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CHAFPTER 1
INTRODUCTION

In proteomic rescarches, diverse kinds of proteins are investigated for their
function and structure. A process to scparatc 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
casily 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 appropriaie for purification of numerous
profein targets. Nowadays, many affinity tag systems are commercially available e.g.
His (Janknecht er al., 1991), glutathione S-transferase (GST) (Smith and Johnson,
1988), maltose-binding protein (MBP) (Kellerman and Ferenci, 1982). Most of them
were formerly 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 al., 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 ef al., 1999). Various types of glucosidic
linkages are formed by glucansucrases (w-1,2; @-1,3; @-1,4 or a-1,6 linkages)
depending on the enzyme specificity (Monsan ef al., 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 formation of
oligosaccharides when the acceplor is well recognized. These enzymes are thus very
useful for the production of glucan polymers or oligosaccharides. For example,



dextran from L. mesenteroides 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 er al, 2001). Oligosaccharides with o-1,2/a-1,6 linkages
produced by L. mesenteroides NRRL B-1299 are produced at the industrial scale to be
employed as prebiotic compounds (Remaud-Simeon ef al., 2000).

Seventy glucansucrase encoding genes (named gif for Srreprococcus sp.
enzymes and dsr for L. mesenteroides enzymes) have been cloned and sequenced by
recombinant DNA techniques (hitp://www.cazy.org). The calculated molecular
weights of these enzymes are range from 160 to 300 kDa (Shah er al., 2004). The
availability of glucansucrase primary sequences allowed sequence comparison of
these enzymes which were ¢lassified in the family 70 of glycoside hydrolases from
sequence similarities (Henrissat and Romen, 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 er
al., 1998; Monsan er al., 2000 cited in Russell 1990; Wilke-Douglas er al., 1989)
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Figure 1. Schematic primary structure of glucansucrases. 1, signal peptide; I,
variable region; 111, N-ferminal catalytic domain; IV, C-terminal glucan binding
domain.

This domain is generally composed of a series of Y0 repeats. The conscnsus
sequence of the YG repeat is NDGYY FaooeGxxHx{G/MN)xH"H*H® (x, non-conserved



amino acid residue; H®, hydrophobic amino acid residue) (Giffard and Jacques, 1994).
The number and organization of these repeats are specific 1o each source of enzymes
{(Monchaois er al., 1999). However, the function of C-terminal domain has not been
totally elucidated yet. ldentification of a minimal motif responsible for glucan binding
should be performed. Moreover, the dextran-binding domain (DBD) of GTF from S.
sobrinus has been successfully applied as an aflinity tag for recombinant protein
purification (Kaseda er al., 2001). Nevertheless, they used the full-length DBD (30
kDa) that might harm the folding of fusion pariner 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 determination. Therefore, using
the GBD as the affinity tag should be improved for developing an efTicient and cost
effective purification system.

Objectives
The objectives of this research were:
I. To screen the minimal GBD sequences of a dextransucrase 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 information 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
l. Screening of GBD sequence specific to dextran binding
1.1 Generation of the truncated forms of GBD encoding gene



1.2 Cloning and expression of these proteins in E. coli TOP10 cells
1.3 Estimation affinity of the proteins to dextran by glucan binding assay
1.4 Confirmation of the glucan binding property by affinity electrophoresis
against an insoluble dextran
1.5 Determination of dissociation constant to dextran among the short
fragments
2. Evaluation of the shortest GBD motif for affinity purification onlo cross-
linked dextran supports
2.1 Test the purification onto different cross-linked dextran supports
2.2 Optimization of the purification process in term 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 solability
3.1 Optimization of phenotypic high-throughput screening for GBD
3.2 Creating of the 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 staried with an introduction of the
research including rational and problem, objectives, methodology. Then, the chapter
Il presents the literature reviews about current situation of affinity chromatography,
the role of C-terminal 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 affinity
chromatography, (iii) evolving GBD-7 towards a smaller size and a better expression.
After that, all results are summarized in the chapier V and future perspectives are also
described. Appendices indicated other information that did not included in the

previous chapters.



CHAFPTER 11
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 Rydén,
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 er al., 2004).
In post-genomic era, important of affinity chromatography is increased owing to high-
throughput expression and larpe-scale purification for structural determination 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 (Terpe, 2003; Hammarstrom e/ al., 2002; Braun er al., 2003; Waugh, 2005).

1.1 Principle of affinity chromatography
Affinity chromatography exploits the biological affinity for adsorption to a

solid phase (Janson and Rydén, 1998). In this approach, genetic manipulation is
required to produce a fusion of target protein and affinity tag. This affinity tag usually
defines as exogenous amino acid sequences with high alTinity for a specific biological
or chemical ligand (Amau er al., 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 affinity tag may affect important characteristics or functions
of the target protein (Terpe, 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 1o a solid phase or support. which is
specifically bound to the carrier protein. Other proteins in crude extract can be



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 1o

support.
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Figure 2. Affinity chromatography.

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

() 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 casily removed to produce the native protein



However, no single affinity tag is optimal with respect to all of these
parameters. Deleterious effects of fusion tagging have been investigated which is
resulting in undesirable characteristics (Amau er al., 2006). For example, protein
conformation changing (Chant ef al., 2005), low protein yield (Goel ef al., 2000),
inhibition of enzyme activity (Kim er al, 2001: Cadel er al., 2004), alteration of
enzyme activity (Fonda ef al., 2002), undesired flexibility in structural studies (Smyth
et al., 2003), and toxicity (de Vries er al., 2003). Selection of the suitable sysiem is
relied on the target protein itself (e.g. stability, hydrophobicity), the expression
system, and the application of the purified protein (Terpe, 2003).

1.2 Curreni 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 itself. The last characteristic was used by Lichty er 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 eg. hexahistidine (His) tag bind to
immobilized metal ion (Hochuli ef al., 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 er al., 1992).

Class III: 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 ef al., 1994),



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 er al., 1988). The
fusion could be performed in both N- and C-terminus of target proteins (Hochuli er
al., 1988). Optimal placement of the tag is protein specific (Terpe, 2003). Purification
using the His tag is based on an immobilized metal ion affinity chromatography
(IMAC) which was presented by Porath er al. (1975). The IMAC is based on the
interaction between a transition metal ion (Co™, Ni**, Cu*', Zn"") 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 (Terpe, 2003). In 1987, Hochuli ef al. firstly reported a
nitrilotriacetic acid (NTA) as adsorbent which was able to strongly chelate Cu®* and
Ni**. One year later, they were successfully purified dihydrofolate reductase fused
with the His tag onto Ni**-NTA resin (Hochuli er al., 1988). The NTA 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, Ni-NTA matrices are
commercially available in many scientific companies, such as Qiagen, Invitrogen,
Sigma etc., with reasonable prices.

s =i lb—"

by
Hi-HIA

Figure 3. Interaction of NTA molecule to Ni ion (Qiagen).
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Figure 4. Capture of His tagged proteins by metal-chelated affimity 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 ef al, 1997). Washing step is then performed 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 finally recovered using high
concentration of imidazole (100-250 mM) or low pH condition with purity of more
than 90% in a single step using Ni*"-NTA as a support (Hochuli et af., 1988, Qiagen's
manual).

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 TALON™ metal affinity resin. The
TALON resin consists of a Co’'-carboxylmethylaspartate (Co’'-CMA). The
advantages of the TALON resin over the Ni-NTA are less contaminating proteins
obtained and no metal leakage (Chaga er al, 1999). However, the presence of
imidazole can influence NMR experiments, competition studies, and crysllographic
trials, and often result in protein aggregates (Terpe, 2003; Hefti er al, 2001)
Moreover, unless specific prolecols 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 Ni*'-NTA without
additional sample treatment (Keefe er al., 2001). Purification under anaerobic
condition is also not recommended because Ni'*-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, scveral evidences showed that the tag could be
located at both N- and C- terminus and was successfully applied in E. celi (Smith and
Johnson, 1988), yeast (Lu er al., 1997), mammalian cells (Rudert ef al., 1996), and



baculovirus infected insect cells (Beeckman et al., 1994). Detection of the GST tag was
available both enzyme assay and immunoassay (e.g. Novapen, 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 ecan form a homodimer which can
complicate purification of fusion proteins and renders this affinity tag unsuitable for
isolation of oligomeric proteins. Furthermore, four cysteine residucs in each subunit
of the GST dimer can lead to a significant degree of oxidative aggregation (Kaplan, ef
al., 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 al., 2001).

1.23 Cellulose-binding domain (CBD)

On the basis of amino acid sequence similarities, more than 180
different CBDs have been identified and classified into 13 families (Tomme ef al.,
1995). Most of the reporied CBDs belong to families [, 11, and [11. In family I, CBDs
are compact polypeptides of 32-36 residues, which are found only in fungi. The
CBDs of families Il and Il are much larger and contain 90-100 and 130-172
residues, respectively (Carrard ef al., 2000). CBDs can vary in size from 4 to 20 kDa
and can locatc at differcnt positions, N-terminal, C-terminal, 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 normally when fused to heterologous polypeptides and can be used
for purification and immaobilization purposes (Greenwood er al, 1989; Ong er al,
1989).
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Table 1. CBD tag sequences used in Novegen's vector (Novagen).

CBI tag CBD Family Mobecular weight Protein source
CBDelos s 17 kDa Cellulose-binding Prodein A,
Clastridium cellulovorans
CBDend Ma 1.7 kDa Endo-1,4-b-glucanase A;
Cellulomonas fimi
CBDex e 10,8 kDa Exo-1.4-b-glucanase A;
Celiulomaonas fimi

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 (CBDclos) and Cellulomonas fimi (CBDcenA and
CBDcex) are commercially available by Movagen as shown in Table 1. These CBD
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

maltodexirins produced by the ma/E gene of E. coli K12 (Duplay er 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 er 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 es of., 1988). After
cleavage by factor Xa, the target protein can be separated from the MBP tag by
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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 cells. Lane 2:
induced cells. B: Lane 1: purified protein eluted from amylose column with
maltose. Lane 2: purified protein afier Factor Xa cleavage. Lane 3: paramyosin
fragment cluted 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-100
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).



14

1.2.5 Chitin-binding domain (ChBD)

C-terminal chitin-binding domain (ChBD) of chitinase Al from
Bacillus circulans 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 er al,, 1994;
Hashimoto et al., 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 al., 2002; Chemn and Chao, 2005).

ChBD tag has been commonly available in combination with
inteins (INTerventing protEINS) to serve as a self-cleaving affinity tag (Terpe, 2003;
Sharma ef al., 2006). The tag can facilitate highly selective capture of the fusion
protein on an ingxpensive substrate-chitin (IMPACT® system, New England Biolabs)
in both low cell density and high cell density culres (Sharma er al, 2006).
Commercial expression vectors correspond to the IMPACT purification system have
been constructed for both N- and C-terminal 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 énzyme 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 parification system (New England
Biolabs).

1.2.6 His-patch thioredoxin (Hp-Trx)

The expression sysiem 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 varicty of mammalian cytokines and growth factors (LaVallie ef al., 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 cannol 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
el al,, 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 paich™ or His-paich
thioredoxins) retain the wild type molecule’s ability to act as an effective fusion
partner (Lu et al., 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 Ni'-NTA

column on the basis of IMAC and is now commercially available.

Figure 8. A: Structure of wild-type thioredoxin that was determined by x-ray
crystallography. The arrow indicates the COOH-ferminal carboxyl group where
the fusion linker is attached. The side chains of five residues are shown in the
figure: Ser-1, His-6, Asp-26, Glu-30, and Gla-62. In various thioredoxin mutants
Ser-1, Glu-30, and Glo-62 were changed to histidine, His-6 was changed to
asparagine, and Asp-26 was changed to alanime, cither individually or im
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 NI 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 &f al., 1996).

Class IT
1.2.7 Calmodulin-binding peptide (CBF)
Purification by affinity 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 Rydstrim, 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-terminus of skeletal muscle
myosin light-chain kinase that binds calmodulin in the presence of free calcium.
These CBP-fused proteins could bind to calmodulin-agarose resin and could be cluted
with calcium chelators such as EGTA or EDTA. Afier 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-terminus (Terpe, 2003). The translational efficiency, however, may
decrease by the N-terminal fusion, while the high expression level can be achieved by
the fusion at the C-terminus (Zheng ef 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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Figure 9. Summary of steps using CBD for purifying membrane proteins (Pestov
and Rydstriim, 2007).




1.2.8 Streptavidin-binding peptide (SBP; Strep-tag IT)

A nine-amino-acid peptide (Ala-Trp-Arg-His-Pro-Gln-Phe-
Gly-Gly) with affinity toward streptavidin was firstly developed as an affinity 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 er al., 1996). Subsequently, a modified Strep
tag termed Strep tag II which is compose of eight amino acids (Trp-Ser-His-Pro-Gln-
Phe-Gilu-Lys) was created to increase affinity binding of streptavidin under the same
condition (Schmidt er al., 1996). However, the interaction of the Strep-tag II to
streptavidin was still fairly weak (72 pM). The affinity of this interaction was then
improved by a streptavidin mutant or Strep-Tactin that bind the Strep-tag 11 with the
affinity constant about 1 uM (Voss and Skerra, 1997). The Strep-tag II fusion proteins
arc gencrally 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).
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Figure 10. Schematic illustration of the Strep-tag purification cycle. The cell
lysate containing the Strep-tag Il fusion protein is applied to a column with
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immobilized Strep-Tactin (Steps 1 and 2). After a short washing step with a
physiological bulfer, host proteins are removed (3) and the purified Strep-tag 11
fusion protein is specifically displaced via competition with a low concentration
ol D-desthiobiotin (4). D-Desthiobiotin remaval is accelerated by application of a
HABA solution and indicated via color change from yellow-orange to red (5).
Finally, HABA is quickly removed by washing with a small volume of running
buffer (6), thus making the column ready for the mext purification run (1)
{Schmidt and Skerra, 2007).

Recently, the new streptavidin-binding peptides possess
nanomolar-affinity for streptavidin was presented in termed MNano-tag (Lamla and
Erdmann, 2004). The first nano-tag;s is |15 amino acids long and binds to streptavidin
with a dissociation constant of 4 nM. The Nano-tags is 9 amino-acid peptides with a
dissociation constant of 17 nM. Since the inferactions between these two new (ags 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 er al., 2006). The system is great
benefit to various biosensors, biochips, and immunoassay applications based on the
streptavidin capture surface (Li ei al., 2006).

Aliemmatively, a streptavidin-binding peptide named SBP-lag
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
et al., 2001; Keefe er al., 2001).

Class I1IT
1.2.9 FLAG tag
An affinity gene fusion system that has become popular in
recent years is the so-called FLAG™ system, based on the fusion of an eight-amino-
acid peptide to target protein for immunoaffinity chromatography on immobilized
monoclonal antibodies (Nilsson er 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 er al, 1997; Einhaver and Jungbauer, 2001).

Until now, three monoclonal antibodies (M1, M2, M5) to the
FLAG sequence were developed and usually be called anti-FLAG. The monoclonal
antibody M1 can bind to the FLAG-tagged protein with calcium-dependent manner
allowing protein clution by chelating agents (Hope e al., 1996). One limitation of the
anti-FLAG M1 is that it can only be located at extremely N-terminus of the fusion
protein (Nilsson et al., 1997; Einhauer and Jungbaver, 2001). Overcoming this
drawback, anti-FLAG M2 which can bind to the fusion protein of FLAG tag at C-
terminus was established (Brizzard er al, 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 (M35) was
raised against the sequence Met-Asp-Tyr-Lys-Asp,-Lys. The binding of the anti-
FLAG M5 does not require calcium and exhibits a high affinity to for N-terminal
FLAG fusion protein (Einhaver 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 ef al., 1992), yeast (Hopp et al.,
1988; Einhuaver er af., 2002), and mammalian cell (Zhang er al., 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 (Einhaver 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 ef al., 2001). In addition,
immunoaflinity chromatography, applied to the production of therapeutic profeins has
several drawbacks: ligand leakage, instability, need for validation of antibody
production, and required removal of antigenic FLAG tag from therapeutic proteins
{Einhauver and Jungbauer, 2001).
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1.2.10 C-myc tag

The c-Myc tag consists of 10 amino acid residues (Glu-Gln-
Lys-Leu-lle-Ser-Glu-Glu-Asp-Leu). The tag was isolated from the transcription factor
¢-Myc which was an oncoprotein that plays a role in cell cycle regulation,
metabolism, apoptosis, differentiation, cell adhesion, and tumorigenesis (Dang er al.,
1999; De Buck er al., 2004). The epitope tag can be expressed in different protein
contexts and still confer recognition by the 9E10 immunoglobulin developed by Evan
et al. (Munro and Pelham, 1986; Evan er al., 1985). The c-Myc tag can be used in
many applications including Western blotting, immunoprecipitation, ELISA, and flow
cytometry (Kiprivanov, 1996). Morcover, a single-step purification of the c-Myc
fused proteins can be undertaken using the 9E10 antibody immobilized affinity
column (Kramer ef 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 ef al.,
1991; Vaughan er al., 1996), problem in expression of the c-Myc fused protein was
occurred in Legionella pneumophila (De Buck et al., 2004). 1t 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 cither a degradation of the c-Myc tagged proteins
or a decrease in protein production of the protein (De Buck er al., 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 al., 1990), and
NusA (Davis ef al., 1999) etc. Even though, new affinity tag systems arc still
continually developed in the recent year due to the widespread of using affinity 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 ef al, 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
immunoaffinity system (Jones e al., 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 affinity
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 er al,, 2006). Some useful information
about the common affinity tag systems were summarized in Table 2. Sizes of the 1ags
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 im Table 3 with respect to their clution condition, solubility
enhancement, and cost of resin (Waugh, 2005).

More recently, there was a sysiemalic comparison of affinity tags in term of
purification yield and purity (Lichty et al., 2005). Differcnt affinity 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 ef al., 1997; Terpe, 2003; Lichty er al, 2005).

Tag Size (n.a.) Ligand Detection Elution Source Capacity’ Cost /ml resin’
His 518 TALON Anti-His Tmidazole, low pH Clontech 5-14 mg/ml 59
NP-NTA Qiagen 510
GST 201 Glutathione Anti-GST Reduced glutathione Amersham 5-10 mg/ml 516
CBD 27-189  Cellulose (CBIND) Anti-CBD Family I; guanidine HCl orurea Novagen N/A N/A
>4M-
Family 1,111 ethylene glycel
MBP 396 Amylose Anti-MBP Maliose NE Biolabs 3 mg/ml $10
ChBD 52 Chitin Anti-ChBD Fused with intein:30-50 mM NE Biolabs 2 mg/ml 52
DTT, f-mercaptocthancl or
cysizing
Hp-Trx 109 NiZ+NTA Anti-Thio Imidazole Qiagen N/A 510
CBP 26 Calmodulin Anti-calmodulin EGTA Strategene 2 mg/ml $23
Strep II 8 Strep-tactin Strep-tactin Desthicbiotin IBA 50-100 LEE
amal/mi
FLAG 8 Anti-FLAG mAb Anti-FLAG M2 EDTA, low pH, FLAG peptide Sigrmn 0.6 mg/ml $63
c-Mye 10 Red Anti-c-Mye Anti-c-Mye Low pH. e-Mye peptide Sigme 1-1.5 mg/mi $510

t Capacity of resins for the fusion protein and cost information was obtained from manufacturer's calalogs and websites.
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Table 3. Advantages and disadvantages of some commonly used fusion partners

(Waugh, 2005).
T Tag' Advantage Disadvantage
GST Efficient translation initiation High metabolic burden
Inexpensive allinity resin Homodimeric protein
Mild elution conditions Docs pot enhance solubility
MBP Efficient translation initiation High metabolic burden
Inexpensive affinity resin
Mild elution conditions
Enhance salubility
Mush, Efficient translation initiation High metabalic burden
Enhance solubility
Mot an affinity tag
Thioredoxin  Efficient truns|stion initiation Mot an affinity tag’
Enhance solubility
Libbquitin Efficient trunslation initiation Mot an affinity ag
Might enhance solubility
FLAG Low metabolic burden Expensive affinity resin
High specificity Harsh elution conditions
His, Low metabaolic burden Specificity of IMAC is not as high as
Inexpensive affinity resin other affinity methods
Tag works under both native and Does nol enhance solubility
dennturing conditions
STREP Low metabolic burden Expensive affinity resin
High specificity Does not enhanee solubility
SET Enhance solubility Mol an affinity tag
CBp L.ow metabolic burden Expensive affinily resin
High specificity Does not enhance solubility
Mild elution conditions
S-tag Low metabalic burden Expensive afTinity resin
High specificity Harsh elution conditions {or on-column
cleavage)
Does not enhance solubility

1 GST, ghuathione S-tranaferase; MBF, maltosc-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 peplide.

2 Derivatives of thioredoxin have boen engineered to have affinity for immobilized metal ions
(His=patch thioredoxin) or avidin/strepavidin (Smith ef af., 1998).
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Figure 11. Comparison of affinity tags to purify tagged DHFR proteins
cexpressed 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-HIS-DHFR-CYD. Eluted fractions
were fractionated by SDS-PAGE 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 II; GST,
glutathione S-transferase; CYD, covaleni yet dissociable NorpA peptide; and
HPC, heavy chain of protein C. Abbreviations used for affnity resins: CAM,
calmodulin; InaD), PDZ domain of InaD protcin; M2 mAb, anti-FLAG M1
monoclonal antibody; Prot C mAb, anti-protein C (clone HFC4) 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 er al., 2005).

Tag Resin Yicld (clution fraction) (%)  Recovery (flow through and
fractions) (%)

CBP-HIS “Talon 67.74 4.3 824:24
CBP-HIS Calmodulin 5531 7.5 BR6+ 54
STR-HIS Strep-Tactin 61.5% 6.l 876+ 5.7
FLAG-HIS M2 MAR 56123 8454+ 25
HPC-HIS Prot & MAb 6251 1.2 80,3439

CYD {c-term) Inal} PO 5764 4.0 B1.1 +4.6
GST-HIS GSH-Scph 40.8 £ 5.0 77.8 +4.6

1.4 The tag removal by proteolytic enzymes

Either large or small affinity tags have the potential to interfere with the
biological activity of a protein or certain applications such as crystallization or NMR
experiments. Also the affinity 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 ai mild condition
is more preferable (Nilsson ef al, 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).
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Table 5. Recognition sequences of proteolytic enzymes.

Prolease Recognilion sequences References
Enterokinase Asp-Asp-Asp-Asp-Lys Terpe, 2003
TEV Cilu-Asn-Leu-Tyr-Phe-Gin-Ser Carrington and Dougherty, 1988
Thrombin Leu-Val-Pro-Arg-Gly-Ser Milzson ef al., 1997
Factor Xa He-Glu-Cily-Arg Nagai and Thogerson, 1984

PreScisson prolease  Leu-Glu-Val-Leu-Phe-Gln-Gily-Fro . Amau ef al, 2006

In addition, separation of the tag from the target prolein can accomplished
using a sclf-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 intcin purification system (IMPACT™) was developed
by the combination of a chitin-binding domain and modified Saccharomyces
cerevisioe vacuolar ATPase subunit A intein (New England Biolabs). The mutation
taken in this intcin lead it enable the cleavage at the N-terminus in the presence of 30
mM DTT or f-mercaptocthanol 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
rale of autoprocessing is also a drawback of the system (Waugh, 2005).
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Figure 12. Concept of afMinity-tagged protease removal in a single affinity
chromatography step (Nilsson ef al., 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 (Armau e 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 (Amau er al., 2006). Utilization of a
combined affinity tag such as the tandem affinity purification (TAP) tag might be
applicable. The TAP lag is a combination of IgG binding domain of Straphylococcus
aurens prolein A and a calmodulin binding peptide (Riguat er al,, 1999; Puig ef al,
2001). The TAP purification system enables purification of target protein and removal
of the tag in two sequential affinity 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 er al., 2003). In addition, directed evolution of
existing proteins will also benefit from a universal platform for production and
purification (Amau ef 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).

Figure 13. A: Schematic representation of the C- and N-terminal TAP tags. B:
Overview of the TAP purification strategy (Puig ef al., 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 Lewconostoc mesenferoides (commonly termed dextransucrase,
DSR), Sirepioceccus species from the oral flora (commonly termed
glucosyliransferase, GTF), and by lactic bacteria Lactococei. 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 er al., 1999),

Reaction I: nSucrose ~— T (Glucose), + n Fructose (Monsan and Paul, 1995)

As sucrose is @ widely available and cheap substrate, they arc very attractive
for the synthesis of novel oligosaccharides and polymers (Remaud-Simeon ef al.,
2003). Furthermore, the GSF were found to involve in the plaque formation causing
dental caries (Hamada and Slade, 1980). Thercfore, many rescarches 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 hitp://www.cazy.org (Coutinho and
Henrissat, 1999). The glucansucrases from different strains produce different kinds of
glucans with different sizes and structures.

The products are compost of @ main linear chain of D-glucose
polymer, either principally linked through a(1-6) glucosidic bonds (dextran polymer),
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or through a(l-3) glucosidic bonds (mutan polymer) as well as linked alternately
through o(1-6) and @(1-3) glucosidic bonds (alternan polymer) (Monchois ef al.,
1999). Moreover, glucans also differ from af(1-2), «(l1-3), a(l-4), and a{l-6)
glucosidic bonds, the degree of branching, the length of branch chains and their
spatial arrangement (Monchois ef al., 1999). The main characteristics of some
glucansucrases are presenicd in Table 6.

Table 6. Main characteristics of some glucansucrases. (Monchois er al., 1999).

———

" Strain Gene Glucan' Size (na.) M.W. (kDa)

5. mutans G55 P E7% a(1-3) 1475 150
13% a(1-6)

gi-C £5% a1-3) 1375 140
15% a(1-6)

£4-D 85% a(l1-3) 1430 155
13% a(1-6)

8 downei Mig28 el £8% a(1-3) 1556 160
12% ox(1-6)

BS 10% a(1-3) 1328 147
90% al 1-6)

& sobrimes OMZ176 (serotype d) T 27% al1-3) 1542 163
T3% afl-6)

gl Nd® 1580 175

5 gordonii (5 sanguiz) g~ 40% af1-3) 1578 170
60% af 1-6)

L. mesenteroides NRRL B-512F drr-S 5% af1-3) 1290 170
95% af 1-6)

L. mesenteroides NRRL B-1299 dsr-A 15% ail-3) 1290 146
85% af 1-6)

dur-8 % ax(1-3) 1508 167
95% af 1-6)

1 Structure of the produced glucan presented in percentage of total linkages

2 nidl 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 ether 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 er al.,
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 ef al,, 1999).

(glecosel,., + Earyme

Figure 14. Reaction catalyzed by glucansucrase. (1) glucan synthesis by
successive transfer of glucosyl wnits; (II) secrose hydrolysis by transfer of the
glucosyl unit omto water; (III) 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 ef 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 (Tsuchiva er al.,
1953).

{1} Initiation
The initiation of reaction required a primer like glucan,
glycogen, or starch for activating the polymerization (Monchois ef al,, 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 ef al., 1986; Germaine el al., 1974,
Germaine ef al, 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 er 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 fructose (Sinnot, 1990). Then,
another glucosyl residue can also be activated by trapping the hydrogen from the
hydroxyl group linked to the Cs (Monchois ef al., 1999). However, the requirement of
a primer to stari the glucan synthesis making this mechanism is irrelevant (Su and
Robyt, 1994).

Another mechanism is the two-site mechanism which
clongation 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 ef al., 1974). This
mechanism is composted of two different steps: (1) the two nucleophilic sites attack
two sucrose molecules leading to the release of two fructose molecules and giving
two glucosyl residues covalently linked to the enzyme; and (2) the OH-Cg of one of
the two glucosyl residues may make a nucleophilic attack on the C; of the other one.
That promotes the formation of an a(l-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 eral., 1999; Figure 158).
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{3) Termination
Termination step correspond to the dissociation of glucan
from the enzyme (Monchois er al., 1999).

Figure 15. Schematic representation of the two polymerization mechanisms of
glucansucrases. A, mechanism invelving only one active site, as suggested by
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Maooser (Mooser, 1992) and resembling that of a-retaining transglucosidases; B,
mechanism involving two active sites, as proposed by Robyt ef al. (1974)
(Sourece : Moulis f al., 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-Cy of one glucosyl group is able to attack the C,
of the dextransosyl group when it is far away, except if a configuration inversion
occurs (Monchais ef al., 1999). Moreaver, the recent study showed that sucrose and
glucose produced by hydrolysis reaction act as initiator for glucan polymerization. -
Then, clongation occurs by transfer of glucosyl residue coming from sucrose to the
non-reducing end of initially formed products (Moulis er al., 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.

214 Primary structure

Glucansucrases arc 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 al., 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 er al., 1999). The highly conserved catalytic domain was proposed to
contain (/o )y-barrel of GH family 13 a-amylase enzymes (Moulis ef 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 er al.,
1987).
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Figure 16. Schematic siructure 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 ef al., 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 ef al.,
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 (Cemning,
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-1,2 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 er al., 2003).

Moreover, the native dextran can be cmploy 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 §. mutans and 8. 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 nove 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).

1.1.6 Dextransucrase S (DSR-S)

Dextransucrase (DSR-S) from L. mesenteroides NRRL B-512F
is a glucansucrase that mainly produce D-glucose polymer or dextran containing 95%
af1-6) and 5% afl-3) linkages (Binder er al,, 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-551, Glu-589, and Asp-662 positions (Moulis et al.. 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 Ca®™
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 dextramsucrase activity at pH 5.2. (o) soluble DSR-S, (A)
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 er al., 1997). The
gene was cloned into pTrc 99A under the control of the fre promoter and induction by
IPTG. From this system, 200 U L 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-5 was optimized by producing in pBAD/TOPO Thiofusion vector
(Invitrogen) controlled by arabinose operon (Moulis er al., 2006b). The recombinant
DSR-S were produced 5850 1) L' cultore at 23 °C in 2X YT medium supplemented
with 100 mM tris HCl 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-5-His produced at
23 *C (Moulis er al., 2006h).

2.2 The C-terminal glucan binding domain of glucansucrases

Despite to numerous researches that focused on the characterization of N-
terminal catalytic domains and enzyme activity, a number of published results were
also investigated the structure and biological function of the C-terminal domain. This
domain is usually called glucan-binding duuin-IﬁBD] as its proposed function. In
GTF, the C-terminal domain was supposed to have dual functions: glucan synthesis
and glucan-mediated binding of bacterial cells on tooth surfaces (Ferretti ef al., 1987,
Colby and Russell, 1997). The recent study confirmed that the C-terminal domain of
GTF enzymes participated in cellular adherence to tooth surfaces and contribute to the
cariogenicity of § mutans (Figure 19; Matsumura et al., 2003). Therefore, this
domain has been received attention as vaccines against the dental caries. To date, the
GbpB of 5. 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. murans can lead to
natural induction of immunity tothis protein (Smith, 2003).
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Figure 19. Molecular pathogenesis of mutans streptococci (MS) (Smith, 2003).

In addition, the C-terminal domain of glucansucrases has been interested as a
potential affinity tag for recombinant protein purification. The dextran-binding
domain (DBD) of GTF from 8. sehrinus was demonstrated the affinity purification of
a green and a red fluorescent protein or GFP and RFP respectively (Kaseda er al.,
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-100 and elution
by 50 g/l 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 representafion 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 maoiety DBI) (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-
10 beads and eluted with 25 mg/ml dexiran (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-FPAGE
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 ef 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
secording to the sequence similarity (Table 7; Ferretti ef al., 1987; Gilmore er al.,
1990; Abo eral., 1991; Giffard er al., 1991; Monchois eral., 1998). The number and
distribution of these repeats are specific 10 each enzyme as shown in Table 8
iMonchois et al., 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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8. 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 ef al., 1992). The following consensus sequence is IDGYYFDHN+G.

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

conserved amino acid)
A WY YENsxDGQAA TGLOTIDGQTVxFDDNXGQRVE Monchois ef af., 1998
B VNGKTYYFGSDGTAQTQANPKGQTFKDGSGVLRFYNLEGQYVSGSG  Ferretti er af., 1987
c DOK o YFFDPDSGEVVKNRFY Monchois ef al., 1998
D GGVVENADGTYSKY Giffard ef af., 1994
N TY FaAx(poxl. Monchois ef al, 1998

Table 8. Patterm of repeated umiis composing the C-terminal domain of
glucansucrases (Monchois ef al., 1999).

Strain Gene Repeating unit

5 pratan GS5 P ] A-AL-A-C-A-C-A-C-A-C-AC
i A-AC-A-C-A-C-A
gD A=A=A-A-A

5. downei Mle28 gl A-A-C-ACAC=B-A-C-B-A-C
T A-A-C-A-C-A-C

8. sobrims 6715 (serotype g) gif-la A-AC-AC-A-C-A-C-AC

8 sobrimes OMZ176 (serotype d) 2T A-AC-ALC-C-A-AC
gtfds A-A-C-A-C-A-C-A-C-A-C

S salivarius ATCC 25975 gift A-D-A-D-A-D
B ADeAeA A DA DA D= AD
L A=A T
gifA A-C-A-C-A-A-C-A

L. mesemteroides NRRL BS12F dar-§ A-C-C-A-A-N-C-N-N-N-N

L mesereroides MERL B-1299 ddgr-A R EL T T

dir-fi A-CeC A=
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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 ef al., 1994), the
choline-binding autolysins (Shah and Russell, 2002), and the toxins A and B of
Clostidium difficile (Wren et al., 1991) which arc 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
NDGYYFxxxGaxHx(G/N)xH'H'H® (x, non-conserved amino acid residue; H',
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 preumoniae, 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 11. 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
GEDs of the GifJ and GifK of 8. salivarius (Giffard and Jacques, 1994).
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Figure 22. Location of the "YG" repeat in the GBDs of streptococcal Gifs and
the glocan binding protein (GBP) of §. 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 phenylalaning) or acid (aspartic
acid) residues may allow hydrogen bond forming with hydroxyl residues of sugar
(Monchois er al, 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 oricatated to the binding site (Lemicux, 19%89).

The secondary structure prediction for repeated units carried
out by von Eichel-Striber and colleagues (von Eichel-Striber ef al., 1992) suggested
that direct repeating units might be the structure of a functional binding pocket. An
antiserum directed against a peptide TGAQTIKGOKLYFKANGQQVKG present in
the C-terminal domain of §. downei Mfe 28 GTF-1 inhibit glucansucrase activity
(Smith er al., 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 et
al., 1990).

The minimum number of these repeated units necessary to
ensure gluc—ah binding propertics was also investigated. For GTF-§ from S. mutans,
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 et al., 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 er al, 1999) The presence of enly the first two N-
terminal repeated units is sufficient for GTF-1 and GTF-la to bind glucan (Ferretti e
al., 1987; Kato and Kuramitsu, 1990)
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More recently, the glucan binding assay of nested series of
truncated forms of GTF-1 or GBD of §. 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 repeais was necessary to remain the glucan
binding. The results obtained have been confirmed and extended the earlier reports
that the C-terminal truncation of GTF 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 dexiran as well as the full enzyme (Shah
and Russell, 2002).
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Figure 23. Glucan binding aclivity. The bar chart shows the binding activity of
the di_erent deletion mutanis as revealed by alkaline phosphatase activity
measured 5 min after addition of substrate. The averaged results of three
experimenis 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. mesenteraides. Abilities to bind dextran of different dextransucrases were
undertaken by the use of biotin-dextran to detect proteins electroblotted onto
nitrocellulose membrane (Shah er al., 2004). Figure 24 showed that neither
alternansucrase and dextransucrases of strain B-1355, nor the dextransucrase of B-
J12F, nor DSR-E of B-1299 bound dextran. The only Leucanastoc enzyme to bind
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was DSR-B of B-1299, whereas strong binding was shown by the 8 muwian GTF
(Shah er al., 2004). However, they were unsuccessful for expression of C-terminal
domain of Leuconosroc dextransucrase in E. coli. Thus, this lack of binding of the
Leuconastoc DSR has not been confirmed by glucan binding assay in a microplate.

Figure 24. SD5-PAGE analysis of cell extracis from [. mesenferoides and S
mutans strains. (A) Zymogram of active glucansucrases after SDS-FAGE
scparation and incubation in sucrose. (B) The same samples electroblotied and
developed with biotin-dextran to detect glucam binding proteins. Lane 1, L
mesenteroides NRRL B-1355; lane 2, L. mesenteroides NRRL B-512F; lane 3, L.
mesenteroides NRRL B-1299; lane 4, §. Mutans UA159; lane M, molecular mass
ladder of 250, 150, and 100 kDa (arrows) (Shah et al., 2004).

223 Role in enzyme activity
GBD is also thought to/ be involved in the enzyme activity. The
presence of the C-terminal glucan-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 er 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 ef al., 1998). On the other hand, the enrymes
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synthesizing predominantly a@-1,3 linkages are less affected by deletions at the
carboxyl terminus than the enzyme synthesizing @-1,6 linkages (Remaud-Simeon ef
al., 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 er al.,
1991, Kato er al., 1990), shows that the C-terminal domain may be important for the
polymer chain growth (Monchois ef al., 1999).

The C-terminal domain seems also be involved in glucan
structure determination. Deletion of the three C-terminal units (A-C) of GTF-G led to
an enzyme being obtained which produced an @(1-6) linked glucan whereas wild-type
GTF-G produced a glucan composed by a(l-6) and «(l-3) glucosidic linkaged
(Vickerman ef al., 1996).

Recent experiment on successive deletions of the C-terminal
domain of DSR-5S 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 er
al., 2006a). On the contrary, deletion of an additional A repeat at the C-terminal end
(DSR-5 vardel A3) resulted in a dramatic decrease of initial activity by 99%.
Moreover, shifting of dextran production from high molecular weight dextran 1o 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
clongation of large size products {(Moulis ef al., 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 15. Schematic representation of the DSR-S-truncated varianis 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 ef al. (Monchois
et al., 1998; Moulis ef al., 2006a).

3. Directed evolution

In the past several years, direcied evolution has become an alternative approach to
rational design for the improvement ol 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 ol 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 ef al., 2004). As shown in Figure 26,
the directed evolution is starting by generation ol 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 gencs 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 et al., 2004).
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Figure 26. Schematic representation of directed evolution. As with Darwinian
natural evolution, gemetic 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 ef al., 2004).

3.1 Generation of muiant library

Numerous artificial evolution techniques were developed in the past decade
and have cnhanced the process of gene manipulation (Ashie, 2003). For random
mutagenesis, many cffective methods such as UV radiation, mutator strains, and
crror-prone polymerase chain reaction (EP-PCR). Among these methods, EP-PCR is
by far the most common approach (Woodyer ei 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 er af,, 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 (RACHITT), and incremental truncation for the creation of hybrid enzymes
(ITCHY), etc.

3.1.1 Error-prone PCR (Ep-FCR)

Ep-PCR utilizes a low-fidelity Tag 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 Mn™, and varying concentration of
Mg’ (Woodyer et al., 2004). Then, the resulted variants arc 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 1o TA
transversions (Fromant ef al., 1995). However, the Tag polymerase usually inserted
nucleotide substitution with bias toward AT to GC changes (Cirino ef al., 2003).
Nowadays, commercial enzyme with rather equal the nucleotide substitution is also
available as Mutazyme 11 (Strategene). Because of the changes in the Ep-PCR being
intragenomic, it is also referred as “asexuval PCR' (Ashie, 2003). One limitation of the
Ep-PCR is only small size of fragements (less than 800 bp) can be processed (Ashie,
2003).

3.1.2 DNA shulTing

DMA shuffling 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
shuffling library is eventually generated (Ashie, 2003). Before the assembly, the
segments are often subjected to random mutagenesis by eror-prone PCR, random
nucleotide insertion or other methods (Harayama, 1998). Unlike the error-prane PCR,
the DNA shuffling is mentioned as “sexual PCR", since it allows mixing of genetic
material between different parental sequences (Ahies, 2003).
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Figure 27. DNA Shaffling (Ashie, 2003).

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 whele operon, or during recombination of beneficial
mutations already identified previously, or Family shuffling with ssDNA (Zhao and
Amold, 1997). The fidelity of DNA shuffling can enhance by addition of Mn™
instead of Mg*" during the DNase 1 digestion (Lorimer and Pastan, 1995), the choice
of DNA polymerase used during gene assembly, and preparation of DNA by plasmid
digestion (Zhao and Amold, 1997).

3.1.3 Random-priming recombination (RPR)

An alternative method of recombination named random-
priming recombination was developed by Shao er 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). Lintle
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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 PCR 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.

Figure 8. 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 ef 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 fag polymerases. (b) No digestion by DNase | required, so it is
not necessary to remove the DNase | before fragment reassembly into full-length
sequence. (¢} Using ‘synthetic random primer is wuniform 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 ef al., 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 ef al., 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).

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 briel polymerase-catalyzed primer extension.
(C) Through amother cycle of StEP, fragments randomly prime the templates
(template switching) and extended further. (D) This process is repeated until
full-length gemes are produced. (E) Full-length genes are purified and
(optionally) amplified in a PCR reaction with external primers. (Woodyer er 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 trunéation for the creation of hyvbrid enzymes
(ITCHY) with independent DNA homology was first described by Ostermeier ef al,
{1999). The ITCHY docs not rely on the parental sequence homology to create
crossovers, but the truncation libraries are generated by digestion of the parental
genes with exonuclease Il under controlled conditions (Lutz er al., 2001). The
process involves protecting one end of a lincar DNA containing the gene of interest,
while the other end is made susceptible to the exonuclease 111 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 S1 nuclease digestion.
The following steps are ligation, transformation, and expression of truncated vanants.
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 ef al., 1999; Ashie, 2003).
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Figure 30. Incremental truncation (Ashie, 2003).
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J.1.6 Random chimeragenesis on transient template (RACHITT)
The random chimeragenesis on transient template (RACHITT)
is a gene family shuffling technique that aligns donor fragments on a full-length
template (Coco ef al., 2001). From the Figure 31, onc of parent genes is used as a
transient scaffold where complementary fragmenis of the other parents anneal.
Unhybridized fragment termini arc trimed by endonuclease activity of Tag DNA
polymerase and then gaps are filled by Pfe DNA polymerase. These trimming
reactions have a potential to reduce the size of the shuffled fragmenis and increase the
number of recombimation per gene (Farinas er al, 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 andfor significantly more
divergent parental genes (Coco ef al., 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 er al., 2001). However, the choice of the scaffold will probably influence the
outcome of the experiment, as sequences that arc similar to the scaffold will be
incorporated more frequently inio the chimeras (Farinas er al., 2001).
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Figure 31. Random chimeragenesis on transient templates (RACHITT) (Coco er
all, 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
microplale, 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. Eveniually, 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 sclection is oflen
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 er 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 10°-10°, even with the use of robotic
technology (Woodyer ef al., 2004). Therefore, it is beneficial to develop and validate
the effective screening or sclection 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 pariner or a
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reporier protein, or screening/selecting for the protein’s own function (Roodveldt ef
al., 2005). Using a C-terminal fusion green fluorescent protein (GFP) as solubility
reporter was applied to the screening of TEV protease (van den Berg ef al., 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 ef al., 2006; Vincentelli ef al., 2005).

3.3 Recent applications of directed evolution
Many directed evolution approaches have been established over the pant
decade. It has been successiully to engineer various proteins for improvement of their
natural characteristics such as enzyme activity, substrate selectivity, enzyme secretion
and solubility.

33.1 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 of N-acetyltransferase (GAT) that the variant has the
activity over 10000 folds compared to the wild-type enzyme afier 11 rounds of the
shuffling (Castle er 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 of the wild-type enzyme (Wong er al., 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
(Johanpe and Zhao, 2006). Combination of epPCR and DNA shuffling was found to
increase thermostability of P-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 ef al., 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 ef al (1999) evolved the highly insoluble
nucleotide diphosphate kinase from Pyrobaculum aerophilum into a 90% soluble by
DNA shuffling and active variant that emabled the determination of its crystal
structure (Pedelacq ef al., 2002). Using epPCR and DNA shuffling was reported to
increase the solubility of tobaceo etch virus protease for 5 folds of the wild-type with
retained activity (van den Berg ef al., 2006). Moreover, incremental random N-
terminal deletion was emhanced the solubility of 14 from 19 *hard to express”
mammalian proteins (Comvik e al., 2006).
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MATERIALS AND METHODS

1. Bacterial strain, vectors, and culture conditions

1.1 Bacterial strain
Escherichia coli TOPI0 cells (lnvitrogen) werc used as cloning and

expression host in all following experiments. Genotype of the TOPI0 strain is F
merA A(mrr-hsdRMS-merBC) $80lacZAMI5 AlacX74 recAl deoR araD139 AO(ara-
leu)7697 galU galk rpsL (5S¢} endA | 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 Veciors
Tahble 9. Vector characteristics and source.
Plasmid Characteristic Reference
pBAD/TOPO thiofusion Resistance to ampicillin, Invitrogen

Z '.-=‘ = :.txp:i:m E. eali is driven by
| #mnl ' promoler;
Recombinant proteins are
expressed as fusions to His-Patch
thioredoxin for high-level
expression and simple

purification.

Resistance to ampicillin, Invitrogen
Expression in E. coli is driven by

the araBAD promaoter, Providing

polyhistidine tag at C-terminus of

desired proteins.

pBAD-TOPO®
4.1kb
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1.3 Culture conditions
dia formula

All bacterial eull in LB (Luria-Bertani)

. o 1 Hff/
medium or 2XYT rich me ¢ target proiein, the medium
was supphmnnl:q _7 ris HCl to p “For E. coli carrying ampicillin

resistant plasmid, 100 pg/ml of fillered-sterilized ampicillin was finally added before

—

inoculation. Solid mediawere prepared for isolation and propagation of £ coli

colonies.
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Growih condition

Bacterial cells from glycerol stock or from a single colony were
inoculated into vials containing L.B-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 ovemight with vigorous shaking. All
strains were stored at -20°C and -B0°C in 15% (v/v) glycerol or 4 °C in solid media.

1.5 Preparation of competent cells

In particular case, competent £. coli TOPI0 cells were manually prepared
instead of commercial chemically TOPI0O competent cells (Invitrogen). The
competent cells were prepared by DMS0 method as described by Inoue er al. (1990).
From glycerol stock, starter culture was prepared in 2 ml of LB and growed at 37 °C
overnight. Then, Erlenmeyer flask containing 100 ml of SOC was inoculated by the
overnight culiure to an ODgg of 0.025 and incubated at 18 *C until the ODgy = 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 pl of
DMSO0. That solution was placed on ice for 10 min. Finally, the cells were aliquoted
into 50-100 wl and freezed in liquid nitrogen. The competent cells were stored at -80

o B8
B
Pipes 10 mM
CaCl; 15 mM
KCl 250 mM

MnCly 55 mM
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Adjust pH to 6.7 with KOH prior to adding MnCl,.
Sterilizationn using 0.2 pm filters,

2. Molecular biology techniques
2.1 Polymerase Chain Reaction (PCR)
2.1.1 Primers

Table 10. Primer sequences.

Primer name Sequence (5° 10 3%)
ForGBD I568-ACCATGGATAATAACTATTACTATTTTGAT-3591"
ReviGBD A58 1-GGUTGACACAGCATTTCCATTATTATCAAA-4552
GBDIF ISTI-TATTACTATTTITGATAAAACAGGTCATT-3604
GRDIR IE-TTGATTCTTACTATTTTGCACATAAC-3941
GFRDSF T TGOTTICTATTTTGATGGTAATG-3988
GBDTR 4269-TTGCAATACAAACCCTGTTTTOGCACG 4243
GRDVF 4270-GATGOTGTACTAAGATACTTOGATCA-4295
GRDIOF 4063-GGTOAATTCATTGATGCAGACGGGGA TA-4090
GBRDIIE 41 AATCAGTATTATCAATTAGCAGATGG TAAA-4218
GRDIZR 4545-AACCTTACCCTGAGCACTTATTAAAG-4519
GBDIIR HMI-AGCATCTGTTAAATACCATTTACCTTGATA-4402
GRDI4F mﬂmcmmmmmacrmmﬁmuml 19
GBDISR 4326-AATGATAGCATCTTTCACTTGCTCACCGTT-4297
GBDIGR 4IBLATITITTACAGOGACACCTTGTGTTGCATT-4360
GEDITE 4195-TATTATCAATTAGCAGATGGTAAATATATG-4224
GBDISR HMT0-GTCGTCAACTGCTTTAAAACCTTTGATAAG-4441
Ndel phd7F ACCATGGCTGCAGCTGTCTGAATTCTGAATCAGTATTATCAATTAGCAG
Cdel ghd7F ACCATGGATAATCAGTATTATCAATTAGCA
Cdel ghd7R CTGCAGGTTAGTGAATTOGGCTGACACAGCATTTCCATTAT
CodledrgF CAAGATGGTGTACTGCGCTACTTC
CodleArgR GTTTTGATCGAAGTAGOGCAGTACACC
Codliel ACANAAGATAGTGCTTTAATTAGTGC TCAG
CodlieRt CTTACCCTGAGCACTAATTAAAGC
pBADF ATGOCATAGCATTTTTATCC
I F TTCCTCGACGCTAACCTG
pBADR GATTTAATCTGTATCAGG

Neal site = COATCIG: Fsil site = CTGCAG) Beokl site = GAATIC |



21.1.2 Standard PCR

Reaction mixtures

Plasmid DNA Il
Forward primer (10 puM) Lol
Reverse primer (10 pM) Lol
dNTPs (2.5 mM cach) 4 ol
10x enzyme buffer s

Enzyme 0.5 pl for Expand high fidelity enzyme mix (Roche) or

I pl for Dynazyme EXT (Finnzymes)
Sterile water x  pl to final volume 50 pl
Thermal cycling
Initial denaturation 94 °C 5 min
Denaturation 9% °C 3 s
Annealing L1 15 s %30 cycles
Elongation 1250 1 min
Final elongation 72°C 7 min
Cooling 15°C a0
2.1.3 Inverse PCR
Reaction mixtures
5x Phusion GC buffer 10 ul
Plasmid DNA 7 ul

Forward primer (10 pM) T |



Reverse primer (10 M) 1 pl
dNTPs (2.5 mM each) 4 pul
DMSO 1.5 pl
Phusion DNA polymerase (Finnzyme)}0.5 pl
Sterile water 23
Thermal cycling

Initial denawration 98 °C
Denaturation 98 °C
Annealing 56 or 60 °C
Elongation 72%C

Final clongation T2 °C
Cooling 15°C

2.1.4 Colony PCR

65

l min

15 s %30 cycles
3 min

10 min

Reaction mixtures

Forward primer (10 pM) | T
Reverse primer (10 uM) T
dNTPs (2.5 mM each) 4 ul
10x enzyme buffer 5 pl
Tag DNA polymerase (5L/ul)(Biolabs) 0.5 pl
Sterile water 385 pl

Single colony was picked to the reaction tube by yellow pipette tip

before adding Tag DNA polymerase.



Thermal cycling
Initial denaturation 94 °C 10 min
Denaturation 94 °C 5s
Annealing 40°C 155 x30 cycles
Elongation 1256 I min
Final elongation T25C 7 min
Cooling 15°C o0
2.2 Plasmid extraction

Plasmid extraction was performed using QlAprep 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 plasmids were
sometimes purified by alkaline lysis minipreparation (Ausubel er al., 1988).

An | to 5 ml ovemnight culture of E. coli in L.B medium was centrifuged. The
pellet was resuspended in 250 pl Buffer P1. Buffer P2 was added and gently invert
the tube 4-6 times to mix. 350 pl Buffer N3 was added and inveris the tube
immediately but genily 4-6 times. The tube was centrifuged for 10 min at 13,000 rpm.
The supematant 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 1 min to remove residual wash buffer. The QlAprep
column was placed in a clean 1.5 ml microcentrifuge tube. To elute DNA, 30-50 pl
Buffer EB (10 mM Tris-Cl, pH 8.5) was added to the center of each (MAprep spin
column, stands for | min, and centrifuged for | min.
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kit {CQiagen
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-exchange resin.
Contaminants such as RNA, proteins, dye, and nucleotides are removed by a medium
salt wash. Plasmid DNA is eluted in a high-salt buifer and then concentrated and
desalted by isopropanol precipitation.

An 100 — 300 mi of overnight culture in LB was centrifuged at 6000 xg for 15
min at 4 °C. The pellct was resuspended in 10 ml of buffer P1 which was previously
added RNase A and pipetied 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 al 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. Supematant 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 1o 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 isopropancl. The mixture was mixed and
centrifuged immediately at 15,000 xg for 30 min at 4 °C. The supernalant was
carcfully 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 of TE buffer.

Alkaline lysis minipreparation (Ausubel ef af., 1988)
An 1 to 5 ml overnight culture of F eoli in LB medium was centrifuged at

maximum speed for 20s. Supernatant was then discarded and pellet was resuspended
in 250 pl of GTE solution. Let the tube stand for 5 min at room temperature, 250 pl of
NaOH/SDS solution was added and mixed by tapping the tube with fingers and
incubated on ice for 5 min. 350 pl of potassium acetate solution was added and vortex
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the tube for 2 5. The tube was incubated on ice for 5 min. Centrifuge for 10 min and
the supernatant was then transfer (o a new tube. 0.8 ml of 95% cthanol 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 pl TE buffer pH 8.0. Plasmid DNA was stored at 4 *C or

-20°C.

Glucose/ Trs/EDTA (GTE solution) NaOH/SDS solution

Glucose 50 mM NaOH 02M
Tris-Cl pH £.0 25 mM SDS 1% (wiv)
EDTA 10 mM Freshly prepared from 10 M
Autoclaved and stored at 4 *C NaOH and 10% SDS stock.

Added 10 pg/ml RNase A.

5 M potassium acetate solufion

Glacial acetic acid 29.5 ml

KOH pellets to pH 4.8

HO to 100 ml. Stored at room tem perature.

2.3 DNA purification
Both DNA in agueous solution and agarose gel were isolated using QlAquick
Gel Extraction Kit (Qiagen). This system employ silica-gel membrane and buffer o
remove comiaminants on column as described above.

2.4 DNA visualiration
DNA fragment or plasmid was migrated on agarose gel in 0.5x 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 ¢lectrophoresis 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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50x TAE 10x loading dye

Tris base 242 g/l Gilycerol 50%

EDTA (0.5M, pH 8.0) 100 mi Bromophenol blue  0.2%

Acetic acid 57.1 ml Xylene cyanol FF 0.2%
2.5 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 pl. 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 resiriction emzyme digestion was applied for DNA preparation in
further experiment such as cloning. In this case, the total volume and reaction time
may increase (0 100-500 ml and 3 h respectively.

Digestion mixiure
Combine the following in order:

15.5pl sterile H,O

3  pl 10x Buffer

1 pl BSA (for some restriction enzymes)
10 plDNA

0.5 plEnzyme

2.6 Cloning and transformation

Target DNA were cloned into pBADITOPO Thiofusion or pBADITOPO TA
vector to yield fusion proteins with a C-terminal polyhistidine tag and for the former
with a N-terminal Thioredoxin tag. These vectors employ topoisomerase | properties
to bind the duplex DNA at specific site and cleave the phosphodicster backbone afier
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 QlAquick gel extraction kit.
0.5 to 4 pl of target DNA was ligated to 1 pl of lincarized vector in optimal salt
condition. Sterile water was added to a total ligation reaction of 6 pl. The reaction was
mixed gently and incubated ai room temperature for 30 min. 3 pl 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 pl of SOC medium was applied to the tube.
The cells were re-grown at 37 °C for | h 30 min with horizontally shaking at 200 rpm.
The transformants were spreaded onto room temperature LBA agar plate and
incubated at 37 °C owvernight. 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 in this study were sequenced by Macrogen
(Korea), Millegen (France), or Genome Express (France).

2.8 Mutagenesis
2.8.1 Unidirectional deletion using Exonuclease 111

In order to reduce a size of GBID-T peptide, nested truncation libraries
of GBD-7 was generated using Erasc-a-Base system (Promega) which relies on
digestion of Exonuclease Il (Exo I11) from a chosen DNA end. Exo [1l 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 gencrated 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 haye been previously
constructed using specific primers in order to position Pl (3" overhang) and EcoRl
{5" overhang) recognition site. Template plasmid was prepared using QLA Maxi prep
kit and then sequentially incubated with Psil and EcoRI at 37 °C for 3 h each. 5 pg of
double-restricted target DNA was treated with 300 U of Exo I at 10 *C for 7.5, 15,
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and 30 min. Subsequently, samples were added to tubes containing 2.25 LUl of Sl
nuclease and stand at room temperature for 30 min for removal of remaining single-
stranded regions. Then, the reaction was neutralized by adding S1 stop buffer and heat
inactivated the S1 nuclease at 70 °C for 10 min. The DNA samples were precipitated
by adding 0.3 volume of 7.5 M ammonium acciate and 2 volume of 100% ethanol.
The tubes were well mixed and incubated at -20 °C overnight.

The next dav, the tubes were centrifuged at 12,000 xg for 5 min. The
supernatants were carcfully discarded and the pellets were washed with 0.5 pl of 70%
ethanol. The tubes were centrifuged again. The pellets were dry under vacuum for 15-
30 min and resuspended with appropriate amount of TE buffer.

The samples were placed at 37 *C and added a Klenow reaction
mixture containing 0.15 U of the enzyme to fillin 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 1 h. 5 pl of the ligation product was
transformed to competent E. coli TOP10 cells.

e
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Figure 32. Schematic diagram of the Erasc-a-base protocel (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 mixiures were treated
with 20 U of Dpnl at 37 °C for 1 h in order to eliminate methylated parental plasmid.
The mutated plasmids were discriminated on 0.8% agarose pel and purified using a
column kit. The Dpnl -treated DNA was transformed into competent E. coli TOP10
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 er al., 2006b) at 16, 23, or 30 °C in 2XYT-
tris pH 6.4 with overnight preculture 1o an ODggo of 0.2. When the ODgo equal to 0.6,
the recombinant proteins were induced by adding 0.02 % (wiv) filter-sterilized L-
arabinose. Cells were harvested by cenirifugation at 6,500 rpm for 15 min at 4 °C.
Cells were concentrated to an ODgw om of 30 in sonication bufler and sonicated. Cell
debris were eliminated by centrifugation at 13,000 rpm 15 min at 4 °C.

PBS buffer pH 7.2 Somication buffer

Potassium phosphate 50 mM CaCly 0.05 g/l

NaCl 150 mM PMSF ImM

Adjust pH to 7.2 with 1 N NaOH In PBS buffer pH 7.2
3.2 Protein purification

3.2.1 Protein purification onto Ni-NTA matrix

For purification using His tag and Ni-NTA resin (Qiagen), one volume
of Ni-NTA slurry was added to 4 volumes of GBD extracts for 2 h of binding at 4°C.
Washes were performed with 4 volumes of washing buffer and repeated 3 times.
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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 Flution buffer
Imidazole 200 mM imidazole 230 mM
NaCl I M in sonication buffer

in somication buffer

3.2.2 Protein purification onto Cross-linked dextrans

Sephadex®, Sephacryl® and Superdex® supports were purchased
from Amersham 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 of GBD-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-chelating affinity (protein content: 297 pg/ml). 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 cluted
using 14 volumes of PBS pH 7.2 buffer containing 0.1 to 50 g/l 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 Elution buffer
NaCl 300 mM Dextran
in sonication buffer 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 clectrophoresis 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
LDS 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 1 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 GBD variants
toward dextran. The native gels supplemented with dextran were prepared using a
protocol derived from those of Kataeva er al. (2001) or Haas and Banas (2000).
Home-made gels were prepared with 7.5 % (w/v) acrylamide in 1.5 M Tns/HCI
buffer pH £.8. Commercial dextran of 2.10° {Sigma) was added to the gel at a final
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 TEMED 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 performed 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 of 669, 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 Coomassic blue dycs 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 1o wash the gel until obtain clear background.

4.4 Silver mitrate 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 proiein bands. This method utilizes
ammonium hydroxide to form silver diamine complexes. Then, the bands were
visualized by acidification of citric acid. Mark12 Unstained standard (Invitrogen) was
applied as a protcin standard with 1:20 dilution.

4.5 Western blot analysis

Transfer of proteins from the gel to nitrocellulose membrane was performed
using XCell I Blot Module (Invitrogen). While the gel electrophoresis was running,
blotting pads, filter papers, and membrane were soaked in 1x NuPAGE transfer bufTer
with 10% methanol. After the electrophoresis finished, the cassetie containing blotting
pads, filter papers, gel, membranc, 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 a1 30 V for 1 h.
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Then, the membrane was stained by Ponceau's solution for temporally
detection of protcin 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 1gG
antibody conjugate with alkaline phosphatase solution, was applied for 90 min at
room temperature, For the deteclion of specific protein bands, BCIP/NBT 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
kD

PBS buffer pH 7.3 Blocking solution
NaCl 1.4 M 3% BSA solution or 5% non-fat dry milk
KCI 27 mM in PBS buffer pH 7.3

MNaHPOy 101 mbd
K.H:Pﬁ.i 18 mM

Adjust pH to 7.3 with NaOH
Washing solution Antibody solution
Tween 20 0.05% Antibody 0.02%
In PBS buffer pH 7.3 BSA 0.2%
In PBS buffer pH 7.3
4.6 Gel storage

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
maghine at 70 *C for 2 h.



5. Characterization of glucan-binding ability

5.1 Glucan binding assay

Glucan binding assays were performed using the method developed by Shah
ef 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 pl of PBST. 200 ul of biotin-dextran (100 pg/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 pl of Extravidin-
alkaline phosphatase conjugate at 1/20,000 dilution (Sigma) in PBSA. 200 pl of
phosphatase substrate solution were finally added. After 30 min, the amount of
dextran bound to the proteins was determined by the color change monitored at 405
nm using a Multiskan Ascent microplaie reader. The assays were always performed
together with reagent blank and lysate from E. celf carrying the native vector as

negative control.

To determine the dissociation constant K, different amounts of biotin-dextran
ranging from 0.14 nM o 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 plofled as a function of biotin-dextran concentration
added into the well. Kd values were determined following the one-site saturation
- :[Eim‘i’n'— dnm-m]
K, +|Biotin ~ dextran)
software. B, corresponds to the maximum absorbance value obtained by the

ligand binding equation Abs,, = using SigmaPlot 10.0

complete saturation of the binding site. For competition studies, Dextran 70 was used
as competitor against | mM biotinylated dextran.

FBST PBSA
Tween20 0.05 % BSA 0.2 %

In PBS buffer pH 7.2 In PBS buffer pH 7.2
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Alkaline phosphatase substrate solution
p-nitrophenylphosphate (Sigma) 1 mg/ml

NaHCO, 28 mM
anﬂﬂj 22 mM
MgCl 5 mM

5.2 Binding of His-tagged protein to immobilized Ni-NTA molecules into the
HisSorb plate.

The binding between his-tagged proteins to Ni-NTA molecule were
determined. The cleared lysates of each GBD derivatives were incubated in the Ni-
NTA HisSorb 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. High-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 313, Benchiop colony picking robot, QPix (Genetix).

6.1.2 Biomck 2000
The Biomek 2000 (Beckman) was designed to facilitate pipetting,
diluting, and dispending operations (Figure 34). The system was controlled by
Biowork softwarc. In this study, we used the Biomek 2000 to pipetie 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 jl of LB48% glycerol by the Biomek
2000. The GBD variant eolonies 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 performed under these following parameters; diameter = 7-50 mm,
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 % cthanol
bath, and drying. Then, the colony picking was pecformed according to the defined
parameters. After that, the actuator moved to the destination platc and dipped to
inoculation 3 times and sterilization the pins. When the picking finished, the plate was
shaking at 30 °C overnight. This master plate was used as a source of variants and
was stored at -20 °C.

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 of 2XYT agar pH 6.4, 100 pg/ml of
ampicillin, and 0.002% of arabinpse. 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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performed 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-
dextran/Extravidin svstem previously described in the glucan-binding assay coupled
with a colony filtration blotting (Dahlroth er al., 2006). Whatman 3MM paper and
nitrocellulose were cut to fit with Omnitray size (11.6 x 7.5 cm). Whatman paper was
drenched with 1 ml of lysis buffer. Nitrocellulose membrane with pore size 0.22 pm
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
performed 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.

Bacleta colony
Durapere (membrana )

Whatman MM

Figure 36. Colony filtration blotting (Dahlroth ef al., 2006).

The nitrocellulose membrane was blocked with 40 ml of blocking buffer for at
least | h at room temperature on a horizontal shaker. The membrane was washed with
PBST bufler for 10.min 3 times. Then, 40 ml.of 10 pg/ml of biotin-dextran solution
was added and incubated for | h. Washing step was performed as before. 40 ml of
1/20,000 dilution of Extravidin-alkaline phosphatase solution was added and
incubated again for 1 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 colaration
was stopped by washing with water.
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Lysis buffer Blocking solution
TrispH 80 20 mM BSA or Casein 3%
MNaCl 100 mM in PBS buffer pH 7.2
PMSF 1 mM

Benzonase 11 Units/jl
Lysozyme 0.2 mg/ml

7. Analytical methods
7.1 Protein concentration
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 twurbidity measured at OD 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-HCl 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 EDTA, protein sample and water in
potassium phosphate buffer pH 7.0, to give a final volume of 198 pl. Reaction was
staried by adding 2 pl of 100 mM DL-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 OD 650 nm. The
non-enzymatic reduction of insulin was recorded in a control well, without any added
thioredoxin.



CHAPTER 1V
RESULTS AND DISCUSSIONS

In this chapter, results and discussions are separated into three parts, Part | 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 affinity 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 1
RATIONAL ENGINEERING OF THE D5SR-5 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 er al., 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 er al., 1998), and
recent investigations showed its involvement in dextran chain elongation (Moulis er
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 similaritics, thecy can be classified as YG repeats (Giffard and
Jacques, 1994) or A, B, C, D, and N repeats (Ferretti er al., 1987; Gilmore er al.,
1990; Abo er al., 1991; Giffard er al., 1991; Monchois er al., 1998). These repeais
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 Y G repeat of the C-terminal domain
of DSR-S8 is illustrated in Figure 37. At least one YG motifis 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 characieristics of
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the YG repeats (Monchois ef 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
repeal is presented in Table 11. The C-terminal domain of DSR-S contains 15 YG
repeats, comprising from 12 to 21 amino acids.

1180 1260 13m 14l 14 L1
Al ci c: ] a H1 O MM M M
TE12
Y613
YGI YGI YE3 Y64 YOS Yol Yor ¥6E Y60 Y610 YGII TG4 YGi§

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-5 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 H® to hydrophobic residues.

Muotive Sequenee

consensus -5 DOYY P GrxH®GN ) xH H=H®
Y3, SNYYYFDET-GHLVT-GLOKI
Yy =S HTYFFLPN-GIELVESFLQ
Y DGTIVY FDEE-GHOVFDOYIT
Y SGNAYYFRDDA-GVMLESGLATI
YG, DGHOQYFDON-GVQVEDKFYIG
Y, SSOWFY FDGN--GHANT-GFOTI
¥ g SGEROYFYND-GHOQSK
YO, =DGOTEY TSATDGRLAT-GYOKI
L HOITYAFDNT--GNLI
Yl T5-0¥YOLAD=-GEYMLLDDSGR
Yy, DOGVERY FRON-GEQVEDAIIVD
Y, DTSLSYYFNATOGVAY
Y —~KENDYFEYQ-—-GNWY
YGi, TO-ANYQLIK-GFKAVDD

¥y AQDGRVYQFDNN-GNAVEA

1.2 Cloning of the C-terminal domain of DSR-S

pBADVTOPO  Thiotusion was selected as cloning and cxpression 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 @ model of study for protein purification
using GBD as affinity tag. The latter fusion partner, His tag, facilitates the binding 1o
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 (IMAC).
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The full-length ghd gene (ghd-0) was amplified from the recombinant plasmid
containing the DSR-5 encoding gene (dvr-5) kindly given by Moulis er al. (2006b)
using the Expand High Fidelity PCR system (Roche) with the pair of primers
ForGBD and RevGBD (Table 10). The ghd-0 gene was then ligated into
pBAINTOPO Thiofusion vector on the basis of TA 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
pBAIVTOPO Thio/ghd-0 and restriction analysis of the positive clones.

Newl  HewHl  Hiscll Ml

et | [l
o W

el g

pUC ori

Figure 38. Restriction map of GBD-0: Neel 5102, 372 bp;BamHI 4231, 800,
443 bp; Hincll 4485, 989 bp; Mfel 3694, 846, 510, 424 bp.

Expression of recombinant GBD-0 proteins were performed in LBT (LB
supplement with 100 mM tris-HC| pH 6.4) since the DSR-5 has been unstable at
alkaline pH (Wilke-Douglas er al, 1989, Croux and Garcia, 1992). E. coli cells
containing ghd-0 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 ODgeo reached 0.6,
as inducer of recombinamt protein expression through a tight regulation of the

araBAD promoter. Cells were cultivated until an ODgy of = 2.5,

Post-sunicated ‘extract was analyzed by SDS-PAGE and Western blot
hybridization using anti-thio and anti-his antibody in order to investigate the



expression of GBD-0. 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 GBD-0 protein is 39.7 kDa, validating our
cloning strategy. Presence of both tags at N and C-terminal extremity proves that
there is no GBD-0 degradation during the cxpression. GBD-0 contains the amino
acids D1190 to A1527 following DSR-S numbering.
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Figure 39. SDS-PAGE of 10% Bis-tris gel (Invitrogen) and Western blot analysis
of GBD-0 soluble extracts using anti-Thio (A) and anti-His (B).

To determine the binding ability of GBD-0, an antibody-independent binding
assay was first developed by Lis ef al. (1995). For this assay, protein extracts were
fixed to the wells of microtitre plates (Dynatech Laboratories, Chaniilly, Va.). Afier
washes and blocking, biotin-dextran was added. Streptavidin-horseradish peroxidase
conjugate was then added in order to recognize the biotin, Finally, the GBD:dextran-
biotin:streptavidin-horseradish peroxidase complexes were revealed using a color
detection.

More recently, Shah and Russell (2002) introduced the used of Ni-NTA 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-NTA 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-NTA 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-0 and its derivatives
constructed in this study.
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Immaobilized Ni-NTA molecules ( @ Jon

the HisSorb plate (Qiagen)

.
¢
.

Thioredoxin-GBD-His fusion protein ( ? )

binds to Ni-NTA malecule via the His tag

Biotin-labeled dextran ( L‘\T; i

added into the well, forming GBD:Dextran-biotin

complexes

Extravidin-Alkaline phosphatase ( 1 )

recognizes biotin molecule,

Substrate of alkaline phosphatase is added 10
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Figure 40. Glucan-binding assay developed by Shah and Russell (2002).
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Glucan-binding ability of GBD-0 was first compared to that of the whole
recombinamt DSR-S. Protein extract. from £ coli harboring the pBADTOPO
Thiofusion only was used as megative ¢ontrol (NC). As shown in Figure 41, both
constructions had the ability to bind the bigtin-dextran. confirming the “Glucan
Binding Domain™ appellation of the DSR-S Caterminal part. When Shah er al. (2004)
compared the glucan binding ability of various glucansucrases from Streplococcus
and Lewconostoc spethey found that DSR-8 did not present any ability to bind
dextran. Their binding test was however carried out with the native enzyme not

dissociated from s patural polymer film. which probably interfered during the assay.

&% of A405
Sl & 2B3 5

—— e
MG DER. 5 GEDO

Proteins
Figure 41. Glucan-binding ability of GBD-0 and whale enzvme 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 o the mis-binding of the
fusion protein o biotin, or not due to botin interferences _between GBD-0 and
dextran, the binding assay was performed as a competitive assay with unlabelled
dextran of 70'kDa (dextean 70){Figore 42)C The unlabeled dextran 70.can efficiently
compete the binding hetween GBD-0 and biotin-dextran, indicating| that both biotin-
dextran and unlabel dextran can compete at the same sites on GBI protein. Moreover,
the addition of an equal concCentration of unlabel™dextran 70 could ‘reduced
approximately 50% of binding. This result revealed that conjugation of hotin-to

dextran molecules has no eflect on the binding of GBD onto dextran.
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Figure 42. Compefitive glucan-binding assay of GBD-0 by dexiran 70. The
concentration of biotin-dextran was kept constant at 100 pg/ml.

The C terminal domain acts as an independent motif for glucan binding, with
an cfficiency equivalent to that of the whole DSR-5 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 Mutiani construction and characterization

{bd-) gene was used as template to amplify several truncaied forms by PCR.
The truncatire positions were chosen on the basis of GBD sequence analysis,
considering that this domain is composed of various Y'G 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-0 construction, all truncated forms were cloned into
the pBAD/TOPO Thiofusion vector, resulting in fusion proteins containing
Thioredoxin @&t the N-terminal extremity, and His tag at the C-<terminal end
(Thioredoxin-GBD-His protein, Figure 43).
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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 er 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 GBD proteins (Figure 44C,
45C, 46C). The results revealed that all the GBD variants constructed in this study

were well-cxpressed and not degraded.

From the first screening, GBD-1, GBD-2, and GBD-3 were obtained by
truncation of GBD-0 into 3 parts {Table 12). GBD-1 contains the first 5 YG repeats
(YG-YGs), GBD-2 includes the central repeats Y Gy to YGyp, and GBD-3 covers the
last 5 YG repeats, from YGy; to YGy<. As shown in Figure 47, the three variants did
not bind dextran, GBD-4 and GBD-5, which correspond to the fusion of GBD-1 and
GBD-2, and to the fusion of GBD-2 and GBD-3 respectively, were then constructed.
GBD-5, representing the two third ends of the C-terminal part of GBD-0, was the only
truncated variant found to be able to bind dextran like GBD-0.
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Figure 44. GBD-0 derivatives. A. Rational design of GBD-0 derivatives based on
YG repeated unit sequence. B. Purified PCR products GBD-1 to GBID-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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A

GBD-5  YG6-YG7-YG8-YG9-YGI0-YGII-YGI 2-YGI 3-YGI4-YG14
GBD-6 YG8-YGO-YGL0-Y GI-YGI 2-YGI3-YG14-YG1 5
GBD-7 YGLO-YGL-YG12-YG13-YGI4-YGIS
GBD-8  YG6-YGT-YOEYGO-YRIOYGLI-Y@EI 2-YG13-YGI4
GBD-2  YG6-YGT-YOS-YGO-YOI0-YOLI-Y a1 2-YGI3

GBD-10 YG6¥G7-YO-YG9-YG10-YGI1-YG12

GBD-11 YG6-VGT-YG8-YG9-YGIO-YGI |

GBD-12 VGSYE-YGI0-YGL

GADS GADT GAD-A GRDS® GARD-10 GRO-11 GRe-12

Figure 45. GBD-5 derivatives. A. Rational design of GBID-5 derivatives based on
Y repeated unit sequence. B. Purified PCR products GED-6 to GBD-12 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 46. GBED-13 and GBD-14. A. Common motif of GBD-6, GED-7, GHEID-5,
B. Purified PCR producis GBI-13 and GBD-14 on 2% agarose gel. C. SDS-
PAGE and Western blot analysis wsing anti-thio (Left) and anfti-his (Right)
antibody.
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Figure 47. Relative glucan binding ability of GBD-0 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 motif YGe-Y Gr-YGs-YGs- Y Gio-YG1i-YGi2-
YGi3-YGua-YGys. 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-8. All these forms revealed dextran binding properties (Figure 47).
All other attempts to reduce GBD-7 and GBD-8 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-8 which presented dextran binding properties,
the common maotif of these forms comesponds to GBD-13 and GBD-14 and is
composed of the motives (YGE-YG9)YGo-YGy-YGiz-YG3-Y G (Figure 46).
However, both of them did not bind dextran, showing that the addition of either Y G-
YG; repeats at the N-terminus (GBD-8) or YGis at the C-terminus (GBD-T7) is

required to provide binding capacities. Sequence comparison between YGs fragment
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and YGjs revealed the presence of the conserved sequence: FD{G/NING{H/MNIAV

(Figure 48).

S N RE s b R E

Figure 48. Sequence alignment between the repeats A; and Ne of the DSR-S C-
terminal domain.

Based on these results, this sequence seems Lo be crucial for binding activity.
It may act directly in binding or be importani 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-profein interactions such as polar residues able to
interact with sugar hydroxyl groups (Quiocha, 1986; Femandez-Tomero er al., 2001),
hydrophobic residues responsible for stacking interactions (Shah er al., 2004) and
strongly basic and acidic residues involved in salt-bridge formations (Skov ef al.,
2002). Summary of all constructions in size and dextran-binding ability is presented

Table 12.



Table 12. Molecular weight of GBD tag and Thioredoxin-GBD-His fusion

proteins.
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1.4 Conformational checking of the deleted-GRBI peptides

It was verified that all the varianis 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 lysates to the Ni-NTA HisSorb plates at 4 °C ovemight. Then
unbound proteins were removed by 4 washes usin’g PBST pH 7.2 bufTer. 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 SDS-PAGE and Western-blot analyses using anti-
his antibody. Figure 49 shows that all of GBD derivatives are capable to bind to the

immobilized Ni=-NTA molecules coated on the wells,
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Figure 49. Western-blot analysis of cluted fractions with anti-His antibody
detection.

1.5 Affinity electrophoresis toward dextran

The electrophoresis behavier of some GBD variants (GBD-6, GBD-0 and
GBD-12) in native PAGE gels containing 0. 1% {w/v) ol dextran of 2000 kDa was
investigated in order to confirm their dextran binding ability. GBD-0 and GBD-12

13 14
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were chosen as positive and negative control respectivelv, Before stafing the
electrophoresis, these proteins were purified by Ni-NTA agarose resin 1o obtain the
purified form of these constructs.

L.5.1 His-Ni-NTA protein purification

Culture growth and recombinant protein expression conditions were
optimized in order to reach the maximum of proteins of interest (GBD-0, GBD-6 and
GBD-12). The E. cofi cells earrying GBD-0 were grown at 37°C to an Ol = 0.6.
Then, different concentrations of L-arabinose from 0.00002% to 2 % were applied 1o
induce the recombinant protein production. The cells were harvested at 2.5 OD w0 nm-
The protein samples were analvzed by SDS-PAGE and stained with colloidal blue
(Figure 50). The highest cxpression level was observed using 0.02% (w/v) of L-
arabinose as an inducer. However, the majority of the GBD-0 fusion proteins were
found 1o 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-0 proteins. Therefore,
the optimal production of GBD-0 protein was achieved at 16°C cultivations, using

0.02% of arabinose as the inducer.
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Figare 50. Optimization of GBD-0 expression level: modification of arabinose
concentration (left) and temperature (right). S=supcrnatant, P=pellet.
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GBD-0 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 % of L-arabinose.

All proteins were purified from the soluble fractions using Ni-NTA
agarose (Qiagen) under nalive conditions. As many contaminating proteins were
observed in the eluates using the standard protocol given by the supplier, washes were
performed by i‘mrusing the salt concentration to 1M NaCl, and eluted fractions were
kept step by step: The purity of each ﬁ'actim was determined by SDS-PAGE and
colloidal blue staining. Elutions ul:lﬂ.lmd 1 GBD-0, 6, and 12 purifications,
respectively are presented in Figures 51 and 52.
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Figure 51. His-tag p-nﬂﬁhﬁl onto Hi-miprme of GBD-0, GBD-6, and
GBD-12. CL-clumll hml:.E-llnltu. o
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Figure 52. Elution pattern of purification by Ni-NTA agarose for GBD-0 (left),
GBD-6 (middle), and GBD-12 (right). SE=sonicated extract, FT=flow through,
E=eluate.
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1.5.2 Affimity electrophoresis
The purified fractions 7 and &, for which the purity was estimated
superior to 90% were used for the affinity qlc;;u\n;ﬂwmsis test, as shown in Figure 53,
The PAGE without dextran was simultmcmsﬁ performed as a control. In comparison
to the gel without dextran, retardation by dextran was significantly observed for
GBD-0 and GBD-6 samples, whereas migration of GBD=12 was not affected by the
presence of dextran, confirming the Eirﬂiuus results obtained using the glucan-
binding assay developed in microplates.

- d i 1-'-'
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Figure 53. Affinity electrophoresis of GBD-0, GBD-6, and GBD-12. - = gel
without dextran, + = gel with 0.1% of 2,000 kDa dextran. X

1.6 Determination of binding affinity to dextran -

In order to highlight the strength of binding between GBD and dextran, the
dissociation constant Kd of GBD-0 and its derivatives were investigated, Ina glucan-
hinding assay, an equivalent amount of GBD-0, GBD-5, GBD-6, GBD-7 and GBD-8
sonicated supernatants was incubated with various concentrations of labeled polymer.
Using the one-site saturation ligand binding equation
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to 135 10" M (Figure 54), which is particularly high for a protein-ligand
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the K, values obtained are ranging from 2.8 10°

interaction. In comparison, the C-terminal domain of GTF-I from S. sobrinus has the
Kqof 11.2 x 107 M (Shah e al., 2004), and that of GBP1 from the same species has
the K; of 3 x 107 M (Landale and McCabe, 1987). Then, the GBD of L
mesenieroides NRRL B-512F DSR-S seems to show an affinity 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 (K; = 2.79

10 M), and was kept for our further investigations.

an 4
25

20 4

Abyg 405 nm

[e L2
[ L]

GD-T

140 180
Buctin-Dandran [k}
r* (nonlinear Bow Kq (M)
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GBD-0 0.9905 18984 360100
GBD-5 0.9902 2.1757 L1l < 1o
GBD-6 09924 26653  BTox10”
GRD-7T 0.9910 21719 279« 10"
GED-% 0. 955 312908 1.35 = 107

Figure 54. Determination of the dissociation constants Ky of the five GBD
constructs following the one-site ligand binding equation.
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In this study, we have confirmed the role of the C-terminal domain of DSRE-5
in the dextran binding, using the glucan-binding assay developed by Shah et al.
(2002). Different approaches were then performed to ensure these results, showing the
high specificity of this system. Many truncated forms of the C-terminal 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 affinity tag for recombinant protein purification.
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PART I
RECOMBINANT PROTEIN PURIFICATION BY GBD-DEXTRAN SUPPORT
AFFINITY CHROMATOGRAFPHY

Protein purification is a key step for studying proteins with the best accuracy
and providing detailed biochemical and biological chamcterization. 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, jon exchange and hydrophobic chromatography. However, the major
limitation of these types of chromatography comes from the lack of specificity.
Affinity 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 affinity 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, penetic manipulation allows the gene
encoding the protein of interesi to be fused with a sequence encoding an affinity
ligand. The fusion protein produced is tagged and can be directly applied onto an
aflinity 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 (Kecfe er al., 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 affinity tag was firstly proposed by Kaseda er
al. (2001). They showed that the entire dextran-binding domain (DBD) of the
glucosyltransferase GTF-1 from Strepfococcus 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 of a large size (30 kDa) and displays
a relatively low dissociation constant (2 x 107 M™).

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 affinity of GBD-7 1o dextran (2.8 nM) conjugated to a reversible
binding to dextran (Part | Figure 41) have opened up the possibility to use the GBD-7
as the efficient affinity tag.

1.1 Affinity of GBD-7 towards commercial eross-linked dextran supports

Among the various truncated forms of GBD that were constructed in part [,
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 sclected 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 o
demonstrate that it was able to bind this type of commercial suppori. Sephadex®,
Sephacry|®, 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-NTA agarose resin to estimate
with accuracy the column capacity. Equal amounts of GBD-7 proteins (297 pg) were
added to the microcentrifuge tube containing 100 pl of each supports previously
rinsed by PBS buffer pH7.2. Afier 2 h of conlact at 4°C, unbound proteins were
eliminated by successive washes, and bound proteins were eluted by displacement
using 50 g/l of exogenous dextran of 1.5 kDa. The amoumt of GBD-7 tagged proteins
adsorbed to 100 ul of cach supports was quantitatively estimated (Table 14).

The highest elution vield (60%) was observed using Sephacry|® S300HR gel
(Table 13, Figure 55). Generally, Sephacryl® and Superdex® gels showed higher
vields of binding than that of Sephadex® gels. Sephacryl S300 HR, which is a
copolymer of allyl dextran and N, N-methylencbisacrylamide was thus selected for
further investigations. The cross-linking provides a good ngidity and chemical
stability of the support while the dextran chain enables the GBD-7 to bind strongly.

Figure 55. Purity of GBD-7 tag purification onto different dextran-containing
supports. Lanel: SephadexG75, Lane2: SephadexG 100, Lane3: Sephadex(G200,
Laned: SephacrylSIMS, Lane5: SephacrylS300HR, Lanect: SephacryviSS00HR,
Lane7: Superdex 75.
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Table 13. Binding capacity of GBD-7 fusion proteins previously purified by Ni-
NTA affinity (protein concentration: 297 pg/ml) onto various commercial
dextran supports.

Matrix  Prolein conient  Amount of proteins Elution Elution Total
in flow-through  theoretically bound prolein yield recovery

and washes (ug) (ug) content (ug) (%) yield (%)’

Sephadex’ '

G75 129 168 83 50 29
G100 94 203 105 52 35
G200 9% 201 92 46 31
Sephacryl’

S3008 22 275 156 57 53
S300HR 5 272 163 60 55
SSO0HR 74 223 112 50 38
Superdex’

G75 17 280 164 59 53

1 Sephadex® is a bead gel prepared by cross-linking dextran with epichlorohydrin

2 Bephacryl® is a cross-linked copolymer of allyl dextran and M, N-methylenchissorylamide
3 Superdex® is & composile mainix of dextran and agarosc

4 Elution yvield: Amount of eluted proteinsbound protein

5 Recovery yield: Amount of eluled proteins/proteins added to the resins

1.2 Binding capacity of GBD-7

A maximum adsorption of GBD-7 onto Sephacryl S300HR was defined 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 defined concentration. The relaticaship 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 capaeity of Sephacryl®
S300HR was quantitatively estimated at 12 mg of GBD-proteins per ml of beads.

This binding capacity was comparable to that reported by Kaseda er al. (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 affinity 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 immaobilized streptavidin
column yields 0.5 mg of proteins per ml of beads (Keefe et al., 2001). Consequently,
the capacity obtained is higher than that of most of the commercial supports.

Eluted Thia-GbdT proteln
(mg) E
EEE T

0 04 08 12 16 2 24 28 32
Inltial smount of Thio-Gbd7 proteln (mg)

Figure 56. Maximum adsorption of GBD-7 proteins onto Sephacryl® S300HR.

2.3 Optimization of affinity chromatography using GBD-7 tag

23.1 Binding time

The contact time necessary to obtain a good interaction of GBD-7 with
Sephacryl beads was investigated. Fqual amounts of purified GBD-7 proteins were
introduced in a test tube containing 100 pl 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.
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Figure 57. Effect of binding time of GBD-7 onto Sephacryl® S3I00HR matrix.
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To improve elution efficiency, both stepwise elutions and one-step
clution have been investigated. For the one-step elution, 1 ml of 50 g/l of Dextran 1.5
kDa was added to the support and the mix was let stand for 2 h. For the stepwise
clutions, the GBD-7 proteins were desorbed by incubating the same amount of
support with 0.2 ml of 50 g/l 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 clution. The full elution program permitted to isolate approximately
83% of pure GBD-7 protein. SDS-PAGE comesponds to these elution sieps was
shown in Figure 58.

Table 14. One step and siepwise clution in GBD-7 purification onto 0.1 ml of
Sephacryl S300HR gel.

Purification  Volume Amount of protein  Overall

step {ml) (ug) yield (%)
One-step
Ni-purified | 288.0 100
Flow-through 1 34.7 12.0
Wash 4 9.0 3.
Eluate 1 158.8 55.1
103
Ni-purified | 288.0 100
Flow-through 1 328 11.4
Wash 4 6.8 1.4
Eluate | 0.2 151.6 52.6
Eluate 2 0.2 55.6 19.3
Eluate 3 0.2 220 1.6
Eluate 4 0.2 8.5 29
Eluate 5 02 5.1 1.8
Eluate 6 0.2 1.4 0.5
Eluate 7 0.2 1.1 0.4
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Figure 58. SD5-Page 10% Bis-Tris acrylamide gel showing one step and stepwise
clution in GBD-7 purification onto 0.1 ml of Sephacryl S300HR gel. E1 = eluate
from one-step clution, Esl-7 = cluates from stepwise elution using 50 g/l

Dextranl.5 as an eluent.

2.3.3 Optimization of the size of dextran displacing agent

Isomalioligosaccharides and dextrans of different sizes (Sigma) were
used in order 1o determine their ability to displace GBD-7 bound proteins from the
support. Approximately, yields of about 80% were obtained using dextrans from | to
2.000 kDa, no significant differences were observed depending on the dextran size
{Figure 59). Interestingly, dextran of | kDa that mainly contains isomaltiohexaose was
as a good competitor as a high molecular weight dextran. In contrast, isomaltotriose
which is camposed 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-T-tagged protein  using
isomaltooligosaccharides and dextrans ranging from 0.4 to 2,000 kDa (10 g/) as

competitors.

2.3.4 Dexiran concentration

Elution vields are clearly dependent on dextran (1.5 kDa)
concentration in the eluent for concentrations ranging from 0.1 and 5 g/l (Figure 60),
the maximum vield (80 %6) being obtained when using a 5 g/l. dextran concentration.
The higher concentrations tested (10 1o 50 g/l) did not give significant enhancements.
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Figure 60. Effect of exogenous dextran concentration on elution efficiency, using

dextran 1.5 kDa as displacing agenl.
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2.4 Thieredoxin-GBD-7-His affinity purification from cell lysate

In order 1o 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 GBD-7 tag purification. One ml of E eoli lysate comaining Thioredoxin-
GBD-7-His proteins was incubated with 0.1 m| of Scphacryl S300HR. Then, washes
and elution with 5 g/l of dextran 1.5 kDa were performed following the protocol
optimized (see above). The purity of eluted GBD-7 proteins was estimated at 95%
from SDS-PAGE gel, after single step purification (Figure 61).

The Thioredoxin content present in the sonicated extracl, flow-through,
washes, and cluates 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).

Figure 61. SDS-PAGE of thioredoxin-GBD-7-His purified onto Sephacryl®
SIOOHR gels. SE = sonicated extract, FT = flow-through, W = pool of washes, E =
poal of eluates.



Table 15. Thioredoxin-GBD-7-His fusion purification by affinity
chromatography onto Sephacryl® S3I00HR gels.

Purification step  Volume ‘Dverall Yield of
{ml) purification factor  thioredoxin (%s)

Sonicated | 1.0 100£1.7
Flow-through 1 0.3 2843.6
Pool of washes 4 2.0 1 745.0
Pool of eluates 1.4 5.9 5836

2.5 Comparison of GBD-7 tag vs His tag affinity purification system

2.5.1 His tag purification of Thioredoxin-GBD-T-His proteins

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 1o 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 pll 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 concentmation of purified Thioredoxin-GBD-7-His

proteins ranges from 300-360 mg/d.
kDm  gppr o w E
150

Figure 62. His tag purification of Thioredoxin-GBD-7-His proteins onto Ni-NTA
agarose resins, SE = sonicated extract; FT = flow-through, W = poal of washes E =
pool of eluates,



Table 16. Thioredoxin-GBD-T-His fusion purification by affinity chromatography
onto Ni-NTA agarose gels.

Purification step  Volume Overall Yield of

(ml)  purification factor  thioredoxin (%)

Sonicated | 1.0 10049.0
Flow-through | 0.3 25+2.9
Pool of washes 4 3.5 14+5.4
Pool of eluates - | 253 54426

152 Comparison with GBD-T tag purification

o

By comparing the GBD-7 tag purification system with the common
Hix 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 GBID-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 thit GBD-7 tag is more specific than His-tag.

KDs His GBD-7

Figure 63. Purity of His tag and GBI}M7 purification revealed by SDS-PAGE and

SilverExpress staining kii.



2.6 Electroblotting of GBI-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 wene
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 pg/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 BCIP/NBT 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 er al. (2004) for L. mesenteroides, 5. mutans
glucansucrases, However, neither the altemansucrase of L mesemteroides NRRL B-
1355 nor the dextransucrases from L. mesenteroides 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 (o anti-His anlibody, 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; E7S5=¢luate of GBD-7 proteins from
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purification onto S300HR; ETN= eluate of GBD-7 proteins from purification
onto Ni-NTA agarose; SE13=sonicated extract of GBD-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 GBID-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 5% of purity) in a short process. A second advaniage 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 SIO0HR gel can be cleaned using 0.2 M NaOH and autoclaved for
sterilization. After cleaning and re-cquilibration, 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 inicrest 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 1, 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.
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PART III
EVOLVING GBD-7 TOWARDS A SMALLER SIZE AND
A BETTER EXFRESSION

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/m| of purified proteins are necessary to prepare a
crystal for X-ray erystallography (Santarsiero ef al., 2002; Mirarefi and Zukoski,
2004). However, heterologous expression of recombinant proteins in E coli is not
always cfficient. Sometimes, the expression level is low and the protein forms
inclusion bodies which are originated from protein misfolding (Baneyx and Mujacic,
2004). To overcome such obstacles, numerous strategies have been accomplished
such as codon optimization (Wu er al., 2004), directed evolution (Hart and Tarendeau,
2006; Yun ef 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 (MBF), NusA at N-terminal of certain proteins
was shown to enhance the expression and solubility of the protein partner (Eliseev ef
al., 2004). Although, the effect of the tag on protein solubility is tightly linked to the
couple formed by the tag and the protein pariner, the outcome of the fusion with a tag
can not be predicted (Kaseda ef 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 affinity tag, the reduction of its size and the
improvement of its expression and/or solubility level would make it more
competitive. [n addition, no structural data of DSR-S and its C-terminal domain are
available, Enhancing expression and solubility of GRD-7 would enable us to attempt
in parallel protein crystallization or NMR structural analysis.

In this part, we investipated the expression of gbd-7 gene cloned into
pBADYTOPO TA vector that does not confain 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 GBD-7.

3.1 Expression of GBD-7 in the absence of Fhioredoxin tag

Thioredoxin was well known to improve solubility and expression of a fusion
pariner. In the previous study, all GBD proteins were constructed in pBAD/TOPO
Thiofusion which generated fusion protein of Thioredoxin tag at N-terminal and His
tag at C-terminal of GBD proteins. In order to investigate the expression and
solubility of GBD-T itsclf, the ghd-7 gene was cloned into pBAD/TOPO TA vector
(Figure 65). The components of this vector are similar to the former pBAD/TOPO
Thiofusion vector except that pBADVTOPO TA does not show the Thioredoxin tag at
N-terminal end of the GBD protein.
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Figure 65. Construction of GBD-Tmt in pBAD/TOPO TA vector.

The ghd-7 gene was amplified by PCR using primer GBDI1F and RevGBD.
Pool of PCR products (393 bp) was purified on a column kit after agarose gel
electrophoresis. The PCR products were ligated into pBAD/TOPO TA vector and
then, were transformed into chemically competent E celi TOP10 cells. Positive
clones were analyzed by restriction enzyme digestion and DNA sequencing.
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The positive clone, called GBD-Tmt, was grown in 2XYT pH 6.4 expression
medium at various L-arabinose concentrations and temperatures (Figure 66A, 66B
respectively). After cell lysis, both supematant and pellet were applied to Westemn
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-Tmt (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 S30HR wsing
50 volume of sonicated extract (E), two protein bands were detected. Protein
production was estimated at 0.17 mg/L culture.
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The only successful mean was to apply 50 volumes of protein extract on
Sephacryl S300HR (1 vol) and cluted with 0.4 volume of 5 g/l dextran 1.5 kDa
(Figure 668 lane E, 66D). The GBD-7mi 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/l 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 ghd-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 io ithe generation of deletion libraries of Thioredoxin-
GBD-7-His proteins, named Ndel and Cdel libraries, 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 GBI proteins. The last approach is
combination of the soluble expression improvement and protein size decrement.
Libraries of truncated GBD-7-Ffis 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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Figure 67. Soluble expression improvement and protein size reduction of GBD-7
strategy.

3.3 Codon optimization of gbd-7 penc

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 agids, 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 ef al., 2004). This phenomenon is well-known in term of
codon bias. Effect of codon bias on heterologous protein expression occasionally
leads to translational emrors. Rare codons can make ribosomal stalling at a position
requiring incorporation of amino acids coupled to minor tRNAs (McNulty e al,
2003).

3.3.1 Search for rare codons represented in ghd-7 gene
Rare Codon Calculator (RaCC) online tool available at
http://nihserver.mbi.ucla.edw/RACC was applied to determine the number of rare E.
coli codons in ghd-7 sequence.
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RaCC resulrs:

Red = rare Arg codons AGG, AGA, CGA
Creen = rare Lew codon CTA

Blue = rare lle codon ATA

Orange = rare Pro.codon £ €

for the following input sequence: ghd-7

aat cag tatobEEYEARa ttafqod gat ggbt Aad tar arg EEgeEta gat gat agt
ggt cgt gog aAE @CH Gggq LEL gtEe Etg caa gAL g9t gra f aga tac tteo

gat caa aa@ 'ggt gaf cad gfg asa gat got ate att grbg gat cca gat act

aac ttg agt taf tat tto aat/gca aba caa ggt gtc geot gta aaa aat gat
tat ttc gag ' tat g&a ggt @ak tgg tat tta aca gat got aat tat caa cit
atc aaa ggt tif aaatgca gQEt gac gac Sqe Efa Can cat bttt gat gaa gtc
act ggt gta Cas acha adn gat agt gobotta RTA agt got cag ggt aag ottt
tac caa C£EY gatfBat daatigga adt gk gbg tca acc

From the RACC result, it was found that ghd-7 gene has 3 rare codons:
cla, aga, and ata, which encode for leucing, arginine, and iseleucine respectively. The
first two codons are located at the GBD-T7 aming 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 1s located st C-terminal end of the gene. Previous studics 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 (Hockema er
al., 1987; Deana er al., 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 £. coli as'shown in Table 17. The triplet code cia was altered to eig and aga
was changed o cge, 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).
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Table 17. Codon usage in E. coli (Hénaut and Danchin, 1996)
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| s | 178 | uaz||s.m|_ | mn | 919 | 197|207

. | e | 15| 020 96 | | wsm [0 | 436 [wss

Gienes are clustered by using factorial comespondence analysis into three classes. Class | contains

gones involved in most metabolic processes. Class |l genes comresponds 1o gencs highly and

continuously expressed during exponential growth. Class 11l genes are implicated in horizontal

transfer of DMNA. One can sec that the distribution of codons in class 111 genes is more or less even,

whereas it is extremely biased in class 11 genes {in particular, codons terminated in A are selected
against ).

pBAD TOPO Thio + GBD-7 with mutation {7Leu-Arg)
CTA = CTG (Leu)
AGA - CGC(Amg)

Figure 69. GBD-7 construction by cta 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). Afier the PCR reaction, DNA template was digested by Neol
restriction enzyme for 1 h at 37 *C for digestion of template DNA 10 remove the
methylated parental plasmids from PCR products. The PCR products were purified
using a column kit, and transformed into E. coli TOP10 cells. Analysis of positive
clones was accomplished by DNA sequencing. The mutant which contains the 3
mutations was labeled as 7lle (Figure 71).
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Primer: CodlleF
aca aaa gat agl gof g off ael el
=
Template: . Bca aaa gal agt pol tta gia agt get cag pgt aag ......
pTleanArg i
Eel Hla aif agl gol cag get aag
Primer: CodlleR

Figure 70. Primer design for changing isoleucine codon by PCR mediated site-
directed mutagenesis.

pBAD TOPO Thio + GBD-7 with mutation (7lle)
ATA =2 ATT (lle)

CTA>CTGAGA>CGC
pBAD TOPO Thio GBOT
+ GBD-7 (Tlle) ATA=ATT

g by f

Figure 71. GBD-7 Construction with ata codon (7li¢) optimization.

Moreover, in order to investigate the effect of rare codon on expression
of GBD-7 in the absence of Thioredoxin, the gbd-7 pene containing the two first
mutations, (ghd-TlLeuArg) was cloned into pBAD/TOPO TA vector. After that, we
performed transformation and analysis of positive clones. The new construct was
named Tmil.euArg (Figure 72).
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© Whtation: CTA>CTG, AGA-DGT
pBAD TOPO TA + T Rl

G- TmitLeu-Arg)

FLCT

Figure 72. Construction of GED-7 with optimized cia and aga codon and cloned
into pBAD TOPO TA vector (TmtLeuArg).

333 Protein expression

The protein expression level of the different mutants containing both
synthetic codons and wild-type genes were investigated. E. coli TOP10 cells carrying
wild-type and synthetic ghd-7 were grown in 2XYT pH 6.4 at 30 °C, 0.02% of
arabinose. The cells were harvested when the Oy reaches 2.5 and then centrifuged
to collect the cells. After cell lysis, the supernatant and pellet fractions were analyzed
by SDS-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 GBD-7 proteins were quantified by Microbradford assay. The data obtained
showed that the production of GBD-7 was increased by 2.8 or 4.8 folds compared o
the wild-type, when changing the codons encoding for lencine-arginine and for
isoleucine, respectively (Figure 73).

However, in the absence of N-terminal Thieredoxin tag, no expression
of GBD-Tmt and GBD-TmiLeuArg 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
15 a highly sensitive protein detection system (Figure 75). This indicated that the poor



130

expression of GBD-7mt is probably not due to the codon bias. Other factors such as
protein folding, mRNA stability or hmxnphun rate might influence the lack of
expression of GBD-7 without Thieredoxin

protcin band shows K E'ﬂ}”' /Py
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3.4 Directed evolution of GBRD-T 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 pencrated 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 (Comvik
et al., 2005; Shah and Russell, 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 QPixll 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 pm 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 QPixIl 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 afier cell lysis. Then, the
proteins were immobilized onto the lower phase nitrocellulose membrane. Glucan-
binding phenotype was detected by an immunoassay using biotin-dextran/Extravidin-
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 cror
using a standard 384-well plate containing clones expressing GBD-7, GBD-Tmt, and
GBD-12 as positive, negative expression, and negative dextran-binding control
respectively. The patiern of the plates is showed in Figure 77A. Single colonies were
picked and used to inoculate the 384-well plate containing LB+8% glycerol.



B XTE ™R3 0E N E .

A
h.-‘

L;_-.i = s

I 2 Y& 5 & 7T R PRI RIYN

134

IS s IT I8 19 2021 12 XM

e T 5 & W

i

¥ i,

=le]=lo)=]o]=fu]-fu]-fa]-f=]u]s] o]=]=
Kl 3 Kl E K 3 EN KD E3 £l El
ul=fol=folulalfufulofefolalo afu]u
0 [ 1] ODDDDDEOOaEOn (1 ¥} 7]
af=]ol-Jul-Jal-Jul-]c]-Ja]-Jal-]a]-]s]-]=]
) KN KB KX EX EN KN KD K ER EREEOEEOEOED
alejulfalele]-ful=fu]-falafafafuolafa]-]s
i EJ KX E¥ ET E1 K3 K0 3 N ODEODONDODODaDnnm
e rrrrrricT
ﬂﬂﬂﬂﬂﬂﬂﬂEﬂﬂﬂﬂ 22O a
DO dOUORODDDEOOEaoEn

2

e
-
o

Nirrocellulose membrane

Nitracellulose membrane

Figure 77. Culture plate patiern (A) and nitrocellulose membrane (B) of control
plates containing clones encoding GRID-T (positive soluble glucan binding
protein), GBD-Tmt (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-dextran/Extravidin-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, 2001). However, some paichy colonies were detected, but this
can be avoided by a removal of excess buffer during the cell lysis.

343 Generation of nesied deletion libraries
Unidirected truncatures of GBID-7 were constructed using the Erase-a-
base system relied on Exonucleasclll (Exolll) and 51 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 librarics of N- and C- terminal deletions of GBD-7
variants were generated from pBALD/TOPO Thiofusion + GBD-7 construct, in order
o obtain truncaied forms of Thioredoxin-GBD-7-His proteins. At the beginning,
EcoRl and Pstl site were inserted in front of or behind the ghd-7 using a couple of
primers containing the restriction sites. After the amplification, PCR products were
cloned into pBAD/TOPO 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, Pul
recognition site, that generated 3' protruding end, was located near the vector side to
protect the digestion of Exolll. In contrast, EcoRl which is a 5° overhang DNA
producing enzyme, had been addressed just prior to or after the ghd-7 gene,
permitting the gene deletion by Exolll.
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A
Thioredoxin ACCATGGCTCCAGCTOTC IGAATTCTE
ATG TGGTACCGACGTCGACAGACTTAAGAT GBD-7
Neol  Psitl EcoRi His
B
BD-7
Thioredoxin Ll His
AEL A THAAT LAATTCAETAALL TGCAL
ATG TELTACCTA -i.'rrm'mr TEGACGTE
= Neo Ecohl Pl |

Figure 78. Construction of NdelTF (A) and CdelTP (B).

High quantities of NdelTP and CdelTP plasmids were prepared
using the QLA maxi prep column kit. The plasmids were incubated with Psrl at 37 °C
until achieving complete digestion. Pstl-digested plasmids were purified on a column
kit and then digested by EcoRl at 37 °C., When digestion was completed, the Psrl- and
EcoR|-digested plasmids were purified on the column kit. The Exolll and 81 nuclease
digestion were performed at 10 "C for 15 min [(ollowing the manufacturer's



137

instructions. Pool of digestions was transformed into E coli TOP10 cells. In order 10
explore the digestion reaction, 12 colonies of C-terminal deletion library (Cdel) were
randomly subjected to colony PCR. using primers specific for pBAD/TOPO
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.

BLTO I'2 3 4 567 8 9101112T0

E B

EEZSEzEE

Figure 79. Colony PCR of Cdel libraries using primer TrxF and pBADR. BlL=
PCR reaction with no bacierial colony; TO=digestion conirol before Exolll
digestion providing a full-length ghd-7 gene.

Therefore, the Exolll digestion condition was settled at 10 "C,
which can generate deletion fragments differing in size up to 16 bp per min. For Ndel
and Cdel libraries, the Exolll digestions were accomplished at 7.5, 15, and 30 min for
creating variable truncated forms of Thieredoxin-GGBD-7-His proteins. We screened
1.392 and 1476 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 Exolll (Figure 80). It was found that five unknown
variants were effectively deleted at the ghd-7 gene range from 28 1o 272 bp by the
Exalll, 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 Exolll.
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.

HDUNE L ang
HOUNKZ 1147
HIAIHKE 4 &1a
HDUMES A0T0
HIDUNES 1161
NDUNEE 54
NDUNE/ 11%2
HDUNKR 1014
lde1TF (WT)

HDUNE] 354
NDUNE. 1147
NDUNE] 610
NDUMEA 167
NDUNKES L1163
HIMNEE FLT]
MDUNET 1153
HDUHEH LOE4
Na 1 TP (WT)

NDUNE L LLT |
MDONED 1147
NDONE] G610
HNIUMES LoTE
MDUNES 1163
NOUNES 854
NOONET 1153
HOHINEE LoL4
Ml 1T [WT)

HOONE] 94
MOONKE2 1147
HDONE3 61D
NDONE4 1070
NDONES 1163
NIHINFEE 954
MOONET 1153
NOOHES 1014
Hle LT (W)

HOOHE] 904
HOONES 1147
WOURE3 510
NOONF4 1070
NOOHES 11E3
NOQKES a54
HOERET 1153
RODURER 1014

N LTH (W)




HOUHE |
HOUHKEZ
HDUHES
HIHFHEA
KDUKRES
HOHFHE &
KDURET
HOWFHER
KdelTP(WT]

HIOHFHKE 1
Wi K2
HDIFHE &
NDUNEA
HOFHES
HOUNES
HIOUHET
HOUNER
RdelTP{WT)

HDUHE 1
HEUREZ
KEHIHE ]
HDUHEY
NDUHES
HEUNES
NDUHET
HEUNER
NdelTP(WT)

Y AINE ]
NIAMED
HDUME ]
HTAINEA
MDAINES
HEUHER
NOUNE !/
MBINER
HdelTP(WT)

MIMIME]
MDUINE2
MIMIMES
NDUNEA
MIMIHES
HIHINE &
HDOHET?
NDINER
Hds 1 TP (WT)

994
1147
E1D
g
1163
854
1153
1014

994
1147
610

1078
1163
854

1153
1OL4

524
1147
BLO
1070
LilGd
B854
1153
114

139

R T T T
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FTTTARRCGGTCTCCAGCTTG
AARCGGTCTCCAGITTG
AARCCGETCTCCAGTTTG
ARARCGGTCTCCAGCTTG
ARRLCGETCTCCAGETTG

Figure 80. DNA sequence alignment of wild-type GBD-7 and its unknown
variants from Ndel library by ClustalV 1.83. Highlight colors indicated different
domains: Green=N-terminal Thioredoxin sequence, Yellow=restriction site,
Blue=(BD-7, Red=C-terminal V5 epitope and His tag.



Table 18. Summary of soluble glucan-binding mutant screening.
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Figure 81. Positive variants from Ndel (A) and Cdel (B} libraries; -

From the Ndel library, 6 colonies were found to produce
soluble GBI proteins (Figure 81; Table 18), for which 2 colonies, NdO20 and NdF3,
were reduced the size. In the Cdel library, 29 colonies expressed soluble GBD, among
them |5 variants were shorted by Exolll. Surprisingly, sequence analysis of these
variants showed that all of them entertained deletions not in the ghd-7 gene, but in the
pBAD/TOPO vector (Figure 82). Only one variant NdF3, presented deletion in the

ghd-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. NdO20 and NdF3 variant contained
deletions at the N-terminal 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 imporiant role to enhance GBD-7 solubility as also mentioned in
several investigations (Smyth ei al., 2003; Tsunoda et al., 2005; Peisley and Gooley,
2007; Niiranen ef al., 2007). For CdK 14 and CdJ17 obtained from C-del library,
deletion occurred at C-terminal vector region of the construction. Surprisingly, both
variants dramatically increased their level of expression in supernatant and pellet,
compared to the wild-type (Figure 83B). Truncation in the V5 epitope region may
have a role in this difference, On the other hand, no evidence had been reported about
a role of inhibition of the V5 cpitope on recombinant protein expression.
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Figure 82. Sequence alignment of wild-type GBD-T 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.
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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 |, 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-terminal gbd-7 gene was reduced of 36 bp and
the N-terminal 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 glucan-binding domain.
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Figure 84. Determination of the dissociation constants K, of the positive variants
Abg . = B [s""f'_’__m]
following the one-site ligand binding cquation K, + | Biotin - dextran] | e

Kg value of wild-type GBD-7 is 2.79 x 107" 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-Tmt), two libraries of GBD-Tmt variants were generated,
composed of nested N-terminal deletion (Ndelmt) and C-terminal deletions (Cdelmt).
Parental plasmids were prepared from NdelTP and CdelTP by Ncol digestion for
removal of thioredoxin sequence. The plasmid NdelmiIP and CdelmiTP were then
treated with EcoRI and Pyl before pmcﬁﬂing the nested deletion reaction.

The Exolll deletion libraries were gencrated 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 Cdelmi library was found by CoFi blotting, and named
CdmtA4 (Figure 85). The variant CdmiA4 was checked for deletion by DNA
sequencing and compared to wild-type {Figum!-ﬁ}. We found that the deletion was
not located in the g;cng; but at the C-t:nniﬁh V5 epitope and His tag sequences. This
deletion caused a frame shift on the C-terminal fusion pariner of the GBD-7 to
EFTNQLGCFGG in stead of KﬂELEGEﬂFNFLLELDmTGHHHHHH which
corresponded to V5 epitope and His tag fusion sequences. Similar to the result from
Cdel library, the expression of variant CdmiA4 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 pmblﬂhnfﬁﬂl}? without Thioredaxin (GBD-
Tmt) can circumvent.

CdenAd |

Figure 85. Positive variants from Cdelmt library.
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Table 19. Summary of screening for soluble glucan-binding mutants.
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Figure 86. Sequence alignment of wild-type GBD-7mt and CdmtA4 by ClustalW
1.83. Highlight colors indicated different domains: Blue=GBD-7, Yellow=V35
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Figure 87. Comparison of protein expression and solubility of positive CdAd4mt

variant and the GBD-Tmt wild-type. S=supernatant, P=pellet, E=¢luate from
purification onto Sephacryl SI0OHR.




3.4.3.3 Protein production of varianis

Recombinant protein production of all variants from the 4
librarics was compared to that of the wild-type. Purification of variant proteins onto
0.1 ml of Sephacryl S300HR was performed 1o calculate their protein production at 30
°C, using 0.02% of L-arabinose. Elution was applied using 5 g/l 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-types In contrast, deletion at the C-terminal extremity enhances
the protein cxpression level, cerainly promoted by a removal of V5 cpitope.
Especially for the best variant CdmtA4 for which the production level was up to 16
times greater than that of the wild-type Tmit.

T NP0 NBFY CHKA CnJLT TMT ki T HA030 MAFY CAk4 Tl 7 Tmt CdAdmi
Ll a1}
e 1163
(1 - 74
1 (S
Ty - 554
L
3.5
n 3
[
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Figure 88, Purification of positive variants onto Sephacryl S3I00HR. Gels were
stained by Colloidal blue (right) and Silver Express (left).
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Table 20. Protein size and production of positive variants at 30 °C.

Twild- T (willd-
Variants N0 NdF3 Cdk 4 cdnz Admt
type) type)
Protein production (mg
Purified protein/]. £5 4 3.9 1083 26.7 0 15.7
culiure)
Protein size (kDa)
Full-length 0 24 pal s 9.5 20 15
12

Truncated formed 15 15 - 12 13 13

In conclusion, in order o 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 oplimization and directed protein evolution
strategies were carried out. In E coli, codon optimization typically increased the
expression level for 1.2-16 folds (Ejdeback ef al., 1997; MakofT ef al., 1989; Li ef al.,
2002; Williams er al., 1988). For GBD-7, its expression was suceessfully improved by
approximately 4.8 folds of the wild-type afier 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 V3
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. Moreaver, 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
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studies either by NMR or X-ray crystallography to understanding glucan binding
mechanism of this enzyme.

From N-terminal deletion librarics, the size of the GBD-7 can be reduced of
only 12 amino acids, corresponding to about | 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, LLDDS G
RAKTGFV L Q, may have a crucial role in glucan-binding. In contrast 1o C-
terminal libraries, no delction in the ghd-7 pene 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
Exolll by 3" protruding end may inefTicient, therefore the error on Exolll 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 glucan-
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 ef al., 2005), colony filiration bloiting (Comvik ef al, 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 sereening is that it cannot distinguish
between full-length and truncated proteins as well as degraded form unless the SDS-
PAGE is performed.



CHAFPTER YV
CONCLUSIONS AND FUTURE PERSPECTIVES

1. Conclusions

In this study, C-terminal domain of a dextransucrase from [. mesemieroides
NRRL B-512F (DSR-5) was searched for a minimal motif responsible for glucan
binding. It was confirmed that the C-terminal domain (39.7 kDa) of DSR-S has the
role in glucan binding like other glucansucrases by a glucan binding assay in Ni-NTA
HisSorb 96-well plate. From fourteen truncated forms construeted in this study, four
motifs were positive for the glucan binding. Sequence comparison of these positive
constructs showed the common motil composed of YGio-YG,1-YG12-YGi3-YGiy
while either motif Y Gs-Y Gy or Y5 is required to provide the glucan binding ability
at N or C-terminus respectively. Sequence alignment of these two repeats indicated
the conserve sequences: FING/N)NG(H/NJAV 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 of GBD-7 is 2.79 x 10" M indicating
that the GBD-7 has very high affinity to dextran.

Potential application of GBD-T 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 h at 4 °C, wash 15 min 4 times, eluted 15 min 7 times with 5 g/l
of dextran 1.5 kDa. At this condition, purification from cell lysates using the GBD-7
tag was given approximately 58% vield of purification with over 95% purity observed
by SDS-PAGE. Moreover, experimental design for GBD-7 specific detection onto
nitrocellulose membrane was also developed. Using biotin-dextran/Extravidin system,
the GBD-7 tagged proteins can be revealed on the membrane.

When enginecred ghd-7 gene into pBADTOPO TA vector (no thioredoxin at N-
term), only low amount (0,17 mg/l culture) of the GBD-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-T7-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 mg/l culture or 92 times
compared to the wild-type. This result suggested that V5 cpitope region between
GBD-7 and His tag may inhibit the protein expression or promote the incomrect
protein folding. Similar result was also observed in the Tioredoxin-GBD-7-His
protein, deletion at the V35 epitope sequence can enhance the protein expression up o
108.3 mg/l culture or 13 folds of the wild-type. Finally, we can reduce the size of the
GBD-7 by 12 amine acids or about 1 kDa without any change in glucan binding
ability.

1. Future perspectives

Considering the GBD-7 tag affinity purification system, we only demonstrated
fusion of the GBD-7 tag with small proteins, 80 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 ghd-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 resulis. Finally, we can
cnhance 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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APPENDIX A: dextransucrase-S sequence (for numbering).
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APPENDIX B: amino acid sequence of the C-terminal domain of DSR-5 (GBD-0).

NNYYYFDKTGHLVTGLOQKIN

KFVIGTDGYKYY

Hightlight indicated Y G repeat motif.
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APPENDIX C: Cloning site of pBAD TOPO Thiofusion vector (Invitrogen).
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APPENDIX D: Cloning site of pBAD TOPO TA vector (Invitrogen).
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APPENDIX E: Standard amino acid abbreviations (Voet and Voet, 2004).

3-letier

55778 3FESEFro289z2222

AU INENINYINg
ARIAINTUNRINYIAL


nkam
Typewritten Text
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