T AA T AACTA TT ACTA TTTTGA T-3591 1 

4581-GGCfGACACAGCATTTCCATTATTATCAAA-4552 

3577-TATTACfATTTTGATAAAACAGGTCATT-3604 

3966-TTGA TTCTT ACTA TTTTGCACAT AAC-3941 

3967-TGGTTCf A TTTTGA TGGT AA TG-3988 

4269-TTGCAA TACAAACCCfGTTTTCGCACG-4243 

427O-GATGGTGT ACf AAGATACTTCGATCA-4295 

4063-GGTGAA TTCA TTGATGCAGACGGOOATA-4090 

4189-AATCAGTATTATCAATTAGCAGATOOTAAA-4218 

4545-AACCITACCCTGAGCACITATTAAAG-4519 

4431-AGCATCTGTT AAA TACCA TTT ACCTTGA T A-4402 

4090-ACTTTCf A TACGAGTGCCACTGA TGGTCGC-4119 

4326-AA TGA TAGCATCfTTCACTTGCTCACCGTT -4297 

4389-AI I I I I I ACAGCGACACCITGTGTTGCATT-4360 

4195-T A TT A TCAA TT AGCAGATGGT AAA TA T A TG-4224 

4470-GTCGTCAACfGCfTT AAAACCTTTGA T AAG-444 I 

ACCATGGCTGCAGCfGTCTGAATTCTGAATCAGTATTATCAATTAGCAG 

ACCATOOATAATCAGTATTATCAATTAGCA 

CTGCAGGTTAGTGAATTCGGCTGACACAGCATTTCCATTAT 

CAAGATGGTGTACTGCGCTACTTC 

GTTTTGATCGAAGTAGCGCAGTACACC 

ACAAAAGATAGTGCfTTAATTAGTGCTCAG 

CITACCCTGAGCACTAATTAAAGC 

ATGCCATAGCATTTTTATCC 

TTCCfCGACGCTAACCTG 

GATTTAATCfGTATCAGG 

Neol site = CCA TOO; Pstl site = CTGCAG; EcoRl site = GAA TTC 
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Standard peR 

Reaction mixtures 

Plasmid DNA 1 J-li 

Forward primer (10 J.1M) 1 J-li 

Reverse primer (10 J.1M) 1 J-li 

dNTPs (2.5 mM each) 4 J-li 

lOx enzyme buffer 5 J-li 

Enzyme 0.5 J-li for Expand high fidelity enzyme mix (Roche) or 

I J-li for Dynazyme EXT (Finnzymes) 

Sterile water x J-li to final volume 50 J-li 

Thermal cycling 

Initial denaturation 94°C 5 min 

Denaturation 94 °C 5 s 

} x30cycles Annealing 55°C 15 s 

Elongation 72 °C min 

Final elongation 72 °C 7 min 

Cooling 15°C 00 

2.1.3 Inverse PCR 

Reaction mixtures 

5x Phusion GC buffer 

Plasmid DNA 

Forward primer (10 J.1M) 



2.1.4 

Reverse primer (10 J.1M) 

dNTPs (2.5 mM each) 

DMSO 

III 

4 III 

1.5 III 

Phusion DNA polymerase (Finnzyme)0.5 III 

Sterile water 

Thermal cycling 

Initial denaturation 98°C 

Denaturation 98 °C 

Annealing 56 or 60 °C 

Elongation 72 °C 

Final elongation 72 °C 

Cooling 15°C 

ColonyPCR 

Reaction mixtures 

Forward primer (10 J.1M) 

Reverse primer (10 J.1M) 

dNTPs (2.5 mM each) 

lOx enzyme buffer 

Taq DNA polymerase (5U/IlI)(Biolabs) 

1 min 

10 s 

15 s 

3 mm 

10 min 

0() 

III 

1 III 

4 III 

5 III 

0.5 III 

Sterile water 38.5 III 
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} x30cycles 

Single colony was picked to the reaction tube by yellow pipette tip 

before adding Taq DNA polymerase. 
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Thermal cycling 

Initial denaturation 94°C 10 min 

Denaturation 94°C 5 s 

} x30cycles Annealing 40°C 15 s 

Elongation 72 °C min 

Final elongation 72 °C 7 min 

Cooling 15°C 00 

2.2 Plasmid extraction 

Plasmid extraction was performed using QIAprep Miniprep kit (Qiagen) or 

QIA Maxi prep kit (Qiagen) based on alkaline lysis method followed by DNA 

adsorption onto silica membrane in the presence of high salt. The plasm ids were 

sometimes purified by alkaline lysis minipreparation (Ausubel et al., 1988). 

QIAprep Miniprep kit (Qiagen) 

An 1 to 5 ml overnight culture of E. coli in LB medium was centrifuged. The 

pellet was resuspended in 250 III Buffer PI. Buffer P2 was added and gently invert 

the tube 4-6 times to mix. 350 III Buffer N3 was added and inverts the tube 

immediately but gently 4-6 times. The tube was centrifuged for 10 min at 13,000 rpm. 

The supernatant was applied to the QIAprep spin column and centrifuged for 1 min. 

The flow-through was discarded. The column was washed by adding 0.75 ml Buffer 

PE and centrifuged for 1 min. The flow-through was discarded and then the column 

was centrifuged for an additional I min to remove residual wash buffer. The QIAprep 

column was placed in a clean 1.5 ml microcentrifuge tube. To elute DNA, 30-50 III 

Buffer EB (10 mM Tris-CI, pH 8.5) was added to the center of each QIAprep spin 

column, stands for 1 min, and centrifuged for I min. 
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QIA Maxi prep kit (Qiagen) 

Plasmid purification using QIAGEN plasmid maxi kit was applied for large 

scale plasmid preparation. This protocol is based on a modified alkaline lysis 

procedure, followed by binding of plasmid DNA to anion~xchange resin. 

Contaminants such as RNA, proteins, dye, and nucleotides are removed by a medium 

salt wash. Plasmid DNA is eluted in a high-salt buffer and then concentrated and 

desalted by isopropanol precipitation. 

An 100 - 300 ml of overnight culture in LB was centrifuged at 6000 xg for 15 

min at 4°C. The pellet was resuspended in 10 ml ofbufIer PI which was previously 

added RNase A and pipetted up and down until no cell clumps remain. Then, 10 ml of 

buffer P2 was added and mix thoroughly by inverting the tube 4-6 times. The tube 

was incubated for 5 min at room temperature. 10 ml of pre-chilled buffer P3 was 

added, mix immediately by vigorously inverting 4 - 6 times, and incubated on ice for 

20 min. The tube was centrifuge at 20,000 xg for 30 min at 4°C. Supernatant was 

placed to a new tube and centrifuge again. The soluble fraction was then transferred to 

QIAGEN-tip 500 which was equilibrated by applying 10 ml of buffer QBT and 

allowed it to enter the resin by gravity flow. The column was washed by adding 2x30 

ml of buffer QC. The plasmid DNA was eluted with 15 ml of buffer QF and 

precipitated DNA by applying 10.5 ml of isopropanol. The mixture was mixed and 

centrifuged immediately at 15,000 xg for 30 min at 4°C. The supernatant was 

carefully decanted and the pellet was washed with 70% ethanol. The centrifugation 

step was carried out again at 15,000 xg for 10 min and the supernatant was gently 

decanted. Finally, the plasmid solution was obtained by air-dry the pellet and then 

dissolved in 1 to 2 ml ofTE buffer. 

Alkaline lysis minipreparation (Ausubel et a!., 1988) 

An 1 to 5 ml overnight culture of E. coli in LB medium was centrifuged at 

maximum speed for 20s. Supernatant was then discarded and pellet was resuspended 

in 250 III of GTE solution. Let the tube stand for 5 min at room temperature. 250 III of 

NaOHlSDS solution was added and mixed by tapping the tube with fingers and 

incubated on ice for 5 min. 350 III of potassium acetate solution was added and vortex 
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the tube for 2 s. The tube was incubated on ice for 5 min. Centrifuge for 10 min and 

the supernatant was then transfer to a new tube. 0.8 ml of 95% ethanol was added and 

let the tube stand for 2 min at room temperature. Centrifuge the tube again and discard 

supernatant. The pellet was washed by 1 ml of 70% ethanol. Air dries the pellet. 

Redissolve the pellet with 30 J.11 TE buffer pH 8.0. Plasmid DNA was stored at 4 °C or 

-20°C. 

GlucoseffrislEDTA (GTE solution) 

Glucose 50 mM 

Tris-CI pH 8.0 25 mM 

EDTA 10mM 

Autoclaved and stored at 4 °C 

Added 10 J.lgIml RNase A. 

5 M potassium acetate solution 

Glacial acetic acid 29.5 ml 

KOH pellets to pH 4.8 

H20 to 100 ml. Stored at room temperature. 

2.3 DNA purification 

NaOHlSDS solution 

NaOH 0.2M 

SOS 1% (w/v) 

Freshly prepared from 10 M 

NaOH and 10% SDS stock. 

Both DNA in aqueous solution and agarose gel were isolated using QIAquick 

Gel Extraction Kit (Qiagen). This system employ silica-gel membrane and buffer to 

remove comtaminants on column as described above. 

2.4 DNA visualization 

DNA fragment or plasmid was migrated on agarose gel in O.5x TAE buffer. 

Percentage of agarose gel was varied depend on size of target DNA from 0.8 % to 

3%. DNA was mixed with loading dye and run together with the molecular weight 

marker. The electrophoresis was carried out at 100-135V. The gel was immersed in 

ethidium bromide solution for 15-20 min. To visualize DNA, the gel was exposed 

under UV light. 
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SOxTAE lOx loading dye 

Tris base 242 gil Glycerol 50% 

EDT A (0.5M, pH 8.0) 100ml Bromophenol blue 0.2% 

Acetic acid 57.1 ml Xylene cyanol FF 0.2% 

2.S Restriction enzyme digestion 

Different restriction enzymes with various recognition sites were purchased 

from New England Biolabs. Typically, the restriction enzyme digestion was used for 

analysis of positive clone. The reaction mixture was prepared in a microcentrifuge 

tube as described below to a final volume of 30 J.d. Then, the tube was incubated at 

optimal temperature of each enzyme for 1 h. Most of restriction enzymes digested 

specifically at 37°C. The digestion was finished by heat inactivation at 65-80 °C for 

20 min and subsequently visualized the restriction fragments on agarose gel. 

Moreover, the restriction enzyme digestion was applied for DNA preparation in 

further experiment such as cloning. In this case, the total volume and reaction time 

may increase to 100-500 ml and 3 h respectively. 

Digestion mixture 

Combine the following in order; 

I5.51l1 sterile H20 

3 III lOx Buffer 

1 III BSA (for some restriction enzymes) 

10 III DNA 

0.5 III Enzyme 

2.6 Cloning and transformation 

Target DNA were cloned into pBADffOPO Thiofusion or pBADffOPO TA 

vector to yield fusion proteins with a C-tenninal polyhistidine tag and for the fonner 

with a N-tenninal Thioredoxin tag. These vectors employ topoisomerase I properties 

to bind the duplex DNA at specific site and cleave the phosphodiester backbone after 

5' CCCTT in one stand. Purified DNA fragments were amplified by standard PCR 
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and followed by DNA extraction on agarose gel using QIAquick gel extraction kit. 

0.5 to 4 Jil of target DNA was ligated to 1 Jil of linearized vector in optimal salt 

condition. Sterile water was added to a total ligation reaction of 6 Jil. The reaction was 

mixed gently and incubated at room temperature for 30 min. 3 Jil of the cloning 

reaction was pipetted to a vial of chemically competent cells and mixed gently. The 

vial was placed on ice for 30 min. The cells were heat-shocked for 30s at 42°C and 

immediately transfer the tube on ice. 250 J!l of SOC medium was applied to the tube. 

The cells were re-grown at 37°C for 1 h 30 min with horizontally shaking at 200 rpm. 

The transformants were spreaded onto room temperature LBA agar plate and 

incubated at 37°C overnight. The positive colonies were analyzed by restriction 

enzyme and DNA sequencing to be sure for orientation as well as insertion. 

2.7 DNA Sequencing 

All recombinant constructs m this study were sequenced by Macrogen 

(Korea), Millegen (France), or Genome Express (France). 

2.8 Mutagenesis 

2.8.1 Unidirectional deletion using Exonuclease m 

In order to reduce a size of GBD-7 peptide, nested truncation libraries 

of GBD-7 was generated using Erase-a-Base system (Promega) which relies on 

digestion of Exonuclease III (Exo III) from a chosen DNA end. Exo III was able to 

digested 5' overhang or blunt end DNA but not able to cut 3' overhang end DNA. 

From this property, the unidirectional deletion variants could be generated by 

including restriction site of susceptible 5' overhang adjacent to the target gene side 

and resistant 3' overhang near to protective side of template plasmid (Figure 32). 

Both N- and C- terminal directional template have been previously 

constructed using specific primers in order to position Pstl (3' overhang) and EcoRI 

(5' overhang) recognition site. Template plasmid was prepared using QIA Maxi prep 

kit and then sequentially incubated with Pstl and EcoRI at 37°C for 3 h each. 5 Jig of 

double-restricted target DNA was treated with 300 U ofExo ill at 10°C for 7.5, 15, 
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and 30 min. Subsequently, samples were added to tubes containing 2.25 U of S I 

nuclease and stand at room temperature for 30 min for removal of remaining single

stranded regions. Then, the reaction was neutralized by adding S I stop buffer and heat 

inactivated the S I nuclease at 70°C for 10 min. The DNA samples were precipitated 

by adding 0.3 volume of 7.5 M ammonium acetate and 2 volume of 100% ethanol. 

The tubes were well mixed and incubated at -20°C overnight. 

The next day, the tubes were centrifuged at 12,000 xg for 5 min. The 

supernatants were carefully discarded and the pellets were washed with 0.5 l.tI of 70% 

ethanol. The tubes were centrifuged again. The pellets were dry under vacuum for 15-

30 min and resuspended with appropriate amount ofTE buffer. 

The samples were placed at 37 °C and added a Klenow reaction 

mixture containing 0.15 U of the enzyme to fill in the ends. The tubes were incubated 

for 3 min and then dNTP mix was added. The reactions were preceded for 5 min. 

Then, the samples were heated at 65°C for inactivation of the Klenow. The clustered 

deletions of vector were re-ligated by adding ligase mix containing 0.2 U of T4 DNA 

ligase and incubated at room temperature for I h. 5 JlI of the ligation product was 

transformed to competent E. coli TOP I 0 cells. 

! KIf!nCJW. aNTPI 

00'00 
• UWlSIcrrn. pi". _ec1 

oc:<mlec/l>taqueo ~e 

Figure 32. Schematic diagram of the Erase-a-base protocol (promega). 
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2.8.2 Site-directed mutagenesis by inverse PCR 

In vitro site-directed mutagenesis was accomplished using inverse 

PCR. Two overlap primers containing a desired mutation were designed and used for 

synthesis of whole wild-type plasmid using a Phusion DNA polymerase at condition 

described in Protocol 2.1.3. After the PCR cycling, all PCR mixtures were treated 

with 20 U of DpnI at 37 °C for 1 h in order to eliminate methylated parental plasmid. 

The mutated plasm ids were discriminated on 0.8% agarose gel and purified using a 

column kit. The DpnI -treated DNA was transformed into competent E. coli TOP 1 0 

cells. The positive clones were analyzed by restriction digestion and Sequencing. 

3. Recombinant protein production and preparation 

3.1 Protein expression 

For protein expression, cultivations were performed as described before for 

recombinant DSR-S expression (Moulis et ai., 2006b) at 16, 23, or 30 °C in 2XYT

tris pH 6.4 with overnight preculture to an OD600 of 0.2. When the OD600 equal to 0.6, 

the recombinant proteins were induced by adding 0.02 % (w/v) filter-sterilized L

arabinose. Cells were harvested by centrifugation at 6,500 rpm for 15 min at 4 °C. 

Cells were concentrated to an OD600 DID of 80 in sonication buffer and sonicated. Cell 

debris were eliminated by centrifugation at 13,000 rpm 15 min at 4 °C. 

PBS buffer pH 7.2 

Potassium phosphate 50 mM 

NaCI 150 mM 

Adjust pH to 7.2 with 1 N NaOH 

3.2 Protein purification 

3.2.1 Protein purification onto Ni-NT A matrix 

Sonication buffer 

CaCh 

PMSF 

0.05 gil 

ImM 

In PBS buffer pH 7.2 

For purification using His tag and Ni-NTA resin (Qiagen), one volume 

ofNi-NTA slurry was added to 4 volumes ofGBD extracts for 2 h of binding at 4°C. 

Washes were performed with 4 volumes of washing buffer and repeated 3 times. 



73 

Proteins were eluted using 8 volumes of elution buffer. The fractions of interest were 

dialyzed overnight against PBS buffer pH 7.2. The protein content was checked by 

SDS-PAGE electrophoresis, and quantified by Microbradford assay with BSA as 

standard. 

Washing buffer Elution buffer 

Imidazole 20 mM imidazole 250mM 

NaCl 1 M in sonication buffer 

in sonication buffer 

3.2.2 Protein purification onto Cross-linked dextrans 

Sephadex®, Sephacryl® and Superdex® supports were purchased 

from Arnersham Biosciences. One volume of resin was rinsed with 10 volumes of 

washing buffer to remove ethanol traces and recovered by centrifugation (5,000xg, 2 

min). Then, 10 volumes ofGBD-7 extracts were added and let stand for 2 h at 4°C. In 

order to determine the best support to be used, GBD-7 extracts were previously 

purified by nickel~helating affmity (protein content: 297 J.lglml). Crude extracts were 

used in the case of purification of the thioredoxin fused to GBD-7. Unbound proteins 

were removed by centrifugation (2,000xg, 2 min), and the gel was then washed four 

times with 10 volumes of washing buffer. GBD-7 tagged proteins were then eluted 

using 14 volumes of PBS pH 7.2 buffer containing 0.1 to 50 gil of commercial 

dextrans ranging from 0.4 to 2,000 kDa (Sigma). Total protein content was measured 

using Microbradford assay and BSA as standard. Thioredoxin content was measured 

as described below. 

Washing buffer 

NaCI 300 mM 

in sonication buffer 

Elution buffer 

Dextran 

in PBS buffer pH 7.2 
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3.3 Protein concentrating 

Protein extracts were concentrated using a 10 kDa cut-off of Microsep 

centrifugal device with a low protein binding Omega membrane (pall Corporation). 

The spin column containing protein extracts was centrifuged at 5,000 rpm 4 °C until 

achieve a desired concentration of protein. 

4. Protein electrophoresis 

4.1 SDS-PAGE 

We used NuPAGE electrophoresis system (Invitrogen) for separating a 

specific range of proteins. This system consists of NuPAGE Novex Bis-Tris pre-cast 

gels which can separate small to mid size of proteins depend on acrylamide 

concentration. Appropriate dilution of protein samples were prepared in NuPAGE 

LOS sample buffer (4x) and then heated at 70°C for 15 min for denaturation of 

protein samples. After cool the sample on ice, the 10% or 12% Bis-Tris gel was used 

to reveal the protein migration by size in NuPAGE MOPS or MES SDS running 

buffer under denaturing condition. The electrophoresis was performed at 150V for I h 

30 min. The precision plus protein standard (Bio-rad) comprising 250, 150, 100, 75, 

50,37,25,20, 15, and 10 kDa proteins was used to determine the protein size. 

4.2 Native-PAGE 

Native-PAGE was performed for affinity electrophoresis of GBO variants 

toward dextran. The native gels supplemented with dextran were prepared using a 

protocol derived from those of Kataeva et al. (2001) or Haas and Banas (2000). 

Home-made gels were prepared with 7.5 % (w/v) acrylamide in 1.5 M TrislHCI 

buffer pH 8.8. Commercial dextran of 2.106 (Sigma) was added to the gel at a [mal 

concentration of 0.1 % (w/v) before polymerization, resulting in a polyacrylamide

polysaccharide matrix. This matrix retarded the migration of proteins able to bind to 

the dextran present in the gel. Compared to classical gels, the amounts of ammonium 

persulfate and TEMEO were doubled to avoid incomplete gel polymerization. 

Purified protein samples were mixed with 2X Native sample buffer (Invitrogen) 

before loading. Separation was performed at 4 °C and 150 V for 3 h. Native gel 
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without dextran was perfonned simultaneously under the same conditions, and both 

gels were stained with Colloidal Blue. Molecular mass of protein under native gel 

was addressed by HMW calibration kit for native electrophoresis (Amersham), which 

corresponds to protein size of669, 440, 232, 140, and 66 kDa. 

4.3 Colloidal blue staining 

A Colloidal blue staining kit (Invitrogen) was applied for detection in 

nanogram amounts of protein band. This method is based on the colloidal properties 

of Coomassie blue dyes which were created in aqueous or methanolic solutions 

containing inorganic acids and high salt concentration. The solution was freshly 

prepared prior to staining as manufacturer's recommendation. The gel was shaked in 

staining solution for 3-16 h. After staining solution was decanted, deionized water 

was applied in order to wash the gel until obtain clear background. 

4.4 Silver nitrate staining 

Silver staining method is a very sensitive for detection of proteins in nanogram 

level. We used the SilverXpress Silver Staining kit (Invitrogen) based on chemical 

reduction of the silver ions to metallic silver on a protein bands. This method utilizes 

ammonium hydroxide to fonn silver diamine complexes. Then, the bands were 

visualized by acidification of citric acid. Mark12 Unstained standard (Invitrogen) was 

applied as a protein standard with 1 :20 dilution. 

4.5 Western blot analysis 

Transfer of proteins from the gel to nitrocellulose membrane was perfonned 

using XCell II Blot Module (Invitrogen). While the gel electrophoresis was running, 

blotting pads, filter papers, and membrane were soaked in Ix NuPAGE transfer buffer 

with 10% methanol. After the electrophoresis finished, the cassette containing blotting 

pads, filter papers, gel, membrane, filter papers, and blotting pads was sequentially 

positioned into a cathode (-) core of the blot module. The anode (+) core was placed 

on the top of the pads. Then, the transfer module was assembly and filled with the 

transfer buffer. The transfer was started at 30 V for 1 h. 
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Then, the membrane was stained by Ponceau's solution for temporally 

detection of protein bands. After the detection, the membrane was destained by 

distilled water for several times. The blot was blocked to prevent non-specific binding 

of antibody by gently shaking the membrane in blocking solution overnight. The 

membrane was probed by anti-his or anti-thio antibody solution for 90 min at room 

temperature. After incubation and washing, the second antibody, anti-mouse IgG 

antibody conjugate with alkaline phosphatase solution, was applied for 90 min at 

room temperature. For the detection of specific protein bands, BCIPINBT liquid 

substrate was added. The purple color appearing on the band indicates his- or thio

tagged protein. The prestained precision plus protein standard (Bio-rad) was used to 

determine the protein size comprising 250, 150, 100, 75, 50, 37, 25, 20, 15, and 10 

kDa. 

PBS buffer pH 7.3 

NaCI 1.4 M 

KCI 27 mM 

Na2HP04 101 mM 

KH2P04 18 mM 

Adjust pH to 7.3 with NaOH 

Washing solution 

Tween 20 0.05% 

In PBS buffer pH 7.3 

4.6 Gel storage 

Blocking solution 

3% BSA solution or 5% non-fat dry milk 

in PBS buffer pH 7.3 

Antibody solution 

Antibody 0.02% 

BSA 0.2% 

In PBS buffer pH 7.3 

Gels and membranes were scanned following a high resolution. Then, gels 

were combined with pre-wet cellophane sheet and dry under vacuum using gel drying 

machine at 70°C for 2 h. 
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5. Characterization of gluean-binding ability 

5.1 Gluean binding assay 

Glucan binding assays were perfonned using the method developed by Shah 

et al. (2002). 0.75 mg total proteins of Thioredoxin-GBD-His extracts were incubated 

overnight at 4°C, in the Ni-NTA coated 96-well HisSorb plates (Qiagen), and then 

washed four times with 200 ~I ofPBST. 200 ~I of biotin -dextran (100 J.1g/ml, Fluka) 

in PBSA were added into the microwells for 10 min at room temperature, washed 4 

times with PBST buffer and incubated during 30 min with 200 ~l of Extravidin

alkaline phosphatase conjugate at 1120,000 dilution (Sigma) in PBSA. 200 J.11 of 

phosphatase substrate solution were fmally added. After 30 min, the amount of 

dextran bound to the proteins was detennined by the color change monitored at 405 

nm using a Multiskan Ascent microplate reader. The assays were always perfonned 

together with reagent blank and lysate from E. coli carrying the native vector as 

negative control. 

To detennine the dissociation constant Kd, different amounts of biotin-dextran 

ranging from 0.14 nM to 143 nM were added to the Thioredoxin-GBD-His extracts 

fIXed into the Ni-NTA wells, following the procedure described above. Absorbances 

measured at 405 nm (representing the amount of dextran bound to the Thioredoxin

GBD-His ligand) were then plotted as a function of biotin-dextran concentration 

added into the well. Kd values were detennined following the one-site saturation 

I· d b· d· . Ab Bmu. x [Biotin - dextran] . S· PliO 0 19an m 109 equatIOn s 40Snm = [ . . ] uslOg 19ma ot . 
K d + BlOtm - dextran 

software. Bmax corresponds to the maximum absorbance value obtained by the 

complete saturation of the binding site. For competition studies, Dextran 70 was used 

as competitor against 1 mM biotinylated dextran. 

PBST 
Tween20 0.05 % 

In PBS buffer pH 7.2 

PBSA 
BSA 0.2 % 

In PBS buffer pH 7.2 
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Alkaline phosphatase substrate solution 

p-nitrophenylphosphate (Sigma) 1 mg/ml 

NaHC03 28mM 

Na2C03 22 mM 

MgCh 5mM 

5.2 Binding offfis-tagged protein to immobilized Ni-NTA molecules into the 

ffisSorb plate. 

The binding between his-tagged proteins to Ni-NT A molecule were 

determined. The cleared lysates of each GBD derivatives were incubated in the Ni

NT A His Sorb plate at 4 °C overnight The unbound proteins were removed by 

washing 4 times by PBST pH 7.2. His-tagged proteins were eluted in PBS buffer pH 

7.2 containing 250 mM imidazole solution. The eluted proteins were visualized by 

SDS-PAGE and Western blot analysis using anti-his antibody. 

6. ffigh-throughput screening for GBD mutant libraries 

6.1 Platforms 

6.1.1 QPix 

The QPix (Genetix) bench top colony picking was introduced in 

directed protein evolution experiment (Figure 33). This robot provides high-accuracy 

and high-throughput colony picking. The colony grown on solid medium can be 

picked under the thresholds specified by user such as colony diameter, roundness, axis 

ratio, etc. Then, the whole tray was imaged by CCD camera. Information of user's 

define parameters were analyzed to select the colony for picking. The additional 

application of the QPix is gridding using 96-pin gridding head. This function allows 

the liquid samples to be replicated onto a membrane for hybridization analysis. 
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Figure 33. Benchtop colony picking robot, QPix (Genetix). 

6.1.2 Biomek 2000 

The Biomek 2000 (Beckman) was designed to facilitate pipetting, 

diluting, and dispending operations (Figure 34). The system was controlled by 

Biowork software. In this study, we used the Biomek 2000 to pipette the culture 

media to a 384- well plate. 

Figure 34. Automated pipetting workstation, Biomek 2000 (Beckman). 

6.2 Picking 

A 384-well plate was filled with 80 III of LB+8% glycerol by the Biomek 

2000. The GBD variant colonies derived from mutagenesis experiments were picked 
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to the 384-well plate using QPix, program 'Picking' and 96-pin picking head. The 

picking was perfonned under these following parameters; diameter = 7-50 nun, 

roundness = 0.80, axis ratio = 0.70, proximity = 2, overlap = 20. From Figure 35, the 

actuator carrying the 96-pin picking head was fIrSt move to a water bath, 70 % ethanol 

bath, and drying. Then, the colony picking was perfonned according to the defmed 

parameters. After that, the actuator moved to the destination plate and dipped to 

inoculation 3 times and sterilization the pins. When the picking fmished, the plate was 

shaking at 30°C overnight. This master plate was used as a source of variants and 

was stored at -20°C. 

Dryer 

.0 Wash 

Well 
Front of QPix · 

Figure 35. Layout of QPix for program 'Picking' (Genetix). 

6.3 Replicating 

Using QPix program 'Replicating' and 96-pin gridding head, the bacterial 

cells from stock culture plate was gridded onto a Durapore membrane (Millipore) 

overlaid on an Omnitray (Nunc) containing 50 ml of2XYT agar pH 6.4, 100 J.lg/ml of 

ampicillin, and 0.002% of arabinose. The Durapore membrane was previously 

sterilized under UV light for 2 min. Source plate holder was settled as Genetix 384 

well X6000 in which inking depth was indicated at 6,500. Destination plate was 

specified as Nunc 384-well plate which inking depth equal to 7,500. The gridding was 
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perfonned four times per well. These configurations were similar in all experiments. 

The Omnitray was incubated at 30°C for 48 h. 

6.4 Detection 

The detection of positive variants was developed using the biotin

dextranlExtravidin system previously described in the glucan-binding assay coupled 

with a colony filtration blotting (Dahlroth et ai. , 2006). Whatman 3MM paper and 

nitrocellulose were cut to fit with Omnitray size (11.6 x 7.5 cm). Whatman paper was 

drenched with 10 ml of lysis buffer. Nitrocellulose membrane with pore size 0.22 J.Ull 

was placed onto the top of Whatman paper. Excess lysis buffer was poured off and 

then the Durapore membrane containing bacterial colonies was placed on the top of 

the nitrocellulose membrane with the colonies facing up (Figure 36). The sandwich 

was incubated for 30 min at room temperature. After that, the membranes were 

perfonned the freeze-thaw cycles by placing the container at -80°C for 10 min and 

then 37°C for 10 min for 3 cycles. Only nitrocellulose membrane was kept to further 

analysis. 

Bacteria colony 
Durapore (membrane) 
Nitrooetlulose 

Whatman 3MM 

Figure 36. Colony filtration blotting (Dahlroth et al., 2006). 

The nitrocellulose membrane was blocked with 40 ml of blocking buffer for at 

least 1 h at room temperature on a horizontal shaker. The membrane was washed with 

PBST buffer for 10 min 3 times. Then, 40 ml of I 0 ~g/ml of biotin-dextran solution 

was added and incubated for I h. Washing step was perfonned as before. 40 ml of 

1120,000 dilution of Extravidin-alkaline phosphatase solution was added and 

incubated again for I h and washed. The binding of protein to dextran was revealed 

by adding 5-10 ml of BCIP/NBT (Sigma) and incubated for 30 min. The coloration 

was stopped by washing with water. 



Lysis buffer 

Tris pH 8.0 

NaCl 

PMSF 

20 mM 

100mM 

1 mM 

Benzonase 11 UnitslJlI 

Lysozyme 0.2 mg/ml 

7. Analytical methods 

7.1 Protein concentration 
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Blocking solution 

BSA or Casein 3 % 

in PBS buffer pH 7.2 

Protein concentration was estimated by Microbradford's assay in 96-well plate 

using BSA as standard. 

7.2 Quantification of thioredoxin 

Quantitative determination of thioredoxin in each fraction collected during 

purification onto Sephacryl® was performed using Holmgren's method (1979). 

Thioredoxin catalyzes the reduction of insulin disulfides by dithiothreitol, causing the 

formation of insoluble insulin chains. The amount of thioredoxin present in the 

sample is then correlated to the turbidity measured at 00 650 nm. Purified E. coli 

thioredoxin was purchased from Sigma and used as standard. Insulin stock solutions 

were prepared at 10 mg/ml in 50 mM Tris-HCI pH 7.5, adjusted to pH 2-3 by addition 

of 1 M HCI, and rapidly titrated to pH 7.5 with 1 M NaOH. All experiments were 

carried out at room temperature. The reaction mixture was prepared in a 96-well plate 

by addition of 0.1% (w/v) insulin, 2 mM EDT A, protein sample and water in 

potassium phosphate buffer pH 7.0, to give a final volume of 198 Jll. Reaction was 

started by adding 2 ,.11 of 100 mM OL-dithiothreitol (Sigma) in each well. The 

microplate was vigorously shaken, and then let stand for 50 min. The increase of 

turbidity due to the precipitated insulin chains is then followed at 00 650 nm. The 

non-enzymatic reduction of insulin was recorded in a control well, without any added 

thioredoxin. 



CBAPTERIV 

RESULTS AND DISCUSSIONS 

In this chapter, results and discussions are separated into three parts. Part I is 

fulfill the first objective of this study about identification and characterization of a 

minimal motif responsible for glucan binding of dextransucrase from Leuconostoc 

mesenteroides NRRL B-512F. The second part is application of the shortest GBD 

fragment to facilitate affmity purification onto commercially available dextran

containing supports. Finally, in the last part, the shortest GBD fragment was improved 

its soluble expression and reduce the size using mutagenesis techniques. 
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PART I 

RATIONAL ENGINEERING OF THE DSR-S GLUCAN-BINDING DOMAIN 

A number of researches have investigated the role of glucansucrases C

terminal domain over the past decades. Most of them highlighted its property to bind 

the glucan produced by the enzymes (Kobayashi et al., 1989; Lis et aI., 1995; Shah 

and Russell, 2002), and proposed to call it "Glucan binding domain" (GBD). Its 

presence is often crucial to maintain the enzyme activity (Monchois et aI., 1998), and 

recent investigations showed its involvement in dextran chain elongation (Moulis et 

al., 2006a). However, in this domain of about 400 amino acids, minimal peptide 

sequences responsible for glucan binding have not been yet identified, and lack of 

structural data limits our understanding on GBD-dextran interactions. 

To better characterize the role of the DSR-S C-terminal domain, the aim of 

this part was to identify the minimal determinants responsible for dextran binding. For 

this purpose, several truncated forms were generated, and their glucan binding 

properties were determined using a specific glucan binding assay. 

1.1 Sequence analysis of the C-terminal domain of DSR-S 

Sequence analysis of different glucansucrases revealed that the C-terminal 

domain was composed of various repeated units. As presented in Literature review, on 

the basis of sequence similarities, they can be classified as YG repeats (Giffard and 

Jacques, 1994) or A, B, C, 0, and N repeats (Ferretti et al., 1987; Gilmore et al., 

1990; Abo et aI., 1991; Giffard et aI., 1991; Monchois et al., 1998). These repeats 

were assumed to possess a functional significance. 

The C-terminal domain of DSR-S contains 3 A, 3 C and 5 N repeats. The 

relationship between the A-C-N repeats and the YG repeat of the C-terminal domain 

of DSR-S is illustrated in Figure 37. At least one YG motif is present in all A, C and 

N repeats, the last ones covering more amino acids. N repeats are a particularity of 

this enzyme. They are not highly conserved, but possess the main characteristics of 
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the YG repeats (Monchois et al., 1998). In order to identify the minimal motif 

responsible for glucan binding, we designed truncatures of the DSR-S C-terminal 

domain following the consensus YG repeats. The amino acid sequences of each YG 

repeat is presented in Table 11. The C-terminal domain of DSR-S contains 15 YG 

repeats, comprising from 12 to 21 amino acids. 

I I ! I , I , i I I I • I I , I I I I , I I I i I I I I I I I I I I I I I I I I I I I , i I I , I 
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Figure 37. Location and distribution of the A-C-N repeat and the YG repeat in 

the C-terminal domain of DSR-S (DSR-S numbering). 
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Table 11. Sequences of the repeats identified in DSR-S C-terminal domain, 

following the consensus YG motif defined by Giffard and Jacques (1994). 

Boldface type indicates conserved amino acids; x corresponds to non conserved 

amino acids, and DO to hydrophobic residues. 

Motive Sequence 

consensus -1\ DGYYFxxxGxxHOx(G/N)xHOHOHo 

YG 1 - I'iNYYYFDKT--GHLVT-G LQKI 

YG2 -"'HTYFFLPN--G lEL VKSFLQ 

YG3 DGTIVYFDKK--GHQVFDQYIT 

YG4 NGNA YYFDDA--GVMLKSG LA TI 

YGs DGHQQYFDQN--GVQVKDKFVIG 

YG6 -:'iQWFYFDGN--GHA VT-GFQTI 

YG7 NGKKQYFYND--GHQSK 

YGg -DGDTFYTSATDGRLVT-GVQKI 

YG9 I'i GITY AFDNT--GNLI 

YG 10 TI'i -QYYQLAD--GKYMLLDDSGR 

YG 11 DGVLRYFDQN--GEQVKDAIIVD 

YG l 2 DT I'i LSYYFNATQGVAV 

YG J3 --KNDYFEYQ--GNWY 

YG l4 TD-ANYQLIK--GFKA VDD 

YG 1S AQGKVYQFDNN-GNA VSA 

1.2 Cloning of the C-terminal domain of DSR-S 

pBADffOPO Thiofusion was selected as cloning and expression vector. 

Recombinant proteins generated after expression are in fusion with a Thioredoxin tag 

at the N-terminal extremity, and a His tag at C-terminal end (Thioredoxin-GBD-His 

fusion proteins). Fusion with such Thioredoxin tag is well known to improve 

solubility of linked proteins. It could also be a model of study for protein purification 

using GBD as affinity tag. The latter fusion partner, His tag, facilitates the binding to 

immobilized Ni-NTA molecules into 96-well HisSorb plates used in the glucan 

binding assay and allows the purification of GBD proteins via immobilized metal 

affinity chromatography (1MAC). 
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The full-length gbd gene (gbd-O) was amplified from the recombinant plasmid 

containing the DSR-S encoding gene (dsr-S) kindly given by Moulis et al. (2006b) 

using the Expand High Fidelity PCR system (Roche) with the pair of primers 

ForGBD and RevGBD (Table 10). The gbd-O gene was then ligated into 

pBADfTOPO Thiofusion vector on the basis of T A cloning. After ligation and 

transformation, positive transformants were analyzed by restriction enzyme digestion 

and DNA sequencing. Figure 38 showed the restriction map of the recombinant 

pBADfTOPO Thio/gbd-O and restriction analysis ofthe positive clones. 
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Bsa BI (4716) '- ;::: ThlorecloJdn 
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PUC.,;\ 
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Bam HI (14B3) 
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'I· -....... ' ... - ~ ...... -' ~-<-l..-

Figure 38. Restriction map of GBD-O: NcoI 5102,372 bp;Bamm 4231, 800, 

443 bp; HinciI 4485,989 bp; MfeI 3694,846,510,424 bp. 

Expression of recombinant GBD-O proteins were performed in LBT (LB 

supplement with 100 mM tris-HCI pH 6.4) since the DSR-S has been unstable at 

alkaline pH (Wilke-Douglas et ai. , 1989, Croux and Garcia, 1992). E. coli cells 

containing gbd-O gene were grown in a baffle flask at 23°C with shaking at 130 rpm. 

0.002% of L-arabinose was added to the culture medium when the 00600 reached 0.6, 

as inducer of recombinant protein expression through a tight regulation of the 

araBAD promoter. Cells were cultivated until an 00600 of :::: 2.5. 

Post-sonicated extract was analyzed by SDS-PAGE and Western blot 

hybridization using anti-thio and anti-his antibody in order to investigate the 
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expression of OBO-O. The molecular weight of the resulting protein was estimated at 

55.7 kDa from Western-Blot analysis (Figure 39). In fusion with both tags, the 

theoretical molecular weight of only OBO-O protein is 39.7 kDa, validating our 

cloning strategy. Presence of both tags at Nand C-terminal extremity proves that 

there is no OBO-O degradation during the expression. OBO-O contains the amino 

acids 01190 to Al527 following OSR-S numbering. 

A B 
GBD-O GBD-O 

2SO 2SO 
150 ISO 
100 100 ... 
75 75 

SO 55.7 kOa SO - 55.7 kOa 

" 37 
.. 

37 .. 
25 25 
20 • 20 --15 • 15 

Figure 39. SDS-PAGE of 10% Bis-tris gel (Invitrogen) and Western blot analysis 

of GBD-O soluble extracts using anti-Thio (A) and anti-His (B). 

To determine the binding ability of OBO-O, an antibody-independent binding 

assay was first developed by Lis et al. (1995). For this assay, protein extracts were 

fixed to the wells of microtitre plates (Oynatech Laboratories, Chantilly, Va.). After 

washes and blocking, biotin-dextran was added. Streptavidin-horseradish peroxidase 

conjugate was then added in order to recognize the biotin. Finally, the OBO:dextran

biotin:streptavidin-horseradish peroxidase complexes were revealed using a color 

detection. 

More recently, Shah and Russell (2002) introduced the used of N i-NT A coated 

96-well HisSorb plates (Qiagen) for this kind of glucan-binding assays. This method 

exploits a specific binding of the His-tagged protein into Ni-NT A molecules. As 
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shown in Figure 40, the assay consists, first, in a binding of the Thioredoxin-GBD-His 

proteins onto the immobilized Ni-NT A molecules of the wells, followed by washing 

steps. Biotin-labeled dextran (Molecular weight of 70 kDa) is then added, and after 

second washes using PBST pH7.2 buffer, the GBD:biotin-dextran complexes are 

revealed using Extravidin-alkaline phosphatase. We decided to use this protocol for 

the determination of the glucan binding abilities of the GBD-O and its derivatives 

constructed in this study. 
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Immobilized Ni-NT A molecules ( ) on 

the HisSorb plate (Qiagen) 

Thioredoxin-GBD-His fusion protein ( .. ) 

binds to Ni-NTA molecule via the His tag 

Biotin-labeled dextran ( ~) is 
added into the well, forming GBD:Dextran-biotin 

complexes 

Extravidin-Alkaline phosphatase (A ) 
recognizes biotin molecule. 

Substrate of alkaline phosphatase is added to 

produce a yellow colored product ( \.I ) 

Figure 40. Glucan-binding assay developed by Shah and Russell (2002). 
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Glucan-binding ability of GBD-O was first compared to that of the whole 

recombinant DSR-S. Protein extract from E. coli harboring the pBAD/TOPO 

Thiofusion only was used as negative control (NC). As shown in Figure 41, both 

constructions had the ability to bind the biotin-dextran, confirming the "Glucan 

Binding Domain" appellation of the DSR-S C-terminal part. When Shah et al. (2004) 

compared the glucan binding ability of various glucansucrases from Streptococcus 

and Leuconostoc sp., they found that DSR-S did not present any ability to bind 

dextran. Their binding test was however carried out with the native enzyme not 

dissociated from its natural polymer film, which probably interfered during the assay. 

120 
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~ 
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Proteins 

Figure 41. Glucan-binding ability of GRD-O and whole enzyme DSR-S. Protein 

extract from E. coli carrying the pBAD/TOPO Thiofusion vector only was used 

as negative control (NC). 

To ensure that either the binding test was not due to the mis-binding of the 

fusion protein to biotin, or not due to biotin interferences between GBD-O and 

dextran, the binding assay was performed as a competitive assay with unlabelled 

dextran of 70 kDa (dextran 70) (Figure 42). The unlabeled dextran 70 can efficiently 

compete the binding between GBD-O and biotin-dextran, indicating that both biotin

dextran and unlabel dextran can compete at the same sites on GBD protein. Moreover. 

the addition of an equal concentration of unlabel dextran 70 could reduced 

approximately 50% of binding. This result revealed that conjugation of biotin to 

dextran molecules has no effect on the binding of GBD onto dextran. 
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Figure 42. Competitive glucan-binding assay of GBD-O by dextran 70. The 

concentration of biotin-dextran was kept constant at 100 J.Lg!ml. 

The C terminal domain acts as an independent motif for glucan binding, with 

an efficiency equivalent to that of the whole DSR-S enzyme. This domain was thus 

subjected to mutagenesis experiments in order to investigate in more details the GBD 

structure/function relationships, notably by searching the minimal determinants 

responsible for glucan binding. 

1.3 Mutant construction and characterization 

Gbd-O gene was used as template to amplify several truncated forms by PCR. 

The truncature positions were chosen on the basis of GBD sequence analysis, 

considering that this domain is composed of various YG repeated motives as shown in 

Table 11 . Multiple pairs of primers were designed in a way to avoid a cut in the 

middle of a motif. As for GBD-O construction, all truncated forms were cloned into 

the pBADrrOPO Thiofusion vector, resulting in fusion proteins containing 

Thioredoxin at the N-terminal extremity, and His tag at the C-terminal end 

(Thioredoxin-GBD-His protein, Figure 43). 
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~ 
Thioredoxin GBD 6xHis 

Figure 43. Thioredoxin-GBD-His fusion protein. 

The recombinant proteins were expressed in LBT pH 6.4 at 23°C as 

previously described by Moulis et al. (2006b). Bacterial cell were harvested by 

centrifugation and the cells were lysed by sonication. Cleared lysates were obtained 

by centrifugation and filter sterilization. These lysates were used as sources of fusion 

proteins for Western-blot analyses and glucan binding assays. 

Western-blot analyses were performed in order to control the level and the 

profile of protein expression. After the transfer to the nitrocellulose membrane, both 

anti-thio and anti-his were used to detect the full-length OBD proteins (Figure 44C, 

45C, 46C). The results revealed that all the OBD variants constructed in this study 

were well-expressed and not degraded. 

From the flfSt screening, GBD-l, GBD-2, and GBD-3 were obtained by 

truncation of OBD-O into 3 parts (Table 12). GBD-l contains the flfSt 5 YG repeats 

(yO\-YOs), OBD-2 includes the central repeats Y06 to YOlO, and GBD-3 covers the 

last 5 YO repeats, from YO II to YG\s . As shown in Figure 47, the three variants did 

not bind dextran. OBD-4 and OBD-5, which correspond to the fusion of GBD-l and 

GBD-2, and to the fusion of GBD-2 and GBD-3 respectively, were then constructed. 

OBD-5, representing the two third ends of the C-terminal part ofGBD-O, was the only 

truncated variant found to be able to bind dextran like GBD-O. 
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A 

GBD-O YGI-YG2-YGr YG4 -YG S- YG6-YGr YGg-YG9-YG IO-YGII-YGI2 -YGn-YGW YGIS 

GBD-1 YGI-YG2-YGr YG4-YGS 

GBD-2 YG6-YGr YGg-YG9-YGto 

GBD-3 YGw YGI2-YG\3-YGW YGIS 

GBD-4 YGI-YG2-YG3-YG4- YGS-YG6- YCh-YGg-YG9 

GBD-5 YG6-YG, YGg-YG9-YGto-YGI\-YGI2-YGWYGW YGIS 

B 
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Figure 44. GBD-O derivatives. A. Rational design of GBD-O derivatives based on 

YG repeated unit sequence. B. Purified peR products GBD-l to GBD-5 on 2% 

agarose gel. C. SDS-PAGE and Western blot analysis using anti-thio (Left) and 

anti-his (Right) antibody. 
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GBD-5 YGQ-YG7- YG8-YG9-YGlO-YGlI-YGl2-YG13-YG14-YG15 

GBD-6 YG8-YG9-YGI 0-YGll-YG12-YG13-YG 14-YG15 

GBD-7 YGI0-YGll-YG12-YG13-YG14-YGl5 

GBD-B YGQ-YG7- YG8-YG9-YGIO-YGII-YG12-YG13-YG14 

GBD-9 YGQ-YG7-YG8-YG9-YGlO-YGll-YG12-YG13 

GBD-10 YGQ-YG7- YG8-YG9-YGIO-YGlI-YGl2 

GBD-11 YGQ-YGi- YG8-YG9-YGlO-YGll 

GBD-12 

8 

1500 

1000 
900 
800 
700 
600 
500 
400 
300 
200 
100 

C 

kDa 
250 
150 
100 
75 

50 

37 

25 
20 

6 

YG8-YG9-YGIO-YGll 

GBD-6 GBD-7 GBD-8 GBD-9 GBD-IO GBD-II GBD-I2 

7 8 9 10 11 12 

kDa 
250 
150 
100 

75 

50 

37 

25 
20 

6 7 8 

95 

9 10 

Figure 45. GBD-5 derivatives. A. Rational design of GBD-5 derivatives based on 

YG repeated unit sequence. B. Purified peR products GBD-6 to GBD-12 on 2% 

agarose gel. C. SDS-PAGE and Western blot analysis using anti-tbio (Left) and 

anti-bis (Rigbt) antibody. 
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Figure 46. GBD-13 and GBD-14. A. Common motif of GBD-6, GBD-7, GOD-S. 

B. Purified PCR products GBD-13 and GBD-14 on 2% agarose gel. C. SDS

PAGE and Western blot analysis using anti-thio (Left) and anti-his (Right) 

antibody. 
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Figure 47. Relative glucan binding ability of GBD-O derivatives compared to the 

wild-type. NC = Negative control (production of E. coli TOP 10 without GBD 

derivative plasmid transformation). 

GBD-5 (21.5 kDa) includes the motifYG6-YG7-YGg-YG9-YGIO-YGU-YG12-

YGn-YG w YG15. Construction of shorter motives was thus undertaken. Truncatures 

at N and C-terminal extremities of GBD-5 resulted in the construction of GBD-6, 

GBD-7 and GBD-S. All these forms revealed dextran binding properties (Figure 47). 

All other attempts to reduce GBD-7 and GBD-S constructions entertained a loss of 

glucan binding ability (GBD-9 to GBD-12 presented Figure 45 and Figure 47). 

From GBD-6, GBD-7 and GBD-S which presented dextran binding properties, 

the common motif of these forms corresponds to GBD-13 and GBD-14 and is 

composed of the motives (yGS-YG9)-YGW-YGII-YGI2-YGn-YGI4 (Figure 46). 

However, both of them did not bind dextran, showing that the addition of either YG6-

YG7 repeats at the N-terminus (GBD-S) or YGl5 at the C-terminus (GBD-7) is 

required to provide binding capacities. Sequence comparison between YG6 fragment 
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and YG15 revealed the presence of the conserved sequence: FD(GIN)NG(HIN)A V 

(Figure 48). 

10 

YG6 NQW--FYFDGNGBAVTGFQTI 
........... .. ................. .. 

Y~5 ~QFDNNGNAVSA----

10 

Figure 48. Sequence alignment between the repeats A2 and Ns of the DSR-S C

terminal domain. 

Based on these results, this sequence seems to be crucial for binding activity. 

It may act directly in binding or be important to ensure a correct folding of the motif 

and a proper exposition of the amino acids involved in sugar/protein interactions. In 

the absence of three dimensional structure, it is difficult to choose between these 

hypotheses because the entire GBD sequence contains many amino-acids usually 

described as key residues in sugar-protein interactions such as polar residues able to 

interact with sugar hydroxyl groups (Quiocho, 1986; Femandez-Tomero et ai., 2001), 

hydrophobic residues responsible for stacking interactions (Shah et ai., 2004) and 

strongly basic and acidic residues involved in salt-bridge formations (Skov et aI., 

2002). Summary of all constructions in size and dextran-binding ability is presented 

Table 12. 
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Table 12. Molecular weight of GBD tag and Thioredoxin-GBD-His fusion 
proteins. 

Fusion 
Dextran 

Amino- Size protein 
Variant Primers Motive binding 

acids (kDa) size 

(kDa) 
ability 

ForGBD- 01190 to 
GBI>-{) YG,-YGr YG)"" YG.-YG,-YG.-YGr YGr YG .... YG",.. YG,,-YG,r YGn-YG..-YG" 39.7 55.7 + 

RevGBD- AI527 

GBDlF YI193 to 
GBD-I YG,-YGr YG)"" YG ... YG, 12.9 28.9 

GBD3R Q1322 

GBD5F W1323 
GBD-2 YG.-YGr YGr YG .... YG,o 8.8 24.8 

GBD7R toQI423 

GBD9F Dl424 to 
GBD-3 YG,,-YG,r YG,)"" YG..-YG" 9 .8 25.8 

RevGBD AI527 

GBDlF YIl93 to 
GBD-4 YG,-YGr YG)"" YG ... YG,-YG.-YGr YGr YG. 24.5 40.5 

GBD1R QI423 

GBD5F W1323 
GBD-5 YG.-YGrYGrYG .... YG",..YG"-YG'rYGn-YGI4-YG" 21.5 37.5 + 

RevGBD to AI527 

GBDlOF G1355 to 
GBD-6 YGr YG .... YG",.. YGu-YG,r YG,,-YG, ... YG" 19 35.0 + 

RevGBD AI527 

GBDlIF NI397 to 
GBD-7 YG,o-YGu-YG,,-YGn-YG..-YG" 14 30.0 + 

RevGBD A1527 

GBD5F W1323 
GB~ YG.-YGrYGrYG .... YG",..YG,,-YG,,-YGn-YG,. 20 36.0 + 

GBDI2R to V1515 

GBD5F W1323 
GBD-9 YG.-YGr YGr YG .... YG",.. YG,,-YG'2-YG" 13.8 29.8 

GBD13R to A1477 

GBDSF W1323 
GBD-IO YG.-YGr YGr YG .... YG",.. YGu-YG" 11.8 27.8 

GBD16R toNI463 

GBD5F W1323 
25.4 GBD-ll YG.-YGrYGrYG .... YGIO-YG, , 9.4 

GBDI5R to 11442 

GBDl4F T1364 to 
5.6 21.6 GBD-12 YGrYG .... YG ",..YG , , 

GBD15R 11442 

GBDlOF G1355 to 
16.7 32.7 GBD-13 YGrYG .... YG",..YG"-YG'rYGn-YG'. 

GBD12R VI515 

GBDI7F Y1399 to 
12.7 28.7 GBD-14 YG",.. YG,,-YG'2-YGu-YG,. 

GBDI8R Dl490 
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1.4 ConformatioBal checking of the deleted-GBD peptides 

It was verified that all the variants were able to bind via their His tag onto the 

Ni-NTA molecules adsorbed on the HisSorb plates. The experiment started with the 

binding of the cell Iysates to the Ni-NT A HisSorb plates at 4 °C overnight. Then 

unbound proteins were removed by 4 washes usin'g PBST pH 7.2 buffer. Then, 250 

mM of imidazole were added into the wells to compete the binding between His-

tagged protein and the Ni-NTA molecules (Figure 49). The His-tagged proteins in the 

eluted fraction were visualized by SOS-PAGE and Western-blot analyses using anti-

his antibody. Figure 49 shows that all of OBO derivatives are capable to bind to the 

immobilized Ni-NT A molecules coated on the wells. 
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Figure 49. Western-blot analysis of eluted fractions with anti-His antibody 

detection. 

1.5 Affinity electrophoresis toward dextran 

The electrophoresis behavior of some OBO variants (OBO-6, OBO-O and 

OBO-12) in native PAOE gels containing 0.1% (w/v) of dextran of 2000 kDa was 

investigated in order to confirm their dextran binding ability. OBO-O and OBO-12 

13 14 
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were chosen as positive and negative control respectively. Before starting the 

electrophoresis, these proteins were purified by Ni-NTA agarose resin to obtain the 

purified form of these constructs. 

1.5.1 His-Ni-NT A protein purification 

Culture growth and recombinant protein expression conditions were 

optimized in order to reach the maximum of proteins of interest (GBD-O, GBD-6 and 

GBD-12). The E. coli cells carrying GBD-O were grown at 37°C to an OD600 ~ 0.6. 

Then, different concentrations of L-arabinose from 0.00002% to 2 % were applied to 

induce the recombinant protein production. The cells were harvested at 2.5 aD 600 nm. 

The protein samples were analyzed by SDS-PAGE and stained with colloidal blue 

(Figure 50). The highest expression level was observed using 0.02% (w/v) of L

arabinose as an inducer. However, the majority of the GBD-O fusion proteins were 

found to be localized in the insoluble fraction. Determination of the optimal 

temperature of cultivation was then investigated, as it is known that a diminution of 

this parameter can increase the protein solubility during heterologous protein 

expressions (Schein, 1989; Shirano and Shibata, 1990). From Figure 50 (right), the 

expression at 16°C showed the highest amount of soluble GBD-O proteins. Therefore, 

the optimal production of GBD-O protein was achieved at 16°C cultivations, using 

0.02% of arabinose as the inducer. 

0.000020/0 0.0002% 0.002% 0.02"10 2% 3O"C 37°C + Dialysis 

~~ 

Figure 50. Optimization of GBD-O expression level: modification of arabinose 

concentration (left) and temperature (right). S=supernatant, P=pellet. 
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GBD-O and GBD-12 proteins were expressed as soluble polypeptides 

in the conditions described just above. However, the level of expression of GBD-6 

was found to be higher at 23°C than at 16°C, using 0.02 % ofL-arabinose. 

All proteins were purified from the soluble fractions using Ni-NT A 

agarose (Qiagen) under native conditions. As many contaminating proteins were 

observed in the eluates using the standard protocol given by the supplier, washes were 

performed by increasing the salt concentration to 1M NaCI, and eluted fractions were 

kept step by step. The purity of each fraction was determined by SDS-PAGE and 

colloidal blue staining. Elutions obtained in GBD-O, 6, and 12 purifications, 

respectively are presented in Figures 51 and 52. 

CLO EO CL6 E6 CLl2 El2 CLO EO CL6 E6 CLl2 El2 

• 
• • 
• • .. 

-. 
Figure 51. His-tag purification onto Ni-NTA agarose of GBD-O, GBD-6, and 

GBD-12. CL = cleared lysate; E = eluates. 
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Figure 52. Elution pattern of purification by Ni-NTA agarose for GBD-O (left), 

GBD-6 (middle), and GBD-12 (rigbt). SE=sonicated extract, Ff=f1ow tbrougb, 

E=eluate. 
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1.5.2 Affinity electrophoresis 

The purified fractions 7 and 8, for which the purity was estimated 

superior to 90% were used for the affinity electrophoresis test, as shown in Figure 53. 

The PAOE without dextran was simultaneously performed as a control. In comparison 

to the gel without dextran, retardation by dextran was significantly observed for 

OBO-O and OBO-6 samples, whereas migration of OBO-12 was not affected by the 

presence of dextran, confirming the previous results obtained using the glucan

binding assay developed in microplates. 
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Figure 53. Affinity electrophoresis of GBD-O, GBD-6, and GBD-12. - = gel 

without dextran, + = gel with 0.1 % of 2,000 kDa dextran. 

1.6 Determination of binding affinity to dextran 

In order to highlight the strength of binding between OBO and dextran, the 

dissociation constant Kd of OBO-O and its derivatives were investigated. In a glucan

binding assay, an equivalent amount of OBO-O, OBO-5, OBO-6, OBO-7 and OBO-8 

sonicated supernatants was incubated with various concentrations of labeled polymer. 

Using the one-site saturation ligand binding equation 
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Bmaxx[Biotin-dextran] .. _ 
Abs4f)5nm = [ . . ] , the Kd values obtamed are rangmg from 2.8 10 

Kd + Blotm-dextran 

9 to 13.5 10-9 M (Figure 54), which is particularly high for a protein-ligand 

interaction. In comparison, the C-terminal domain of GTF-I from S. sobrinus has the 

~ of 11.2 x 10-7 M (Shah et al., 2004), and that of GBPI from the same species has 

the ~ of 3 x 10-7 M (Landale and McCabe, 1987). Then, the GBD of L. 

mesenteroides NRRL B-512F DSR-S seems to show an affmity for dextran 100 times 

higher than that of glucan-binding domain of other glucansucrases. However, the Kd 

values obtained from different approaches with native and recombinant protein might 

not be comparable. Especially, GBD-7 has the highest affinity for dextran (~ = 2.79 

10-9 M), and was kept for our further investigations. 
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Figure 54. Determination 

• .... 
- ----- -- ----• ..,- --

.""... --' ------.-
....... ~~---

~- -6. .<-._ .. _A-.. - .. - . -~.~ ... '~ ..... ~.' ... ~~. ~ 

20 

~ .. ' .... .. . -. 

40 

Biotin-Dextran (nM) 

? (nonlinear Bm .. 
regression) 

0.9905 1.8984 
0.9902 2.1757 
0.9924 2.6653 
0.9910 2.1719 
0.9905 3.2908 

of the dissociation 

• GBO-O 
··· ·· ···0 ··· GB0-5 

---- GB0-6 
_ .. ...,6 . - .. GB0-7 
- . ___ .- GBO-B 

60 140 160 

K.J(M) 

3.60 x 10-9 

1.11 x 10-3 
6.70 x 10-9 

2.79 x 10-9 

1.35 x 10-3 

constants Kd of the 

constructs following the one-site ligand binding equation. 

five GBD 



105 

In this study, we have confIrmed the role of the C-terminal domain of DSR-S 

in the dextran binding, using the gluean-binding assay developed by Shah et aJ. 

(2002). Different approaches were then performed to ensure these results, showing the 

high specifIcity of this system. Many truncated forms of the C-tenninal domain were 

constructed based on the YG motifs present in the primary structure. We identifIed 

that the determinants responsible for the dextran binding were located at the C 

terminal extremity of the GBD. Among them, a minimal motif of 14 kDa has been 

identifIed. This small peptide was further studied in order to investigate the possibility 

to use it as an affmity tag for recombinant protein purifIcation. 
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PARTll 

RECOMBINANT PROTEIN PURlFICATION BY GBD-DEXTRAN SUPPORT 

AFFINITY CHROMATOGRAPHY 

Protein purification is a key step for studying proteins with the best accuracy 

and providing detailed biochemical and biological characterization. To separate a 

protein of interest from several thousand different protein contaminants may be a very 

difficult task. Many chromatographic purification methods have been developed to 

isolate a specific protein from complex mixtures on the basis of their physico

chemical properties such as their size, charge, hydrophobicity. These methods include 

size-exclusion, ion exchange and hydrophobic chromatography. However, the major 

limitation of these types of chromatography comes from the lack of specificity. 

Affmity chromatography overcomes this limitation. It is designed to purifY a 

particular protein from a mixed sample by exploiting the unique interaction with a 

complementary binding molecule, an affmity ligand. Among the fractionation 

methods, affinity chromatography is one of the most effective and often allows 

protein purification in only single affinity step. 

Nowadays, the most common use of affinity chromatography is for the 

purification of recombinant proteins. Indeed, genetic manipulation allows the gene 

encoding the protein of interest to be fused with a sequence encoding an affinity 

ligand. The fusion protein produced is tagged and can be directly applied onto an 

affinity column for fractionation. To date, a number of affinity tag systems are 

commercially available. Most of them allow (a) one-step adsorption purification, (b) 

minimal effect on tertiary structure and biological activity, (c) easy and specific 

removal of the tag to produce the native protein, (d) applicability to a number of 

different proteins (Terpe, 2003). 

However the uses of these commercial tags also present some drawbacks: the 

affinity resins are sometimes quite expensive; low elution yield may be obtained with 

incomplete removal of contaminants (Keefe et 01., 2001; Clonis, 2006). In addition, 
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for some constructions, the fusion with a tag may not lead to protein correctly 

refolded. It is thus often necessary to try different fusions and select the most 

appropriate for the protein of interest In this context, the development of a new tag 

enabling the fraction of proteins on very cheap support was quite challenging. 

The use of GBD protein as an affmity tag was firstly proposed by Kaseda et 

aJ. (2001). They showed that the entire dextran-binding domain (DBD) of the 

glucosyltransferase GTF-I from Streptococcus sobrinus was able to bind onto 

commercially available cross-linked dextran. Fusion with both green and red 

fluorescent proteins suggested that this DBD could be used as a tag for purification 

with over 90% of purity. However, such DBD is ofa large size (30 kDa) and displays 

a relatively low dissociation constant (2 x 10-5 MI). 

In our present work, we have investigated the potential properties of GBD 

variant derived from the glucan-binding domain of the dextransucrase DSR-S from L. 

mesenteroides NRRL B-512F to be used as an affinity tag for recombinant protein 

purification. A high affmity of GBD-7 to dextran (2.8 nM) conjugated to a reversible 

binding to dextran (part I Figure 41) have opened up the possibility to use the GBD-7 

as the efficient affmity tag. 

2.1 Affinity of GBD-7 towards commercial cross-linked dextran supports 

Among the various truncated forms of GBD that were constructed in part I, 

GBD-7 was found to be the shortest motif able to bind dextran with a high affinity. 

Considering that a good affinity tag should be as short as possible to limit interaction 

with the protein of interest and possible misfolding, we selected GBD-7 for our 

affinity chromatography assays. 

GBD-7 efficiently binds to biotin dextran and free dextran. However, to be 

used as affinity tag on commercial and cheap cross-linked dextran, we had first to 

demonstrate that it was able to bind this type of commercial support. Sephadex®, 

Sephacryl®, and Superdex® which are dextran support harbouring different degrees 
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of cross linking were purchased from Amersham Biosciences. These supports are 

reported to show a low non-specific adsorption of peptides. GBD-7 tagged protein 

was first purified by His-tagged purification onto Ni-NT A agarose resin to estimate 

with accuracy the column capacity. Equal amounts of GBD-7 proteins (297 Jlg) were 

added to the microcentrifuge tube containing 100 Jll of each supports previously 

rinsed by PBS buffer pH7.2. After 2 h of contact at 4°C, unbound proteins were 

eliminated by successive washes, and bound proteins were eluted by displacement 

using 50 gil of exogenous dextran of 1.5 kDa. The amount of GBD-7 tagged proteins 

adsorbed to 100 Jll of each supports was quantitatively estimated (Table 14). 

The highest elution yield (60%) was observed using Sephacryl® S300HR gel 

(Table 13, Figure 55). Generally, Sephacryl® and Superdex® gels showed higher 

yields of binding than that of Sephadex® gels. Sephacryl S300 HR, which is a 

copolymer of allyl dextran and N, N-methylenebisacrylamide was thus selected for 

further investigations. The cross-linking provides a good rigidity and chemical 

stability of the support while the dextran chain enables the GBD-7 to bind strongly. 
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Figure 55. Purity of GBD-7 tag purification onto different dextran-containing 

supports. Lanel: SephadexG75, Lane2: SephadexGIOO, Lane3: SephadexG200, 

Lane4: SephacrylS300S, Lane5: SephacrylS3001IR, Lane6: SephacrylS5001IR, 

Lane7: Superdex 75. 
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Table 13. Binding capacity of GBD-7 fusion proteins previously purified by Ni

NT A affinity (protein concentration: 297 J.LgIml) onto various commercial 

dextran supports. 

Matrix Protein content Amount of proteins Elution Elution Total 

in flow-through theoretically bound protein yield recovery 

and washes (J.1g) (Ilg) content (J.1g) (%t yield (%)5 

Sephadexl 
G75 129 168 85 50 29 
G100 94 203 105 52 35 
G200 96 201 92 46 31 
Sephacryf 
S300S 22 275 156 57 53 
S300HR 25 272 163 60 55 
S500HR 74 223 112 50 38 
Superdex3 

G75 17 280 164 59 55 
I Sephadex@ is a bead gel prepared by cross-linking dextran with epichlorohydrin 
2 Sephacryl@ is a cross-linked copolymer of allyl dextran and N, N-methylenebisacrylamide 
3 Superdex@ is a composite matrix of dextran and agarose 
4 Elution yield: Amount of eluted proteinsfbound protein 
5 Recovery yield: Amount of eluted proteins/proteins added to the resins 

2.2 Binding capacity of GBD-7 

A maximum adsorption of GBD-7 onto Sephacryl S300HR was defmed by 

addition of purified GBD-7 at different concentrations from 0.05 to 3.5 mg/ml. The 

GBD-7 proteins were prepared by His-tag purification, and concentrated using a spin 

filter of 10 kDa cut off until the defmed concentration. The relationship between 

initial amount of loaded GBD-7 proteins and eluted GBD-7 proteins at the end of 

purification is illustrated in Figure 56. The maximal binding capacity of Sephacryl® 

S300HR was quantitatively estimated at 12 mg ofGBD-proteins per ml of beads. 

This binding capacity was comparable to that reported by Kaseda et a/. (2001) 

for Sephacryl® S500HR, for which 14 and 5 mg of proteins were bound per ml of 

beads, for DBD and GTF respectively. In comparison with other affmity tag systems, 

that of Ni-NTA agarose (His tag) is of 12 mg proteins per ml of beads. The amylose 
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column yields 4.4 mg of proteins per ml of beads, that of immobilized streptavidin 

column yields 0.5 mg of proteins per ml of beads (Keefe et aI., 2001). Consequently, 

the capacity obtained is higher than that of most of the commercial supports. 
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Figure 56. Maximum adsorption of GBD-7 proteins onto Sephacryl® S300HR. 

2.3 Optimization of affinity chromatography using GBD-7 tag 

2.3.1 Binding time 

The contact time necessary to obtain a good interaction of GBD-7 with 

Sephacryl beads was investigated. Equal amounts of purified GBD-7 proteins were 

introduced in a test tube containing 100 JlI of Sephacryl® S300HR. The amount of 

bound GBD-7 was assessed at 2 h, 4 h, and 16 h (Figure 57). The amount of bound 

proteins was quantitatively defined as the amount of initial protein minus the amount 

of protein recovered in the flow-through. Only 2 h of binding were sufficient to bind 

more than 95% of GBD-7 onto Sephacryl. 

2h 4h 16h 

Binding time 

Figure 57. Effect of binding time of GBD-7 onto Sephacryl® S300HR matrix. 
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2.3.2 Elution step 

To improve elution efficiency, both stepwise elutions and one-step 

elution have been investigated. For the one-step elution, 1 ml of 50 gil of Dextran 1.5 

kDa was added to the support and the mix was let stand for 2 h. For the stepwise 

elutions, the GBD-7 proteins were desorbed by incubating the same amount of 

support with 0.2 ml of 50 gil of Dextran 1.5 kDa for 30 min and the procedure was 

repeated 7 times. Data from Table 14 shows that the multi-step elution was obviously 

better than the one single step elution. Two cycles of elution permitted a 55 % 

recovery of pure protein, which is equivalent to the amount of proteins eluted from 

the single step elution. The full elution program permitted to isolate approximately 

85% of pure GBD-7 protein. SDS-PAGE corresponds to these elution steps was 

shown in Figure 58. 

Table 14. One step and stepwise elution in GBD-7 purification onto 0.1 ml of 

Sepbacryl S300BR gel. 

Purification Volume Amount of protein Overall 
step (ml) (Jlg) yield (%) 

One-step 
Ni-purified 1 288.0 100 

Flow-through 1 34.7 12.0 
Wash 4 9.0 3.1 
Eluate 1 158.8 55.1 

70.3 
Stepwise 

Ni-purified 1 288.0 100 
Flow-through 1 32.8 11.4 

Wash 4 6.8 2.4 
Eluate 1 0.2 151.6 52.6 
Eluate 2 0.2 55.6 19.3 
Eluate 3 0.2 22.0 7.6 
Eluate 4 0.2 8.5 2.9 
Eluate 5 0.2 5.1 1.8 

Eluate 6 0.2 1.4 0.5 
Eluate 7 0.2 1.1 0.4 

98.9 
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Figure 58. SDS-Page 10% Bis-Tris acrylamide gel sbowing one step and stepwise 

elution in GBD-7 purification onto 0.1 ml of Sepbacryl S300HR gel. El = eluate 

from one-step elution, Esl-7 = eluates from stepwise elution using 50 gil 

Dextranl.5 as an eluent. 

2.3.3 Optimization of tbe size of dextran displacing agent 

Isomaltoligosaccharides and dextrans of different sizes (Sigma) were 

used in order to determine their ability to displace GBD-7 bound proteins from the 

support. Approximately, yields of about 80% were obtained using dextrans from 1 to 

2,000 kDa, no significant differences were observed depending on the dextran size 

(Figure 59). Interestingly, dextran of 1 kDa that mainly contains isomaltohexaose was 

as a good competitor as a high molecular weight dextran. In contrast, isomaltotriose 

which is composed of only 3 glucosyl units was not an efficient competitor. Because 

of its good ability to displace GBD-7 proteins, its easy removal by simple dialysis, 

and its reasonable cost, dextran of 1.5 kDa was chosen as the best eluting agent for the 

purification process. 
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Figure 59. Elution efficiency of GBD-7-tagged protein using 

isomaltooligosaccharides and dextrans ranging from 0.4 to 2,000 kDa (10 gil) as 

competitors. 

2.3.4 Dextran concentration 

Elution yields are clearly dependent on dextran (1.S kDa) 

concentration in the eluent for concentrations ranging from 0.1 and S gil (Figure 60), 

the maximum yield (80 %) being obtained when using a S giL dextran concentration. 

The higher concentrations tested (10 to SO gil) did not give significant enhancements. 
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Figure 60. Effect of exogenous dextran concentration on elution efficiency, usmg 

dextran 1.S kDa as displacing agent. 
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2.4 Thioredoxin-GBD-7-His affinity purification from cell lysate 

In order to confirm the potentialities of this affinity tag system, protein 

purification was carried out from cell lysate. Thioredoxin was assigned as a model of 

study for GBO-7 tag purification. One ml of E. coli lysate containing Thioredoxin

GBO-7-His proteins was incubated with 0.1 ml of Sephacryl S300HR. Then, washes 

and elution with 5 gil of dextran 1.5 kDa were performed following the protocol 

optimized (see above). The purity of eluted GBO-7 proteins was estimated at 95% 

from SOS-PAGE gel, after single step purification (Figure 61). 

The Thioredoxin content present in the sonicated extract, flow-through, 

washes, and eluates was measured following the Hormgren ' s method (Hormgren, 

1989) and the total protein content by Microbradford assay. An advantageous yield of 

purification of 58% was then determined with a purification factor of 6 (Table 15). 
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Figure 61. SDS-PAGE ofthioredoxin-GBD-7-His purified onto Sepbacryl~ 

S300HRgels. SE = sonicated extract, Ff = flow-tbrougb, W = pool ofwasbes, E = 

pool of eluates. 



Table 15. Thioredoxin-GBD-7-His fusion purification by affinity 
chromatography onto Sephacryl® S300HR gels. 

Purification step Volume Overall Yield of 

(ml) purification factor thioredoxin (%) 

Sonicated I 1.0 100±1.7 
Flow-through 1 0.3 28±3.6 
Pool of washes 4 2.0 17±5.0 
Pool of eluates 1.4 5.9 58±3.6 

2.5 Comparison of GBD-7 tag vs His tag affinity purification system 

2.5.1 His tag purification of Thioredoxin-GBD-7-His proteins 
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Following protein production and extraction, Thioredoxin-GBD-7-His 

crude extracts were incubated with Ni-NTA agarose (Qiagen). The resin was then 

washed with potassium phosphate buffer containing 20-40 mM of imidazole to 

remove non-specifically bound proteins. The chemical structures of imidazole and 

histidine are illustrated in Figure 5. Imidazole itself can bind to the nickel ions and 

disrupt the binding to histidine residues of the His tag. The Thioredoxin-GBD-7-His 

proteins were eluted with phosphate buffer including 250 mM of imidazole, dialyzed 

overnight againt PBS buffer pH 7.2 and analyzed by SDS-PAGE and protein 

quantitation assays (Figure 62, Table 16). Purity of the eluted GBD-7 proteins was 

estimated to be over 95%. The conc.entrntion of purified Thioredoxin-GBD-7-His 

proteins ranges from 300-360 mg/\. 
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Figure 62. His tag purification of Thioredoxin-GBD-7-His proteins onto Ni-NTA 

agarose resins. SE = sonicated extract, FT = flow-through, W = pool of washes, E = 

pool of eluates. 



Table 16. Thioredoxin-GBD-7-His fusion purification by affinity chromatography 
onto Ni-NT A agarose gels. 

Purification step Volume Overall Yield of 

(ml) purification factor thioredoxin (%) 

Sonicated I 1.0 100±9.0 
Flow-through 1 0.3 25±2.9 
Pool of washes 4 3.5 14±5.4 
Pool of eluates 25.2 54±2.6 

2.5.2 Comparison with GBD-7 tag purification 
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By comparing the GBD-7 tag purification system with the common 

His tag system, we observe that the purification yields are equivalent (Table 16, 17). 

However, they are much less contaminants in the purified fractions obtained by 

affinity binding through the GBD-7 tag. This is quite visible when we compare SDS

gels of purified proteins after staining with silver nitrate, a highly sensitive dye 

(Figure 63). These results indicate that GBD-7 tag is more specific than His-tag. 
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Figure 63. Purity of His tag and GBD-7 purification revealed by SDS-PAGE and 

SilverExpress staining kit. 
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2.6 Electroblotting of GBD-7 tag with biotin-dextran 

Sonicated lysate and purified GBD-7 proteins were applied to SDS-PAGE gel, 

with sonicated extracts of GBD-13 proteins as a negative control. The proteins were 

then transferred to a nitrocellulose membrane, incubated with 3% of BSA as a 

blocking agent for 3 to 16 h in order to avoid non-specific binding. Then, 10 Jlg/ml of 

biotin-dextran were probed to the membrane for 30 min. The membrane was washed 

3 times with PBST and probed with Extravidin-alkaline phosphatase for 30 min as a 

secondary antibody. After 3 washing steps, the GBD-7 tagged proteins were detected 

by adding BClPINBT phosphatase substrate. A second membrane probes with anti

His was simultaneously performed as control. 

As shown in Figure 64, the biotin-dextran system can detect GBD-7 proteins, 

but not GBD-13 which has no dextran binding property. This electroblot with biotin

dextran has been investigated by Shah el al. (2004) for L. mesenleroides, S. mulans 

glucansucrases. However, neither the alternansucrase of L. mesenleroides NRRL B-

1355 nor the dextransucrases from L. mesenleroides NRRL B-512F nor B-1299 

bound to dextran in their study. Nevertheless, they worked with the wild-type 

enzymes. These enzymes show molecular weight of more than 160 kDa and the 

membrane transfer was probably less efficient. Here, we confirmed that GBD of 

DSR-S can be detected onto nitrocellulose membrane with biotin-dextran system. In 

comparison to anti-His antibody, the biotin-dextran used as an antibody is clearly 

cheaper. 
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Figure 64. Western blot analysis with biotin-dextran (left) and anti-His (right). 

SE7=sonicated extract of GBD-7; E7S=eluate of GBD-7 proteins from 
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purification onto S300HR; E7N= eluate of GBD-7 proteins from purification 

onto Ni-NTA agarose; SEl3=sonicated extract ofGBD-13. 

The opportunity to employ GBD-7 as an affinity tag for recombinant protein 

purification was demonstrated here. It was observed in these studies that the GBD-7 

tag binds tightly to Sephacryl S300HR. Bounded GBD-7 proteins can be desorbed by 

displacement with soluble dextrans. For this purpose, dextran of 1.5 to 2000 kDa can 

be used. The elution yields of the purified form attain exquisite values above 80% 

with up to 98% of recovery. 

In conclusion, this purification system permits to obtain high yields of purified 

proteins (over 95% of purity) in a short process. A second advantage of this approach 

is that GBD-7 tag can facilitate both purification and detection of recombinant 

proteins by Western-Blots, as biotin-dextran is commercially available. Moreover, 

Sephacryl S300HR gel can be cleaned using 0.2 M NaOH and autoclaved for 

sterilization. After cleaning and re-equilibration, this matrix can be re-used in order to 

reduce the cost of the purification process. 

However, the size of GBD-7 (14 kDa) is relatively large in comparison with 

that of other commercial tags such as polyhistidine (0.84 kDa), or FLAG (1.01 kDa) 

tags for instance. Moreover, the tag in fusion to the protein of interest must be very 

well expressed, must not interfere in the solubility or in the folding of the fusion 

protein. In our construct GBD-7 was always produced with thioredoxin, to generalize 

our affinity protocol it is necessary to investigate the production of the tag alone and 

to further attempt a reduction of its size before testing it with other protein models. 

Considering that the limit of the rational approach had been reached in part I, we 

followed a combinatorial approach aiming at improving the expression and 

purification of the tag and also at reducing its size. Our strategy and results are 

presented in the following part. 



PART III 

EVOLVING GBD-7 TOWARDS A SMALLER SIZE AND 

A BETTER EXPRESSION 
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For enzyme structure-function relationship studies, a number of biochemical 

and structural experiments require highly expressed and soluble proteins easy to 

purify. For example, 5-20 mg/ml of purified proteins are necessary to prepare a 

crystal for X-ray crystallography (Santarsiero et al., 2002; Mirarefi and Zukoski, 

2004). However, heterologous expression of recombinant proteins in E. coli is not 

always efficient. Sometimes, the expression level is low and the protein forms 

inclusion bodies which are originated from protein misfolding (Baneyx and Mujacic, 

2(04). To overcome such obstacles, numerous strategies have been accomplished 

such as codon optimization (Wu et al., 2004), directed evolution (Hart and Tarendeau, 

2006; Yun et al., 2006), and utilization of peptide tag (Davis, 1999). Peptide tags 

fused with the protein of interest are also very useful to facilitate purification by its 

affinity to a specific ligand. In addition, the presence of some peptide tags such as 

thioredoxin, maltose-binding protein (MBP), NusA at N-terminal of certain proteins 

was shown to enhance the expression and solubility of the protein partner (Eliseev et 

aI., 2004). Although, the effect of the tag on protein solubility is tightly linked to the 

couple formed by the tag and the protein partner, the outcome of the fusion with a tag 

can not be predicted (Kaseda et al., 2001; Waugh, 2005). 

In this context, increasing the choice of commercial affinity tags is of major 

interest for recombinant protein studies. As we have demonstrated that GBD-7 has a 

high potential to become an efficient affmity tag, the reduction of its size and the 

improvement of its expression and/or solubility level would make it more 

competitive. In addition, no structural data of DSR-S and its C-terminal domain are 

available. Enhancing expression and solubility of GBD-7 would enable us to attempt 

in parallel protein crystallization or NMR structural analysis. 

In this part, we investigated the expression of gbd-7 gene cloned into 

pBADffOPO T A vector that does not contain the thioredoxin encoding gene. The 
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solubility of the protein product was determined. Various strategies have been applied 

to increase the protein solubility, which include codon usage optimization and 

generation of randomly designed libraries of truncated GBO-7. 

3.1 Expression of GBD-7 in the absence of Thioredoxin tag 

Thioredoxin was well known to improve solubility and expression of a fusion 

partner. In the previous study, all GBO proteins were constructed in pBADfTOPO 

Thiofusion which generated fusion protein of Thioredoxin tag at N-terminal and His 

tag at C-terminal of GBO proteins. In order to investigate the expression and 

solubility of GBO-7 itself, the gbd-7 gene was cloned into pBADfTOPO T A vector 

(Figure 65). The components of this vector are similar to the former pBADfTOPO 

Thiofusion vector except that pBAOfTOPO T A does not show the Thioredoxin tag at 

N-terminal end of the GBO protein. 

'y-
GBD7mt 

pBAD TOPO 
4520bp 

RBS 

;=-Inltlltlon ATG 

~GB07 

"' ~ V5 epitope ~Hlstag 

Figure 65. Construction of GBD-7mt in pBADffOPO TA vector. 

The gbd-7 gene was amplified by PCR using primer GB011F and RevGBO. 

Pool of PCR products (393 bp) was purified on a column kit after agarose gel 

electrophoresis. The PCR products were ligated into pBADfTOPO T A vector and 

then, were transformed into chemically competent E. coli TOPIO cells. Positive 

clones were analyzed by restriction enzyme digestion and DNA sequencing. 
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The positive clone, called GBD-7mt, was grown in 2XYT pH 6.4 expression 

medium at various L-arabinose concentrations and temperatures (Figure 66A, 66B 

respectively). After cell lysis, both supernatant and pellet were applied to Western 

blot analysis using anti-His antibody. No protein band was observed at expected size 

of 18 kDa in both soluble and insoluble fraction at all conditions tested. A glucan 

binding test in 96-well Ni-NTA HisSorb plate was also performed on the supernatant 

obtained after expression in 2XYT pH 6.4 at 23°C with 0.0002% - 0.2% of arabinose. 

However, no glucan binding signal was detected of GBD-7mt (Figure 66C). 
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Figure 66. Expression patterns of GBD-7mt at different inducer concentration 

(A) and temperature (B). Neither protein bands (D) nor glucan-binding 

properties (C) were observed. After purification onto Sephacryl S300HR using 

50 volume of sonicated extract (E), two protein bands were detected. Protein 

production was estimated at 0.17 mgIL culture. 
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The only successful mean was to apply 50 volumes of protein extract on 

Sephacryl S300HR (1 vol) and eluted with 0.4 volume of 5 gil dextran 1.5 kDa 

(Figure 66B lane E, 66D). The GBD-7mt expression profile corresponds to two bands 

of 18 and 20 kDa, able to bind to dextran. The amount of proteins in the eluate was 

quantified by Microbradford assay, and estimated at 0.17 mg/I culture showing that 

the expression level is very low. 

3.2 Strategy of the study 

The goal of this study was both to improve the expression level of soluble 

GBD-7mt and to reduce the size of the GBD-7 tag. The expression level is sometimes 

limited by the presence of rare codons. To circumvent such problems, strains that 

encoded rare codons can be used and another solution is to modify the rare codons by 

mutagenesis. However, the codon usage is not always responsible for low expression 

level. The regions surrounding of the ribosome binding site and initiation codons and 

also those surround the termination have been demonstrated to be highly involved in 

the expression levels. To increase the protein expression and/or solubility, the 

presence of rare codons in the gbd-7 gene was investigated. The rare codons were first 

localized by sequence analysis and were then modified by site-directed mutagenesis 

into codons frequently used by E. coli, without changing the amino acid code. A 

second approach corresponded to the generation of deletion libraries of Thioredoxin

GBD-7-His proteins, named Ndel and Cdellibraries, in order to decrease the protein 

size. This method required the development of a new screen permitting to reveal 

positive clones expressing soluble and functional GBD proteins. The last approach is 

combination of the soluble expression improvement and protein size decrement. 

Libraries of truncated GBD-7-His proteins, called Ndelmt and Cdelmt, were created 

using the second approach. The overall strategy used in this study is illustrated in 

Figure 67. 
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Protein size 

• N-dellibrary 
• C-dellibrary 

Figure 67. Soluble expression improvement and protein size reduction of GBD-7 

strategy. 

3.3 Codon optimization of gbd-7 gene 

Codon optimization is a technique that introduces a silent mutation of a rare 

codon into a frequently used codon in the host strain. From a total of 61 codons that 

encode 20 amino acids, each codon is unequally present in the gene, depending on the 

abundance of its correspondent tRNAs, for which the availability differs following the 

species studied (Gustafsson el al., 2004). This phenomenon is well-known in tenn of 

codon bias. Effect of codon bias on heterologous protein expression occasionally 

leads to translational errors. Rare codons can make ribosomal stalling at a position 

requiring incorporation of amino acids coupled to minor tRNAs (McNulty et al., 

2003). 

3.3.1 Search for rare codons represented in gbd-7 gene 

Rare Codon Calculator (RaCC) online tool available at 

http://nihserver.mbi.ucla.edulRACC was applied to detennine the number of rare E. 

coli codons in gbd-7 sequence. 



124 

RaCC results: 

Red = rare Arg codons AGG, AGA, CGA 

GreeD = rare Leu codon CT A 

Blue = rare lie codon AT A 

Orange = rare Pro codon (,CC 

for the following input sequence: gbd-7 

aat eag tat tat eaa tta gea gat ggt aaa tat atg ttg tta gat gat agt 

ggt egt geg aaa aea ggg tt t g t a ttg eaa gat ggt gta e TA aga tae t t e 

gat eaa aae ggt gag eaa gtg aaa gat get ate att gtg gat eea gat ac t 

aae ttg agt tat tat tte aat gea aea eaa ggt gte get gta aaa aat gat 

tat tte gag tat eaa ggt aat tgg tat tta aea gat get aat tat eaa ett 

ate aaa ggt ttt aaa gea gtt gae gae age tta eaa cat ttt gat gaa gte 

ac t gg t g ta eaa a ea a aa gat a gt get t ta ATA a g t ge t eag gg t a a g gtt 

tae eaa ttt gat aat aat gga aat get gtg tea gee 

From the RACC result, it was found that gbd-7 gene has 3 rare codons: 

cta, aga, and ata, which encode for leucine, arginine, and isoleucine respectively. The 

first two codons are located at the GBD-7 amino acids 31 and 32. The last ata codon 

is located at the amino acid 112 of the GBD-7. 

3.3.2 Design for codon optimization 

The two first rare codons are located near the N-terminal extremity and 

the third one is located at C-terminal end of the gene. Previous studies revealed that 

the presence of rare codons at the N-termimal more severely harmed the translation 

process than at the C-terminal of the gene, as it lead mRNA instability (Hoekema et 

af. , 1987; Deana et af. , 1998). We began to modify the first adjacent two codons by 

replacing the low frequently used codons with the more favored, following the codon 

usage in E. coli as shown in Table 17. The triplet code cta was altered to ctg and aga 

was changed to cgc, providing a silent mutation by site-directed mutagenesis. A pair 

of primers with overlap sequence named CodLeArgF and CodLeArgR (Table 2) was 

designed in order to introduce the mutations by inverse PCR (Figure 68). The mutant 
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clone containing the desired mutations was selected by DNA sequencing, and named 

7LeuArg (Figure 69). 

Template: 
pBADTOPO 
Tbiofasioo + GBD-7 
p7 (wild type) 

Primer: CodLeArgF 

coo gat ggt gta f!g cgc tac tic 
~ 

...... caa gat ggt gta cta aga tac ttc gat caa aac ...... 

• 
ggt gla f!g cgc lac tic gal coo aac 

Primer: CodLeArgR 

Figure 68. Primer design for changing codons encoding leucine and arginine by 

site-directed mutagenesis peR. 
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Table 17. Codon usage in E. coli (Hen3ut and Danchin, 1996) 
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C~~~FI ~FFI24.75 
I Arg ~~~~I ~FF~ 

Genes are clustered by using factorial correspondence analysis into three classes. Class I contains 

genes involved in most metabolic processes. Class II genes corresponds to genes highly and 

continuously expressed during exponential growth. Class III genes are implicated in horizontal 

transfer of DNA. One can see that the distribution of codons in class III genes is more or less even, 

whereas it is extremely biased in class II genes (in particular, codons terminated in A are selected 

against). 

pBAD TOPO Thio + GBD-7 with mutation (7Leu-Arg) 
CTA ~ CTG (Leu) 
AGA ~ cae (Arg) 

pBAD TOPO Thio + 
GBD-7(7Leu-Arg) 

~utation: CTA->CTG, AGA->CGC 

\ GBD7 

Figure 69. GBD-7 construction by eta and aga codon (7LeuArg) optimization. 

Then, we used this plasmid p7LeuArg as a template to modifY the last 

codon mutation from ata to att. Two overlap primers encoding this silent mutation 

were applied to an inverse PCR using a Phusion high fidelity DNA polymerase 

(Finnzyme) (Figure 70). After the PCR reaction, DNA template was digested by Ncol 

restriction enzyme for I h at 37°C for digestion of template DNA to remove the 

methylated parental plasm ids from PCR products. The PCR products were purified 

using a column kit, and transfonned into E. coli TOPIO cells. Analysis of positive 

clones was accomplished by DNA sequencing. The mutant which contains the 3 

mutations was labeled as 7I1e (Figure 71). 



Template: 
p7LeuArg 

Primer: CodneF 

aea aaa gat agt get Ita att agt get 
~ 

...... aca aaa gat agt gct tta ata agt gct cag ggt aag ..... . 
4 

get Ita att agt get eag ggt aag 

Primer: CodDeR 
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Figure 70. Primer design for changing isoleucine codon by PCR mediated site

directed mutagenesis. 

pBAD TOPO Thio + GBD-7 with mutation (7Ile) 
ATA ~ ATT (lIe) 

pBAD TOPO Thio 
+ GBD-7 (7lle) 

'.:~.' CTA">CTG;AGA">CGC 

GB07 

ATA..>ATT 

.-,. 

ii 
Ii 
[I 

" 

Figure 71. GBD-7 Construction with ata codon (7De) optimization. 

Moreover, in order to investigate the effect of rare codon on expression 

of GBD-7 in the absence of Thioredoxin, the gbd-7 gene containing the two ftrst 

mutations, (gbd-7LeuArg) was cloned into pBADffOPO T A vector. After that, we 

performed transformation and analysis of positive clones. The new construct was 

named 7mtLeuArg (Figure 72). 



pBAD TOPO TA + 
GBD-7(7mtLeu-Arg) 

4519bp 

~uUmOn:CTA~TG.AGA~GC 
\ GBD7 
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Figure 72. Construction of GBD-7 with optimized eta and aga codon and cloned 

into pBAD TOPO TA vector (7mtLeuArg). 

3.3.3 Protein expression 

The protein expression level of the different mutants containing both 

synthetic codons and wild-type genes were investigated. E. coli TOP} 0 cells carrying 

wild-type and synthetic gbd-7 were grown in 2XYT pH 6.4 at 30°C, 0.02% of 

arabinose. The cells were harvested when the OD600 reaches 2.5 and then centrifuged 

to collect the cells. After cell lysis, the supernatant and pellet fractions were analyzed 

by SOS-PAGE and colloidal blue staining (Figure 73). Interestingly, the mutants with 

optimized codons had a higher expression level than that of the control wild-type. The 

soluble fraction of each strain was purified onto Sephacryl S300HR. Amount of 

purified GBO-7 proteins were quantifi~d by Microbradford assay. The data obtained 

showed that the production of GBO-7 was increru;,ed by 2.8 or 4.8 folds compared to 

the wild-type, when changing the codons eIl((oding for lencine-arginine and for 

isoleucine, respectively (Figure 73). 

However, in the absence of N-terminal Thioredoxin tag, no expression 

of GBD-7mt ~ GBD-7mtLeuArg was detected on SDS-PAGE with colloidal blue 

staining (Figure 74) prior to concentration onto Sephacryl support. The protein band 

of these untagged constructs could only be revealed by SilverExpress staining, which 

is a highly sensitive protein detection system (Figure 75). This indicated that the poor 
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expression of GBD-7mt is probably not due to the codon bias. Other factors such as 

protein folding, mRNA stability or transcription rate might influence the lack of 

expression of GBD-7 without Thioredoxin tag. Moreover, the present of a 15-kDa 

protein band shows that the GBD-7 has been produced and binds efficiently without 

the thioredoxin. This indicates that it is properly folded. 
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Figure 73. Profile of GBD-7 expression and protein content after codon 

optimization. 
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Figure 74. GBD-7mt expression profile after codon optimization. 
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Figure 75. Purification of codon-optimized GBD-7. Each lane corresponds to 

purified proteins obtained from the GBD-Sephacryl S300HR affinity 

purification. The protein bands were revealed by SilverExpress staining kit 

(Invitrogen ). 
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3.4 Directed evolution of GBD-7 by unidirectional deletion 

Directed evolution is a powerful tool to improve enzymes or protein 

properties. This method is composed of 2 major steps which are (a) construction of 

the mutant library and (b) screening of positive mutants. Effective and reliable 

screening methods have to be developed to ensure the success of the method. In our 

study, thousands of truncated variants were generated and screened for their soluble 

expression and glucan binding ability. The positive clones were characterized in term 

of size and solubility. 

3.4.1 High throughput immunoassay for screening of soluble GBD 

proteins 

A novel high throughput screening for soluble GBD protein was 

developed. It is based on colony filtration blotting and glucan-binding assay (Cornvik 

et a!., 2005; Shah and Russel~ 2002). As shown in Figure 76, our method begins by 

growing of GBD variant cells onto a Q-tray (22 x 22 cm) containing LBA agar. 

Following growth, the single colonies are rearranged in a 384-well plate with LB+8% 

glycerol by the QPixII robotic machine using the 'Picking' program. Parameters for 

colony picking were settled up in term of diameter, roundness, axis ratio, and overlap. 

Then, the plate was incubated at 30°C with vigorous shaking overnight. After that, 

the variant cells were gridded onto a Durapore membrane with 0.22 J.1m pore size, 

which was previously laid on Omni-tray containing 2XYT pH 6.4 + 0.002% of L

arabinose. The hydrophilic Durapore membrane provides soluble protein separation 

from the insoluble fraction. The gridding step was carried out by the QPixll robotic 

machine using program 'Replicating'. The Omni-tray was incubated at 30°C for 48 h 

in order to induce recombinant protein expression. 

The colony filtration blot was used to isolate the soluble fraction of cell 

lysate by filtration pass through the Durapore membrane after cell lysis. Then, the 

proteins were immobilized onto the lower phase nitrocellulose membrane. Glucan

binding phenotype was detected by an immunoassay using biotin-dextranlExtravidin

alkaline phosphatase system on nitrocellulose membrane. It is preferable to use the 

horizontal shaker to maintain the interaction of those proteins. 
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Figure 76. High-throughput screening for functional and soluble GBD proteins. 

3.4.2 Evaluation of the screening method 

Our screening method was analyzed in term of specificity and error 

using a standard 384-well plate containing clones expressing GBD-7, GBD-7mt, and 

GBD-12 as positive, negative expression, and negative dextran-binding control 

respectively. The pattern of the plates is showed In Figure 77 A. Single colonies were 

picked and used to inoculate the 384-well plate containing LB+8% glycerol. 
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A 1 2 3 -I 5 6 7 8 9 10 Jl 12 JJ 14 15 16 17 18 19 20 21 22 23 U 

A .. 12 .. 12 .. 12 .. 12 .. ~ .. u .. u .. u .. 11 .. U .. U .. U 

B 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 

C .. 11 .. U .. U .. U .. 11 .. U .. Il .. Il .. U .. Il .. Il .. U 

D 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 

E .. Il .. U .. Il .. U .. Il .. U .. Il .. U .. Il .. U .. Il .. U 
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G 
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Figure 77. Culture plate pattern (A) and nitrocellulose membrane (B) of control 

plates containing clones encoding GBD-7 (positive soluble glucan binding 

protein), GBD-7mt (negative insoluble glucan binding protein), and GBD-12 

(negative glucan binding proteins). 
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An average of 0 % of false positives and 3.8 % of false negatives were 

calculated from the screening, indicating the high specificity and very good accuracy 

of biotin-dextranlExtravidin-alkaline phosphatase detection system. This is in contrast 

to the screening by GFP fusions which had a relatively large number of false positives 

(Kawasaki and Inagaki, 200 1). However, some patchy colonies were detected, but this 

can be avoided by a removal of excess buffer during the cell lysis. 

3.4.3 Generation of nested deletion libraries 

Unidirected truncatures of GBD-7 were constructed using the Erase-a

base system relied on Exonucleasell (ExoIll) and S 1 nuclease digestion into plasmid, 

at specific positions. This approach was used to attempt the random reduction of 

GBD-7 size and the improvement the expression of soluble GBD-7. 

3.4.3.1 Screening for truncated form of GBD-7 

Two libraries of N- and C- terminal deletions of GBD-7 

variants were generated from pBADrrOPO Thiofusion + GBD-7 construct, in order 

to obtain truncated forms of Thioredoxin-GBD-7-His proteins. At the beginning, 

&oRI and Pst! site were inserted in front of or behind the gbd-7 using a couple of 

primers containing the restriction sites. After the amplification, PCR products were 

cloned iIito pBADrrOPO Thiofusion vector. Positive clones of N- and C-terminal 

deletion templates (NdelTP and CdelTP) were analyzed by restriction digestion and 

DNA sequencing. Figure 78 shows the construction of NdelTP and CdelTP. PstI 

recognition site, that generated 3' protruding end, was located near the vector side to 

protect the digestion of Exoll. In contrast, EcoRI which is a 5' overhang DNA 

producing enzyme, had been addressed just prior to or after the gbd-7 gene, 

permitting the gene deletion by ExoIII. 



A 

Thioredoxin 
ATG 

-.......... 

B 

Thioredoxin 

ACCATGGCTGCAGCTGTCTGAATTCTG 

Nco I Pst I EcoRI 

ACCATGGAT 
TGGTACCTA 

Nco I 

GBD-7 

GAATTCACTAACCTGCAG 
CTTAAGTGATTGGACGTC 

EcoRI 

Figure 78. Construction of NdelTP (A) and CdelTP (B). 
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His 

His 

High quantities of NdelTP and CdelTP plasm ids were prepared 

using the QIA maxi prep column kit. The plasm ids were incubated with PstI at 37°C 

until achieving complete digestion. PstI-digested plasm ids were purified on a column 

kit and then digested by EcoRl at 37°C. When digestion was completed, the PstI- and 

EcoRl-digested plasm ids were purified on the column kit. The ExolII and S I nuclease 

digestion were performed at 10°C for 15 min following the manufacturer' s 



137 

instructions. Pool of digestions was transformed into E. coli TOP 10 cells. In order to 

explore the digestion reaction, 12 colonies of C-terminal deletion library (Cdel) were 

randomly subjected to colony PCR, using primers specific for pBADffOPO 

Thiofusion vector, TrxF and pBADR (Table 10). The PCR products were visualized 

by agarose gel electrophoresis (Figure 79). From a full-length product (637 bp), 5 

colony samples corresponded to fragments of size ranging from 500-637 bp (0-137 bp 

deletion). Fragments of 400-500 bp (137-237 bp deletion) were obtained from 4 

samples. No amplified product was obtained for 3 colonies, showing that the deletion 

might harm over the complementary site of the primers. 

BL TO 1 2 3 4 5 6 7 8 9 10 11 12 TO 

1500 
1500 

1000 
900 1000 
800 900 
700 800 
600 700 
500 600 
400 500 
300 400 
200 300 

200 

Figure 79. Colony PCR of Cdel libraries using primer TrxF and pBADR. BL= 

PCR reaction with no bacterial colony; TO=digestion control before ExoID 

digestion providing a full-length gbd-7 gene. 

Therefore, the ExoIII digestion condition was settled at 10°C, 

which can generate deletion fragments differing in size up to 16 bp per min. For Ndel 

and Cdellibraries, the ExoIII digestions were accomplished at 7.5, 15, and 30 min for 

creating variable truncated forms of Thioredoxin-GBD-7-His proteins. We screened 

1,392 and 1,476 colonies of the N-del and C-del libraries, repectively. The DNA 

sequences of ten unknown variants were investigated in order to determine the 

truncation efficiency of the ExollI (Figure 80). It was found that five unknown 

variants were effectively deleted at the gbd- 7 gene range from 28 to 272 bp by the 

ExoIII , in contrast to other three variants which were not digested by the enzyme. The 
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last two unknown variants could not be sequenced via primer TrxF. It might be 

because the complementary sequences of that primer were removed by the ExoIII. 

According to these results, fragments derived from this digestion protocol had the 

desired deletion about 50 % of total colony with a moderate variation in length of 

each construct. 
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Figure 80. DNA sequence alignment of wild-type GBD-7 and its unknown 

variants from Ndellibrary by ClustalW 1.83. Highlight colors indicated different 

domains: Green=N-terminal Thioredoxin sequence, Yellow=restriction site, 

Blue=GBD-7, Red=C-terminal V5 epitope and His tag. 
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Table 18. Summary ofsoluble gluean-binding mutant screening. 

Libraries 
Total CoFi blot (l Si Deletion (colony Deletion at 

variants screening) PCR) GBD-7 side 
C-terminal deletion 

1476 29 15 0 
(+Thio) 

N-terminal deletion 
1392 6 2 

(+Thio) 

A 

NdF3 

WT 

Nd020 

B 

• 

CdK4 
CdJ17 

Figure 81. Positive variants from Ndel (A) and Cdel (B) libraries. 

From the Ndel library, 6 colonies were found to produce 

soluble GBD proteins (Figure 81; Table 18), for which 2 colonies, Nd020 and NdF3, 

were reduced the size. In the Cdel library, 29 colonies expressed soluble GBD, among 

them 15 variants were shorted by ExolIl. Surprisingly, sequence analysis of these 

variants showed that all of them entertained deletions not in the gbd-7 gene, but in the 

pBADrrOPO vector (Figure 82). Only one variant NdF3, presented deletion in the 

gbd-7 gene. We, therefore, selected 2 variants of each library for solubility test and 

protein production. Figure 83A showed deletion diagram of selected variants and their 
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ability to express the soluble GBD proteins. Nd020 and NdF3 variant contained 

deletions at the N-terrninal sequence, which was in the Thioredoxin sequence. As 

suspected, deletions in the thioredoxin sequences caused significantly reduction of 

soluble expression level. We found that the variant proteins were more presented in 

the pellet than that in the soluble fraction (supernatant). It was cleared that 

Thioredoxin had an imJX>rtant role to enhance GBD-7 solubility as also mentioned in 

several investigations (Smyth et ai., 2003; Tsunoda et at., 2005; Peisley and Gooley, 

2007; Niiranen et at., 2007). For CdK 14 and CdJ17 obtained from C-del library, 

deletion occurred at C-terrninal vector region of the construction. Surprisingly, both 

variants dramatically increased their level of expression in supernatant and pellet, 

compared to the wild-type (Figure 838). Truncation in the V5 epitope region may 

have a role in this difference. On the other hand, no evidence had been reJX>rted about 

a role of inhibition of the V5 epitope on recombinant protein expression. 
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Figure 82. Sequence alignment of wild-type GBD-7 and its variants by ClustalW 

1.83. Highlight colors indicated different domains: Green=Thioredoxin tag, 

Blue=GBD-7, Yellow=V5 epitope tag, Red=His tag. 

A Thiored<»dn GBD-7 

GBD-7 WT 

Nd020 

NdF3 

CdK4 
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B 
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] 
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7 CdJ17 

~ 
S S P 

-
-

Figure 83. A: Feature map of positive deletion variants. Strength line 

corresponds to the amino acid deletions. B: Solubility test of all variants. 

Proteins were expressed at 30 °C and induced by 0.02% of L-arabinose. 

S=soluble fraction, P=pellet. 
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The dissociation constant of these variants was estimated 

following the method described in the part I, showing that they were in the same 

range than the wild-type (Figure 84). Truncation of the fusion partner (Thioredoxin or 

V5 epitope) of GBD-7 does not affect its affinity for dextran. Same result was 

observed for NdF3, for which the N-terminaI gbd-7 gene was reduced of 36 bp and 

the N-terminaI thioredoxin encoding gene was deleted for 60 bp. Thus, truncated form 

of GBD-7 was constructed in Ndel library, whereas no positive gene deletion clone 

was obtained from Cdel library. This confirmed the important role of the C-terminal 

end of gluean-binding domain. 

2,5 

2,0 

1.5 

E 
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:g 

1.0 ~ 

~ « 
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o 10 
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II .. 
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40100 120 

Biotin-dextran (nM) 

? (nonlinear Bmax K.!(M) 
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0.9912 2.1083 2.93 x 10-9 

0.9902 2.3452 3.75 x 10-9 

0.9929 0.3769 2.22 x 10-9 

0.9958 0.3475 1.36 x 10-9 

Figure 84. Determination of the dissociation constants Kc. of the positive variants 

_ B .... x [Biotin-dextran] 
Abs4j)s,,", - [ . . ] 

following the one-site ligand binding equation Kd + BlOtm-dextran • The 

Kc. value of wild-type GBD-7 is 2.79 x 10-9 M (part I). 
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3.4.3.2 Screening for soluble expression of protein 

To improve the expression level of GBD-7 in the absence of 

thioredoxin tag (GBD-7mt), two libraries of GBD-7mt variants were generated, 

composed of nested N-terminal deletion (Ndelmt) and C-terminal deletions (Cdelmt). 

Parental plasmids were prepared from NdelTP and CdelTP by NcoI digestion for 

removal of thioredoxin sequence. The plasmid NdelmtTP and CdelmtTP were then 

treated with EcoRJ and PstI before preceding the nested deletion reaction. 

The ExolIl deletion libraries were generated under same 

conditions with Ndel and Cdel libraries. Total variants of 2,446 and 1,615 colonies 

from the Ndelmt and Cdelmt were screened respectively (Table 19). Only one 

positive variant from the Cdelmt library was found by CoFi blotting, and named 

CdmtA4 (Figure 85). The variant CdmtA4 was checked for deletion by DNA 

sequencing and compared to wild-type (Figure 86). We found that the deletion was 

not located in the gene, but at the C-terminal V5 epitope and His tag sequences. This 

deletion caused a frame shift on the C-terminal fusion partner of the GBD-7 to 

EFTNQLGCFGG in stead of KGELEGKPIPNPLLGLDSTRTGHHHl-ll-IH which 

corresponded to V5 epitope and His tag fusion sequences. Similar to the result from 

Cdel library, the expression of variant CdmtA4 was significantly higher than that of 

wild-type, in both supernatant and pellet (Figure 87). Even though, the truncation was 

not arisen on the gene, the expression problem of GBD-7 without Thioredoxin (GBD-

7mt) can circumvent. 

CdmtA4 

Figure 85. Positive variants from Cdelmt library. 
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Table 19. Summary ofscreening for soluble glucan-binding mutants. 

Libraries 

N-tenninal deletion 
(-Thio) 

C-tenninal deletion 
(-Thio) 

GB D-7 
60 
CdA4mt 
48 

GBD-7 
120 
CdA4mt 
108 

GBD-7 
CdA4mt 

Total CoFi blot (lSI Deletion (DNA Deletion at 
variants screening) sequencing) GBD-7 side 

2446 0 

1615 0 

MGSGSGDDDDKLA . - ~ . . -- . .. . _. _. ... . .. .. -

MD------------ . - .. - '" - . ... ... - .. ... .. .. . - . 

* ********************************************** 

.. - .. . . . . , . - ..,.... . -

. . _. .... . - ... - - - - .. 

************************************************************ 

- -- . ---' _ .... --- -- - _ .. 

*************************. 

173 GELEGKPIPNPLLGLDSTRT[~IIII. 
-------FTNQLGCFGG---------- 144 

. * * 

Figure 86. Sequence alignment of wild-type GBD-7mt and CdmtA4 by ClustalW 

1.83. Highlight colors indicated different domains: Blue=GBD-7, Yellow=V5 

epitope tag, Red=His tag. 
7mt CdA4mt 
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Figure 87. Comparison of protein expression and solubility of positive CdA4mt 

variant and the GBD-7mt wild-type. S=supernatant, P=pellet, E=eluate from 

purification onto Sephacryl S300HR. 
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3.4.3.3 Protein production of variants 

Recombinant protein production of all variants from the 4 

libraries was compared to that of the wild-type. Purification of variant proteins onto 

0.1 ml of Sephacryl S300HR was performed to calculate their protein production at 30 

DC, using 0.02% of L-arabinose. Elution was applied using 5 gil of dextran 1.5 kDa 

and eluted fractions were analyzed by SDS-PAGE and Microbradford assay (Figure 

88, Table 21). Considering the protein production level, deletion of the Thioredoxin at 

the N-terminal extremity reduces the level of production approximately 2 times 

compared to the wild-type. In contrast, deletion at the C-terminal extremity enhances 

the protein expression level, certainly promoted by a removal of V5 epitope. 

Especially for the best variant CdmtA4 for which the production level was up to 16 

times greater than that of the wild-type 7mt. 

illa 
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100 
75 
50 

37 

25 
20 

15 

10 

7 ND020 NDFJ CDK4 CDJ 17 7MT 

--
-

kDa 
200 
116.3 
97.4 
66.3 
55.4 

36.5 
31 

21.5 

14.4 

7 Nd020 NdF3 CdK4 CdJ 177m! CdA4m! 

Figure 88. Purification of positive variants onto Sephacryl S300HR. Gels were 

stained by Colloidal blue (right) and SilverExpress (left). 
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Table 20. Protein size and production of positive variants at 30°C. 

Variants 
7(wild-

Nd020 NdF3 CdK4 CdJ17 
7mt(wild-

type) type) 

Protein production (mg 

Purified proteinIL 8.5 3.4 3.9 108.3 26.7 0 

culture) 

Protein size (kDa) 

Full-length 30 24 29 29 29.5 20 

Truncated formed 15 15 12 13 18 

In conclusion, in order to develop GBD-7 as a powerful affinity tag, size and 

soluble expression of the protein is very important. Experiments on the GBD-7 

production in the absence of Thioredoxin tag showed very low expression level. To 

overcome these problems, codon optimization and directed protein evolution 

strategies were carried out. In E. coli, codon optimization typically increased the 

expression level for 1.2-16 folds (Ejdeback et aI., 1997; MakotI et aI., 1989; Li et ai., 

2002; Williams et aI., 1988). For GBD-7, its expression was successfully improved by 

approximately 4.8 folds of the wild-type after rare codons was optimized. 

Simultaneously, its expression was improved by incremental truncation approach. 

Only one round of evolution, the expression of the GBD-7 can increase up to 90 times 

of the wild-type. 

We have also highlighted interesting results, as truncations at C-terminal V5 

epitope part have large effect on soluble protein expression in with or without 

Thioredoxin tag, for instance. This might be due to a better protein folding when get 

rid the V5 epitope, the frame shift mutation may also cause a new amino acid 

sequence responsible for an increasing protein expression. Engineering of CdmtA4 

with a stop codon at the end of the gene should be performed in order to have a better 

idea of the phenomenon involved here. Moreover, combination of the two strategies 

will give an advantageous expression level increase of the GBD-7 tag. The high 

soluble expression of the GBD-7 gained here is increase the feasibility of structural 

A4mt 

15.7 

15 

12 
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studies either by NMR or X-ray crystallography to understanding glucan binding 

mechanism of this enzyme. 

From N-terminal deletion libraries, the size of the GBD-7 can be reduced of 

only 12 amino acids, corresponding to about 1 kDa. However, in comparison with 

GBD-3, which can not bind to dextran, there are only 15 different amino acids 

between the CdF3 variant and this GBD-3. These amino acid sequences, L L DDS G 

R A K T G F V L Q, may have a crucial role in gluean-binding. In contrast to C

terminal libraries, no deletion in the gbd-7 gene permitted to conserve the dextran 

binding property. As previously suggested the last N repeats may be involved in the 

glucan binding or maintain a correct folding. Protection of the vector sequence from 

ExollI by 3' protruding end may inefficient, therefore the error on ExoIII digestion 

was consequently occurred. Another approach like a-phosphorothioate dNTP addition 

to 3' recessed end (Promega) should be investigated. 

Finally, we have developed a new high-throughput screening for gluean

binding ability based on CoFi blotting and glucan-binding assay which is a highly 

specific to dextran binding. It might be applied for both screening of a fusion partner 

by used the GBD-7 as a reporter tag, and screening for protein with dextran binding 

property e.g. glucansucrase enzymes. In response to the growing needs of high

throughput methods, some screening protocols were developed to select the soluble 

proteins. For example, automated screening of His-tagged protein in 96-well plate 

(Vincentelli et aI., 2005), colony filtration blotting (Cornvik et aI., 2005). These 

methods, however, used anti-His which is relatively expensive. Compare to our 

methods, the screening for GBD employing biotin-dextran and Extravidin-alkaline 

phosphatase at dilute concentration which is cheap and could be suitable for high

throughput applications. One limitation of this screening is that it cannot distinguish 

between full-length and truncated proteins as well as degraded form unless the SDS

PAGE is performed. 



CHAPTER V 

CONCLUSIONS AND FUTURE PERSPECTIVES 

1. Conclusions 

In this study, C-tenninal domain of a dextransucrase from L. mesenteroides 

NRRL B-512F (DSR-S) was searched for a minimal motif responsible for glucan 

binding. It was confinned that the C-tenninal domain (39.7 kDa) of DSR-S has the 

role in glucan binding like other glucansucrases by a glucan binding assay in Ni-NT A 

HisSorb 96-well plate. From fourteen truncated forms constructed in this study, four 

motifs were positive for the glucan binding. Sequence comparison of these positive 

constructs showed the common motif composed of YGIO-YGU-YG12-YGn-YG14 

while either motifYG6-YG7 or YG15 is required to provide the glucan binding ability 

at N or C-tenninus respectively. Sequence alignment of these two repeats indicated 

the conserve sequences: FD(G/N)NG(H/N)A V which may interact with a glucan 

chain or facilitate the correct folding of the GBD. Furthermore, the minimal motif 

responsible for glucan binding is located between amino acids N1397 to A1527 of 

DSR-S (GBD-7). With a 14 kDa in size, the Kd ofGBD-7 is 2.79 x 10-9 M indicating 

that the GBD-7 has very high affmity to dextran. 

Potential application of GBO-7 tag for protein purification onto cross-linked 

dextran support was then carried out. The best support for the GBD-7 tag was 

Sephacryl S300HR that showed the highest bound proteins and elution yield. The 

binding capacity of the GBD-7 tag to the Sephacryl S300HR was estimated at 12 mg 

proteins per ml resin. Here, the purification protocol of the GBD-7 tag was optimized 

to be: binding time 2 hat 4 OC, wash 15 min 4 times, eluted 15 min 7 times with 5 gil 

of dextran 1.5 kDa. At this condition, purification from cell lysates using the GBD-7 

tag was given approximately 58% yield of purification with over 95% purity observed 

by SOS-PAGE. Moreover, experimental design for GBD-7 specific detection onto 

nitrocellulose membrane was also developed. Using biotin-dextranlExtravidin system, 

the GBD-7 tagged proteins can be revealed on the membrane. 

When engineered gbd-7 gene into pBADffOPO TA vector (no thioredoxin at N

tenn), only low amount (0.17 mgll culture) of the GBO-7 -His proteins was expressed 
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at defined condition and two forms of the proteins were observed. Two strategies 

were performed in order to improve the soluble expression level of the GBD-7 

proteins. One of them is codon optimization in which the expression level of the 

Thioredoxin-GBD-7-His proteins was increased up to 4.8 folds compared to the wild

type. However, the codon optimization did not enhance the expression of the GBD-7-

His proteins. On the other hand, incremental truncation at C-terminal end of the GBD-

7-His protein (CdA4mt) can improved the expression to 15.7 mgll culture or 92 times 

compared to the wild-type. This result suggested that V 5 epitope region between 

GBD-7 and His tag may inhibit the protein expression or promote the incorrect 

protein folding. Similar result was also observed in the Thioredoxin-GBD-7-His 

protein, deletion at the V5 epitope sequence can enhance the protein expression up to 

108.3 mgll culture or 13 folds of the wild-type. Finally, we can reduce the size of the 

GBD-7 by 12 amino acids or about I kDa without any change in glucan binding 

ability. 

2. Future perspectives 

Considering the GBD-7 tag affinity purification system, we only demonstrated 

fusion of the GBD-7 tag with small proteins, so it should be try to fuse with other 

large proteins or enzymes to obtain more information about this purification system. 

Moreover, engineering of a vector containing the gbd-7 sequence with multiple 

cloning site and protease recognition site will provide easy fusion of the GBD-7 tag to 

other proteins. 

In directed evolution experiment, the question of how deletion at C-terminus can 

enhance the GBD-7 expression is still not clear. Introduction of a stop codon at the 

end of the gene should provide a better idea about these results. Finally, we can 

enhance the soluble expression of the GBD-7 as well as its purification process. 

Therefore, it is highly recommended to investigate a three-dimensional structure of 

the GBD-7 by X-ray crystallography or NMR analysis for comprehensive 

understanding of its binding mechanism and further applications. 
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APPENDICES 



APPENDIX A: dextransucrase-S sequence (for numbering). 

attgtgtattgaaatttttactgtttttacaaataaattaagtta 
taatttttcaatgtaatagaagagaatattataaggagaaaattt 

1 atgccatttacagaaaaagtaatgcggaaaaagctttataaagtt 
M P F T E K V M R K K L Y K v 

46 gggaaaagttgggtagttggtggggtttgtgcttttgcattaacc 
G K S W v V G G V C A F A L T 

91 gcctcatttgctttagcaacaccaagtgttttaggagacagtagt 
A S F A L A T P S V L G D S S 

136 gtacctgatgtgagtgcgaataacgttcaatctgcttcagataat 
v P D V SAN N " V Q S A S D N 

181 acaacggatacgcagcagaacactacggttaccgaagaaaatgat 
T T D T Q Q N T T V TEE N D 

226 aaagtacagtctgcagctactaatgacaatgtaacaacagctgca 
K V Q S A A T N D N V T T A A 

271 agcgacacaacacaatctgctgataataatgtgacagaaaaacag 
S D T T Q SAD N N V T E K Q 

316 tcagatgatcatgcacttgataatgaaaaagtcgataacaaacaa 
S D D HAL D N E K V D N K Q 

361 gatgaagtcgctcaaaccaatgttactagcaaaaatgaggaatca 
D E V A Q T N V T S K NEE S 

406 gcagttgcttcaactgacactgatcctgctgaaacgacaactgac 
A V A S T D T D P A E T T T D 

451 gaaacacaacaagttagcggcaagtacgttgaaaaagacggtagt 
E T Q Q v S G K Y V E K D G S 

496 tggtattattattttgatgatggcaaaaatgctaaaggtttatca 
W Y Y Y F D D G K N A K G L S 

541 acgatagacaacaatattcaatatttttacgagagtggtaaacaa 
TID N N I Q Y F YES G K Q 

586 gccaaaggacagtatgtcacaattgataatcaaacatattatttt 
A K G Q Y V TID N Q T Y Y F 

631 gataagggctcaggtgatgagttaactggtctgcaaagcattgat 
D K G S G DEL T G L Q SID 

676 gggaacatagttgcttttaacgatgaagggcaacaaatttttaat 
G N I V A F N D E G Q Q I F N 

721 caatattaccaatctgaaaatggtacaacatactactttgatgat 
Q Y Y Q SEN G TTY Y F D D 

766 aaaggacacgctgctaccggtattaagaatatcgagggcaaaaat 
K G H A A T G I K N I E G K N 

811 tattattttgataatcttgggcaactaaaaaaaggcttctctggt 
Y Y F D N L G Q L K K G F S G 

856 gtgattgatggtcaaataatgacatttgatcaggaaacagggcaa 
V I D G Q I M T F D Q E T G Q 

901 gaagtttctaacacaacttctgaaataaaagaaggtttgacgact 
E V S N T T S E IKE G L T T 

946 caaaacacggattatagcgaacataatgcagcccacggtacggat 
Q N T D Y S E H N A A H G T D 

991 gctgaggactttgaaaatattgacggctatttaacagctagttca 
A E D FEN I D G Y L T ASS 

1036 tggtatcgtccaacaggtattttacgtaacggaacagactgggaa 
W Y R P T GIL R N G T D W E 

1081 ccttctacagatacagatttcagaccaatattgtcagtgtggtgg 
PST D T D F R P I L S V W W 

1126 ccagataagaacacccaggtcaattatttaaattacatggctgat 
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P D K N T Q v N Y L N Y MAD 
1171 ttagggtttatcagtaatgcggacagttttgaaactggggatagc 

L G F I S N ADS F E T G D S 
1216 caaagcttattaaatgaagcaagtaactatgttcaaaaatcaatt 

Q S L L N E A S N Y v Q K S I 
1261 gaaatgaaaattagtgcgcaacaaagtacagagtggttaaaggat 

E M K I S A Q Q S T E W L K D 
1306 gcaatggcggccttcattgtcgcgcaaccacagtggaatgaaact 

A M A A F I V A Q P Q W NET 
1351 agtgaagatatgagcaatgaccatttacaaaatggcgcattaact 

SED M S N D H L Q N GAL T 
1396 tatgtcaacagtccactgacacctgacgctaattcaaactttaga 

Y V N S P L T P DAN S N F R 
1441 ctacttaatcggacaccaacaaaccagactggtgaacaagcgtat 

L L N R T P T N Q T G E Q A Y 
1486 aatttagataattcaaaaggtggttttgaattgttgttagccaat 

N L D N S K G G F ELL LAN 
1531 gacgttgataattcaaaccctgtagtacaagcagaacaattgaat 

D V D N S N P V v Q A E Q L N 
1576 tggttatattatttaatgaattttggtacgattacggccaacgac 

W L Y Y L M N F G TIT AND 
1621 gcggatgctaattttgatggtattcgtgtagatgcagtcgacaat 

A DAN F D G I R V D A V D N 
1666 gtggatgctgatttgttacaaattgctgccgattatttcaaacta 

V DAD L L Q I A A D Y F K L 
1711 gcttacggtgttgatcaaaatgatgctactgctaatcagcatctt 

A Y G V D Q N D A TAN Q H L 
1756 tcaattttggaagattggagtcacaatgatcctttgtatgtaaca 

S I LED W S H N D PLY V T 
1801 gatcaaggaagcaatcaattaaccatggatgattatgtgcacaca 

D Q G S N Q L T M D D Y V H T 
1846 caattaatctggtctctaacaaaatcatctgacatacgaggtaca 

Q L I W S L T K S S D I R G T 
1891 atgcagcgcttcgtggattattatatggtggatcgatctaatgat 

M Q R F V D Y Y M V DRS N D 
1936 agtacagaaaacgaagccattcctaattacagctttgtacgtgca 

S TEN E A I P N Y S F V R A 
1981 cacgacagcgaagtgcaaacggttattgcccaaattgtttccgat 

H D S E V Q T V I A Q I V S D 
2026 ttgtatcctgatgttgaaaatagtttagcaccaacaacagaacaa 

L Y P D V ENS LAP T T E Q 
2071 ttggcagctgctttcaaagtatacaatgaagatgaaaaattagca 

L A A A F K V Y NED E K L A 
2116 gacaaaaagtacacacaatataatatggctagtgcttatgcgatg 

D K K Y T Q Y N MAS A YAM 
2161 ttgctaaccaataaggatactgttcctcgtgtctattatggcgat 

L L T N K D T V P R V Y Y G D 
2206 ttatatacagatgatggtcaatatatggcaacaaagtcaccatac 

L Y T D D G Q Y MAT K Spy 
2251 tatgatgcgattaacactttgctaaaggctagagttcagtatgtt 

Y D A I N T L L K A R V Q Y v 
2296 gctggtggccaatcgatgtccgttgatagtaatgacgtgttaaca 

A G G Q S M S V D S N D V L T 
2341 agtgttcgctatggtaaagatgccatgacagcttctgacactgga 

S V R Y G K DAM T A S D T G 
2386 acatctgagacgcgtactgaaggtattggagtcatcgtcagcaat 
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T SET R T E GIG V I V S N 
2431 aacgcggagctacaattagaggatgggcatactgtcacattgcat 

N A E L Q LED G H T V T L H 
2476 atgggggcagctcataagaaccaagcttatcgtgctttgttatca 

M G A A H K N Q A Y R ALL S 
2521 acaactgcagatggattagcttattatgatactgatgaaaatgca 

T TAD G LAY Y D T DEN A 
2566 cctgtggcgtacacagatgctaacggcgatttgatttttacgaat 

P V A Y T DAN G D L 1FT N 
2611 gaatcaatttatggtgtacaaaatccacaagtttctggttacttg 

E SlY G V Q N P Q v S G Y L 
2656 gcagtttgggttccggtaggtgcgcaacaagatcaagatgcacga 

A V W V P V G A Q Q D Q DAR 
2701 acggcctctgatacaacaacaaacacgagtgataaagtgttccat 

T A S D T T TNT SDK V F H 
2746 tcaaacgctgctcttgattctcaagtcatctacgaaggtttctca 

S N A A L D S Q v lYE G F S 
2791 aacttccaagcatttgctacagacagcagtgaatatacaaacgta 

N F Q A FAT D SSE Y T N V 
2836 gtcatcgctcagaatgcggaccaatttaagcaatggggtgtgaca 

V I A Q N A D Q F K Q W G V T 
2881 agcttccaattggcaccacaatatcgttcaagtacagatacaagt 

S F Q LAP Q Y R SST D T S 
2926 ttcttggattcaattattcaaaacgggtatgcattcacggatcgt 

F L D S I I Q N G Y AFT D R 
2971 tatgacttaggttatggcacaccgacaaaatatggaactgctgat 

Y D L G Y G T P T K Y G TAD 
3016 cagttgcgcgatgctattaaagccttacatgctagcggtattcaa 

Q L R D A I K A L HAS G I Q 
3061 gccattgccgattgggtgccggaccaaatttataatttgccagag 

A I A D W V PDQ I Y N L P E 
3106 caagaattagctactgtcacaagaacaaattcatttggagatgac 

Q E L A T V T R T NSF G D D 
3151 gatacagattctgatattgacaatgccttatatgttgtacaaagt 

D T D S DID N A L Y V v Q S 
3196 cgtgggggtggtcaatatcaagagatgtatggtggtgccttctta 

R G G G Q Y Q E M Y G G A F L 
3241 gaagagttacaggcactctatccatccctatttaaagtgaatcaa 

EEL Q A L Y P S L F K V N Q 
3286 atctcaactggcgttccaattgatggcagtgtaaagattactgag 

1ST G V P I D G S V KIT E 
3331 tgggcggctaagtacttcaatggctctaacatccaaggtaaaggt 

W A A K Y F N G S N I Q G K G 
3376 gctggatacgtattgaaagatatgggttctaataagtactttaag 

A G Y V L K D M G S N K Y F K 
3421 gtcgtttcgaacactgaggatggtgactacttaccaaaacagtta 

V V S N TED G D Y L P K Q L 
3466 actaatgatctgtcagaaactggctttacacacgatgataaagga 

T N D L SET G F T H D D K G 
3511 atcatctattatacattaagtggttatcgtgcccaaaatgcattt 

I I Y Y T L S G Y R A Q N A F 
3556 attcaagatgatgataataactattactattttgataaaacaggt 

I Q D D D N N Y Y Y F D K T G 
3601 catttagtaacaggtttgcaaaagattaataaccatacctacttc 

H L V T G L Q KIN N H T Y F 
3646 ttcttacctaatggtatcgaactggtcaagagcttcttacaaaac 
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F LPN G I E L V K S F L Q N 
3691 gaagatggtacaattgtttatttcgataagaaaggtcatcaagtt 

E D G T I V Y F D K K G H Q v 
3736 tttgatcaatatataactgatcaaaatggaaatgcgtattacttt 

F D Q Y lTD Q N G NAY Y F 
3781 gatgatgctggtgtaatgcttaaatcagggcttgcaacgattgat 

D D A G V M L K S G L A TID 
3826 ggacatcaacagtattttgatcaaaatggtgtgcaggttaaggat 

G H Q Q Y F D Q N G V Q v K D 
3871 aagtttgtgattggcactgatggttataagtattactttgaacca 

K F V I G T D G Y K Y Y F E P 
3916 ggtagtggtaacttagctatcctacgttatgtgcaaaatagtaag 

G S G N L A I L R Y v Q N S K 
3961 aatcaatggttctattttgatggtaatggccatgctgtcactggt 

N Q W F Y F D G N G H A V T G 
4006 ttccaaacaattaatggtaaaaaacaatatttctataatgatggt 

F Q TIN G K K Q Y F Y N D G 
4051 catcaaagtaaaggtgaattcattgatgcagacggggatactttc 

H Q S K G E F I DAD _G D T F 
4096 tatacgagtgccactgatggtcgcctagtaactggtgttcagaag 

Y T SAT D G R L V T G V Q K 
4141 attaatggtattacctatgcttttgataacacaggaaatttgatc 

I N G I T Y A F D N T G N L I 
4186 acaaatcagtattatcaattagcagatggtaaatatatgttgtta 

T N Q Y Y Q LAD G K Y M L L 
4231 gatgatagtggtcgtgcgaaaacagggtttgtattgcaagatggt 

DDS G R A K T G F V L Q D G 
4276 gtactaagatacttcgatcaaaacggtgagcaagtgaaagatgct 

V L R Y F D Q N G E Q v K D A 
4321 atcattgtggatccagatactaacttgagttattatttcaatgca 

I I V D PDT N L S Y Y F N A 
4366 acacaaggtgtcgctgtaaaaaatgattatttcgagtatcaaggt 

T Q G V A V K N D Y FEY Q G 
4411 aattggtatttaacagatgctaattatcaacttatcaaaggtttt 

N W Y LTD ANY Q L I K G F 
4456 aaagcagttgacgacagcttacaacattttgatgaagtcactggt 

K A V DDS L Q H F D E V T G 
4501 gtacaaacaaaagatagtgctttaataagtgctcagggtaaggtt 

V Q T K D SAL I S A Q G K v 
4546 taccaatttgataatattggaaatgctgtgtcagcataa 4584 

Y Q F D N I G N A V S A * 
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APPENDIX B: amino acid sequence of the C-terminal domain ofDSR-S (GBD-O). 

KNDYFEYQGNW 
SLQHFDEVTGVQTKDSALIS 

Hightlight indicated YG repeat motif. 
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APPENDIX C: Cloning site of pBAD TOPO Thiofusion vector (Invitrogen). 

161 
I I 
ccccaQIIA ~TTG ATl'ATI"l'CCA coo..-crc1oCA 

AAGCCATGAC AAAAACQ.."Cl' AACAAAAGl'I:; 

pDAD R>",=:I p:iDliZlg ";2 

e»FDdin,.r.e I I , 
CTr'IQ::TATG CCAT AllCATl' TrTA'l':CATA 

I 

RDS Net> I 1(P· Thic>zdozi:> trzIlhO.....:J IWI sa .. 
r----l I I 

1\.""TATAA'l':A 

321 CTrT~ GllGATATAe'A TACeC &Ta a:;A 1\.""T GAT All ATl' ATl' CAT CTG ACT GAT GAT 'l':T TrT GAT 

.. to Cly Bor Asp Lys 11" 11" Hjs LAU Tl>r Asp Asp SAr Ph .. A$p 

J[p. 'r:liCftdalD,. OJtF(iDditad by Ulicir.od ""';"0 lJ,C·ids) 
391 AA..""T GAT erA CTl' AA(; GCA GAT a..""T GCA A'l': CTG crT GAT T'l': TO:; OCA CAe' TO:; TOC car CO:; TOC 

Tl>r Asp '0' .. 1 L"u Lys Al ... Asp Cly AI .. 11" L .. u \, .. 1 Asp PhA Trp AI .. Hts ~rp C)'s Cly Pro C)'s 

~~· 1 All ATG ATe o:T eo:; ATl' CTC GAT GIlA A'l': 0..""T CAe GIlA TAT C.ac.; ax: All CTG ACe crT 0..""'A All 
Lys H"t 11 .. AI .. Pro 11 .. L .. u Asp Clu II" AI .. Asp Clu ~r CIn Cly Lys L .. u ~hr '0' .. 1 AI .. Lys 

52 ~ CTG AAC ATe GAT CAe AAC cec co: AA..""T o..-C eo:; All TAT co: A'l': ccr a..""T A'l': cec At.""T CTG CTG 
LAU Asn 11 .. Asp 1f1s Asn Pro Cly '!'hr AI .. Pro Lys 7'jr Cly 11 .. Arg Cly 11 .. Pro Tl>r L .. u LAU 

!Ie.. CTG T'l': AAA AAC ocr GIlA erc oc::c; GCA Ace All G'l'C GCT GCA CTG 1\.""T All car e.ac.; TTG All GAG 
LAU Ph .. Lys Asn Cly Clu V .. l AI .. AI .. Tl>r Lys '0' .. 1 Cly AI .. Leu S .. r Lys Cly Cln Leu Lys Clu 
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Tn F"",zd prialiZlg lilo Ne;\f I '*'11 J:n!e-oi:bue !!OQ8D£D:! lilo F.m.rol:i_e d_v",";2 

1T'l': C'l': GA.e o:T AAC CTG d:c1co: 'l':T a:;A 'l':C =IGAT CAe GAT CAe udf;oc Gee CTl'-:r-t'AG 

1~ CCG GAt;c:p"T'l': 
PhA Leu Asp AI .. Asn Leu AI .. Cly SQr Gly !.~ Cly A,p A5p A5p A,p Ly5 Leu AI .. Leu Ly, 

~R I VSep;q.e r-
GCC GAG CTT GIlA 1a..""T AAC; ceT A'l': CCT AAC CCT C'l': C'l': car ~ GAT 1\.""T ACG I eer Ace a..""T CAT 
Gly Glu LAu clu Cly Ly, Pro 11. Pro Aon Pro Leu Leu Cly Leu A,p 5Qr Thr Arg Thr Cly £1, 

PalybiDdi!!erqiac ~ I pDAD R......,.e 
I I r-

CAT CAe CAT CAe CAT TGA erTl'AAACC G1\.""'1\.""'CAOCT ~""TTl'T GCCa:;ATGAG ~TrTT C~TA 
El~ Els E1G Kin El~ .~. 

priaoq st .. 
~--~---'I r,----------------------------------

HH C.ACATl'AAAT CAGAA.crrAG AAGCGC.'l\.."""l\:; ATAAAACAGA ATM-.x'C'ro:; C=ItJ..""TAU': OCa..""TQ..,""TCC CACCTGACCC 

I I 
9~ 1 CA'IV..-cGAAC 'I\:'~ AACCcccrAG COCCGATccr AGI\..""T\-.-o..""T C1\.""'CCCATOC ('".AC;ItJ..""TAGQ:; AAA.o'""l\'rCJ\IX 

I 
U21 CA'I\:AllTAA AACCAAAC;OC 'l\:AG'l':GAAA GAA.."'-aTCT T'l':Cl'Tl'TAT CTCl'1\..""TTTG 'l':~-C C1\.""'1\."'\.~ 
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APPENDIX D: Cloning site ofpBAD TOPO TA vector (Invitrogen). 

I CAP b",hs silo 

I p DAD FarwznI pri mias,.co 
I I I I 

181 ATTATTTGCA CGGCGTCACA CTTTGCTATG CCATAGCATT TTTATCCATA AGATTAGCGG 

241 

301 

360 

405 

456 

, 

~ -w 
I I .---, 

ATCCTACCTG ACGCTTTTTA TCGCAACTCT CTACTGTTTC TCCATACCCG TTTTTTGGGC 
I 

Rns Nco I Balin 
r---l I ~_ 

TAGAAATAAT TTTGTTTAAC TTTAAGAAGG AGATATACAT ACCC ATG GGC 'leT GGA TCC 
Me't Gly Ser Gly Ser 

& ..... ia_ ftICQ8";li ... silo EK d.av.,.e 
GAA IGGT GGT hAT GAC GAT GAC AAGtCTC GCC GGC GAG CTT 

GAG CGG CCG CTC 
Gly Asp Asp Asp Asp Lys Leu Ala Leu Lys Gly Glu Leu Glu Gly 

vs epibl.!!: 

GGT ICAT AAG CCT ATe CCT AAC CCT CTC CTC GGT CTC GAT TCT ACGI CGT ACC 
Lys Pro Ile Pro Asn Pro Leu Leu Gly Leu Asp Ser Thr Arg Thr Gly His 

Poly ..... ia" "'1!i'" P_ I 

CAT CAC CAT CAC CATI TGA GTTr'AAACGG TCTCCAGCTT GGCTGTTTTG GCGGATGAGA 
His His His His His ••• 

I , 
514 GAAGATTTTC AGCCTGATAC AGATTAAATC AGAACGCAGA AGCGGTCTGA TAAAACAGAA 

I 
574 TTTGCCTGGC GGCAGTAGCG CGGTGGTeCC ACCTGACCCC ATGCCGAACT CAGAAGTGAA 

634 ACGCCGTAGC GCCGATGGTA GTGTGGGGTC TCCCCATGCG AGAGTAGGGA ACTGCCAGGC 

694 ATCAAATAAA ACr~GCT CAGTCGAAAG ACTGGGCCTT' TCGTTTTATC TGTTGTTTGT 
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APPENDIX E: Standard amino acid abbreviations (Voet and Voet, 2004). 

Amino acid I-letter 3-letter 

Alanine A Ala 

Arginine R Arg 

Asparagine N Asn 

Aspartic acid D Asp 

Cysteine C Cys 

Glutamic acid E Glu 

Glutamine Q Gin 

Glycine G Gly 

Histidine H His 

Isoleucine I lie 

Leucine L Leu 

Lysine K Lys 

Methionine M Met 

Phenylalanine F Phe 

Proline P Pro 

Serine S Ser 

Threonine T Thr 

Tryptophan W Trp 

Tyrosine Y Tyr 

Valine V Val 

nkam
Typewritten Text
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