METAL-SUPPORTING POLYMER FOR SUPEROXIDE
DISMUTASE MIMICS
AND
CONSTRUCTION OF METAL-BINDING TAG FOR PROTEIN
PURIFICATION

THEERAPHON PIACHAM

A THESIS SUBMITTED IN PARTIAL FULFILLMENT
OF THE REQUIREMENTS FOR
THE DEGREE OF MASTER OF SCIENCE
(MEDICAL TECHNOLOGY)
FACULTY OF GRADUATE STUDIES
MAHIDOL UNIVERSITY
2003

ISBN 974-04-3593-9
COPYRIGHT OF MAHIDOL UNIVERSITY



Thesis

entitled

METAL-SUPPORTING POLYMER FOR SUPEROXIDE
DISMUTASE MIMICS

AND

CONSTRUCTION OF METAL-BINDING TAG FOR PROTEIN
PURIFICATION

Assoc.Prof.Rassmidara Hoonsawat,
Ph.D.

Dean

Faculty of Graduate Studies

Mr.Theeraphon Piacham
Candidate

Lect.Chartchalerm Isarankura Na Ayudhya,
Ph.D.
Major-Advisor

Assoc.Prof.Virapong Prachayasittikul,
Ph.D.

Co-Advisor

Asst.Prof.Rachada Kiatfuengfoo, Ph.D.
Chair

Master of Science Programme in
Medical Technology

Faculty of Medical Technology



Thesis
entitled

METAL-SUPPORTING POLYMER FOR SUPEROXIDE
DISMUTASE MIMICS
AND
CONSTRUCTION OF METAL-BINDING TAG FOR PROTEIN
PURIFICATION

was submitted to the Faculty of Graduate Studies, Mahidol University
For the degree of Master of Science (Medical Technology)
on
June 9, 2003

Mr.Theeraphon Piacham
Candidate

Lect.Chartchalerm Isarankura Na Ayudhya,

Ph.D.

Chairman
Assoc.Prof.Virapong Prachayasittikul, Prof.Somsak Ruchirawat,
Ph.D. Ph.D.
Member Member

Asst.Prof.Byaporn Na Nagara, Lect.Ratana Lawung,

PhD. Ph.D.

Member Member

Assoc.Prof.Rassmidara Hoonsawat, Assoc.Prof. Virapong Prachayasittikul,
Ph.D. Ph.D.

Dean Dean

Faculty of Graduate Studies Faculty of Medical Technology

Mabhidol University Mabhidol University



ACKNOWLEDGEMENTS

I would like to express my sincere gratitude and deep appreciation to my
advisor and co-advisor, Dr. Chartchalerm Isarankura Na Ayudhya and Associate
Professor Dr. Virapong Prachayasittikul for their valuable advice, expert guidance and
encouragement throughout the course of my study. They have never been lacking
kindness and support.

I would like to thank Professor Dr. Leif Biilow and Assistant Professor Dr. Lei
Ye, for their kind support and good suggestions when I was an exchange student in
Lund University, Sweden

I wish to thank Professor Dr. Somsak Ruchirawat, Assistant Professor Dr.
Byaporn na Nagara, Dr. Ratana Lawung for their valuable advice and comments for
the completeness of this thesis.

I am particularly indebted to the Ministry of University Affairs for the
scholarships which enabled me to undertake this study successfully.

I would like to thank the UMAP Credit Transfer Scheme by Ministry of
University Affairs, and the Swedish Strategic Research Foundation for supporting all
the expenses during my stay in Lund University, Sweden.

My thankful expression also go to all graduate students and all staff members of
Clinical Microbiology Department, Faculty of Medical Technology for their assistants
supports and creating good environmental arena.

I would like to thank the Faculty of Medical Technology, Mahidol University
for supporting all the expenses and other utilities.

Finally, I am deeply grateful to my dear and the entire members of my family

for their infinite love, care, understanding and support at all time.

Theeraphon Piacham



Publication Derived from this Master Thesis

Full paper published

- A polymer supported manganese catalyst useful as a superoxide dismutase mimic

Chemical Communication, 2003, Volume 11, 1254-1255




Fac. of Grad. Studies, Mahidol Univ. Thesis / iv

METAL-SUPPORTING POLYMER FOR SUPEROXIDE DISMUTASE MIMICS
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ABSTRACT

A Polymer-supported manganese catalyst possessing superoxide dismutase (SOD)
activity was synthesized. Matrices consisting of either 4-vinylimidazole (4V) or 1-
vinylimidazole (1V) in combination with methacrylic acid (MAA), which were expected to
provide avidity to Mn (II) similar to that of the combination of histidine and aspartic acid
residues at an active site of SOD, were selected as functional monomers to form a
coordination sphere with template metal in a cross-linked polymer. All these matrices were
prepared to form polymers through free radical polymerization, using excess amounts of the
cross-linking monomer, ethyleneglycol dimethacrylate (EDMA). Mimicing the SOD activity
of the polymers was assayed by measuring the inhibition of the photoreduction of nitro blue
tetrazolium (NBT). It was anticipated that this catalytic activity would generate from the
coordination between a metal center and a complex of three imidazole and one carboxyl
groups as in the case of the native enzyme. Surprisingly, the polymer Mn-PIVMAA
exhibited much higher activity than did the Mn-P4VMAA. Omitting one of the functional
monomers (1V or MAA) resulted in a decrease in SOD activity. These findings strongly
support a high potential for the application of the catalytic metal based-imprinted polymer for
therapeutic use in the future.

The metal-binding tag was applied as a powerful approach for protein purification. The
tagger was inserted into the protein of interest at the gene level. Based on the concept that
polyhistidine bind tightly with a number of transition metals including Cu**, Ni*", Zn*" and
Co”", the hexahistidine-tagged GFPuv generated from the gene fusion technique here could be
purified with Immobilized Metal Affinity Chromatography (IMAC) charged with zinc ions.
Zinc ions rather than copper or nickel ions, were chosen as a linker on account of the very low
adsorptivity of the native GFPuv. Although the purification fold of the H¢GFP was not
greater than that of the native GFPuv, the HsGFPuv was highly pure and the purified protein
could easily be obtained in a one-step purification process. Furthermore, an enterokinase
cleavage site (DDDDK) could also be inserted to allow for the removal of the hexahistidine
sequence after purification in such a way that the fusion partner might interfere or disturb the
properties of the native protein. However, neither the metal-binding region nor the
enterokinase cleavage site affected either the fluorescent emission or the capacity to bind with
the protease of the chimeric protease-binding GFPuv. These findings clearly indicate that the
metal-binding tag could simply be fused to assist protein purification and the purified
chimeric protease-binding GFPuv can directly be applied as a potential tool for protease
detection in the future.

KEY WORDS: METAL/ POLYMER/ SUPEROXIDE DISMUTASE MIMICS/
CHIMERIC PROTEIN/ GREEN FLUORESCENT PROTEIN
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CHAPTER I
INTRODUCTION

Molecular recognition is crucial for the functioning of living systems, where
biological macromolecules including proteins (which may serve as enzymes,
antibodies, and receptors), nucleic acids, and saccharides play decisive roles in
biological activities. Since the recognition has to be based on simple interactions
among chemical units, the challenge of synthesizing artificial molecules which are

capable of molecular recognition has specially drawn into an attention.

Molecular imprinting is a technology in which recognition sites are created
in a macromolecular matrix using a molecular template in a casting procedure. The
selected molecule for printing is first allowed to form bonds with functional
monomers. The resulting complexes are subsequently captured into a rigid two or
three-dimensional network following polymerization. The print molecule is then
removed to achieve the specific recognition sites in the polymer (1,2). Such a
technique has been exclusively applied to imprint many bioactive organic compounds
for variety of purposes (3-7). Imprinting of macromolecules is also exploring in quite
a few laboratories (1). These include an imprinting of substrate of enzyme and anti-
idiotypic of enzyme active site to generate polymer that mimics enzyme activity (8-
10). It is known that catalytic activity of many metalloenzymes line on a correctly
coordinated metal cofactor within the active site of the enzymes. Imprinting to
mimics metalloenzymes activity is then falled into our interest. Since when metal
ions are used as template, they are able to bring oriented and appropriated
coordination groups into a multi-dentate structure that affords selective binding
capability of the polymer towards the metal ion templates. Our study has been
turning to superoxide dismutase, a scavenging enzyme cleaning up oxidative harmful
free radical in the biological system. The manganese-based superoxide dismutase
(Mn-SOD) from human mitochondria contains a Mn(Il) coordination sphere and is

able to catalyze the disproportionate of superoxide anions to produce hydrogen
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peroxide (11). To investigate the feasibility of building polymer based
metalloenzyme mimics, we start to use metal ions (e.g. Mn®", Cu®’, Fe’", Ni*" or
Co”") to assemble a similar coordination sphere in cross-linked polymer matrices.
Catalytic activity of the metal-supported polymers has further been determined. In
the study of this thesis, construction of a binding site for metal ions to aid the process
of protein or enzyme purification has also been in our scope of study. The gene
fusion technique is applied in an attempt to create the specific recognition site for
metal ions onto the green fluorescent protein (GFP) along with a specific site for

protease cleavage. Effect of the fusion partner on binding capability to protease of the
chimeric protease-binding green fluorescent protein is also investigated.
Therefore, the objectives of this study are

1. To investigate the feasibility of building polymer based superoxide
dismutase mimics among various metal ions via molecular imprinting
technique.

2. To determine the catalytic activity of the metal-supported polymer.

3. To construct a chimeric green fluorescent protein possesses dual
characteristics of both metal-binding and binding avidity to protease by
gene fusion technique.

4. To investigate the potentiality of applying the metal-binding tag for protein
purification as well as the effect of the tagger on protease-binding avidity

of the chimeric protein.
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CHAPTER II
LITERATURE REVIEW

A. Molecular imprinting

1. Molecular imprinting concept

The concept of molecular imprinting could be described as a way of making
artificial "locks" for "molecular keys". In the following picture, very simplistic views

were demonstrated in figure 1.

le
(r
—
"I

Figure 1 Molecular imprinting concept. The selected key molecule was in the first

step mixed with a variety of lock building blocks. Then, the building blocks and the
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key were allowed to, either firmly or loosely, attach to each other. The formed
complexes between the key and the building blocks were subsequently "glued"
together in order to fix the building block positions around the key. Removing the
molecular key the leaves a construction which, if everything worked properly, was

selective for the original key and would not recognize any other key (1, 2).

2. History

The emergence of molecular imprinting had its original source in the area of
immunology when chemists attempted to explain the mechanism of antibody
formation. One of the earliest inspirations that brought scientist to the concept of
molecular imprinting came from Linus Pualing in 1940 who postulated mechanism
for the formation of antibodies (12). The theory proposed that the great diversity in
antibody formation was due to the formation of different three-dimensional
configurations of the antibody polypeptide chain induced by the interaction with the
antigens. Following these "instructive" theories on antibody diversity, the antibodies
would be able to change their 3-D-structure in order to form as many interaction
points as possible with the epitopes of the antigens. Thus, the antibody combining
sites were "moulded" with the antigen as a template in a casting procedure, for

instance, they were molecularly imprinted with the antigens (Figure 2).

Complete

antigen antibody

antigen

Antibody poly-
peptide chain

Figure 2 Antibody formation according to Pauling postulated. A) The nascent
antibody polypeptide chain encountered the antigen. B) The polypeptide chain started
to fold, directed by the structural prerequisites of the epitope. C) The guided antibody
formation was complete (1, 2).
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Later, these theories were found to be incorrect and their instructive models
abandoned in favor of the more appropriate "clonal selective" theory of antibody
formation. Nevertheless, their models laid the foundations for the area of molecular
imprinting.  Following this hypothesis, his graduate student, Frank Dicket who
carried out the imprinting experiments using a series of dye molecule mixed it with an
acidic aqueous silica gel (13). After washing out the dye and drying the gel, the gel
possessed some selectivity for template dye molecule but the imprints lost their
recognition capability with time. During this period, molecular imprinting did not
much progress, until Mosbach and coworker (14), who studied on the immobilization

of enzymes and cells on their entrapments in polyacrylamide gel network as shown in

the figure 3.
Ligands on beads
Enzyme
Affinity “—> ©
Chromatography
Wl P T
/OO A0I0MN
{.. ..\ Enzyme {OO .O\ ®
eee /] —» UO0 ) >
\‘!____, removal N Q __‘/
Immobilized Enzyme
enzymes cavities

Figure 3 Connection between affinity chromatography, immobilized enzymes and the

subsequent liberation of the cavities left behind by the enzyme (14).
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These findings and the following research around affinity solid material led
to the later approach of non-covalent molecular imprinting. In 1972, Takagishi and
Klotz reported that polyethyleneimine, cross linked by disulfide bridges in the
presence of methyl orange, exhibited slight memory for this template (15).
Independently, Gunther Wulff and co-workers simultaneously reported chiral
recognition of D-Glyceric-(p-vinyllanilide)-2,3-0-p-vinylphenylboronate, which was
covalently incorporated in the polymer and subsequently hydrolysed (16,
17).(Figure4)

Figure 4 The first example of covalent imprinting, developed by Wulff group. The
incorporation of a covalently modified template in polymer, and its subsequent
removal by hydrolysis left a cavity that complements the non-modified template (D-

glyceric acid) (16).

The independent development of a general non-covalent approach for
imprinting in organic polymers by group of Mosbach (18) significantly accentuated
the usefulness of and interest in this technique. By this approach the number of
compounds those could be successfully imprinted increased dramatically, and the

selectivity was achieved. Promising approach for the delicate task of imprinting in
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aqueous solution and for the imprinting of macromolecule was based on metal-ion

chelation between monomers and template (19-22).

Molecular Imprinting Technology

Pre-organised systems Self-assemhbly systems

Covalent Semi-covalent Metal coordination Non-covalent
interaction interaction interaction interaction

Figure 5 Two basic approaches of molecular imprinting: pre-organized approaches

and self-assembly approaches (1, 2).
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3. Principle of molecular imprinting

From the chemical point of view, there were two main approaches to achieve
interactions between monomers and target templates, namely covalent and non-
covalent interactions as shown in figure 6. Covalent imprinting was introduced by
Wulff and coworkers while another, non-covalent imprinting was proposed by
Mosbach group. Later, Whitcombe and co-workers generated a hybrid approach that
combined two methods, covalent and non-covalent together, named semi-covalent

(sacrificial) imprinting (23).(Figure 5)

Figure 6 Schematic representation of the molecular imprinting principle. 1:
Functional monomers, 2: cross-linker, 3: template molecule; a: assembly of the
prepolymerisation complex, b: polymerisation, c: extraction of the template liberating

the binding site (2).

3.1 The covalent approach (Pre-organised system)

In the covalent approach, the print molecule was coupled to a vinyl
monomer, which this complex was reversible covalent linkage, so called pre-assembly
complex. Then polymerization was take place in large amount of cross-linker
resulting in a rigid network. The template molecule could be readily extracted leaving
behind cavities in the polymer that complemented the size and shape of the template
and contained functionalized group left in cavities. Reversible covalent bond
formation and cleavage enabled association and dissociation of target molecule.
Various kinds of chemical linkages were utilized in the covalent approach. Among

the most common types were boronic esters (8)(figure 7), Schiff bases (24) and ketals
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(25). Covalent imprinting offered the possibility of defined template-monomer
constructs thus controlling the stoichiometry of the imprinting cocktail. This might
result in binding sites those were more homogenous than those obtained using non-

covalent techniques (26).

Figure 7 Covalent imprinting of a-D-mannoside using vinyl phenylboronic acid (8).

Covalent imprinting remained largely a niche method in the imprinting field.
A major reason for that was the limited choice of potential monomers. The restricted
and applicability was also a consideration. In addition, covalent approach involved in
chemical synthesis of complex between templates versus functional monomer. This
was limited by the availability to create suitable cleavage conditions. Furthermore, it
was not always possible to couple functional monomers due to a lack of suitable

functionality on the substrate.
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3.2 The Semi-covalent approach

The semi-covalent approach was closely related to the covalent approach and
was introduced by Whitcombe et al. (23). Figure 8 described the first published
example of this approach where the template cholesterol was esterified with 4-
vinylphenol to give a 4-vinylphenyl-carbonate ester. After co-polymerization of the
template construct with excess cross-linker, the carbonate-bond was cleaved,
releasing the template and a small sacrificial molecule, carbonic acid. Following
extraction of the template, the imprinted recognition site was bearing a phenolic
residue oriented in a manner that allowed specific rebinding with the hydroxyl group

of cholesterol.

In this hybrid concept, imprinting of template construct was imprinted in
covalent fashion and rebinding relied on non-covalent, ionic interactions, so
homogeneous binding sites should be ensured (covalent feature) and the equilibrium
of substrate rebinding should be established quickly (non-covalent feature). However,
the same limitations that were encountered in the covalent approach as chemical

synthesis and cleavage still prevented the general applicability of this method.
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Figure 8 Semi-covalent approach published by Whitcombe et al (23).
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3.3 The Non-covalent approach (Self-assembly systems)

The self assembly system utilized exclusively non-covalent or metal
coordination interactions in the recognition of imprint species. By these approaches,
functionally interactive monomers were allowed to self-assemble in complexes with
the print species in solution prior to polymerization. These complexes were

subsequently arrested through crosslinking into a rigid polymeric network.

3.3.1 Self-assembly by Non-covalent interaction

The greater the number of interactions between the imprint species and the
functional monomers were available, the better recognition the artificial binding site
would demonstrate. Typical interaction types were ionic interactions, hydrogen
bonding, Y-9-interaction and hydrophobic interaction. Since these interactions were
strongly dependent on the polarity of the solvent. The best imprint was made in
organic solvent such as chloroform or toluene. @ When these normally weak
interactions were established in solution, polymerization was then initiated and a
molecular matrix was formed around the imprint species. The formed
macromolecular architecture was thus complementary in shape and functionality to

the imprint species as example in figure 9
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Figure 9 Schematic representation of a molecular imprinting process. Complexes,
formed in solution by interactions between the print molecule (here penicillin V) and
one or more functional monomer(s) (e.g., methacrylic acid), become fixed during
polymerization with a cross-linker. Polymeric recognition sites were formed,

complementary in shape and functionality to the print species (6).

After polymer formation the imprint molecule could be almost quantitatively
recovered by mild extraction from the matrix. Association and dissociation of the
original print molecule to the artificial binder took place without requiring any
covalent bond formation or cleavage, with the target molecule simply diffusing in and

out of the complementary sites.

3.3.2 Self-assembly by Metal coordination

In metal coordination systems strong metal ion chelating functionalities was
utilized for organizing functional groups in the sites. The metal ions might after
polymerization be exhaustively extracted from the matrix, e.g. by using of strong
metal ion chelators like EDTA, and subsequently rebound to the sites by admission of
metal solution. In most cases, this approach was used in attempts to construct

molecular imprinting polymers selective against the imprinted metal ion template
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compared to the other metal ions (27-30). Most examples following this approach
was in the studies of absorption of transition metal ions, in particular Cu**, Co*" and

Zn*", by selective polymer.

The inspiration by the technique of immobilized metal ion affinity
chromatography (IMAC), metal chelating interactions was used directly with organic
molecules (21, 22, 31, 32). Certain metal ions, in particular transition metal ions, e.g.
copper, cobalt and zinc, might form very strong coordination complexes with certain
organic functionalities. Immobilization of the metal ions by chelating agents, such as
iminodiacetic acid (IDA), rendered materials which were capable of binding certain
proteins (32). Primarily, the imidazole group of histidine residues in proteins was
utilized in chromatographic application, but other functionality such as indole-,
mercapto-, and carboxyl groups might also form strong complexes. Following this
methodology, immobilized metal monomer as vinylbenzyl iminodiacetic acid, was
used to prepare molecular imprinted polymers against compounds comprising

imidazole groups (Figure 10)
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Figure 10 RNase A imprinting on the surface of methacrylate silica (32).

Although the versatility of this approach was restrained to but a few
interaction systems, the interactions were very strong and might be used in aqueous
systems where non-covalent bonds were very weak. Another advantage with this
protocol was the possibility of changing the binding strength for polymerization or

rebinding (32, 33). In this case, very strong complexes between imidazole groups,
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metal chelators and Cu** ions were arrested by polymerization, but for
chromatographic applications the Cu®" ions were exchanged for Zn>" ions which gave
a weaker complex. This ion-switching provided a versatile tool for fine-tuning of the

rebinding of ligands to the polymers.

In this elegant approach for highly selective polymers of defined
architecture, the templates uses were various metal ions (22, 34). The area of metal
ion templated polymers was received much less attention than organic compound
templated polymers. However, recently there were some interesting works. The
researcher found that Zn®" templated polymer (Figure 10), containing a sandwich
arrangement of the well known 1,4,7-triazacyclononane (TACN) ligand, was found to
be highly selective toward reintroduced Cu®" in the presence of Fe'*, Co**, Ni*", Zn*"
and Mn>" While a similar Hg*" templated TACN polymer was found to be highly
selective for Hg”" in the presence of Cd*", Pb*", Ag®, Cu*" and Fe’" (35-37). (Figure
11)

Polymerization
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Figurell Zn*" templated polymer (37).
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4. Molecular imprinting polymer system composed of:

4.1 Print molecule

Print molecules were originally chosen solely for the purpose of
demonstrating the concept of molecular imprinting, i.e. they were model compounds.
Various textile dyes, sugar derivatives and amino acid derivatives were examined,
with convincing results reported from many different groups. However, it was in the
early 1990’s that molecular imprinting research become more focused. Real potential
application began to be seriously investigated, with the chiral separation of
pharmaceutical compounds being of particular interest. Generally, a print molecule
should beard suitable functional groups for interaction with the functional monomers,
to ensure stable complexion. Quite often, different interactions were utilized
simultaneously to provide the optimal imprinting effect. There was literally no limit
as to which print molecules might be used as templates, so long as they did not
interfere with the chemical processes that gave rise to the final supporting matrix. In
the case of free radical polymerization, this implied that no active (polymerisable)
vinyl groups should be present in print molecule. It was known that imprinting effect
varied with the print molecule. As general rule, rigid molecules carrying discrete

functional groups were expected to give superior results (38).

For practical applications, the compound of interest (analyte) was generally
used as the template for preparing the imprinting polymer. The structure and the
chemical characteristics of template determined the nature of the imprinting approach
that should be followed. If non-covalent imprinting was applicable, the chemical
structure of template was used as starting point for selecting functional monomer
candidates. For example, if the basic groups were present in the print molecule,
methacrylic acid might provide strong ionic interactions between the charged print
molecule and the monomer. When the print molecule was capable of forming
complexes with certain metal ions, metal-chelating functional monomers might be
better choice. If hydrophobic interactions were desired, the imprinting solvent could

be adjusted according to enhance this effect, and so on.
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4.2 The role of functional monomers

The functional monomer ultimately became the binding group in the
imprinting polymer. Ideally it should form a stable complex with the print molecule
in question during the polymerization process. In non-covalent imprinting, the
selection of appropriate functional monomers was determined by the structure and
functionality of the print molecule. Quite often multiple interactions of different
nature could be exploited simultaneously, provided that the different monomers did
not interact with one another stronger than with the template. Some of the functional
monomer widely used for non-covalent imprinting was shown in figure 12. These
included acidic monomers, basic monomers, hydrogen bond-forming monomer and
metal-chelating monomers. Hydrophobic interactions were usually satisfied by the
cross-linking monomer that intrinsically lipophilic. Whilst most of these functional
monomers were themselves not optically active, there were a few examples where
chiral functional monomer was used. Hosoya et al. used a racemic template and a
chiral napthyl monomer to prepare an imprinted polymer that displayed selective
binding of one enantiomer, S-N-(3,5-dinitrobenzoyl)-a-methylbenzylamine, and they
demonstrated that the chiral discrimination of the polymer was due to the presence of
the template molecule during polymerization (39, 40). Although chiral functional
monomers were generally much more expensive, they might be conveniently used to
prepare the desired chiral stationary phase when no optical pure print molecule was

available.
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Figure 12 Representative functional monomers used in non-covalent

molecular imprinting (39).

4.3 The role of cross-linking monomers

In many cases, high binding specificity was augmented by the rigid three-
dimensional structure of the polymer, which was in turn ensured by the high cross-
link density. For this purpose, a relatively large amount of cross-linking monomer
was generally copolymerized with functional monomer. The distance between two
adjacent linking points within the polymer network could be adjusted by using various
cross-linkers. Figure 13 showed some of the cross-linking monomers that were used
by different investigators. Because of the large proportion of cross-linker involved,
the cross-linking monomer determined, to a large extent, the hydrophobicity of the

imprinted polymer. This, in turn, affected the extent of non-specific binding.
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Derivatives of divinylbenzene and acrylate cross-linkers were generally hydrophobic,

whereas acrylamide-based cross-linkers were relatively hydrophobic.
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Figure 13 Cross-linking monomers commonly use for molecular imprinting (41).

Each cross-linking monomer affected the morphology of the imprinted
polymer differently. For example, imprinted poly(MAA-co-TRIM) had larger
average pore diameters and pore volumes than poly(MAA-co-EDMA) that were
prepared under identical conditions (41). It was not universally the case that
imprinted polymer prepared using cross-linkers with higher intrinsic cross-linking
capability provided superior recognition specificity, although higher load capacities
could be anticipated. The correct choice of cross-linker depended on the structure of
print molecule, the polymer morphology required, as well as the desired application.

The best choice of cross-linker was often arrived at through trial and error.
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Appropriate levels of cross-linking were important in maintaining the
binding specificity of an imprinted polymer. When the levels were too high, the
loading capacities of the polymers were reduced and the diffusion of substrates into
the imprinted cavities during rebinding might also be hindered. At the other extreme,
when the functional groups were not sufficiently fixed by cross-linking, i.e. the levels
of cross-linking were too low, the specific rebinding by the imprinted polymer also
decreased. For the poly(MAA-co-EDMA) system, calculated as the molar fraction of
the cross-linker, cross-linking densities between 80-90% were most commonly used,
and this generally led to satisfactory recognition during rebinding analysis. However,
a relatively low cross-linking did not necessarily sacrifice selective rebinding of
substrate (42). As an example, 22.4% of cross-linker was used to prepare poly(MAA-
co-EDMA) imprinted against Boc-L-Trp. When using the imprinted material as a
chromatographic stationary phase, it was almost possible to baseline separation Boc-
L-Trp from its enantiomer, Boc-L-Trp (43). For larger target molecules, diffusion
kinetics might become a limiting factor, therefore a lower cross-linking density might

be preferred.

4.4 Porogenic solvent

The solvent used in molecular imprinting not only helped to homogenize the
reaction components prior to polymerization, but also had a profound influence on the
surface area and porosity of the polymeric material obtained. While many inert
solvents could be readily used for covalent imprinting, the non-covalent approach
required that relatively apolar and poor hydrogen bond-forming solvents were used to
maximize the non-covalent interactions between the print molecules and the
functional monomers. The choice of the imprinting solvent was further limited by
solubility of print molecule. For hydrophilic templates, a compromise between
template solubility and imprinting effect usually needed to be made. Tablel listed the
imprinting solvents commonly used in the non-covalent approach, together with their
dielectric constants and hydrogen-bonding scales (44). If solubility of print molecule
was satisfied, then solvents with lower dielectric constant, for example benzene,

toluene, chloroform and dichloromethane, were preferred for imprinting using ionic
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interactions. When hydrogen bond interactions were utilized, solvent with lower
hydrogen-bond acidity/basicity generally resulted in a better imprinting effect.
Hydrophobic interactions could be utilized in aqueous environment, although they
were employed simultaneously with other interactions during polymerization. It was
worth nothing that many rebinding applications of non-covalent imprinted polymers
took advantage of the hydrophobic effect, even though this was not the driving force

for complexation in the imprinting step.

Porogenic solvents played an important role in determining the physical
characteristics of the resulting material, i.e. the surface area and the porosity. With
the methacrylic-based cross-linking monomer, EDMA, it was found that imprinted
polymers prepared in acetonitrile had higher surface areas and pore diameters than
those of polymers formed in chloroform (41). On the other hand, swelling of the
imprinted polymers was most pronounced in chlorinated solvents, such as chloroform
and dichloromethane (45). Although the dry state morphology varied greatly among
polymers made in different solvents, Sellergren and Shea found that the swollen state
morphology appeared to be more or less the same, due to the counter effect of
different swelling capacities in the respective solvents. They concluded that polymer
morphology was less important for the selectivity and the strength in substrate
rebinding (46).

Table 1 Common solvents used for non-covalent molecular imprinting (41).

Dielectric Hydrogen-bond | Hydrogen-bond
Solvent constant acidity basicity
€ (20 °C)

Benzene 2.284 0 0.14
Toluene 2.379 (25 °C) 0 0.14
Chloroform 4.806 0.2 0.02
Dichloromethane 9.08 0.13 0.05
Acetonitrile 37.5 0.09 0.44
Acetone 20.7 (25 °C) 0.04 0.5
Tetrahydrofuran 7.6 0 0.51
Dimethylformamide | 36.7 0 0.66
1-Proranol 20.1 (25 °C) 0.33 0.45
Methanol 32.63 (25 °C) 0.37 0.41
Water 78.54 0.35 0.38
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4.5 Polymerization

Polymerization was generally performed overnight, usually with reaction for
between 16 and 24 hours, and process was initiated by photo- or thermolabile
initiators such as azobisisobutyronitrile (AIBN) or azobis(2,4-dimethylvaleronitrile)
(ABDV). The conditions employed during polymerization therefore involved either
UV-light (~336nm) or heat (40°C or 60°C). Some different polymerization conditions
were compared with respect to MIPs selectivity in a study by O’Shannessy et al (47)
in which it was shown that photochemical initiation and polymerization at 0°C was
advantageous as compared to thermal initiation, since it led to higher selectivity (due
to higher stability of the monomer-template complexes). However, it was shown that
thermal polymerization yielded MIPs with higher saturation capacity (46), and in that
particular study, selectivity, as compared to that obtained by photochemical
polymerization, was essentially unchanged. The other, cationic initiation was
introduced to MIT (48). The polymers formed were highly rigid prior to further
grinding step.

4.6 Template extraction and rebinding

The means for evaluating the recognition characteristics of these polymers
differed, but the most common method was by chromatography. For this purpose, the
bulk polymer was ground in mechanical mortar, sieved, and repeatedly sedimented to
remove the finest particles, leaving a material that allowed packing into an HPLC
column. Finally, the polymer was washed in polar solvent which disrupted the
interactions between templates and polymer, and made the imprinted cavities

accessible for interaction.
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5. Characteristics of molecularly imprinted polymers

In the following some of the interesting physical and chemical characteristics
of molecularly imprinted polymers were described (Table 2). These materials
exhibited high physical and chemical resistance against external degrading factors.
Thus, molecularly imprinted polymers were remarkably stable against mechanical
stress and high temperature and pressure, resistant against treatment with acid, base or
metal ions and stable in wide range of solvents (38). The storage endurance of the
polymers was very high: storage for several years at ambient temperature led to no
apparent reduction in performance. Further, the polymer could be used repeatedly, in
excess of 100 times during periods of more than 8 months without loss of the
“memory effect”. In comparison with natural, biological recognition sites, which

were often proteins, these properties were extremely advantageous.

Table 2 Characteristics of molecularly imprinted polymers.

Feature Characteristics Reference
Physical Stability Resistant against mechanical stress,

high pressure and elevated temperature (78)
Chemical Stability Resistant against acids-bases, various- (78)

organic solvents and metal ions

Storage Endurance several years without loss of performance (31
Capacity 0.1-1 imprint molecule /g polymer (32)
Imprint Memory Repeated use >100 times (27)
Binding Strength mM range (determined by
chromatography (32, 45)
nM range (determined by (64)

chromatography
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6. Applications

The use of molecular imprinting for specific recognition of target molecules
was demonstrated through numerous examples in several application areas. Given
improved affinity and load capacity, imprinted artificial receptors would in many
instances be able to replace their biological counterparts which were both difficult to

produce and unstable in many environments.

6.1 Affinity separation

Molecular imprinted polymers could be used for various separation purposes.
one of the most promising areas was the chiral separation of pharmaceutical
compounds, particularly so given that increasingly the production of drugs with high
enantiometric purity was demanded by administrative bodies, e.g. the FDA.
Compared with conventional chiral stationary phases, imprinted polymers, when used
in chromatographic mode, could separate racemates with pre-determined elution
order. Although relatively large amounts of print molecule were required to prepare
the tailor-made chiral selector in the first place, the polymer obtained were very stable
under chromatographic conditions and could withstand repetitive use. In addition to
various feasibility demonstrations, Kempe and Mosbach separated S-naproxen, an
anti inflammatory drug, from the R-enantiomer using a polymer imprinting against
the R-form (41). Haginaka et al. prepared imprinted polymer beads against the same
template using a multi-step swelling method, and used the polymer beads for similar
chiral separations (49-51). Ramstrom et al. prepared adrenergic receptor binging
mimics using ephedrine and pseudoephedrine as templates, and demonstrated the
chiral discriminating capabilities of these imprinted stationary phases for various
adrenomimetic agents (45). The typical long-tailing peaks obtained from isocratic
elution, which was mainly caused by the different affinities of the heterogeneous
binding site, could be greatly sharpened by using gradient elution, and the resolution
in many cases could be improved (52). Molecular imprinting was also combined with
capillary electrophoresis (CE), and analytical technique that delivered high separation
efficiency. MIP particles could either be physically entrapped within capillaries or
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the imprinted stationary phase could be prepared in situ within the capillaries. A B-
adrenergic antagonist, (R)-propranolol, and a local anaesthetic, (S)-ropivacaine, were
successfully separated from their antipodes using imprints prepared by an in situ
photo-initiated polymerization process (53, 54). Alternatively, Walshe et al. used
imprinted particles in the mobile phase as a chiral selector for separating (R)- and (S)-
propranolol (55). As stated earlier, an important characteristic of imprints was their
high affinity for target ligands. This feature was exploited in sample pre-treatment,
using solid phase extraction (SPE) for the analysis of trace compounds such as drugs,
metabolites, pesticides and other molecules of environmental concern. Pre-
concentration and clean up could be readily achieved using imprinted polymers as
selective affinity media, by applying relatively large volumes of sample solution to
the polymer followed by washing and elution steps. Pentamidine, a drug used for the
treatment of AIDS-related pneumonia, was enriched 54 times from a sample solution
with a physiological concentration of 30 nM. In condition experiment, an enrichment
factor of only 14 was obtained when an anti-benzamidine MIP was applied under the
same conditions (56). Many off-line applications, in which the pre-treatment of
sample was decoupled from the quantification step, were applied to various analyzes,
such as the B-adrenergic antagonist, (R)-propranolol (57), and the triazines atrazine
(58) and simazine (59). Recently, an on-line solid-phase extraction was also
investigated, in which serum theophylline was determined with a detection limit of
120 ng/mL using molecularly imprinted solid-phase extraction with pulsed elution
(60). For SPE application, it was important that the imprinted polymer be free from
any detectable residual templates prior to use, otherwise a potential problem, template
leaking, might occur during the sample pre-treatment and led to erroneous results. To
circumvent this problem, Andersson et al. introduced a strategy in which they used a
structural analogue of the target compound sameridine (a local anesthetic and
analgesic drug) as the template for the preparation of group-specific adsorbent. Since
the analogue was readily separated from sameridine in subsequent gas or liquid

chromatography, the uncertainty caused by possible template leakage was erased (61).
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6.2 Artificial receptors for ligand binding assays

The wide variety of techniques developed for the determination of analytes
based on their specific recognition by an antibody, included various configurations of
immunoassays (62). Molecularly imprinted polymers were certainly very different
from antibodies; they were large, rigid and insoluble, whereas antibodies were small,
flexible and soluble. However, MIPs shared with antibodies one of their most
important features, the ability to selectively bind a target molecule. Therefore, they
could conceivably be employed in immunoassay-type binding assays in place of

antibodies.

This was first demonstrated by Mosbach’s group with a MIP based assay for
the bronchodilator theophylline and the tranquilliser diazepam (63). The theophylline
assay, not only showed a very good correlation with an antibody-based enzyme
immunoassay currently used in analytical laboratories in hospitals, but, surprisingly,
even yielded a cross reactivity profile very similar to that of the natural monoclonal
antibodies. From a selection of closely related substances, only 3-methylxanthine,
which had one methyl group less than theophylline, was bound to the polymer to
some extent (7% binding as compared to theophylline), whereas caffeine, which had
one additional methyl group, showed virtually no binding. This molecularly
imprinted sorbent assay was developed for several other compounds such as drugs,
(64, 65) herbicides (66, 67) and corticosteroids (68). Andersson and co-workers were
showed that MIP assays could even be performed directly with diluted blood plasma
(69).

6.3 Screening chemical libraries, Drug discovery

In recent years, combinatorial chemistry became more and more prominent
as a tool in drug discovery and continued to contribute much in the pursuit of novel
lead compounds in the pharmaceutical industry. In contrast to rational drug design,
combinatorial approaches searched for lead molecule within defined collection of

diverse compounds, either of chemical or biological origin. This needed to use of
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efficient methods for the screening of the combinatorial libraries (70, 71). Among the
most important screening strategies were the receptor binding assays (72) in which the
use of biomimetic receptors such as imprinted polymer could be exploited. In 1998,
Ramstrom et al. used a small steroid library to demonstrate the feasibility of using
imprinted polymers for screening purposes. An abiotic receptor for 1la-
hydroxyprogesterone selectively bound the target compound from a background
composed of twelve closely related structures (figurel4). Screenings of mixture, as

well as individual tests were demonstrated to be possible (73).
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Figure 14 11a-hydroxyprogesterone’s closely related structures (73).

For the new way to shape the new drug Mosbach et al. reported the new
technique called anti-idiotypic imprinting (or double imprinting), they made a
polymeric “mold” that fitted around a known inhibitor of the clinically interesting
enzyme kallikrein. They removed the inhibitor, leaving a molecular imprinted
polymer with a cavity shaped like the inhibitor. Condensation reactions between pairs
of small building-block compounds capable of binding to opposite halves of the
cavity were then used to form addition products that resembled the shape and activity

of inhibitor (9, 10). (figurel5)
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Figure 15 Schematic representatives of the anti-idiotypic imprinting approach and
direct molding approach used. After removal of the template (in gray) from MIP (in
black), the binding cavity was used to direct the assembly of the reactants (in light

gray) to give products mimicking the original template (10).
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6.4 Biomimetic and chemical sensors

In chemical sensors and biosensors, a chemical or physical signal was
generated upon the binding of the analyte to the recognition element, a transducer
then translated this signal into a quantifiable output signal. The same general
principle applied if an MIP was used as the recognition element instead of a
biomolecule. Certain general properties of the analyte (such as its IR spectrum) or
changes in one or more physico-chemical parameters of the system (such as mass
accumulation or adsorption heat) upon analyte binding were used for detection. This
principle was widely applicable and more or less independent of the nature of the
analyte. Alternatively, reporter groups might be incorporated into the polymer to
generate or enhance the sensor response. In other cases, the analyte might possess a
specific property (such as fluorescence or electrochemical activity) that could be used
for detection. Because biosensors had very high specificity and ease of operation, the
development of novel biosensors was one of the most intense research areas.
However, unfortunately, the relatively poor stability of the biological entities often
limited the lifetime of the corresponding sensor components. There was an obvious
opportunity therefore for artificial receptors prepared by molecular imprinting to
function in place of natural receptors. Biomimetic sensors based on molecular
imprinted recognition components were therefore being developed. Table 3 listed
some of the molecularly imprinted recognition components that were used in
biomimetic sensors. The durability and low maintenance conferred by the imprinted
polymers was expected to encourage more investigations in this area. While most
sensing elements were composed of conventional imprinted particles placed
physically close to the signaling device, the direct polymerization of imprinted

polymers onto transducers was reported (74).
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Table 3 Lists some of the molecularly imprinted recognition components that were

used in biomimetic sensors.

Print molecule Detection method Reference
(analyte) (transducer)

L-Phenylalanine anilide Potentiometric (75)

Field-effect capacitor (76)
L-Phenylalanine Membrane permeability (77)
Morphine Amperometric (78)
Dansyl-L-phenylalanine Fluorescence (Optical fiber) (79)
Benzyltriphenylphosphonium Conductometric (80)
Methyl-B-D-glucopyranoside pH measurement (81)
cAMP Fluorescence (82)
Theophylline Surface plasmon resonance (83)
Pinacolyl methyphosphonate Luminescence (optical fiber) (84)

6-[(4-Carboxymethyl)phenoxy]-

5,12- Microgravimetric quart-crystal- (85)
naphthacene quinone microbalance
Glucose Quartz-crystal-microbalance (74)

2,4-Dicchlorophenoxyacetic acid
Differential-pulse voltametry on (86)

screen printed electrodes
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6.5 Enzyme mimics

The imprinting of synthetic polymers to give catalytically active materials
(enzyme analogues) were investigated. While most reports were successful in the
binding-related aspects, real artificial enzymes based on imprinted polymers, with
comparable catalytic characteristics to natural enzymes, were still to realize (table 4).
However, there were some examples in which MIPs catalyzed specific reactions with

enzyme-like kinetics.

For preparing the catalytic MIPs, an approach broadly similar to the
production of catalytic antibodies were followed. To raise a catalytic antibody, a
transition state analogue (TSA), which might be coupled to a carrier, was used as an
antigen to induce an immune response and antibody generation in the host. The
antibody library was then subjected to a screening process to search for specific
clones with the desired catalytic characteristics (87). Quite often binding of the TSA
was achieved but no catalysis of the desired reaction was observed. It turned out that
mere binding did not guarantee catalysis, since the correct arrangement of the
catalytic residues in the antibody was important as well. Researchers working on
catalytic antibodies explored a large antibody reservoir to find an active clone, and
might use site-directed mutagenesis to introduce catalytic residues into the active site
(88).

Polymeric catalysts could be similarly produced in a relatively easy manner
through molecular imprinting, by using analogues of the substrate, transition state, or
product as templates. In all the examples, a transition state analogue was used that
formed complementary interactions with the functional monomers, so that specific
binding sites could be created and catalytic groups introduced therein. An important
feature in enzyme and the substrate interaction was to raise the substrate into the
transition state conformation. If successfully exploited this induced fit feature was

expected to deliver highly efficient imprinted enzyme mimics.
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Table 4 Representation of the examples of enzyme mimics based on molecular

imprinting technology

Print molecule (TSA) Reaction catalyzed Catalytic group Reference

Hydrolysis of p-

p-Nitrophenol nitropheny]l Imidazole (89)

methylphosphonate acetate

N-Benzylisopropylamine B-Elimination Carboxyl (90)
Hydrolysis of p-

Phenyl 1-benzyloxy- nitrophenyl L-histidyl 91)

carbonylamino-3- N-carbobenzoxy-L-

methyl- lucinate

pentylphosphonate

Phosphonate derivative =~ Hydroxy of D/L-Boc-Phe-  Serine esterase (92)
ONP catalytic triad

Pyridine-

Dibenzoylmethane Aldol condensation cobalt(II) (93)

Chloraendic anhydride Diel-Alder reaction Carboxyl (94)

Phosphonic acid

monoester Alkaline hydrolysis Benzamidine (95)
Benzisoxazole

Indole 1somerization Pyridine (96)
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B. Superoxide dismutase

Superoxide was a major factor in radiation damage, inflammation, tumor
promotion, and re-perfusion injury. Fortunately, we were evolved an effective
defense system against the toxicity of O,", such as superoxide dismutase (SOD) and

catalase.

In 1969, McCord and Fridovich first reported that the erythrocyte protein
functioned as superoxide dismutase enzyme (97). Generally, there were three groups
of SOD; each had different metal in the active site. According to the metals, they
were termed as CuZnSOD, MnSOD and FeSOD, and in additional new finding
NiSOD. Acting as one of the most important antioxidants, all SODs catalyzed the

dismutation of O, as.

02'- + 2H+ —> H202 + 02

1. General aspects of Superoxide dismutase

1.1 Superoxide dismutase

Superoxide dismutase (SOD) enzymes were ubiquitous in living systems
(11). These enzymes served a vital role in defending oxygen-utilizing life forms from
oxidative damage (11). The naturally occurring superoxide dismutase (SOD)
enzymes appeared in many forms in both animals and plants. Cu/Zn-containing
forms were found in the extracellular spaces of mammals, as well as in the cytosols of
eukaryotic cells, the periplasms of gram-negative bacteria, and the plastids of plants.
Mn-containing forms of SOD were found in the mitochondria of all mammalian cells
and in E. coli; while all anaerobic prokaryotes, if they possessed SOD activity, would
contain Fe SOD exclusively (11). All obligate aerobes possessed Mn SOD enzymes
exclusively, and facultative anaerobes contained both. Additionally, a Ni SOD was

discovered in Streptomyces griseus (178).
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From the initial discovery by Fridovich and McCord that a class of serum
copper- and zinc- containing proteins catalyzed the dismutation of superoxide to
oxygen and hydrogen peroxide, (11,97) there were a tremendous amount of
researches which were continued to elaborate the role that the SOD enzymes played
in maintaining the health of organisms. The SOD enzymes were a class of
oxidoreductases which contained either Cu/Zn, Fe, or Mn at the active site and
catalyzed this dismutation of the free radical superoxide, the one-electron reduction
product of molecular oxygen (eq 1) (egqs 1 and 2, where M" was the metalloenzyme in

nt+l

the reduced state and M" " was the enzyme in the oxidized state) to the non-radical
products. These enzymes performed this catalytic cycle of dismutation with
incredible efficiency, i.e., at rates approaching diffusion controlled. For example, the

mammalian Cu/Zn SOD’s were shown to possess catalytic rates in excess of 2x10°

M's™, while the Mn and Fe SOD enzymes were shown to function at rates that were
somewhat slower, approximately an order of magnitude slower depending on the
source of the enzyme. The SOD enzymes were shown to have efficacy in animal
models of disease states proposed to be, in part, mediated by superoxide, such as
myocardial ischemia-reperfusion injury (98), inflammation (99), and cerebral
ischemia reperfusion injury (100, 101). Further evidence for superoxide as a mediator
of disease states continued to accrue, such as in ALS and neuronal apoptosis (102-

106), cancer, and AIDS (107, 108).

0, +M™  — p O, +M" (Eq 1)

HO, +M" ——» H,0, +M"" (Eq2)
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1.2 Protein structure of MnSOD

An example of SOD structure was demonstrated in figure 16

Figure 16 Stereopairs of ribbon diagrams of the MnSOD structure. (a) The
homodimer; monomers were colored yellow and green, and the active site manganese
atom was indicated with a pink sphere. (b) An individual monomer with pink
manganese and six-coordinate active site. The N-terminal a-helical domain was
colored purple and the C-terminal a/b domain was colored with cyan a-helices and
yellow antiparallel B-pleated sheets. (c) Close-up view of the six-coordinate active
site including the manganese ligands as well as the residues that neighbor the two

hydroxide ligands (110).
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1.3 Active site geometry

Figure 17 Monomer of Superoxide dismutase enzyme (109).

The metal-binding site of Mn- and FeSODs was highly conserved. It
connected both domains via the metal ion and the corresponding residues were
located on helices al (His90) and 04 (His145) of the N-terminal domain and on B4
(Asp228) and the following coil between B4 and o7 (His232) of the C-terminal
domain. In addition to these three histidine residues and one monodentate aspartate,
one water molecule ligated the central Mn(III) ion in a trigonal bipyramidal geometry

(Figure 17,18).

Active site

fﬁ"zm Histds G'“E:‘E’ Tyw23s8 Histds. G'"f_'gﬁ,
Hisg4 His94 - '
& I'u'ln DH g I‘v."ln DH
Ty 8 Asp228 & % aspaze
His232 2 His232
H|59{] i

Figure 18 A stereo view of the active site of MnSOD. Residues coordinating the Mn

ion were drawn with light blue carbon atoms; bonded to the Mn were depicted as
broken red lines and the Manganese was in yellow. All but one amino acid residue
(Tyr235B) shown were from chain A. Outer sphere residues form a hydrogen
bonding network (broken green lines) surrounding the manganese-containing active

site.
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1.4 Sinificance of SOD on O, scavenging.

Formation of chematactic i f— Raceptor nactivation
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Figure 19 Biochemical effects of superoxide generation. Excessive production of
superoxide (O,") could lead to inflammation through various pathways, including
generation of peroxinitrite (ONOO-). A, adrenaline; LTB4, leukotriene B4; MnSOD,

manganese superoxide dismutase; NA, noradrenaline; NO, nitric oxide.

Some of the important pro-inflammatory roles for superoxide anions (Figure.
19) included: endothelial-cell damage and increased microvascular permeability (99);
formation of chemotactic factors such as leukotrienes (for example, LTB4)(111, 112);
recruitment of Neutrophils at sites of inflammation (113, 114); lipid peroxidation and
oxidation; DNA single-strand damage (115); and formation of peroxynitrite ions
(ONOO-) (116). Substantial circumstantial evidence implicated superoxide anions as
mediators of inflammation, shock and ischemia—reperfusion injury. Superoxide
anions deactivated catecholamine such as noradrenalin, an effect that was shown to
account for the hypotension and hyporeactivity to exogenous catecholamines that
were seen in severe septic shock (117). So, examples events above could disrupt by
SOD, that scavenging superoxide radical before superoxide radical induced cascade

effect.
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C. Superoxide dismutase mimics

Most of the knowledge obtained about the roles of superoxide anion in
diseases were gathered using the native superoxide dismutase enzyme (118, 119) and,
more recently, by data generated in transgenic animals that overexpressed the human
enzyme (VIDE INFRA). Protective and beneficial roles of superoxide dismutase were
demonstrated in a broad range of diseases, both preclinically and clinically (120). For
example, preclinical studies were revealed that superoxide dismutase enzymes had a
protective effect in animal models of ischemia-reperfusion injury (including heart,
liver, kidneys, brain)(121-125), transplant-induced reperfusion injury (126),
inflammation (127), Parkinson's disease (128), cancer (129, 130), AIDS (131-133)
and pulmonary disorders including asthma, chronic obstructive pulmonary diseases
(134, 135) and Respiratory Syncytial Virus (RSV) infections (136). In some
situations such as stroke or Parkinson's, the native enzymes did not show efficacy
since they did not penetrate (because of their large size, MW 30 kDa) the blood brain
barrier. Under these circumstances, used of transgenic animals that overexpressed the
superoxide dismutase enzyme was led to some important observations. For instance,
overexpression of the superoxide dismutase enzyme in rats was protective in animal
models of stroke or Parkinson's (137). Most importantly, human clinical results with,
Orgotein® (bovine CuZnSOD) showed promising results as a human therapy in acute
and chronic conditions associated with inflammation, including rheumatoid arthritis
and osteoarthritis as well as side effects (acute and chronic) associated with
chemotherapy and radiation therapy (119, 138). Thus, in clinical trials, the use of the
native enzyme supported the concept that removal of superoxide anion had a
beneficial outcome. Although, the native enzyme showed excellent anti-inflammatory
properties in both preclinical and clinical studies, in a variety of diseases, there were
major drawbacks associated with its use. The main problem was the non-human
origin of the enzyme: bovine. This inevitably gave rise to a variety of immunological
problems. So, based on the concept that removal of superoxide anion modulated the
course of inflammation, researcher tried to find the synthetic superoxide dismutase
mimetics that served as pharmaceutical candidates in a variety of diseases as the

native SOD enzyme was found to be effective.
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Most catalytic SOD mimetics were designed with a redox active metal centre
that catalyzed the dismutation reaction with O,” in a manner similar to the active site
metals of the mammalian (Cu or Mn) SODs. An ideal SOD mimetic should be stable,
with high specificity for interaction with O, and with a high rate constant; it should
also be nontoxic, much like the native SODs. Additionally, their size and charge

could be exploited for targeting crucial cellular sites of oxidative stress.

It was recognized for many years that simple metal chelates could react with
O,". These included Mn-desferal (139), copper complexes of amino acids or anti-
inflammatory drugs like indomethacin and salicylates (140), and manganese
complexes of lactate, citrate or succinate (141). However, the rates of reaction of
these chelates with O,” were low and the complexes were unstable. The search for
more potent and stable metal chelates was still appearing as active area. The resulting
discovery the lead compound appeared the least three classes of metal-containing
SOD mimetics including the metalloporpyrin (figure 20), the salen (figure 21) and

macrocyclic (figure 22) SOD mimetics.

Rz
H  TBAP
H  TMA-PyP

Br OBTM-4-PyP

H o TM2PyP

Figure 20 The structures of manganese meso-porphyrins commonly used as
superoxide dismutase(SOD) mimics that included tetrakis-(4-benzoic acid) porphyrin
(TBAP), tetrakis-( N-methyl-4-pyridyl) porphyrin (TM-4-PyP), B-octabromo-tetrakis-
( N-methyl-4-pyridyl) porphyrin (OBTM-4-PyP) and tetrakis-( N-methyl-2-pyridyl)
porphyrin (TM-2-PyP). The manganese moiety of the SOD mimetics functioned in
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the dismutation reaction with O, by changing its valence between Mn(III) and Mn(II)
(114).
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Figure 21 Mn (salen) structures (114).
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Figure 22 Macrocyclic compounds (114).
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D. Gene fusion to facilitate purification of recombinant proteins

By genetic engineering it was possible to make gene fusions resulting in
fusion protein having the combined properties of original gene product. Fusion could
be made on either or both sides of the target gene depending on the specific
application. ~ Many applications for fusion proteins in widespread areas of
biotechnology were reported (142) including a facilitated purification of the target
protein, meant to decrease proteolytic of target protein, displayed of proteins on
surfaces of cells, phages or viruses, construction of reporter molecules for monitoring
of gene expression and protein localization and to increase the circulation half-life of
protein therapeutics. However, the most frequent application of gene fusion was for

the purpose of purification of recombinant proteins.

1. Affinity fusion partners

There was a great interest in developing methods for fast and convenient
purification of proteins. For example, to facilitate functional and structural studies of
proteins derived from the rapid growing number of genes coming out of genome
programs such as the Human genome project, efficient and robust production and
purification strategies were necessary. For industrial production of recombinant
proteins, simple and fast purification methods could drastically improve on the
economy of the process. A powerful purification technique made possible since the
introduction of genetic engineering was to purify the target protein by the use of
genetically fused affinity fusion partner. Such fusion proteins could often be purified
to near homogeneity from crude biological mixtures by a single and fusion partner
specific affinity chromatography step according to the basic principle shown in figure

23
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Figure 23 The basic principle for affinity purification of fusion proteins containing an

affinity handle.

To date, a large number of different gene fusion systems were described
involving fusion partner that ranged in size from one amino acid to whole proteins
capable of selective interaction with a ligand immobilized onto a chromatographic
matrix. In such systems, different types of interactions were utilized such as enzyme-
substrates, bacterial receptors-serum protein, polyhistidines-metal ions and antibody-
antigen. The conditions for purification differed from system to system and
environment of the target protein that tolerate was an important factor for deciding
which affinity fusion partner to choose. Also other factors including costs for the
affinity matrix, buffers and the possibilities to remove the fusion partner by site-
specific cleavage were also important to consider. Numerous gene fusion systems for
affinity purification were listed in Table 5, together with their respective elution

condition.
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Table 5 Fusion tags applied for protein purification and detection.

Peptide tag Ligand Utility

Polyhistidine Nickel ions Purifications [143]

FLAG peptide Anti-FLAG antibody Purifications/detection [144]
Strep-tag Streptavidin Purifications/detection [145]
In vivo biotinylated peptide Avidin/streptavidin Purifications/detection [146]
Polyaspartic acid Anionic resins Purifications [147]
Polyarginine Cationic resins Purifications [148]
Polyphenylalanine HIC resins Purifications [149]
Polycysteine Thiols Purifications [149]
Calmodulin-binding peptides Calmodulin Purifications/detection [150]

HIC, hydrophobic interaction chromatography.

2. Polyhistidine tags

A number of laboratories identified various alternative binding sites for
intermediate metal ions that could be used as purification tags in recombinant
proteins. In particular, peptide tags containing multiple histidines as (His-X),, (His-
X3-His),, where X was any amino acid, was fused to their C- or N-terminus of
recombinant protein. These were proven helpful for the purification of recombinant
proteins. The use of immobilized metal ion affinity chromatography (IMAC) to purify
proteins fused with polyhistidine tags was a popular technology for the simple and
cheap production of large amounts of pure industrial enzymes. Poly-His tagged
proteins might be easily purified by IMAC (151). They were quite strongly adsorbed
on these columns via interaction of poly-His tag with just one chelate. They might

then be easily desorbed using imidazole or by lowering the pH.
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3. Site-specific cleavage of fusion proteins

For certain applications it could be necessary to remove the affinity partner
after purification. For example, a fusion partner could cause unwanted alter the
conformation of protein. In addition, a fusion partner might complicate a structural
determination of fused target protein. Several methods were described for site-
specific cleavage of fusion proteins based on chemical or enzymatic treatment of the
fusion protein. Due to the chemical cleavage methods were performed in harsh
reaction that might lead to protein denaturation or amino acid sidechain modification
and relatively unspecific, the enzymatic methods were to prefer before chemical
methods, because they were generally more specific and the cleavage could

performed under mild condition.

The enterokinase was used in many previous reports (152). A cDNA
encoding the catalytic domain of bovine enterokinase was cloned and expressed both
in mammalian cells and in E. coli (153). The enzyme possessed most of the
characteristics of a universal cleavage reagent. It was highly active, worked over
broad ranges of pH, denaturant levels or detergent concentrations, had high specificity
for its pentapeptide recognition sequence (AspAspAspAspLys), and cleaved on the
carboxy-terminal side of its recognition site, leaving no additional downstream
residues on the cleaved product. The ready availability of recombinant enterokinase

would greatly increase the utility of fusion gene expression technology.
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E. Green fluorescent protein (GFP)

Green fluorescent protein, GFP, was a spontaneously fluorescent protein
isolated from coelenterates, such as the Pacific jellyfish, Aequoria victoria. Its role
was to transduce, by energy transfer, the blue chemiluminescence of another protein,
aequorin, into green fluorescent light (154). The molecular cloning of GFP ¢cDNA
(155) and the demonstration by Chalfie that GFP could be expressed as a functional
transgene was opened exciting new avenues of investigation in cell, developmental
and molecular biology. Fluorescent GFP was expressed in bacteria (156), yeast (157),
slime mold, plants (158, 159), drosophila (160), zebrafish, and in mammalian cells.
GFP could function as a protein tag, as it tolerated N- and C-terminal fusion to a
broad variety of proteins many of which was shown to retain native function (161).
When expressed in mammalian cells fluorescence from wild type GFP was typically
distributed throughout the cytoplasm and nucleus, but excluded from the nucleolus
and vesicular organelles. However, highly specific intracellular localization including
the nucleus, mitochondria (162), secretory pathway, plasma membrane and
cytoskeleton (157) could be achieved via fusions both to whole proteins and
individual targeting sequences. The enormous flexibility as a noninvasive marker in
living cells allowed for numerous other applications such as a cell lineage tracer,
reporter of gene expression and as a potential measured of protein-protein

interactions.

1. Properties and structure of GFP

Green fluorescent protein was comprised of 238 amino acids. Its wild-type
absorbance/ excitation peak was at 395 nm with a minor peak at 475 nm. The
emission peak was at 508 nm. Interestingly, excitation at 395 nm led to decrease over
time of the 395 nm excitation peak and a reciprocal increase in the 475 nm excitation
band. This presumed photoisomerization effect was especially evidenced with
irradiation of GFP by UV light. Analysis of a hexapeptide derived by proteolysis of
purified GFP led to the prediction that the fluorophore originated from an internal
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Ser65-Tyr66-Gly67 sequence which was post-translationally modified to a 4-(p-
hydroxybenzylidene)- imidazolidin-5-one structure. Studies of recombinant GFP
expression in E. coli led to a proposed sequential mechanism initiated by a rapid
cyclization between Ser65 and Gly67 to form a imidazolin-5-one intermediate
followed by a much slower(hours) rate-limiting oxygenation of the Tyr66 side chain

by O, as shown in figure 24
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Figure 24 Cyclization mechanism of GFP chromophore (154).
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2. GFP structure

Figure 25 Green fluorescent protein structure (154).

GFP structure (figure 25) was named a beta-can protein. On the outside, 11
antiparallel beta strands (green) formed a very compact cylinder. Inside this beta-
structure, there was an alpha-helix (blue), in the middle of which was the
chromophore (yellow). There were also short helical segments (red) on the end of the
can. The cylinder had a diameter of about 30 A and a length of about 40 A. Due to
their structure, GFP was very resistant to denaturation condition. These included 6 M
guanidinium hydrochloride, 8 M uria, varying pH (5.5-12), and various kinds of
protease. Deletion of more than the N-terminal Met or more than seven amino acids

from the C-terminus led to a total loss of fluorescence.
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3. Application of Green Fluorescent Protein

GFP fluorescence was used to investigate remarkable array of properties and
behaviors. The main reasons for this were that the chromophore of GFP was
produced through an internal posttranslational autocatalytic cyclization that did not
require any cofactors or substrates, fusion of GFP to a protein rarely affected the
proteins activity or mobility, and GFP was nontoxic in most cases. GFP was resistant
to heat, alkaline pH, detergents, photobleaching, chaotropic salts, organic salts, and
many proteases. Mutants with optimized codon usage for mammals (154), plants,
yeast (163), and fungi were created. @ GFP applications in cell biology and
biotechnology (160), applications in plants, in transgenic plants, in fungal biology, in
bacterial protein localization (164), in mouse embryos, visualizing protein dynamics
in yeast, real-time molecular and cellular analysis, GFP as a vital marker in mammals
(165). The production of transgenic animals such as mice (166), rabbits, and
monkeys were attracted public attention and resulted in the formation of small
companies proposing to produce fluorescent pets, Christmas trees, and flowers (167).
Green mice and other animals were used as a source of green-tagged cells or organs
for transplantation to make chimeric mice (165). In the followings, a summary of

GFP laboratory applications was presented.

3.1 Fusion Tags

A fusion between a cloned gene and GFP could be created using standard
subcloning techniques. The resultant chimera could then be expressed in a cell or
organism. In this way GFP fusion tags could be used to visualize dynamic cellular
events and to monitor protein localization (168, 169). GFP was ideally suited as a
fluorescent fusion protein marker because it did not require the presence of any
cofactors or substrates. The chromophore was produced in vivo, and in most cases

the resultant chimera did not affect the localization or activity of the tagged protein.
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For this reason GFP fusion proteins were the most common and successful application

of GFP in biotechnology (156,160).

3.2 Reporter Gene

The first applications of GFP were as a reporter gene. Gene expression
could be monitored by using a GFP gene that was under the control of a promoter of
interest and measuring the GFP fluorescence which directly indicated the gene
expression level in living cells or tissue. Green fluorescent protein was extensively
used as a reporter gene (170, 171), especially in spatial imaging of gene expression in
living cells (159, 172). However, its low sensitivity, due to the fact that there was no
signal amplification, because each GFP had only one chromophore, had limited its use
somewhat. The low sensitivity could be overcome by using sensitive photon counting

devices; however, they were too expensive for routine uses (160).

3.3 Fluorescence Resonance Energy Transfer (FRET)

Fluorescence resonance energy transfer (FRET) was a nonradiative exchange
of energy from an excited donor fluorophore to an acceptor fluorophore that was
within 10-100 A from the donor. In order for FRET to occur, the emission spectrum
of the donor had to overlap with the excitation spectrum of the acceptor. The
emission and excitation spectra of BFP and GFP overlapped as do the spectra of CFP
and YFP, making them good potential FRET pairs. The efficiency at which the
Foerster-type energy transfer occurred was steeply dependent (1/76) on the distance
between the fluorophores. Because any biochemical signal that changed the distance
or orientation between the two fluorophores would affect the efficiency of FRET, it
was a very useful technique for studying protein-protein interactions in vivo and in
vitro (157, 169). The use of GFP in FRET-based applications were reviewed (169,
173).
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3.4 Photobleaching

Photobleaching could be used to investigate protein dynamics in living cells.
There were two methods based on photobleaching: fluorescence recovery after
photobleaching (FRAP) and fluorescence loss in photobleaching (FLIP). By
illuminating an area with high intensity illumination (bleaching) and monitoring the
recovery of the resultant fluorescence loss (FRAP), the relative mobility of the GFP
chimera could be determined. FLIP could be used to study transport of GFP fusion
proteins between different organelles by repeatedly bleaching an area and monitoring
the loss of fluorescence from outside the area. Applications of photobleaching GFP in

cell biology were reviewed (174).

3.5 Metals

3.5.1. Reagentless Biosensors

Wild-type GFP had a strong affinity for Cu(Il), less for Ni(II), and negligible
interactions with Zn(II) and Co(II) (175). It contained 10 histidine residues, 5 of
which were involved in secondary structures and unlikely to bind metal ions. His77,
His81, and His231 were all within 7.5 A of each other in the wild-type crystal
structure of GFP (1EMF) and were proposed as a possible site for metal interaction
(175). Since metal ions in the vicinity of a chromophore were known to quench
fluorescence in a distance dependent fashion, a metal-binding GFP mutant was
designed as a potential in vivo metal ion sensor. The 10C (T203Y, S54G, V68L, and
S72A) GFP mutant was mutated to create two new mutants, one with a metal-binding
site composed of two metal binding residues (S147H and Q204H) and the other
mutant had a tricoordinate metal-binding site (S147H, S202D and Q204H). Both the
metal-binding mutants displayed fluorescence quenching at much lower metal

concentrations than the 10C variant.
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3.5.2. Purification Aids

The affinity of GFPuv for Cu(Il) and Ni(Il) were used to purify and recover
GFP using immobilized metal affinity chromatography (175). The simplest way of
increasing GFP’s metal affinity was to tag it with a polyhistidine. Ceramic
hydroxyapatite was used to purify both proteins and DNA. A polyhistidine-tagged
GFP was used to establish the effect of loading the hydroxyapatite with metal ions
(176). The polyhistidine-tagged GFP did not show any binding to ceramic
hydroxyapatite loaded with water, and there was no observable interaction between
metal loaded ceramic hydroxyapatite and untagged GFP. However, the polyhistidine-
tagged GFP showed strong binding to both Zn(II) and Fe(III) (176). A polyarginine-
tagged GFP was used to demonstrate that polyarginine-tagged fusion proteins could
be immobilized on flat surfaces, such as mica, for surface related spectroscopic and

microscopic analysis (177).

3.6 Protein-Protein Interactions

Because any biochemical signal that changed the distance or orientation
between the two fluorophores would affect the efficiency of FRET, it was a very
useful technique for studying protein-protein interactions in vivo and in vitro (169).
Luminescence resonance energy transfer (LRET) from Renilla luciferase to GFP was
used to study protein-protein interactions in living cells. Protein-protein interactions
could also be monitored by fluorescence gel retardation, fluorescence polarization
assays, and affinity capillary electrophoresis (178). Fluorescence gel retardation was
based on the fact that the electrophoretic mobility of a GFP protein chimera was
higher than that of a complex formed by a protein-protein interaction between the
GFP-protein chimera and another protein. Some of the drawbacks of fluorescence gel
retardation were that it assumed that the protein-protein interactions remained at
equilibrium throughout the electrophoresis and migration though the gel.
Fluorescence polarization assays were based on the fact that a free GFP-protein
chimera was likely to rotate more rapidly than a GFP-protein chimera interacting with

another protein and would therefore had a lower rotational correlation time than its
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bound counterpart. Since fluorescence polarization assays could be performed in
homogeneous solutions, in which the conditions could be controlled as desired, it was
the preferred method over fluorescence gel retardation (178). Attempts were
currently underway to use GFP to characterize large numbers of protein-protein

interactions in high-throughput settings.
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CHAPTER III
MATERIALS AND METHODS

Materials

1. Apparatus
Autoclave, Model ss320 and 240, TOMY SEIKO Co.LTD, JAPAN.
Analytical balance, Model 1602 MPB, SARTORIUS, GERMANY.
Classical Lamp, PHILIPS Classical Tone lamp (60 W)
Refrigerated centrifuge, Model Avanti J-25, BECKMAN, USA.

Microcentrifuge, Model Biofuge A, HERAEUS CHRIST, WEST
GERMANY.

Digital camera, Model Kodak DC 290, JAPAN

Electronic top loading balance, Model 1212 M, PRECISA,
SWITZERLAND.

Electrophoresis unit, Model Mini-PROTEAN II, BIO-RAD LABORATORY
Co, USA.

ELISA microtiter plate, NUNC, USA.
Fluorometer, Model FLx 800, BIO-TEK Instrument, INC, USA

Fraction collector apparatus, Model Hiload Pump P-50 based GradiFrac
System, PHARMACIA BIOTECH, SWEDEN.

Freezer —86 °C, Model 958, FORMA SCIENTIFIC, USA.
Hot air oven, MEMMERT, WEST GERMANY.

Hot plate stirrer, Model SS3HC, CHEMLAB Co, ENGLAND.
Incubator, Model B-80, MEMMERT, WEST GERMANY.

Inducted Couple Plasma Atomic Emission Spectroscopy
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Nuclear Magnetic Resonance (400 MHz), PERKIN ELMER
Shaking incubator, STUART SCIENTIFIC, ENGLAND.
pH meter, Model 611, ORIAN RESEARCH, ENGLAND.
Rocking Table

Safety cabinet, Model BH 120, GELMAN SCIENCES.
Skew cap glass tube

Sonicator, Model W380 Heat System Ultrasonic and Model XL Sonicator
Ultrasonic Processor, HEAT SYSTEM INCORPORATION, USA.

Spectrophotometer, Model UV-2100, SHIMADZU CORPORATION,
JAPAN.

Spectrophotometer, Model Junior II, COLEMAN, USA.
Vacuum Distillation apparatus

Vortex mixer, Model G560E, SCIENTIFIC INDUSTRIES INC, USA.
UV box, Foto/Phoresis I, FOTODYNE CORPORATION, USA.

Water bath

2. Chemical and biological reagents
Acrylamide, Prod no 89N35051, GIBCO BRL, USA.
Ammonium persulphate, Prod no 268990, AMERSCO, USA.
Ampicillin, Prod no A-9518, SIGMA, USA.
Argon gas
2,2’ Azobiz(isobutyronitrile)
Bovine serum albumin, Prod no A7030, SIGMA, USA.
Bradford reagent, Prod no 500-0006, BIORAD-LABORATORIES, USA.
Calcium chloride, Prod no ART2381, E. MERCK, GERMANY.

Chelating Sepharose Fast Flow gel, Prod no 17-0575-01, PHARMACIA
BIOTECH, SWEDEN.

Cobalt chloride, SIGMA, USA
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USA.

Coomassie blue R 250, Prod no P0047213, AMERSCO, USA.
Copper sulfate, SIGMA, USA

Dialysis tubing, Prod no D-9527, SIGMA, USA.
Ethylenediaminetetraacetic acid, Prod no ED 4SS, SIGMA, USA.
Ethylene glycol dimethacrylate, SIGMA, USA

Ferric chloride, SIGMA, USA

Glacial acetic acid, Prod no 63, E. MERCK, GERMANY.
Glucose, SIGMA, USA

HEPES, SIGMA, USA

Hydrochloric acid, Prod no 317, E. MERCK, GERMANY.

Isopropyl-B-D-thiogalactopyranoside (IPTG), Prod no 1-5502, SIGMA,

Manganese Chloride, SIGMA, USA

Methacrylic acid, SIGMA, USA

Methanol, Prod no 6009, E. MERCK, GERMANY.

L-Methionine, SIGMA, USA

Molecular weight marker for SDS-PAGE, Prod no 161-0304, BIO-RAD

LABORATORIES, USA.

Nickle chloride, SIGMA, USA

Nitro Blue Tetrazolium, SIGMA, USA

Nucleic acid molecular weight marker, NEW ENGLAND BIOLABS, USA.
Phenylalanine, MERCK, GERMANY

Potassium dihydrogen phosphate, SIGMA, USA

Polyethylene glycol 6000, Prod no 44271, BDH LABORATORY

SUPPLIES, ENGLAND.

Restriction endonucleases, NEW ENGLAND BIOLABS, USA.
Riboflavin, MERCK, GERMANY
Sephadex G-75 gel filtration, PHARMACIA BIOTECH, SWEDEN.
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Sodium chloride, Prod no K91113804 905, MERCK, GERMANY.
Sodium dodecyl sulphate (SDS), Prod no 0227, AMERSCO, USA.
Sodium Phosphate (Dibasic, Anhydrous), Prod no S-9763, SIGMA, USA.
Superoxide dismutase, SIGMA, USA

Trichloroacetic acid, SIGMA, USA

Triton X-100, MERCK, GERMANY

Trizma base, Prod no T1503, SIGMA, USA.

T4-DNA ligase, NEW ENGLAND BIOLABS, USA.

T4-Polynucleotide Kinase, NEW ENGLAND BIOLABS, USA.

N, N, N, N’ Tetramethylenediamine (TEMED), Prod no 17-1312-01,
PHARMACIA BIOTECH, SWEDEN.

Urocanic aid, SIGMA, USA

1-Vinylimidazol, MERCK, GERMANY

3. Bacterial Strains and Plasmid

3.1 Escherichia coli (E. coli) strain TG1 (lac-pro), Sup E, thil, hsd D5/F' tra
D36, pro A" B, lacl, lacZ, M15 ; (ung+, dut") was used as host. Plasmid

pGFPuv (Clontech Laboratories, USA) was used for construction.

3.2 Burkholderia pseudomallei strain H10.
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Methods

The Metals imprinted polymer catalyst useful as superoxide dismutase
mimics were designed based on the concept of the active site coordination center in
the active site of MnSOD and FeSOD enzymes. Metal coordinated with three
imidazole nitrogen from three histidine residues, one oxygen from carboxylic acid and
one oxygen from H,O oriented as coordination sphere as seen in the active site
(Figure 18). According to the active site, the 4(5)-vinylimidazole was chosen as
mimicking to imidazole from histidine and methacrylic acid was mimicking to

carboxylic acid of aspartic acid.

1. Synthesis of 4(5)-Vinylimidazole

Anhydrous urocanic acid was heated in vacuum in a distilling apparatus
(Figure 26). The temperature was kept at 180 °C for 30 minute then gradually
increased the temperature to 220 °C for 1 hour. The material was melted and begun to
decompose as noticed by a decreased vacuum. On careful heating at 220-240 °C, the
product distilled as colorless syrup which crystallized in the receiver (179). The result
product was subsequently investigated by 'H NMR for determination of chemical

structure.
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Figure 26 Distillation apparatus scheme (179).
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2. Preparation of Metal template supported polymer

2.1. Preparation of the Metal -P4VM imprinted polymer using 4(5)-Vinylimidazole

and Methacrylic acid as functional monomer.

Metal-P4AVM imprinted polymer was prepared by using template-directed
polymerization technique. Different metals (MnCl,, CoCl,, FeCl; and NiCl,) were
applied as the template. Each metal (100 umol) was dissolved in 500 puL of porogen
(methanol:water;9:1). While the functional monomers, (4(5)-vinylimidazole
(4V;300pmol) and methacylic acid (MAA;100 umol)) were dissolved in 500 pL of
the same porogen. All the metal and functional monomers were mixed together.
Then, the mixture was incubated on rocking table for 1 hour. Then a crosslinker
(ethylene glycol dimethacrylate;EDMA (4mmol)) was added to the solution and mixed
together. The solution was subsequently transferred to a screw cap tube containing an
initiator, (2,2’ Azobiz(isobutyronitrile); AIBN) to yield a final concentration of 2%
w/w initiator:monomer. The solution was then purged with Argon for 1 minute. The
solution was started to polymerize by heating at 60 °C for 24 hours. The resulting bulk
polymer monolith was ground in mechanical mortar to obtain fine particle (1-10 pm)
prior determination of SOD activity. Control polymer (Control P4AVM) was also
prepared for comparison by using all the components stated earlier except the metal

templates.

2.2. Preparation of the Metal-P1VM imprinted polymer using 1-Vinylimidazole and

Methacrylic acid as functional monomer.

Due to the difficulty to achieve the 4(5)-vinylimidazole in high amount, 1-
vinylimidazole was selected as an alternative functional monomer that possessed
nearly the same functional group of 4(5)-vinylimidazole. Preparation of the Metal-

P1VM imprinted polymer was performed in a similar manner using 1-vinylimidazole.
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3. Superoxide Dismutase Activity Assay

3.1. Superoxide dismutase activity assay by riboflavin-light-NBT based assay.

Superoxide dismutase activity was assayed by using an indirect method
(riboflavin-light-NBT). A stock assay solution was prepared by mixing 27 mL of
HEPES buffer (50 mM, pH 7.8), 1.5 mL of L-methionine (30 mg/mL), ImL of NBT
(1.41 mg/mL) and 750 pL of Triton X-100 (1% wt). One millilitre of stock solution
was added to a microcentrifuge tube containing 5 mg of each imprinted polymers.
Ten microlitre of riboflavin (44pg/mL) was then added to the solution and mixed by
vortexing. The mixture was illuminated for 7 min under a PHILIPS Classic Tone
lamp (60 W) in a light box, followed by an immediate centrifugation (9000 rpm, 1
min) to sediment the polymer particles. Visible absorbance at 550 nm of the
supernatant was measured using a standard UV-VIS spectrophotometer. The extent of
inhibition for NBT photoreduction was calculated as: (AbsScont — AbStest)/ AbScont. The
Abs.ont Was defined as the absorbance value at 550 nm obtained from the metal-free
polymer. Superoxide dismutase and MnCl, were used as positive control while the
control polymer and the pure assay reagent were applied as negative control.

(Fridovich, 1987) The reaction was performed in the dark room.

3.2. Determination of 50% NBT inhibition reduction of the Manganese-supported

polymers

To determine 50% NBT reduction inhibition of the Mn-supported polymers,
various amounts (0.5-10 mg) of the MnP4VM were applied for SOD activity assay
and the 50% inhibition concentration was then calculated. For such experiment, the

SOD enzyme (0.2275-9.1ug) was applied for comparison.
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3.3. Effect of chelating agent on SOD activity of the imprinted polymer

The polymer Mn-PAVMAA (5 mg) was incubated with 1 mL of 0.1 mM
EDTA in HEPES buffer (50 mM, pH 7.8) for 1 h. The polymer was then separated

and the remaining activity was further analyzed.

4. Important role of functional monomer on SOD activity of the MIP

Role of the functional monomers on SOD activity of the MIP was
investigated. Three different compositions of the functional monomers were selected
as following: a) 1-Vinylimidazole (300 pmol)*MAA (100 umol); b) 1-Vinylimidazole
(400 pmol); c) MAA (400 umol). These compositions were applied for preparation of
the metal-supported polymers and the control polymers as previously described in

section 2.1. SOD activity of these polymers was determined.

5. Evaluation of the reusability of MnP1VM.

Reusability of the MnP1VM as SOD mimics was evaluated by measuring the
SOD activity of the polymer for three times. At each time, the MnP1VM was

subjected to determine the remaining manganese ions via ICP-AES.
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6. Construction and Expression of Genes

Cloning procedures were performed as described by Maniatis et al (181).
Purification of DNA from agarose gel was done via Qiaquick DNA purification

system (Qiagen).

6.1 Oligonucleotides preparation

An amino acid sequence Cys-Phe-Phe-Met-Pro-His-Thr-Phe-Cys, which was
revealed as a protease binding peptide, was applied for code -reading to synthesize
oligonucleotides (182). This sequence was previously obtained by selective binding
of a phage library to the immobilized Burkholderia pseudomallei. The hexahistidine
peptide, which was known to provide avidity to metal ions and applied as a potential
tool for protein purification, was also accounted for decoding to synthesize
oligonucleotide 1. This oligonucleotide was designed to carry an enterokinase
cleavage site for post purification process as represented in figure 27. All
oligonucleotides were synthesized by the Bioservice Unit (BSU), National Science
and Technology Development Agency (NSTDA), Thailand. To derive a double
stranded genome, both of the synthesized complementary strands of the
oligonucleotide (5’ = 3’ and 3’ = 5') were dissolved in distilled water and diluted to
an equal concentration (approximately 5 uM). Then 22.5 pl of each were mixed
together and annealed by adding 5 pl of annealing buffer (10x) (10 mM Tris-HCI, 0.1
M NaCl, 1.0 mM EDTA, pH 7.8). Sample was incubated in a waterbath at 95 °C for
15 minute and further slowly cooled down to room temperature to allow
hybridization. Finally, the oligonucleotide was treated with T4 Polynucleotide kinase
in order to add a phosphate group at the 5'-terminal end. All oligonucleotides were

readily applied for further gene construction.

The sequences of synthetic oligonucleotides were analyzed by the
computational analysis (http://bioinfo.math.rpi.edu). This program provided the
informative of appropriated inframe-fusion and restriction endonuclease sites created

on a DNA sequence. However, it must be speculated that the predicted free energy of
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mRNA folding (hairpin loop) had to be more than minus five as calculated from the

RNA structure version 3.7 program.

Oligonucleotide I:
(5'-AGCTTACACCACCACCATCACCATGCGAGCTCTGATGACGATGATAA
AGCCTGCA -3"and 5'-GGCTTTATCATCGTCATCAGAGCTCGCATGGTGAT
GGTGGTGGTGTA -3")

Oligonucleotide II:
(5’-CTAGCTTGTTTCTTCATGCCGCACACTTTCTGTTCTAGAGCATCGATGG
TAC -3" and 5'- CATCGATGCTCTAGAACAGAAAGTGTGCGGCATGAAGAAA
CAAG-3")

6.2 Construction of DNA expression units (pH¢GFPuv and pHsPBGFPuv)

In order to construct a chimeric gene providing hexahistidine region and
green fluorescent protein (GFP), a pGFPuv plasmid was digested with HindIIl and
Pstl. A fragment carrying the gfp gene was purified from 0.7% agarose gel
electrophoresis. Synthetic oligonucleotide I encoding hexahistidine region carrying
Sacl site was annealed to become double stranded DNA and subsequently inserted
into the region between the HindIIl and the Pstl sites within the multicloning sites of
plasmid pGFPuv by using the T4 DNA ligase at 16 °C for 18 hours, yielding plasmid
of pH6GFPuv (Figure 36).

To generate the pH6PBGFPuv, a plasmid unit that having a protease-binding
region and GFP, synthetic oligonucleotide II encoding 1 region of protease binding
peptide with Clal site was inserted into the Xbal and the Kpnl sites of pH¢GFPuv. As
shown in Figure 38, the Xbal site of synthetic oligonucleotide II was modified in
order to generate a new Xbal site for further construction of multiple protease-binding
regions. All chimeric genes were subsequently transformed into E. coli strain TGI

for further expression.
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6.3 Preparation of competent E. coli

A colony of E. coli strain TG1 was inoculated into 5 ml of LB broth and
culture was incubated for overnight with shaking (150 rpm) at 37 °C. Then 1 ml of
culture was transferred into 100 ml of LB broth and further incubated at 37 °C until
density of the cell reached 0.4 - 0.5 OD units at 600 nm. Culture was pelleted by
spinning at 6,000 rpm for 5 min at 4 °C. Pellet was collected and resuspended in
30 ml steriled cold 50 mM CaCl, by gentle mixing on ice. Cells were further
incubated on ice for 30 min. Cell pellet was harvested by centrifugation at 6,000 rpm
for 5 min at 4 °C. Competent cell suspension was derived by carefully resuspending

the pellet in 8 ml ice-cold 50 mM CacCl, and kept on ice until used.

6.4 Bacterial transformation

Transformation was initiated by mixing a ligation product with 0.2 ml of
competent cell and kept on ice for 30 minutes. Sample was subsequently heated to
42°C for 2 min in waterbath. For recovery of the cell, a prewarm of 0.8 ml LB broth
was added and incubated at 37 °C for 1 hour with shaking (150 rpm). The
transformation was further accessed by spreading of 500 ul of the transforming
suspension sample onto LB agar plates supplemented with 100 mg/L ampicillin.
Plates were further incubated for 16-18 hours at 37 °C. Transformants were selected
and plasmids were purified for further restriction endonucleases analysis and

expression manipulation.

6.5 Restriction endonucleases analysis

To verify the inframe-fusing, all construction unit of the chimeric gene was
checked via restriction endonucleases analysis. Since each synthetic oligonucleotide
contained an insertional site for markers, the chimeric genes were therefore digested
with marker restriction enzymes. For these circumstances, the pH¢GFPuv and the

pHePBGFPuv were digested with Sacl and Clal, respectively. All digested samples



Theeraphon Piacham Materials and methods / 64

were accessed for the expected DNA fragments by subjection to agarose gel

electrophoresis.

6.6 Agarose gel electrophoresis

DNA samples were mixed with loading buffer and applied into the slots of a
0.7% agarose gel submerging in TAE buffer. Electrical current was applied at 100
volts for 45 minutes at room temperature. Agarose gel was subsequently soaked in
Ethidium Bromide solution (0.1 pg/ml). The DNA fragments in the gel was
visualized under long wavelength UV light (354 nm) and photography of the
fragments were performed. In all cases, standard A/HindIIl fragments were used as

molecular weight markers.

6.7 Expression of constructed chimeric genomes

Transformants those harvested plasmid vector carrying constructed chimeric
gene were grown to late exponential phase in LB broth at 37 °C with shaking (150
rpm). Ampicillin at concentration of 100 mg/L was included. Expressions of
constructed genes were induced by 1 mM of isopropyl-B-D-thiogalactopyranoside
(IPTG). Expressing gene products were always checked using appropriate procedure

e.g. fluorescent properties.

7. Crude Chimeric Protein Preparation

Both native and chimeric GFPuv were harvested from culture of E. coli TG1
carrying constructed plasmids as previously described. Culture was spun at 6,000
rpm for 5 min and cell pellet was resuspended in sodium phosphate buffer, pH 7.4,
containing 0.3 M NaCl. Cells were disrupted by sonic disintegration at output 6 for
20 sec (six times) with resting 40 sec in between and debris was removed by
centrifugation at 10,000 rpm for 5 minute. The derived homogenates of native GFPuv

was then heated to 65 °C for 15 min in order to precipitate other host proteins while
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none of the chimeric HissGFPuv and HissPBGFPuv was performed. Precipitate was
removed by 5 minutes centrifugation at 10,000 rpm and the supernatant was attained
as crude chimeric protein preparation prior to further purification by the Immobilized

Metal affinity chromatography (IMAC).

8. Purification of Chimeric Protein

A metal Chelating Sepharose 6B column (0.7 x 8 cm) was charged with
20 mM of the desired metal ions. The column was washed with at least 5 column
volumes of distilled water and equilibrated with phosphate buffer, pH 7.4 to the
column. Crude extract was loaded at a flow rate of 0.58 ml/min. Unbound material
was removed by washing with 300 ml phosphate buffer. Bound protein was eluted by
using 10 ml of 20 mM EDTA in phosphate buffer. Fractions were collected and those
possessed greenish fluorescence were pooled and dialysed in 5x2 L of phosphate
buffer. Fractions were stored at —20 °C until use. To the procedure herein, copper ion
was charged to the affinity column for purification of native GFP while zinc ion was

used for all chimeric proteins purification.

9. Partial purification of protease from Burkholderia pseudomallei

B. pseudomallei strain H10 was grown in defined chemical medium
consisting of 85.6 mM NaCl, 14.4 mM K,HPO, 92 mM sodium monoglutamate, 24
mM valine, 8 mM phenylalanine, 70 M glucose, 1.33 mM MgSO,, 0.14 mM CacCl,,
0.0039 mM FeSOy4 and 0.0085 mM ZnSQy4. Culture in 200 ml was initiated in 1 litre
flask by inoculation of 2 ml overnight culture. The culture was then incubated at
37°C with shaking 150 rpm for 48 hours. The culture supernatant was collected by
centrifugation at 7,000 rpm for 60 min and filtered through 0.45 pum millipore filter.
Filtrate was concentrated by dehydration via polyethylene glycol. Extracellular
protease were purified by 20-80% ammonium sulphate precipitation and dialysed in

5x2 L Tris buffer. The partial purified protease was stored at -20 °C
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Protein contents were determined by dye-binding assay according to the
method of Bradford (183), which was supplied as a kit by BioRad. Bovine serum

albumin was used as standard protein

10. Polyacrylamide gel electrophoresis

Either native PAGE or SDS-PAGE were performed on 12% polyacrylamide
gels in a Tris-glycine, pH 8.3 discontinuous buffer system. The protocol used was
slightly be modified from Laemmli’s method (184). Briefly, the separating slab gel
was cast and polymerized at ambient temperature. Stacking gel of 4 %
polyacrylamide was cast vertically over the slab gel. The electrophoretic buffer was
added to the upper and lower reservoirs. Sample was mixed with loading buffer (4x)
prior applying to the gel. Electrophoresis was performed at room temperature with
constant voltage of 150 mV. Banding of protein was visualized by staining the gel in
Coomassie brilliant blue R. For the case of native PAGE, fluorescent emission of
GFP was determined by irradiation of standard long wave UV (354 nm) light source.

Standard molecular weight markers were also included in the running.

11. Removal of the hexahistidine by enterokinase cleavage

Removal of the hexahistidine after protein purification was performed by the
enterokinase cleavage assay. Assay was performed according to the manufacturer’s
instruction. The chimeric HiGFP was incubated with enterokinase enzyme for 16
hours at 25 °C. Mixture was subsequently loaded onto the IMAC-Zn*" column.
Fractions from all steps: crude after loaded; washing and elution were collected and

subjected to electrophores on SDS-PAGE.

12. Binding of the chimeric Protease-binding GFP to B. pseudomallei protease.

Binding of the chimeric H¢PBGFP to B. pseudomallei protease was

investigated by fluorescence gel retardation assay. Purified chimeric HEPBGFP was
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incubated at 25°C with partial purified protease for 15 minutes. Samples were mixed
with loading buffer (4x) prior applying to the gel. The mixtures were loaded onto a
SDS discontinuous polyacrylamide gel (184). The gel was subjected to
electrophoresis at constant voltage of 150 mV. After electrophoresis, the fluorescent
was immediately observed under UV irradiation and the picture was taken by digital
camera. Binding interaction between the chimeric H{PBGFP and protease was

evidenced by decreasing of the protein mobility due to the complex formation.
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CHAPTER 1V
RESULTS

1. Synthesis of 4(5)-vinylimidazole

4(5)-vinylimidazole was successfully synthesized. Urocanic acid was
become to be 4(5)-vinylimidazole by decarboxylation at 220 °C as demonstrated in
figure 27. The presence of 4(5)-vinylimidazole was subsequently confirmed by 'H

NMR spectra. A characteristic of proton peak was shown in figure 28.

Urocanic acid 4(5)-Vinylimidazole

HOOCHC HoG
X X

-CO,
/ NH - / NH
_/ \—/

N___
220°C

Figure 27 Urocanic acid was changed to be 4(5)-vinylimidazole by decarboxylation

process.
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H(g)
g — H(c) =H cis
' Ny~ HE) H(t) = H trans
NH(;) H(g) =H gem
GH H(1) =deprotonated

Figure 28 'HNMR spectrum of 4(5)-Vinylimidazole.

4(5)vinylimidazole: 'H NMR (D,0) 4.64 (dd,1 H, H,, ] = 10.0 Hz, Jgt = 1.0 Hz),
5.52 (dd, 1 H, H,, Ja = 18.0 Hz), 6.52 (dd, 1 H, Hc), 6.97 (s, 1 H, Im H-5), 7.56 (s, 1

H, Im H-2).
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2. Synthesis of a metal imprinted Polymer (MeP4VM)

Figure 29 demonstrated a scheme of metal imprinted polymer (MeP4VM)
synthesis. The MeP4VM was synthesized by using 4(5)-vinylimidazole and
methacrylic acid served as functional monomers. These polymers were then
propagated by the crosslinking agent; ethylene glycol dimethacrylate (EDMA) and
polymerized by thermally induced free radical polymerization. The resulted polymer

was stored until use.

H
/ M
0
U]
N\\ :; #CH
\‘mﬂ ;m3 / /SHZ
o HyC
SR \Niw
HM
— LN
H
AN
CH, :
Crosslinking (EDMA)
Free radical polymerization
(AIBN, 60 °C, 24 hours)
H
M

Figure 29 Scheme of the metal imprinted polymer(MeP4VM) synthesis
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3. Determination of SOD activity

Superoxide dismutase activity of the MeP4VM was determined by
riboflavin-light-NBT method, which was an indirect assay. Briefly, riboflavin
(sensitizing dye) was activated by photon to be an excited state, which oxidized some
electron donor e.g. L-Methionine. The dye was thereby reduced to a semiquinone
which reduced O, to O,". The O," radical, in turn, reduced NBT to an insoluble
purple formazan. The insoluble formazan could be solubilized by using Triton® X-
100 (detergent) as a stabilizer of formazan colloid, which was spectrophotometrically
visible at 550 nm. Percentage of SOD activity was defined as 1 unit of SOD equal to
concentration of enzyme or polymer that could inhibit the NBT photoreduction by
50%. As shown in figure 30, various amounts (0.2275-9.1pg) of SOD enzyme from
bovine erythrocyte were applied for determination of 50% reduction inhibition. The
result demonstrated that 1.1 pg of SOD was needed to inhibit 50% of the NBT

photoreduction.

The catalytic metal imprinted polymer was applied as SOD mimics
possessing SOD activity that catalyzed the dismutation of O,” to produce H,O,,
leading to inhibition of O,  mediated NBT reduction. Therefore, superoxide
dismutase activity of the MeP4VM was determined. Experiment was initiated by
screening of the highest activity of the MeP4VM among various metals (MnP4VM,
NiP4VM, FeP4VM and CoP4VM). SOD from bovine erythrocyte and MnCl, were
applied as positive control while the control polymer without metal was used as
negative control. As shown in table 6, the MnP4VM possessed the highest activity of
reduction inhibition of 72.70% while the NiP4VM, the CoP4VM and the FeP4VM
exhibited 22.9%, 28.95% and 11.6%, respectively. Therefore, various amounts (0.5-
10 mg) of the MnP4VM were chosen to further determine the 50% NBT reduction
inhibition. The 50% inhibition was determined by plotting the reduction of NBT at
550 nm versus MnP4VM amounts as shown in figure 31. The 50% inhibition was

corresponding to the MnP4VM amount of 1.2 mg.

Effect of metal coordination complex on SOD activity of the MnP4VM was
further investigated by using a chelating agent (0.ImM EDTA) (Table 7). A
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pretreatment of the MnP4VM with EDTA led to a complete loss of SOD activity.
Meanwhile, nothing effect was observed upon addition of EDTA to the control
polymer (control P4AVM). Furthermore, additional of excess amounts of MnCl, onto
the control P4VM did not afford any SOD activity and free Mn(II) in solution only
displayed a very low intrinsic activity. These findings strongly indicated that the
majority of SOD activity was achieved from the metal-centered of imprinted

polymers.

4. Synthesis of a metal imprinted polymer (MeP1VM)

1- Vinylimidazole (figure 32), which was provided as an alternative
commercial available functional monomer, which was applied in combination with
the MAA for construction of a metal imprinted polymer (MeP1VM). The 1-
vinylimidazole possessed almost the same functional group as that of 4(5)-
vinylimidazole, so this functional monomer was also brought into coordination

complex and polymerization in a similar manner (figure 33).
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Figure 30 The plot of %NBT reduction inhibition versus SOD enzyme (ug)
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Table 6 SOD activity determination of MeP4VM

% NBT reduction

MetalP4VM Absorbance® inhibition

(5mg) at 550 nm (SOD activity)
MnP4VM 0.0611 72.70%
NiP4VM 0.1726 22.90%
CoP4VM 0.1592 28.95%
FeP4VM 0.1978 11.60%
Control P4VM (negative control) 0.2238 0%
Bovine erythrocyte SOD;8.14pg
(Positive control) 0.0553 75.29%

? the value given was the average of two samples
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Figure 31 The plot of %NBT reduction inhibition versus MnP4VM amounts (mg)



Theeraphon Piacham

Results / 76

Table 7 Effect of manganese coordination complex on SOD activity of the MnP4VM

Absorbance®

Test at 550 nm SOD activity
MnP4VM (5 mg) 0.0835 Positive
MnP4VM (5 mg)
(treated with 1 mL of 0.ImM EDTA) 0.3173 Negative
Control P4AVM (5mg) 0.2947 Negative
Control PAVM (5mg)
(treat with 1 mL of 0.1mM EDTA) 0.3104 Negative
Control PAVM (5mg)
(loaded with 50ug MnCl,) 0.3341 Negative
Control PAVM (1mg)
(loaded MnCl, 10ug) 0.3472 Negative
MnCl; (50ug) 0.1972 Some
SOD (40.7ug) 0.0629 Positive
SOD (8.14ug) 0.0811 Positive
Reagent buffer (negative control) 0.4416 Negative

? the value given was the average of two samples
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Figure 33 Scheme of the metal imprinted polymer (MeP1VM) synthesis
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Determination of SOD activity of MeP1VM

Various metal templated imprinted polymers (MnP1VM, NiP1VM,
CoP1VM, FeP1VM and CuP1VM) were constructed and assayed for SOD activity by
Riboflavin- NBT photoreduction methods. It was found that the MnP1VM possessed
the highest activity in % reduction inhibition (94.8%) while the CoP1VM and the
CuP1VM possessed 77.09% and 55.34%, respectively. The NiPIVM and the
FeP1VM possessed 6.8% and 10.42%, respectively (Table 8).

The MnP1VM was chosen to further determine the 50% reduction inhibition
by varying the amount of the polymer ranging from 0.125 mg to 10 mg while the
control PIVM was also tested at the amount from 1 to 10 mg. The results were
plotted between % NBT reduction inhibition and MnP1VM amount (figure 34). The
plot indicated that the MnP1VM at 1.2 mg possessed 50% NBT reduction inhibition

while the control P1VM exhibited no inhibition at all amounts tested.

5. Effects of functional monomer on SOD activity of MnP1VM

Effect of functional monomer on SOD activity of MnP1VM was studied.
From our findings, the MnP1VM, which was generated from both 1-vinylimidazole
and methacrylic acid, exhibited the highest activity (88.63%), while the MnP1V and
the MnPM revealed the SOD activity of 48.32% and 62.43%, respectively. These
indicated the necessity of using both the 1-vinylimidazole and methacrylic acid to
maintain the highest catalytic activity of the polymer. Furthermore, MnP1VM
possesses higher SOD activity than MnP4VM.
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Table 8 SOD activity determination of MeP1VM.

Absorbance” % NBT reduction

MetalP1VM (5mg) (550nm) inhibition
MnP1VM 0.0203 94.80%
NiP1VM 0.3649 6.80%
CoP1VM 0.0897 77.09%
FeP1VM 0.3508 10.42%
CuP1VM 0.1762 55.34%
Control PAVM (negative control) 0.3916 0%
MnCl, (50ug) 0.1972 55.34%
SOD (8.14ug) 0.0811 81.63%
Reagent buffer (negative control) 0.4416 0%

? the value given was the average of two samples
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Figure 34 The plot of %NBT reduction inhibition versus MnP1VM amounts (mg)
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6. SOD activity of reusage MnP1VM

This study explored the reusability of the MnPIVM as SOD mimics.
Repeated use of the MnP1VM resulted in a reduction of activity i.e. the inhibition of
NBT photoreduction decreased from the initial 89% to 79%, which was accompanied
by a lowered amount of Mn(Il) in the polymer (by 70%) as quantified by ICP-AES
analysis. This inferred that less than 30% of manganese was able to form a stable
complex with the ligand monomer. This was strongly evidenced by the fact that the
remaining metal contents were in the similar level throughout all the second and third

measurements.
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Table 9 Effect of functional monomer on SOD activity of the metal-imprinted

polymer

Polymer Absorbance % NBT reduction
(5mg) at 550 nm* inhibition
MnP4VM 0.0611 72.70%
MnP1VM (1-Vinylimidazole: MAA) 0.03325 88.63%
MnP1V (1-Vinylimidazole) 0.1571 48.32%
MnPM (MAA) 0.1529 62.43%
Control P1VM (1-Vinylimidazole: MAA) 0.2925 0%
Control P1V (1-Vinylimidazole) 0.3040 0%
Control PM (MAA) 0.4070 0%
MnCl; (50 pg metal content) 0.2211 positive
SOD (9.1ug) 0.0408 positive
Reagent buffer (negative control) 0.4597 negative

? the value given was the average of two samples
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Table 10 MnP1VM, SOD activity in reusable polymer.

SOD activity
Sample Concentration(mg) 1* round 2" round 3" round
MnP1VM* 10 0.0313(90.95%) | 0.0663(80.89%)°
0.0382
MnP1VM 10 (88.99%) 0.0786(77.35%) | 0.1359(60.84%)°
0.0395
MnP1VM 10 (88.62%)°
0.0412
MnP1VM 10 (88.13%)
MnCl, 100 pg 0.0825
Control PIVM 10 0.3432
Control PIVM 10 0.3510
Control PIVM
(Average) 0.3471(0%)
SOD (5 pg) 0.0895
Reagent buffer
(negative
control) 0.3124

Manganese content of the polymers determined by ICP/AES: a= 5.75 ug/mg;
b=1.62 pg/mg; c= 1.27 pg/mg; d= 1.20pg/mg
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7. Computational analysis on RNA structure and folding energy of designed gene

sequences
The free energy of oligonucleotidel encoding hexahistidine sequence was

-4.4. The predicted RNA structure was shown in figure 35
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Figure 35 RNA structure prediction of oligonucleotide 1 encoding

hexahistidine residues.

The free energy of oligonucleotide2 encoding the protease- binding sequence

was -4.5. The predicted RNA structure was shown in figure 36
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Figure 36 RNA structure prediction of oligonucleotide 2 coding for the

protease-binding sequence.

All the predicted free energy of these two oligonucleotides were more than

minus five, which was appropriated for chimeric gene expression.
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8. Construction and Expression of Chimeric genes Encoding GFP having

hexahistidine and Protease-Binding Region.

8.1 Construction of chimeric genes pH¢GFPuv and HiPBGFPuv

Gene fusion technique was used as described in methods for construction of
chimeric genes coding for GFP carrying hexahistidine and protease-binding sequence.
Experiment was initiated by construction of a chimeric gene encoding GFP carrying
hexahistidine. The plasmid pGFPuv was cleaved by HindIIl and Pstl. Synthetic
oligonucleotides encoding hexahistidine, which was known to be applied for protein
purification via IMAC, was inserted into the HindIll and Ps/I sites of the pGFPuv,
generating a chimeric gene encoding hexahistidine green fluorescent protein as shown
in figure 37. The resulting plasmid, pH¢GFPuv, was subsequently transformed into
E.coli strain TG1. The green-fluorescent transformants were selected for verifying
the inframe-fusing of chimeric gene by restriction endonucleases analysis. As shown
in figure 38, the pGFPuv, which was applied as control, was cut with HindIIl and
Sacl, a single corresponding band was derived as represented in lane 3 and lane 4,
respectively. Since the synthetic oligonucleotides were designed to carry the Sacl
recognition site, therefore, when the purified plasmid from clones number 7, 9 and 11
were cut by Sacl this cleaved separately into two bands with different sizes (0.769 and
2.607 Kb) as represented in lane 7, 10 and 13, respectively. These results confirmed
that the oligonucleotides encoding hexahistidine was inserted inframe into the GFPuv
gene, generating the chimeric gene coding for the hexahistidine green fluorescent

protein.

The chimeric pHsGFPuv was further applied as a starting vector for further
construction. The synthetic oligonucleotides that coded for protease-binding peptide
(Cys-Phe-Phe-Met-Pro-His-Thr-Phe-Cys) was used for construction of a chimeric
gene encoding GFPuv providing protease binding avidity. The pHsGFPuv was
cleaved by Xbal and Kpnl then the synthetic oligonucleotides were inserted into these
sites yielding a chimeric gene encoding GFP having a protease binding region as
shown in figure 39. The resulting plasmid was subsequently propagated by

transforming into E.coli strain TG1. The green-fluorescent transformant colonies
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were selected for restriction endonucleases analysis via Clal. Herein, the chimeric
gene encoding hexahistidine GFP was applied as control. As shown in figure 40, the
pHeGFPuv was completely cut by Xbal as shown in lane 2. Since the oligonucleotide
encoding protease-binding region carried the Clal site, the inframe-fusing of five
genes were checked via Clal. The result showed that four clones were completely cut
to obtain the molecular size of 3.409 Kb, as represented in lane 7, 10 and 13 of the

upper part and lane10 in the lower part, respectively.

8.2 Chimeric gene expression.

All these chimeric genes were further expressed in E. coli. Expression of
genes was simply detected in the culture upon UV light stimulation. Cell disruption
was performed by sonic disintegration. The chimeric protein was subsequently
loaded to the IMAC column. The GFPuv and the PBGFPuv (182) were purified by
heat treatment followed by IMACCu*" while the H¢GFPuv and the HsPBGFPuv were
purified by IMACZn*". Table 11 detailed the results of each purification specific
fluorescent activity of the HsGFPuv (435x10° RFU/mg) was 3 folds higher than that
of the GFPuv (173x10° RFU/mg). While the fluorescent activity of GFPuv was
approximately 17 folds higher than those of the PBGFPuv (10.1x10° RFU/mg) and
the HPBGFPuv (11.4x10° RFU/mg). Fluorescent activities of the purified chimeric
proteins were detected by Native-PAGE observed under UV light as shown in figure
41. SDS-PAGE was applied for molecular size estimation. As shown in figure 42,
the GFPuv, the PBGFPuv, the H¢GFPuv and the H{PBGFPuv, exhibited molecular
weight of 30, 28, 33.7 and 34, respectively.

8.3 Removal of hexahistidine tail by Enterokinase cleavage

To investigate whether the hexahistidine could be removed after protein
purification, the chimeric H¢GFP was incubated with enterokinase enzyme. The
enterokinase cleaved specifically at the recognition sequence (DDDDK). As shown

in figure 42, the binding capability to zinc ions of the chimeric H¢GFP was lost upon
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addition of the enterokinase for 16 hours (lane 5). This finding was again supported
by evidence that almost all of the proteins were retained in the wash fraction (lane 6-
8). Meanwhile, omitting of the enterokinase addition resulted in a complete binding
to the IMAC-gel and recovery of the protein was done by elution with chelating agent
(lane 1-4). All the finding indicated that gene fusion technique was applied as a
powerful tool for protein purification. Furthermore, the fusion partner could readily

be removed to achieve the native protein after purification process.

8.4 Protease-binding avidity of the chimeric HsPBGFP

To test the protease-binding avidity of the chimeric H¢PBGFP, the
fluorescence gel retardation was applied. As represented in figure 43, binding of the
HePBGFP to partial purified protease from B. pseudomallei led to the mobility shift of
the fluorescent protein (lane 5) as compared to the control protein (lane 3). In
addition, the H{PBGFP lost its fluorescence upon thermal-induced denaturation (lane
4) while heating effect on the protease led to unfolding of protein which was

unsuitable for binding interaction between these two proteins as represented in lane 6.
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Figure 38 Restriction endonucleases analysis of chimeric genes endoding GFP

carrying hexahistidine (pH¢GFPuv)

Lane 1
Lane 2
Lane 3
Lane 4
Lane 5
Lane 6

MHindIll marker
pGFPuv uncut

pGFPuv cut with HindIII
pGFPuv cut with Sacl
Clone 1 (uncut)

Clone 1 cut with HindIIl

Lane 8
Lane 9
Lane 10
Lane 11
Lane 12
Lane 13

Clone 2 uncut

Clone 2 cut with HindIII
Clone 2 cut with Sac |
Clone 3 uncut

Clone 3 cut with HindIII
Clone3 cut with Sacl
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Figure 40 Restriction endonuclease analysis of chimeric genes coding for GFP carrying

hexahistidine and protease-binding sequence (pHsPBGFPuv)

TOP
Lane 1-3 pH 6GFPuv uncut, cut with Xbal, cut with Clal
Lane 4 M HindIIl marker

Lane 5-7  Clone 1 uncut, cut with Xbal, cut with Clal
Lane 8-10 Clone 2 uncut, cut with Xbal, cut with Clal
Lane 11-13 Clone 3 uncut, cut with Xbal, cut with Clal
BOTTOM

Lane 2-4  Clone 4 uncut, cut with Xbal, cut with Clal
Lane 6 M HindIIl marker

Lane 8-10 Clone 5 uncut, cut with Xbal, cut with Clal
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Table 14 Purification Table

Volume Purification
Protein (ml) Protein content (mg/mL) Total Protein (mg) Total Fluorescence (RFU) Specific activity (RFU/mg) fold
GFP
Crude GFP 4 1.8 7.2 95.85x10° 13.3x10°
Heated Crude GFP 3.5 0.46 1.61 93.01x10° 57.8x10° 435
IMAC 6 0.265 1.59 275x10° 173x10° 13
H,GFP
Crude H,GFP 5 3.74 18.69 910x10° 48.72x10°
IMAC 5 0.51 2.53 1101x10° 435x10° 8.93
PBGFP
Crude PBGFP 5 1.87 9.35 6.2x10° 0.67x10°
Heated Crude PBGFP 45 0.57 2.57 4.7x10° 1.82x10° 2.73
IMAC 6 0.17 1.01 10.2x10° 10.1x10° 15.2
HPBGFP
Crude H{PBGFP 45 2.58 11.63 14.5x10° 1.25x10°

IMAC 5 0.28 1.498 17.1x10° 11.4x10° 9.12
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Figure 41 Native —-PAGE of chimeric green fluorescent proteins, the GFPuv, the PB-
GFPuv, the HsGFPuv and H{PBGFPuv

Lane 1
Lane 2
Lane 3
Lane 5
Lane 6
Lane 7

Purified native GFPuv (IMAC Cu®")
Purified PB-GFPuv (IMAC Cu®")
Purified H.GFPuv (IMAC Zn*")
Purified HsPBGFPuv (IMAC Zn*")
Purified HPPBGFPuv (IMAC Cu®")
Supernate of HPBGFPuv (IMAC Zn *")
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Figure 42 SDS-PAGE of chimeric proteins, the GFPuv, the PB-GFPuv, the Hi\GFPuv
and HiPBGFPuv

Lane 1
Lane 2
Lane 3
Lane 4
Lane 5

Purified native GFPuv (IMAC Cu*")
Purified PB-GFPuv (IMAC Cu®")
Standard protein marker

Purified HiGFPuv (IMAC Zn®")
Purified HsPBGFPuv (IMAC Zn*")
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Figure 43 SDS-PAGE analysis of products of HsGFPuv cleaved by enterokinase.

Lane 1 H¢GFP, 16 hours incubation without EK

Lane 2 H¢GFP, after loaded IMAC Zn*t

Lane 3 H¢GFP, from wash fraction

Lane 4 H¢GFP, from elute fraction

Lane 5 H¢GFP and EK mixture, 16 hours incubation
Lane 6 HGFP and EK mixture, after load IMAC Zn>"
Lane 7 H¢GFP and EK mixture, from wash fraction
Lane 8 HGFP and EK mixture, from elute fraction

Lane 9 Molecular Marker
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Figure 44 Binding capacity of Hexahistidine protease-binding green fluorescent
protein.

Lane 1 Purified HiPBGFP

Lane2 Marker

Lane 3  Purified H{PBGFP

Lane 4 Heated Purified HsPBGFP with Partial purified protease
Lane 5 Purified HiPBGFP with Partial purified protease

Lane 6 Purified HsPBGFP with Heated Partial purified protease
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CHAPTER V
DISCUSSION

Synthesis of a polymer supported metal catalyst useful as a SOD mimic

Free radical is defined as any radical species those providing one or more
unpaired electrons. They are unstable and highly reactive to other cellular
components including proteins, lipids and lipoproteins, nucleic acids, carbohydrates
etc. Involvement of free radical in several pathological condition (e.g.
artherosclerosis, cancer, diabetes etc) has been evidenced (11,107,125). Meanwhile,
scavenging and antioxidantion for the protection against the damaging effects of free
radical in the biological system are extensively explored (11,119,120).

Superoxide dismutases (SODs) are among the major role player of scavenging
activity. The enzymes catalyze the disproportionation of superoxide to yield
molecular oxygen and hydrogen peroxide. Many researchers have focussed attention
on developing and applying either the native enzyme or the SOD mimics in
therapeutic approach. Degree of expression of SOD enzymes in cell culture and in
whole animals has been well established to provide protection against the deleterious
effects of a wide range of models of oxidative stress (185-187). Moreover,
application of the purified native enzyme as a commercial product namely Orgotein®
(bovine Cu/Zn SOD) has extensively been investigated in clinical trial for decade
(118,188,189). The Orgotein shows its efficacy to attenuate inflammation and pain of
rheumatoid arthritis and osteoarthritis (190-195). It also possesses the protective
effect against acute and chronic side effects associated with chemotherapy and
radiotherapy (188,196). Despite the apparent clinical benefit, SOD enzymes suffer as
drug candidates due to several reasons (as described in Chapter II), and have been
removed from the market primarily because of immunogenic response. In addition,
there are some limitations including the size of molecule (30 kDa), which is unable to

penetrate the cellular component, as well as the short life span in vivo. Therefore,



Theeraphon Piacham Discussion/ 98

there is an increasing trend of developing synthetic SOD mimics that may lead to
circumvent all these problems. Searching for more potent and stable metal chelates
has resulted in the discovery of at least three to four classes of metal-containing SOD
mimetics.  These include the salen, macrocyclic, metalloporphyrin and the
compounds (kojic acid, 7-hydroxyflavone, desferoxamine) based SOD mimetics
(114,197,204). For instance, the macrocyclic, M-40403 has been reported to have
excellent therapeutic efficacy in a variety of cancer including skin and kidney cancers.
In addition to its anticancer activity, the M-40403 and other related SOD mimetics
have demonstrated favorable therapeutic effects in animal models of myocardial
infarction, stroke, inflammatory bowel disease, rheumatoid arthritis, diabetic
microangiopathies and septic shock and neurodegenerative disorder (114,197).
Applying of these reactive compounds for clinical investigations can be benefit due to
the cellular permeability, the lack of immunogenicity and the longer half life in blood
circulation. Moreover, the potential to apply for oral delivery as well as the cost of
goods can also be taken into an account. However, these are some limitations
including the drawback interaction between the metal compound and a wide variety of
reactive oxygen species, which may perturb some physiological processes.

In addition, releasing of the active metal upon decomposition of the complex results
in a huge toxicity to biological macromolecule.

In the present study, the newly catalytic polymers as superoxide dismutase
mimetics have successfully been constructed by using the molecular imprinting
technique. This is due in part to the selectivity of molecularly imprinted materials, the
versatility of metal ligand coordination and the stability of the imprinted polymer.
The metal imprinted polymers have been designed according to the metal
coordination sphere at the active site as those of the enzymes in nature e.g. MnSOD
and FeSOD. The metal coordination center of SOD enzyme contains existing ligands
including three nitrogen from three imidazole groups of histidine residue and two
oxygen from carboxylic group of aspartic acid and H,O. Considering on the
functional group existing at the active center leads to the selection of artificial
functional monomers such as 4(5)-vinylimidazole or I-vinylimidazole and
methacrylic acid for mimicking the imidazole group and the carboxylic group,

respectively. The 4(5)-vinylimidazole has already been selected as the first priority to
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mimic the imidazole group. The imidazole group of 4(5)-vinylimidazole has two
nitrogen groups that can play role on metal coordination reaction. However, synthesis
of the 4(5)-vinylimidazole is laborious and the difficulty to achieve high amount of
the compound is also taken into an account. Therefore, the 1-vinylimidazole has
further been applied for such system. Although, the 1-vinylimidazole has only one
group of nitrogen to form a complex with metal but the polymer (MeP1VM)
possesses higher SOD activity than the MeP4VM at all metal tested (Table 9). This
may be explained by the fact that in the natural enzyme system, the metal center is
coordinated to histidine residues via the “pyridine nitrogen” (N-3) (192), which is
better simulated by 1-vinylimidazole. Importantly, the functional monomer is also a
critical role on catalytic activity of the imprinted polymer, the necessity of functional
monomer has been determined. Omitting one of the functional monomer results in a
markedly decrease of SOD activity. (Table 9) This clearly indicates that the MnMIP
requires mainly 2 functional monomers to form complex with Mn in order to retain
SOD activity. This is as well in good agreement with the enzyme in nature, which
requires the correct folding of amino acids His 74, His 163, His 26, and Asp 159 in
the active site. Unfolding or misfolding of the native protein results in a complete
loss of activity (109,110).

This study explores a high possibility to develop the molecular imprinted
polymer for clinical application as well as biotechnological aspect because of the ease
of preparation, low cost and the reusability of the polymer. For such certain
condition, the MnP1VM may further be applied as an immobilized enzyme mimic for
scavenging of oxygen free radicals that have been generated from any sources such as
cancer drug and chemical compounds. Upon implementation of the imprinted
polymer into the biological system, the reactivity and toxicity to cellular
compartments can be negligible. This is due in part to the stability of the polymer that
prevents a release of free active metal to the system. However, improvement of the
polymer needs to be geared for the future task. These include solubility, size, metal
stability as well as the catalytic activity. The solubility of the polymer can be
obtained by using a water soluble crosslinking agent. While the suspension
polymerization technique may be useful in order to circumvent the sizing problem.

The stability and activity improvement may obtain by searching for any other
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functional monomers that provide high affinity to metal ions.  For the
biotechnological applications, the polymer supported metal (Mn, Co, Cu, Fe and Ni)
catalyst will further be determined on their epoxidation ability and applied for
compound synthesis (199). Furthermore, selectivity to metal ions and metal-binding
capability of the polymer has to be investigated, which will be applied as a potential

tool for metal remediation in the future.

Metal-binding tag as a powerful tool for protein purification

Although various classical separation procedures, which are based on the
physicochemical properties of the protein, such as charge, size, and hydrophobicity,
can be employed for purification of recombinant proteins. These procedures are often
time consuming and laborious. Based on a particular property of an amino acid
sequence that is fused to the recombinant protein as affinity tag, simple and rapid
approaches for purification have extensively been developed (142). These include
using the glutathione S-transferase and the maltose-binding protein as the fusion
partners (201,202). Protein A is also a popular fusion system for purification of
recombinant protein via immunoglobulin columns (200). Binding of biotin tag to
avidin—agarose has been reported (203). The histidine tag has been applied for
purification via metal chelate affinity chromatography for decade (151). Purification
of protein with the histidine tag system provides more advantages than the other
taggers since it can be performed even under denaturing conditions e.g. 8M urea or
6M guanidine hydrochloride (144). Elution of protein can be done under mild
conditions e.g. using metal-chelating agent (EDTA) or competitor (histidine or

imidazole).

In this study, the metal-binding tag is applied as a powerful approach for
protein purification. The tagger has easily been inserted onto the protein of interest at
the gene level. Based on the concept that polyhistidine bind tightly to a number of
transition metals including Cu®", Ni*", Zn*" and Co®", therefore, the hexahistidine-
tagged GFPuv generated from gene fusion technique can be purified by Immobilized

Metal Affinity Chromatography (IMAC) charged with zinc ions. Zinc ions have been
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chosen as linker due to the very low adsorptivity of the native GFPuv as compared to
copper and nickle ions (151). Although the purification fold of the H¢GFP is not
greater than that of the native GFPuv but the HsGFPuv shows highly purity and the
purified protein can easily be obtained in one step purification (tablel1, figure 42).
Furthermore, an enterokinase cleavage site (DDDDK) can also be inserted to allow
removal of hexahistidine sequence after purification, in such a way that the fusion
partner may interfere or disturb the property of native protein (figure 43). However,
neither the metal-binding region nor the enterokinase cleavage site affects both the
fluorescent emission and the binding capacity to protease of the chimeric protease-
binding GFPuv, (figure 44). These indicate that the metal-binding tag can simply be
fused to assist protein purification and the purified chimeric Protease-binding GFPuv

can directly be applied as a potential tool for detection in the future.
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CHAPTER VI
CONCLUSION

1. The polymer supporting manganese, which was constructed by molecular
imprinting technique, has found to be useful as SOD mimic

2. The manganese coordination form in the center among functional monomers has
found to play an important role for possessing the highly SOD catalytic activity

3. Both functional monomers, 1-vinylimidazole and methacrylic acid were necessary
to maintain the highly catalytic ability of polymer.

4. The genetic construction of chimeric protein encoding GFP having metal-binding
tag and protease binding have been successfully constructed.

5. The chimeric proteins possessed metal-binding capability, which could be applied
for protein purification by Immobilized Metal Affinity Chromatography (IMAC)
charged with zinc ions.

6. The hexahistidine peptide can be specifically removed at the enterokinase cleavage
site by the enterokinase enzyme.

7. The protease binding sequence of chimeric HOPBGFP possessed binding avidity to
protease, which will be further applied as a tool for detection of Burkholderia

pseudomallei in the future
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APPENDIX

1. Reagent for Sodium Dodecyl Sulfate Polyacrylamide Gel
Electrophoresis (SDS-PAGE)

1.1 Acrylamide solution (30%T, 2.7% C)

Fifty eight point four grams of acrylamide and 1.6 g of N, N’ methylene
bisacrylamide were dissolved in 120 ml of distilled water, stirred, warm at 37°C then
adjusted to 200 ml with distilled water. The solution was filtered by whatman Nol
filter paper, adjusted the pH to 7.0 or less and stored in a dark bottle at 4°C.

1.2 Separating gel buffer (1.5 M Tris-HCI pH 8.8)
Thirty six point three grams of Trizma base was dissolved in 160 ml of

distilled water, adjusted to pH 8.8 by conc HCI and added distilled water to 200 ml.

1.3 Stacking gel buffer (0.5 M Tris-HCI pH 6.8)
Three grams of Trizma base was dissolved in 40 ml of distilled water,

adjust to pH 6.8 by conc HCI then added distilled water to 50 ml.

1.4 10% Sodium dodecyl sulphate (SDS)
Ten grams of SDS was dissolved in 90 ml of distilled water, heated to
68 °C and adjusted to pH 7.2 by adding a few drops of conc HCI, and then with
distilled water to 100 ml.

1.5 10% Ammonium persulphate
Fifty mg of ammonium persulphate was dissolved in 500 pl of distilled
water.
1.6 Sample solubilized buffer (2X) (0.125 M Tris-HCI pH 8.8, 4% SDS,
20% glycerol, 10% 2-mercaptoethanol)
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The sample solubilized buffer was prepared by adding 1 ml of 10% SDS,
2 ml of glycerol, 1 ml of 2-mercaptoethanol and 2 mg of Bromophenol blue into 1.5
M Tris-HCI pH 8.8 and then adjusted the volume to 10 ml by adding distilled water.

Aliquoted 1 ml of this solution into microcentrifuge tubes and kept at -20 °C.

1.7 Tank buffer (0.025 M Tris pH 8.3, 0.192 M glycine, 0.1% SDS)
Three grams of Trizma base, 14.4 g of glycine were dissolved in 800 ml
of distilled water, added 10 ml of 10% SDS, then adjusted the pH to 8.3 by conc HCI
and filled to 1 L with distilled water.

1.8 Staining solution (0.125% Coomassie blue R 250, 50% methanol,
10% acetic acid)
Sixty two point five ml of 1% Coomassie blue, 250 ml of methanol and

50 ml of acetic acid were mixed together and adjusted to 500 ml with distilled water.

1.9 Destaining solution I (50% methanol, 10% acetic acid)
Five hundred ml of methanol and 100 ml of acetic acid were mixed

together and adjusted to 1000 ml with distilled water.

1.10 Destaining solution II (5% methanol, 7% acetic acid)
Seventy ml of acetic acid and 50 ml of methanol were mixed together

and adjusted to 1000 ml with distilled water.

2. Luria-Bertani Medium (LB medium)

Compositions of LB broth were of 10 g Tryptone, 5 g yeast extract, 5 g NaCl.
All components were dissolved in 800 ml of distilled water. The pH of the medium
was adjusted to 7.4 by 1 N NaOH. Then distilled water was added to a final volume of
1 L and autoclaved. To prepare the LB agar, 15 grams of agar was melted in 1 L of

LB broth and autoclaved at 121°C, 15 Ib/inch? for 15 minutes. The LB agar was then
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cooled down to 60°C and ampicillin was added when necessary to a final

concentration of 100 mg/L before pouring on to sterile plates.

3. Gel Electrophoresis Buffer (5X) [0.04 M Tris-acetate, 1 mM
EDTA, pH 7.5(TAE)].

To prepare TAE buffer (5X), 24.2 g of Tris base was resuspended in 800 ml of
deionized water. Then the solution was added with both 5.71ml of glacial acetic acid
and 10 ml of 0.5 M EDTA, pH 8.0. The solution was adjusted to 1 L with deionized

water.
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