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Abstract

GENETIC ENGINEERING OF PROTEINS FOR BIOTECHNOLOGY APPLICATIONS

Yanbo Zhang, PhD

The University of Texas at Arlington, 2013

Supervising Professor: Roshan Perera

Heme b (protoporphyrin IX or protoheme) plays a major role in the structure and
function in proteins such as myoglobin (Mb), hemoglobin (Hb), horseradish peroxidase
(HRP), catalase, cytochrome P450 as well as catalase peroxidase (KatG). This highly
conjugated porphyrin system forms the cradle for the iron containing prosthetic group of
the hemeproteins. Although the surrounding chiral protein scaffold is important in protein
reactivity and selectivity, the heme iron prosthetic group creates a focal point for the
substrate reactivity.

The genetic incorporation of unnatural amino acids (UAA) into proteins in vivo,
using the same biosynthetic machinery used by living cells to synthesize proteins, has
proven a powerful technique for investigating structure and function of proteins. An
orthogonal tRNA/aminoacyl-tRNA synthetase pair allows selective and efficient
incorporation of unnatural amino acids into proteins in vivo at sites specified by the amber
nonsense codon, TAG. These include redox-active amino acids, metal-binding amino
acids, fluorescent and infrared probes, photo- and chemically reactive amino acids and
post-translationally modified amino acids. Therefore, this method potentially paves the
way for the design of proteins that display enhanced or unique functionality. Furthermore,
this novel biotechnological tool produces native conformation of proteins with high yields

at low cost. Contrary to this, the total synthesis of proteins with UAA using solid-phase



synthesis is much more complicated due to size limitations (~60-100 amino acids) as well
as producing denatured proteins at a very low yield. We will be examining two important
heme protein targets, KatG, Mb, and enhanced green fluorescence protein (EGFP) to
uncover their structural and functional secrets using this biotechnological tool. The overall
goal of this research is to establish an experimental framework that enables the site-
specific incorporation of unnatural amino acids into various recognized sites in these
proteins targets, to study the functional secrets in these proteins, and to construct
biopolymer mimics for industrial applications. Three factors control the functional
properties of these enzymes: (i) the coordination state of the iron complex; (ii) the nature
of the axial ligands in the fifth and sixth coordination sites; and (iii) the protein active site
heme environment including the polarity of the surroundings and the accessibility of

substrates and solvents to the metal.



Preface

Three broad specific aims will be addressed in order to advance our
understanding in the generation, characterization, and most importantly their
biotechnological use. These primary aims will be achieved by site-specific incorporation
of unnatural amino acids, dihydroxyphenylalanine (DOPA) and 3-aminotyrosine (3-
NH,Tyr) into KatG, EGFP and sperm whale Mb. Therefore, the following aims will be
pursued:

The KatG isolated from Francisella tularensis was my focal study in first three
chapters in this thesis. This bifunctional enzyme is the least characterized out of all the
catalase peroxidases. Therefore, still the exact nature of the active species responsible
for the peroxide activation to carry out catalase as well as peroxidase functions are not
known. Researchers continue to ask fundamental questions; how does the KatG activate
peroxidases? How can the KatG perform two vastly different reactions, hydrogen
peroxide decomposition and peroxidase substrate reduction, using the same prosthetic
heme? What factors govern this transformation within protein environment? Can we
effectively model the heme protein active site using a natural probe like sperm whale Mb?
To remove some ambiguity and to find answers for some of these questions, a
comprehensive attempt has been made to investigate the structure and reactivity of the
KatG in this thesis. This wide scope approach includes cloning, expression,
characterization, kinetic studies and investigations of the mechanism of catalysis. The
central theme of my research is to understand the structural and functional properties of
KatG and to develop new biotechnological applications. We have successfully carried out

these aims for KatG as shown in this thesis.
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EGFP has been used for sometime in the protein labeling and in vivo cellular
imaging work for sometime now. There are many reports on expansion of the physical
properties of the color fluorophore within this protein. However, our attempt is to use
unnatural amino acids, DOPA and 3-NH2Tyr and expand the limits of the color spectrum
of this protein. WE have successfully generated two reddish colors in this work as
described in chapter 4.

Recently, the His93Gly (H93G) “cavity” mutant of myoglobin has been used as a
versatile scaffold for modeling heme states. The ability in accessibility of the proximal
cavity with different ligands led to prepare mixed ligand adducts, in ferrous, ferric as well
as ferryl oxidation states. In addition, it has been possible to prepare complexes that are
difficult to generate with synthetic heme models in organic solvents. In the presence of
excess amine, for example, ferric porphyrin model systems are reduced to
bis(amine)iron(ll) complexes. In contrast, our investigation with Mb was to genetically
modify it and generate extraordinary artificial protein, such as bismetallo Mb and super
functional Mb-Mb dimer protein. Here, we have shown that H48(p-iodophenylalnine) Mb
can cross couple with H48(p-boronophenylalanine) Mb using Pd(OAc), as the catalyst
(the Suzuki cross-coupling reaction) to generate a larger bioscaffold with two heme
centers. Hence this work is unprecedented as the potential to introduce new biocatalysts

to the biotechnology field.
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Chapter 1

Cloning and Expression of Recombinant Catalase-Peroxidase (KatG) from Francisella

tularensis with Unnatural Amino Acid

All the experiments in this chapter were done by Yanbo Zhang in the laboratory of Prof.

Roshan Perera.



1.1 Introduction

Francisella tularensis is a gram-negative bacterium that can cause tularemia in
humans and mammals. Though tularemia in humans are rare, tularemia caused by
Francisella tularensis subspecies (holarctica, tularensis, mediasiatica etc.) are more
common in many countries including in North America. Some are extremely infectious,

and inhalation of as few as 10 CFU is sufficient to cause disease in humans."?
Catalase-peroxidase (KatG) from Mycobacterium tuberculosis has generated
much interest due to its ability to develop isoniazid (the front-line antitubercular agent
resistancy).3'5 Resistance Mycobacterium tuberculosis displays mutation in the KatG that

alters the function of the enzyme.ﬁ'11

Furthermore, highly virulent pathogens contain more
of unique periplasmic KatG from the non-pathogenic relatives. Therefore, KatG's
structural and functional studies are important for drug development process against
these pathogens.?'"""2

It is known that oxygen-rich environment can be a cause for various degrees of
oxidative stress due to reactive oxygen species (ROS) produced as by-product during the
endogenous metabolism. Furthermore, H,O, can act as a defensive agent against
invading pathogens, by the mammalian host. Pathogens, such as Francisella tularensis
strains, SCHU S4 have developed a resistant mechanism using KatG dependent
withstand of the antimicrobial effects exerted by hydrogen peroxide (H202).13 KatG shows
bifunctionality by combining the monofunctionalities exhibited by catalases and
peroxidase.2 KatG active heme center is consisted with a peroxidase conserved proximal
Histidine residue, compared to the catalase, which contains a proximal tyrosine residue.™
Though KatG from Francisella tularensis has not been well characterized, KatG proteins

preserve in Mycobacterium tuberculosis and Cyanobacterium synechocystis have been

crystallized and studied to some extent.”''® KatG typically has an extensive hydrogen-



bonding network, more responsible to peroxidase activity, via some conserved amino
acids, that is sensitive to mutations.""®

Hence, KatG from Francisella tularensis gene was isolated from genomic DNA,
cloned into a high expression pBAD plasmid, expressed, and characterized to
demonstrate its unique bifunctional capabilities. Additionally, the H,O; kinetics has been
thoroughly studied for their slow H,O, decomposition capabilities compound to faster
catalase activity rates.

First of all, since the KatG from Francisella tularensis has not been fully
characterized as well as no crystal structure is available. Therefore, | have carried out a
computational molecular modeling to find more about the structure associated with KatG
gene (Figure 1-1a and b). This will be useful in locating a residue for the mutation on the
surface of KatG for tagging experiments (as shown in Chapter 2). Based on this
computer-generated structure, we have identified Tyr559 as the position to incorporate
amino acid via site-directed mutagenesis with amber nonsense codon (TAG) to
selectively incorporate L-3,4-dihydroxyphenylalanine (DOPA) unnatural amino acid. This
will be accomplished by an orthogonal tRNA/aminoacyl-tRNA synthetase pair from

Methanococcus jannaschii (Mj) which allows selective and efficient incorporation of

unnatural amino acids into proteins in vivo at sites specified by the TAG codon.



Figure 1-1a: Computer generated model (SWISS MODEL) for KatG heme-containing

Following on the structure in Figure 1-1a and gene analysis, cloning of KatG
gene into a bacterial high expression pBAD vector system has been completed
successfully. To purify the protein using nickel nitroloacetic acid resin (Ni-NTA), a
hexahistidine-tag (6xHis) was introduced at the C-terminal by the cloning primers.
Furthermore, in order to introduce unnatural amino acid, DOPA, the TAG codon mutation

has been introduced at Y559 position.



Heme center

Figure 1-1b: DOPA was incorporated at Y559 position of the KatG
The genetic-incorporation of unnatural amino acid DOPA into proteins was
carried out in response to the amber stop triplet codon (UAG) in bacteria.'®# This was
done using an orthogonal nonsense suppressor PAC plasmid carrying (with tetracycline
marker) tRNA/aminoacyl-tRNA synthetase pair derived from the Methanococcus

janannaschi (Mj) tyrosyl tRNA/aminoacyl-tRNA synthetase pair which is selectively



2324 Therefore in

evolved to recognize the DOPA substrate in E. coli expression strains.
this chapter we focus on the genetic incorporation of the DOPA unnatural amino acid by
site-directed mutagenesis at the position Y559 in KatG (Figure 1.1b) as well as the
expression and purification of the WT KatG enzyme. The incorporation of DOPA takes
place during protein translation in vivo therefore the natural biosynthesis machinery for
protein will ensure the native inside the cell.?® Using this site-specific incorporation
method, fully functional proteins with a unique reactivity acquired with an incorporated

DOPA can be employed to carry out (described in chapter 2) to tag KatG onto the

surface.?®

1.2 Materials and Methods

1.2.1 Chemicals and Media Preparations

Analytical grade or higher quality of chemicals was used. Luria-Bertani (LB) broth
was prepared as follows. Per one liter of LB medium contains 10 g tryptone, 5 g yeast
extract and 10 g sodium chloride. LB medium was autoclaved to get it sterilized and
added with required antibiotic before the culture growth. Luria-Bertani (LB) Agar plates
consisted of 10 g casein peptone, 5 g yeast extract and 10 g sodium chloride were
prepared by dissolving in the Milli Q water, followed by autoclaving. Before usage, LB
agar was melted in the microwave and poured into Petri dishes after adding the required
antibiotics. 2xYT broth was prepared using 2x Yeast extract, 16 g tryptone, 10 g yeast
extract, and 5 g NaCl, and the corresponding antibiotics. Primers were designed using
Vector NTI program (Invitrogen).
1.2.2 Preparation Method for Electrocompetent DH10B E. coli Cells

DH10B cells were purchased from Invitrogen has propagated to make stocks

for further use. Initially, the 1 liter culture was incubated at 37 °C until ODggo reached to



0.5. Then ice-cold culture was transferred to centrifuge tubes and centrifuged at 5000
rpm for 8 min. at 4 °C in a Beckman centrifuge.

The cells were collected by decanting the supernatant and resuspended in
sterilized ice-cold water. Cells were washed three times with cold water containing
sterilized 10% glycerol/water (v/v). After decanting residual 10% glycerol/water liquid
solution was used to resuspend the electrocompetent cells and stored them as 100 uL
aliquots in -80 °C freezer.

1.2.3 Preparation of DNA Agarose Gel

5 pL of ethidium bromide was added to 200 pL of Agarose in TAE (1X) buffer
solution. DNA 10 yL combined with blue juice (Invitrogen) was loaded into the Agarose
gel wells. 1Kb DNA ladder (Promega) was used for DNA size estimation. Gel
electrophoresis was carried at 125 V for 45 minutes. The DNA bands were visualized in a
UV transilluminator.

1.2.4 KatG Gene Isolation and Amplification using PCR

Construction of the plasmid carried out using the gene of WT KatG, was inserted
into the Nco I/Kpn | sites of the pBAD vector (Novagen, Madison, WI, USA). Catalase-
Peroxidase was isolated directly  from genomic DNA using 5'-
ATAAGACTACCATGGGACTAAAGAAAATTGTAACTGCTTTAGGAATGTCTG-3'
(forward) and 5'-
CCAGATGGTACCTCAATGGTGATGGTGATGATGCTATTGTTGAACATCAAATCTGCC
AAGC -3’ (reverse) primers with a C-terminal 6xHis tag. Site-directed mutagenesis was
carried out using a PCR-based Phusion site-directed mutagenesis kit (NEB, Ipswich, MA,
USA) and an amber (TAG) mutation was introduced into the wild-type gene sequence in
the following position using the forward and reverse primer sequences as indicated in

Y559(TAG) KatG; forward 5-CTAAACAAGCTGGTTAGAATATACAAATGCC-3, reverse



5-CTGCTTGCTCAACACCCACATTACC-3'. PCR was carried out in an MJ Mini thermal
cycler (Bio-Rad) using the PCR program in Table 1-1. The PCR product was purified

using MinElute PCR purification kit (QIAGEN) following manufacturer’s instructions.

Table 1-1 PCR conditions for gene amplification

Component Amount

5x Phusion HF 5 (1X)

10 mM dNTPs 1 pL (200 pM each)
10 uM Forward primer 1 uL (0.2 uM)

10 yM Reverse primer 1 L (0.2 M)
Template DNA 1 uL (250 ng)
Phusion DNA polymerase 0.5 pL (1 unit)

Ultra pure nuclease-free water to 50 uL final volume




1 2 3 Lane

2.26 kb

Figure1-2: The DNA agarose gel of KatG analysis. Lane 1: DNA 1 kb ladder; Lane 2: WT
KatG; Lane 3: mutant KatG

1.2.5 Restriction Digestion of KatG Gene and Preparation of pBAD Plasmid Construct
1.2.5.1 KatG Gene Digestion

The purified PCR product of the KatG gene was digested with Ncol and Kpnl
restriction enzymes (New England Bio Labs) following the conditions mentioned in Table
1-2 by incubating at 37 °C for 2h. The digested product was purified as mentioned above
using the MinElute PCR purification kit (QIAGEN) following manufacturer’s instructions.

1% (w/v) agarose gel electrophoresis was used to analyze the DNA extract.



Table 1-2 Restriction digestion chart for KatG

Component Amount

10X NEB | 5 pL (1X)

BSA 0.5 uL

Template DNA 1 g

Ncol 1L

Kpnl 1L

Ultra pure nuclease free water to 50 uL final volume

1.2.5.2 pBAD Plasmid Preparation for Cloning

The plasmid was isolated from a culture (10 mL) grown to ODgy 0.5 with
QlAprep Spin Miniprep Kit (QIAGEN) according to manufacturer’s procedure. The pBAD
plasmid was digested with Ncol and Kpnl restriction enzymes (New England Bio Labs) to
obtain the sticky ends for The KatG gene cloning with incubation at 37 °C for 2h.
Digested pBAD vector was isolated from gel electrophoresis in a 0.6% agarose gel. The
correct band of the gel was separated using a blade and the digested DNA plasmid was
extracted using MinElute Gel Extraction Kit (QIAGEN).
1.2.6 Recombinant Plasmid

Recombinant Plasmid was prepared by ligating the Ncol and Kpnl digested and
purified KatG gene with digested (similar way) pBAD plasmid. T4 DNA ligase was used in
a 1:3 ratio of plasmids with insert in 10x ligase buffer. After incubating for 1h at room
temperature, the 1 L of the purified (using PCR purification kit) was transformed into E.

Coli DH10B cells.

10



1.2.7 Transformation of the Recombinant Plasmid into DH10B Cells

Electrocompetent E. coli DH10B cells were transformed with the recombinant
plasmid (both WT gene as wells as the mutant KatG) by adding 3 uL to a 50 L aliquot
cells. The mixture was transferred to a pre-chilled MicroPulser electroporation cuvette for
electroporation in a MicroPulser electroporator (Bio-Rad). The cells were recovered with
300 pL of freshly prepared sterilized S.0.C. medium and incubate 1h at 37 °C.
Transformed cells were streaked onto a LB agar plate with ampicillin. After overnight
incubation at 37 °C, selected bacterial colonies were hand-picked after grown in 5 mL LB
culture tubes for DNA sequencing after miniprep purification. Gene sequences were

analyzed using Vector-NTI program (Invitrogen) and confirmed its accuracy.

1.2.8 Expression and Purification of WT KatG and Its Mutant

1.2.8.1 Purification of WT KatG

Recombinant plasmid of pBAD N-term 6xHis tag added KatG was transformed to
DH10B E. Coli. The expression host was grown at 37 °C in LB medium containing 100
MM of ampicillin until ODgq value reached ~0.8. 0.2% arabinose was then added to
induce the KatG expression for 8 hours at 30 °C. Cells were harvested by centrifugation
(10,000 rpm) and lysed in lysis buffer (50 mM Tris, 100 mM NacCl at pH 8.0). The protein
is purified under native conditions. The cell suspension was treated with 80 pL Lysozyme
(100 mg/mL), 40 yL DNase | (5 mg/mL) and 40 puL of RNase A (100 mg/mL). The cell
suspension was stirred at 4 °C for 1h to allow lysis to occur. The clear supernatant after
centrifugation at 9,000 rpm, 4 °C was loaded onto a nickle nitroloacetic acid resin (Ni-

NTA) (Qiagen,Hilden,Germany) and eluted to afford ~10 mg/L of protein.
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1.2.8.2 Purification of Y559(DOPA) Mutant KatG

In our lab we incorporate UAA (DOPA) at specifically designed site in proteins by
introducing an amber (TAG) mutation into the wild-type gene sequence. The
cotransformed cells with (YS59TAG) KatG containing pBAD plasmid (Amp marker) and
PAC(DOPA)RS-6tRNA (Tet marker) were grown in glycerol minimal media (GMML)
supplemented with ampicillin and tetracycline. The culture was incubated at 37 °C with
shaking until ODgy reached 0.5. Then DOPA (1 mM) was added to the 1L culture
followed by induction with 0.2% arabinose. Culture temperature was reduced to 30 °C,
and the culture was kept in the shaker for overnight. The cells were lysed in lysis buffer
(50 mM Tris and 100 mM NacCl, pH 8.0) with 80 pL of Lysozyme (100 mg/mL), 40 uL of
DNase | (5 mg/mL), and 40 pyL of RNase A (100 mg/mL) under stirring with a stir bar for
30 min at room temperature followed by three freeze (liq. N,) - thaw (37 °C) cycles.
Sonication on ice for 1 min on and 1 min off intervals (for 3 consecutive times), the cell
debris was removed by centrifugation at 5,000 rpm for 30 min before the His-tagged
protein was purified using nickel nitrilo-triacetic acid Ni-NTA resin (QIAGEN). The resin-
bound protein was subjected to a column, and protein was eluted with imidazole
containing buffer (300 mM NaCl, 250 mM imidazole, 50 mM phosphate buffer, pH 8.0).
Analysis was done using sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) in a precast gel (Novex Tris-Glycine). Dialysis was used to remove the
excess imidazole before storing at -80 °C in potassium phosphate buffer (100 mM, pH

7.4) until further use.

1.3 Results and Discussion
As shown in Figure 1-3, 1-4 and 1-5, | have carried out successful isolation of

KatG gene from genomic DNA from Francisella tularensis. 1solated gene was cloned into
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a pBAD (with Ampicillin resistant marker) plasmid. This C-terminal 6xHis tag KatG gene
was transformed into E. Coli DH10B cells and grown under specific conditions to produce

KatG WT and mutant proteins.

Vector preparation Insert-Gene isolation

Ncol
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Figure 1-3: Schematic representation of pBAD plasmid and KatG gene isolation.
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Figure 1-4: Schematic representation of ligation of pBAD plasmid and KatG gene.
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Figure 1-5: Schematic representation of recombinant DNA plasmid transformation into E.
Coli DH10B cells for protein expression.
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E. coli expression has been carried out using LB medium at 30 °C for WT and
mutant KatG as described in the method section. Ni-NTA purification using specially our
own protocol ensured the highest purity of the protein. Analysis by SDS-PAGE confirmed
the protein to be >95% pure. Furthermore, it had also showed the monomer around 82.5
kDa and a small amount of dimer around 165 kDa, as expected for this protein. (Figure 1-

6)

2 1 Lane
2 1 Lane

188182
fakBa

™~ Dimer at 165 kDa

A

Monomer at 82.5

Figure 1-6: Coomassie-stained SDS-PAGE analysis of (A) WT KatG and (B) mutant
KatG with DOPA. Lane 1, molecular weight standards as indicated in kiloDalton (kDa),
and Lane 2, expressed protein.
DOPA was incorporated at TAG Amber codon at Y559 of KatG gene. TAG was

generated in the gene via site-directed mutagenesis using primers containing the
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mutation. Sequence analysis confirmed a successful mutation. As discussed in method
section, Y559(DOPA) mutant KatG was co-expressed with the PAC-DOPA RS-6tRNA
synthetase plasmid encoding for tRNAcys/aminoacyl-tRNA synthetase pair in order to
incorporate the DOPA unnatural amino acid during protein translation.

Finally, the WT and mutant KatG with C-terminal 6xHis tag tail for Ni-NTA protein
purification were successfully cloned into pBAD plasmid. Expressed proteins using our
new protocol were found to be quite pure, above 95% and were used for protein tagging
onto a surface as described in Chapter 2.

Figure 1-7 shows the electronic absorption spectra of WT KatG (blue line) and Y
559(DOPA) KatG (red line). The overlays of spectra suggest that there is no protein

conformational change during the mutant translation and followed protein folding.
The Soret absorption for wild-type falls in the 406 nm (Ayax = 406 ) region, while
the Y559(DOPA) KatG is 1 nm red-shifted to higher wavelength with A.x= 407. This is

may be due to the influence by the DOPA incorporation at Y559 position of the KatG on

the protein conformation.

17



0.15-

0.10-

Abs

0.05+

0.00

T T T |
400 500 600 700
Wavelength (nm)

Figure 1-7: Electronic Absorption spectra of WT KatG (blue line) with 1. = 406 nm and
Y559(DOPA) KatG (red line) with Ayax= 407.
1.4 Conclusion

Successful Y559(TAG) codon insertion into the KatG gene was confirmed by
DNA sequencing. Based on Electronic Absorption spectra (the Soret at 405 nm) has
confirmed the native folding of both WT KatG as well as Y559(DOPA) mutant KatG
enzymes. This suggests our mild purification technique had produced the native and
active protein during protein expression. Genetic incorporation of DOPA into KatG protein
can be used to accomplish the follow up site-directed surface tagging. Next chapter we
will discuss the surface covalent attachment and its activity confirmation using peroxidase

function of KatG via the H,O, mediated 2-naphthol polymerization reaction.
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Chapter 2

Introduction of Novel Michael Addition Reaction for the Surface Immobilization of

Enzymatically Active Protein Y559(DOPA) Mutant KatG

All the experiments in this chapter were done by Yanbo Zhang in the laboratory of Prof.

Roshan Perera.
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2.1 Introduction

Molecular oxygen is capable of producing potentially living cell toxic reactive
oxygen species such as superoxide, hydroxyl radicals and H,0,.24"% The KatG from F.
tularensis can decompose the H,O, when presence in lethal level. KatG is a bifunctional
heme-dependent enzyme with catalase and peroxidase activities embedded to it.%'*°
Catalase is present in virtually all aerobic organisms and many anaerobic organisms
including humans and is well known to decompose H,O, to dioxygen and water.?® Though
these enzymes have extensive structural similarity, studies have shown the many of their
properties are different. There are salient variations of 10 to 1000 times in specific
activities, reaction velocities, sensitivity to damage by the substrate H,O,, and sensitivity
to inactivation by inhibitors and heat.”® Unlike KatG, naturally occurring catalases need
reduced NADPH cofactor to prevent accumulation of inactive compound Il (Figure 2-1)."
Therefore, an extensive supply of NADPH is required to decompose H,O, by preventing
inactivation. Due to the fact that catalase activity depends on reduced form of NADPH
cofactor, their practical usage of catalase is limited.*

On the other hand KatG does not require a reduced NADPH or NADH to carryout

activation of compound Il. This is because peroxidase nature of heme (with proximal

histidine) would not allow the accumulation of compound Il in the presence of H,0, %'
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NADPH O

NADP+

Inactive

H20 + 02 H202

Figure 2-1: The catalase catalytic reaction. KatG is also presumed to function similar

way.

In 2005, F. tularensis genome was sequenced completely. Hence,

overexpression and characterization of this enzyme allows us now to report its catalytic
properties and an investigation of the mechanism of the enzyme's reaction kinetics.
Herein, we use the reaction of naphthol polymerization of the surface-bound KatG to
show its peroxidase activity.32'33 Furthermore, this reaction was carried out with silica

chip-bound KatG (bound to silica or magnetic nanoparticles, polypropylene, PMMA etc.)

which provides the versatility of usage of this protein in industry applications.

Polymerization reaction of 2-naphthol generates a hydroxylated polynuclear

aromatic hydrocarbon that is widely used in the production of dyes, plastics,
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pharmaceuticals, synthetic fibers, rubbers, and pesticides.s“'35 2-Naphthol in the soil and
water has a significant impact in the environment since 2-naphthol is a potential
carcinogen.36 Furthermore, during accidental spills or leaks or through discharge of
industrial waste waters naphthol can be introduced to environment as a pollutant.
Polymerization of 2-naphthol using peroxidases has been used to eliminate the phenolic

naphthol from water.*>*

Hence enzyme-mediated oxidative polymerization of naphthol
into naphthol polymerization products (as insoluble oligomers) will be a useful technique
to precipitate out naphthol from a solution.*

Previous studies with laccase-catalyzed oxidation of 1-naphthol generated
average molecular weight of naphthol polymerization products (NPPs) around 4.92 kDa
which is insoluble violet precipitate. Horseradish peroxidase (HRP)-mediated oxidation of

%37 Researchers have

1-naphthol at pH 7 showed increase turnover numbers for NPPs.
proposed HRP-mediated oxidation as a treatment method for water contaminated with
naphthol. However, the impact of solution chemistry on naphthol transformation remains
largely unknown. The goal of this chapter is to facilitate the elimination of 2-naphthol from
contaminated water using a continuous flow bioreactor with immobilized KatG protein, the

enzyme based approach to treat waters contaminated with hydroxylated polynuclear

aromatic hydrocarbons such as naphthol.

2.2 Materials and Methods

2.2.1 Chemicals.

DOPA, NalO,, 2-naphthol, NaOH were purchased from Sigma-Alrich. H,O, (30%
w/w, 8.82 M) was purchased from Aldrich Chemicals Co., stored at 4 °C, and used
without further purification.

2.2.2 WT KatG Expression and Purification
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C-terminal 6xHis tag added Y559(DOPA) mutant KatG gene from species
Francisella tularensis Schu 4 in E. Coli expression host was expressed as explained in
Chapter 1.

2.2.3 Functionalization of the Surface

Functionalization of silica surface is important for proper immobilization of active
proteins on a solid amine surface via a Michael addition bioconjugation reaction in water.
Furthermore, silica surface gives homogenous platform to the reaction mixture.
Therefore, starting with a free amine surface, further functionalization of the support
system can be done with the serial application of two reactions: activation and
extension.® To obtain the initial surface, amine-coated silica nanoparticles (NPs) will be
synthesized by a one-pot reaction. Homogenous silica NPs will be synthesized based on

%% The synthesis consists of the hydrolysis of

the sol-gel method developed previously.
tetraethoxysilane (TEOS) and its subsequent condensation in a water/ethanol solution
with ammonia as a morphological catalyst. By adjusting the reaction parameters, such as

water and ammonia concentration, the particle size and monodispersity will be controlled.
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Figure 2-2: Reaction steps for functionalization of silica surface.

The uniformly distributed silica was silanised with 3-aminopropyltriethoxysilane (APTES)
in the same reaction mixture by a simple reflux. Alternatively, the initial surface can be
obtained by mixing TEOS and APTES together during the synthesis, thus giving an
“organo-silica sphere”. Although each method ultimately gives the same product, some
properties such as mass density, microporosity, and siloxane structure may differ.
Furthermore, NPs coated with APTES on the surface can be grown larger by adding
another silica layer from TEOS. By having a variety of properties to choose from, the
method best suited for immobilizing proteins can be determined. The amine surface can
be activated by either acylating the amine with acryloyl chloride or adding the amine to
the unsaturated 3 position of the acryloyl group from tetraethylene glycol diacrylate, both

giving an acryloyl terminated surface as shown in Figure 2-2. The surface will be
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extended by the addition of an amine linker to the unsaturated 8 position of the surface
acryloyl group, thus increasing the distance between the functional group and the
support. The terminal free amine can then be activated as before. The surface of the
support will be able to provide an environment conducive to protein stability by choosing
a polyethylene glycol (PEG) like linker such as 4,7,10-Trioxa-1,13-tridecanediamine and
tetraethylene glycol diacrylate.40 PEG provides a lipid or glycerol like environment that
proteins are naturally surrounded in and allows silica NPs to be more miscible with the
water solvent. Furthermore, the highly flexible groups will not introduce any unnecessary
steric hindrance during protein tagging. This two-step process can be repeated until the
desired length is obtained. The reactions will be monitored by the Kaiser Test, i.e.,
staining the silica gel after each reaction with ninhydrin. Free (primary) amines will give a
deep purple colour, known as Ruhemann's purple, and secondary amines will be yellow-
orange in color. The presence of the acryloyl functional group will be monitored by

infrared spectroscopy (IR).

2.2.4 Surface Attachment of Y559(DOPA) Mutant KatG

DOPA quinone mediated bioconjugation reaction was carried out in WT KatG
containing Kphos buffer at pH 6.0 with NalO, for 2h gentle shaking at room temperature.
Fresh WT and mutant KatG were used for immobilization within 2h after preparation. The
method involves (to control the protein orientation and also carry out a formation of a
strong permanent linkage with the solid support-containing amine group) the addition of a
mild oxidant (~100 uyM sodium per-iodate NalO,) to Y559(DOPA) mutant KatG at room
temperature for 2h. Addition of sodium per-iodate (NalO,) to the Y559(DOPA) KatG will

give a highly reactive DOPA-quinone. This native modified protein can be then used for
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Michael addition reaction with silica surface.*’ Amine groups on silica surface react with
DOPA-quinone to form a strong covalent bond and can be used to attach proteins.
2.2.5 Atomic Force Microscope (AFM) Imaging

Veeco MultiMode V SPM performed the surface topography of mutant KatG
tagged amine-functionalized glass slide.
2.2.6 Potassium Permanganate Titration with H,O,

Catalase activity of KatG was measured as follows: 1 mL of 3% H,O, solution
with WT and mutant KatG tagged glass beads was taken to titrate with 10 mM potassium
permanganate at different time intervals.

5 H,0,(aq) + 2 MnO, (aq)+ 6 H'(aq)— 2 Mn2+(aq) + 5 04(g) + 8 HO(I)

2.2.7 2-Naphthol Polymerization

To a solution of 1 yM mutant KatG in 20 mM buffer, 1 mM of 2-naphthol was
added, 25 mM of H,O, in water was added to initiate the polymerization reaction.”’
Working solutions of H,O, were prepared by diluting 30% w/w H,O, with
distilled/deionized water and were used within 1h of preparation. Preliminary experiments
showed that addition of only KatG or only H,O, at the concentrations used in this study
resulted in no significant transformation of 2-naphthol. KatG was dissolved in distilled
water to make solutions of approximately 2 uM and used within 0.5h of preparation. High
purity 2-naphthol (>99%) was purchased from Sigma Chemicals and a stock solution (1.1
M) was prepared by dissolving 2-naphthol in methanol. The stock solution was stored at
4 °C and working solutions were prepared by diluting stock solutions in various pH

buffers.
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2.3 Results and Discussion

2.3.1 Immobilization of the Native and Functional Protein on the Surface
Current methods for the direct attachment of protein molecules to solid supports
results in a random orientation of the protein and deformation of structure due to harsh

chemical tagging conditions.***?

Traditional methods for protein immobilization onto solid
supports have been based on physical adsorption, noncovalent binding to surfaces,
entrapment in semi-permeable membranes, and microencapsulation/sol-gel methods into

44-47

polymer microspheres and hydro-gels. The most popular method for protein

immobilization onto solid supports is through noncovalent interactions, obtained by the

48-30 However, the

use of streptavidin/biotin or recombinant affinity-tagged proteins.
binding interactions may not be stable, resulting in escape of the protein from the solid
surfaces. Hence we will be developing novel immobilization methods to address these
concerns based on three mild reactions. The immobilization of KatG was designed using
genetically encoded DOPA amino acid. The data suggest that the immobilization method
produces relatively homogeneous and active protein on the surface.

Furthermore, our lab has the ability to incorporate new additional amino acids at
defined sites with different chemical groups inside living organisms (i.e., bacteria). The
genetic incorporation of DOPA with an amber codon (TAG) will generate novel features
for proteins while retaining native conformation, like forming a strong permanent linkage

between DOPA and amine derivatized solid through Michael addition reaction (as in

Figure 2-2).
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Figure 2-3: Schematic representation of Michael addition reaction in DOPA-containing
protein

Besides the method introduced above to incorporate UAA into proteins, another
method used in our lab is the Selective Pressure Incorporation (SPI) which can allow us
to replace all the tyrosine residues with DOPA. The purpose is to enhance the
immobilization efficiency with more protein being tagged to the solid surfaces. Michael
addition reaction can then be employed to bioconjugate the mutant protein onto
derivatized solid surfaces.

In this chapter, | will describe the incorporation of additional functional groups,
such as quinones, (a) to create covalent linkages via the Michael addition reaction, (b)
expression and purification of the native wild-type KatG and mutant KatG in solution

before tagging on to the surface, (c) site-directed attachment of the DOPA containing
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mutant proteins onto a solid support, (d) generation of a protein that retains its native
conformation and thus fully active and functional, () monitoring the color change kinetics
of the 2-naphthol polymerization using UV-Vis spectroscopy and monitoring the product
using mass spectroscopy.

As describe in Chapter 1, in the absence of conformational change for the
genetic incorporation of neurotransmitter/hormonal precursor 3, 4-dihydroxy-L-
phenylalanine Y559(DOPA) KatG protein and now we will look into the functional
properties of this mutant. This novel approach holds a great promise for wide spread
applications and it opens a new door in biotechnology application from drug-discovery to
industrial bioreactors.

Furthermore, protein bioconjugation or attachment to a surface plays an
important role in the development of effective vaccines, affinity column chromatography
techniques, drug-delivery systems and functional protein microarrays. Generally, protein—
surface conjugation methods rely on chemoselective modification of natural amino acids
of protein. In general, these reactions are harsh and end up with denatured proteins.
Naturally occurring residue of chemical modifications can lead to the loss of protein
activity and its functional properties. Therefore, surface tagging is a major challenge in
arrays preparation.

In order to address these challenges, we have developed separate protocols for
the functionalization of the surfaces (total of seven protocols have been developed), such
as polypropylene surface, borosilicate glass surface, pyrex glass surface, silica gel
surface, polystyrene surface, poly(methyl methacrylate) [PMMA] surface and gold or
metallic surface for protein tagging. The functionalized surfaces were characterized using
methods, such as Atomic Force Microscopy (AFM), X-ray photoelectron spectroscopy

(XPS), electrochemistry etc. Furthermore, each derivatization protocol has been

29



optimized to get the optimal tagging based on KatG attachment method. In addition,
optimal tagging was confirmed and quantified by following the activity of the surface-
bound proteins. These different surfaces will bring the versatility (make it easy for the
development of marketable product) and novel phenomena to the protein immobilization
work proposed in this project.

For the DOPA containing KatG mutants (Amber condon method), Michael
addition was carried in water or buffer between oxidized DOPA (quinone) and amine-
derivatized solid surface, with mild oxidant sodium per-iodate. NalO, mediates the direct
binding between Y559 (DOPA) mutant KatG and the primary amine-derivatized porous
glass beads, with the presence of oxidized DOPA quinone moeity on the protein surface.
Thus, the successful generation of a functional protein array paves the way for novel
bioreactor development.

Immobilization work is based on creation of a covalent bond through a simple
mild reaction (in the absence of any harsh chemicals, such as chelating ligands, catalysts
and organic solvents) in a very short time. The reaction was carried out at room
temperature, to generate a homogenous protein layer following the reaction described in

method section and confirmed by the AFM data (Figure 2-3).
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Figure 2-4: (A) AFM topographic image of glass solid support attachment of Y559
(DOPA) KatG mutant; (B) The derivatized glass surface with WT KatG after treatment
with 100 uM NalO, (control); and (C) Blank but amine functionalized glass chip. Both (A)
and (B) were taken after the reaction with protein in the presence of 100 mM of NalQOj,.
The reaction was carried out in the 100 mM Kphos buffer at pH 7.0.

AFM images were used to visualize the protein arrays on the derivatized glass
surface. Unlike the exquisite monolayer created through multi-site covalent KatG mutant
attachment with the average height of around 25 nm (Figure 2-4(a)), the NalO, mediated
covalent binding can achieve drastic increase in the amount of protein tagging on amine-
derivatized glass surface due to the random bioconjugation.

As shown in the Figure 2-4, the surface topography of the covalently-attached
KatG assemblies were probed by AFM. Figure 2-4 compares the AFM images for a
chemically-modified amine-functionalized glass surface before and after covalent
attachment of mutant KatG. While the glass surface before protein attachment was
featureless (Figure 2-4c), an average feature height of 10-15 nm was observed in the
case of the the mutant protein monolayer, which correlated to the actual size of the
protein based on the structure generated by us (Chapter 1). On the other hand,
covalently-attached WT KatG was unsuccessful as a control experiment, using the same
reaction conditions (Figure 2-4c). However, as expected by the absence of the o-imino-
quinone moiety, the WT KatG did not form a good monolayer on the modified surface.
The genetically modified Y559 (DOPA) KatG mutant was succesfully covalently attached
onto the amince surface using the Michael addition reaction DOPA quinone moiety of the
protein and the amine group on the glass surface. Hence, it can be concluded that the
WT KatG did not covalently immbolize on the glass surface in the presence or absence of
NalO,.

Further characterization was carried out using electrochemical methods as

shown below. The following results show:
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(a) Protein is immobilized in a native confirmation
(b) Protein behaves naturally during catalysis (based on the electron transfer and
reversible redox properties)

(c) Data can be used to calculate the amount of protein immobilized on the surface.

2.3.2 Electrochemistry of Y659(DOPA) KatG Mutant Enzyme
The electrochemistry of immobilized Y559(DOPA) KatG mutant enzyme on the

Au electrodes was studied by cyclic voltammetry (Figure 2-5).

—_— 7 ek .
Enzyme I A

in buffer

Figure 2-5. Schematic representation of enzyme immobilization on the modified gold
electrode surface.
The enzyme was covalently immobilized on the amine functionalized gold
surface directly through a mild Micheal addition reaction and it exhibited quasi-reversible
redox electrochemistry when examined by cyclic voltammetry from scan rates 10-50

mVs™ (Figure 2-6).

33



2.4

1.8

1.2

0.6 ]

0_

-0.6 3

1.2

Current / 1e-7A

-1.8 4

247

‘30 T T T T I T T T T
-0.30 -0.24 -0.18 -0.12 -006 O 0.06 0.12 018 0.24 0.30

Potential / V

2.4 1 1 1 1 1 1 1 1

1.8 f f f f f f f f ]

] . . . . . : .

0.6
0]

0614

-1.2 1

Current / 1e-7A

IR s S O D DU B

-2.4 : : : : : : : : E

_3.0 T T T T T T T T T
-0.30 -0.24 -0.18 -0.12 -0.06 0 006 0.12 018 024 0.30

Potential / V

Figure 2-6. (Top) Cyclic voltammetry (CV) response of derivatized (blue) and Y559(DOPA) KatG mutant
enzyme-immobilized (red) gold electrode in nitrogen-saturated 100 mM phosphate buffer solution (pH
7.0) at room temperature conditions at scan rate = 30 mvs™. (Bottom) CV response of Y559 (DOPA)

KatG mutant enzyme-immobilized gold electrode in nitrogen-saturated 100 mM phosphate buffer solution

(pH 7.0) at room temperature conditions. Scan rate range = 10-50 mVs™.
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The peak currents were observed to be directly proportional to the scan rates,
which show that the proteins were immobilized to the electrode surface. The peak

current, /, for a surface confined reactant is given by:

2 2
_E

] =
P ART (1)

where, n = number of electron transferred, F = Faraday constant, R = universal

gas constant, T = absolute temperature in Kelvin (T = 295 K), A = surface area of the
electrode, ' = surface coverage or the concentration of the redox active immobilized in
mol/cm?, u = scan rate.”’ From equation 1, the slopes of the plots (Figure 2-7 ) were
given by (n2F2/4RT)AF and substituting the known values, such as the geometric area of
the electrode surface (A = 0.0314 cm2) and the other constants, the estimated values of
the number of molecules of the Y559(DOPA) KatG mutant enzyme associated with the

electrode surface () were 4.24 x 10" mol cm™? for the enzyme immobilized on the

modified gold electrode through the mild reaction.
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Figure 2-7: Plot of peak current vs scan rate for enzyme immobilized on derivatized gold

electrode in nitrogen-saturated 100 mM phosphate buffer solution (pH 7.0) at room
temperature conditions. Scan rate range = 10-50 mVs™".
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Since the electrochemical reaction was quasi-reversible in nature, the formal
reduction potential E°' was estimated from the midpoint potential E,,. ° For the enzyme
immobilized on the modified Au electrode, the E;, was observed to be 58 mV with
respect to Ag/AgCl (3.5 M KClI) reference.’** The rather large separation of the cathodic
and anodic peaks indicated that DET to the protein was slow, but the reversible nature of

the reaction proves the enzyme to be catalytically active on the modified surface.

2.3.3 2-Naphthol Polymerization Product

Most polymerization experiments were conducted with a 0.5 mM 2-naphthol
solution prepared in 20 mM ionic strength at pH 7 in Kphos buffer. Sufficient stock of
H,O, was added to solutions to produce an aqueous H,O, concentration of 0.5 mM.
Triplicate sets of 13 mL-glass centrifuge tubes were completely filled with the 0.5 mM 2-
naphthol solution, and mutant KatG and H,O, were added to initiate the reaction (Figure
2-8). The tubes were immediately capped with Teflon-lined phenolic caps, mixed
completely on a touch mixer, and placed on an end-over-end tumbler at room
temperature (25 °C). Preliminary experiments revealed that a 3h reaction time was
sufficient to achieve complete transformation of naphthol. The contents of the tubes were
allowed to react for 3h after which the tubes were removed from the tumbler and catalase

added to scavenge any residual H,O, in solution.
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Kinetics at 450nm
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Figure 2-8: Polymerization kinetics of 2-naphthol monitored at An.x 450 nm for silica chip.
The reaction mixture had 25 mM H,0,, 1 mM 2-naphthol, and KatG-bound chip.

Bifunctional KatG has the ability not only to catalyze the catalase reaction, but
also can catalyze the formation of a variety of highly reactive intermediates.*** For
example free radicals, according to the enzymatic reaction cycle represented by the

following chemical equations:**

E+H202—>E-|+H20
E-I+AH,—E-II+AH-

E-ll+AH,—E+ AH-+H,0

where E is the native KatG, E-I and E-Il are active KatG compound | and Il, respectively,
AH, is a reducing substrate such as 2-naphthol, aniline and AH- is a free radical product.

The overall reaction can be described as 2AH,+H,0,—2AH-+2H,0.
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Figure 2-9 MALDI - MS Data for the 2-naphthol polymerization product after 25 mM H,O,
and 1 mM of 2-naphthol with 1 pl KatG-bound chip left for 1 h

As shown in Figure 2-8 and 2-9, the free radical products readily undergo self-

coupling with other radicals in solution through nucleophilic addition. This results in the

formation of larger oligomers. Furthermore, radical products can facilitate the cross-

coupling reactions via phenoxy-radicals.

2.4 Conclusion
Herein we have shown that 2-naphthol polymerization can be achieved by
oxidative polymerization of 2-naphthol, catalyzed by surface-bound Y559(DOPA) mutant

KatG. This reaction can be widely used as a treatment method for a variety of phenolic
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contaminants in water, waste water and soils. Our attempt to characterize 2-naphthol
products using mass spectroscopy (MALDI) was successful as we have seen the
oligomers formed coupling through C-C and C-O or C-O-C bonds. Hence, bead-bound
KatG can be developed as an environmental remediation technique for phenolic

contaminated water.
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Chapter 3
Investigation of pH and Surfactants Effect for Immobilized Y559(DOPA) Mutant

KatG with H,0,

All the experiments in this chapter were done by Yanbo Zhang in the laboratory of Prof.

Roshan Perera.
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3.0 Introduction
H,O, has various applications in medical devices. It is approved to be used by
FDA in many medical device manufacturing applications and also classified as an

55-58

antimicrobial agent. H.O, has a powerful disinfection efficacy and therefore, can be

used as a disinfecting solution.>*®°

It can be used as a bleach agent and has been used
to sterilize the biological safety cabinets, artificial satellites and space probes and also as
a propellant in rocketry. H,O, is a highly effective contact lens care solution at killing
pathogens, including fresh water amoeba which causes diseases in humans.®’

As a powerful oxidizer than chlorine, chlorine dioxide and potassium
permanganate, H,O, generates a highly reactive oxygen species (ROS). ROS can cause
toxic effects on all the components in cells, like lipids, DNA, proteins, through the
production of peroxides. Excess H,O, produced as a by-product of oxidative metabolism
intensifying the oxidative stress in biological systems can be decomposed naturally by
catalases. However, undecomposed H,O, in disinfecting solutions create problems as
irritations, inflammations, and swelling in contact with the human skin. Therefore, the
development of a powerful, user-friendly neutralizing agent is in high demand to eliminate
the undecomposed H,O, remaining in solutions.

Inorganic catalysts, including manganese dioxide (MnO,), silver (Ag), and
platinum (Pt) based catalysts are some favorite molecules for neutralizing H,O,. Most

commonly used catalyst in market is Pt-based catalyst. The major problems for these

products are that:

(1) Pt catalysts are expensive
(2) Contaminate the medical devices
(3) The neutralization process doesn’t last long
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(4) Hard to immobilize on the surface (leach off)

(5) Decompose H,O, before sterilization completes

Obvious green solution for this issue is catalase-based sterilizing agent. Catalase
is present in virtually all aerobic organisms and many anaerobic organisms including
humans and is well known to decompose H,O, to dioxygen and water. The extensive
sequence homology and structural similarity suggested that many of the properties of
these enzymes would be similar. But studies have revealed just the opposite; there are
striking variations of 10 to 1000 times in specific activities, reaction velocities, sensitivity
to damage by the substrate H,0,, and sensitivity to inactivation by inhibitors and heat.
For example, commercial 3% H,O, can have 850 mM to 1100 mM concentration of H,O..
At such a high H,O, concentrations, small-subunit catalases exhibit lower velocities
because of inactivation by H,O,.

Furthermore, once inactivated, catalase needs reduced NADPH cofactor to
prevent accumulation of inactive compound Il (Figure 4-1). Therefore, an extensive
supply of NADPH is required to decompose the excess H,O,, due to the fact that
catalase activity depends on the reduced form of NADPH cofactor.®™® Oxidization of
NADPH in the presence of high H,O, concentration (~1.5%) leading to the inactivation of
catalase, however, limits all its possible practical applications. Furthermore, free catalase

protein left on the contact lenses after H,O, sterilization generates side effects.
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In order to address these disadvantages mentioned above, a novel strategy has
been developed in this chapter using KatG. KatG, a bifunctional enzyme secreted by
Francisella tularensis, exhibits both catalase and peroxidase activity. Different from
monofunctional catalase, the catalase activity of KatG is not NADPH-dependent and it
exerts potent catalase activity in the presence of high 3% H,O, concentration which
enables its ample practical applications over catalase.

In previous chapter, | have explained the immobilization technique for the DOPA
KatG mutant enables protein anchoring to the solid surface, resulting in no escape of the
free protein to the disinfecting solutions. NalO, mediated bioconjugation is employed in
this study and will facilitate the native binding of Y559(DOPA) KatG to the amine-
derivatized surface in the presence of DOPA quinone on the protein surface (Chapter 2).

Delayed decomposition for peroxide solution is of vital importance in contact
medical device disinfections. However, neutralizing agents in the market now have
various problems, like inefficient at high concentration of H,O,, free protein
contamination, coating material dissolution, etc. Herein we propose a greener, high-
impact, highly efficient and cost-effective strategy to develop a sterilizing agent.

In this chapter, a greener strategy has been introduced. We have divided this
chapter into three main objectives. The first objective will address the delayed
decomposition technology for peroxide solution chemistry. Instead of using the catalase,
a catalase-peroxidase (KatG) is used. Secondly, in order to overcome the contamination
problem of the medical devices (the free proteins released in solutions) during the H,O,
decomposition, Michael addition reaction based immobilization technique has been
employed in the experimental design. The immobilization of native proteins on a solid
surface will achieve the goal of maximum retention of activity, structural integrity

(preserving the secondary and tertiary structures of proteins) and no escape of free
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protein into disinfecting solutions. Thirdly, by using buffered H,O, solutions at varying
pHs (5.5 to 7.5) we have established the performance of Y559(DOPA) mutant KatG.

Finally, we have also tested surfactant effect for the immobilized KatG.®*®®

3.2 Materials and Methods

3.2.1 Protein Immobilization onto Surfaces

NalO, mediated bioconjugation reaction was carried out in Y559(DOPA) mutant
KatG in Kphos buffer at pH 6.0 for 2h gentle shaking at room temperature.
3.2.2 Potassium Permanganate Titration with H,0,

100 pL of 3% H202 solution (with different formulations) after each the scale
during neutralization was taken to titrate with 10 mM Potassium permanganate at
different time intervals.®

5 H,0,(aq) + 2 MnOy4 (ag)+ 6 H' (ag)— 2 Mn* (aq) + 5 Ox(g) + 8 H,O(l)

3.3 Results and Discussion
It can been vividly seen oxygen bubbles were produced and released constantly
from the 3% hydrogen peroxide solution with the catalysis of Y559(DOPA) KatG tagged

glass beads (Figure 3-1).
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Figure 3-1 Oxygen bubbling Y559(DOPA) KatG-bound glass bead in H,0,

Covalent attachment prevented the leaching of Y559(DOPA) KatG to the H,0,
solution based on the fact that oxygen bubbles were generated only from the glass

beads.

3.3.1 Kinetics of Covalently Immobilized Y559(DOPA) KatG Neutralizing a H,O, Solution

To investigate the practicability of the covalently immobilized DOPA KatG as a
neutralizing agent for a H,O, solution, a series of formulations were based on the pHs
and surfactants. The efficacies of neutralizing 3% H,O, among two widely-used
neutralizers available in market and Y559(DOPA) KatG tagged glass beads have been
compared (Figure 4-3). Neutralizer 1 is a Platinum catalyst product, while neutralizer 2 is
a catalase tablet. As seen in the titration curves, neutralizer 1 dramatically reduced the
concentration of H,O, from 3.3% to 0.8% within 20 min. surprisingly, no more
consumption of H,O, was observed during the following 70 min. exposure time. Similar to

the fast neutralization in neutralizer 1, in the first 20min., neutralizer 2 dropped the
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concentration of H,O, from 3.4% to 1.5%. However, it succeeded to remove almost all
the H,O, within 90 min. Such result can be explained by the deactivation of the protein,
due to oxidation of NADPH and heme bleaching. Lack of long enough exposure for the
device to at least 1% H,0O, solution in these two neutralizers failed to ensure the
disinfection against a broad range of microorganisms. Obviously, superior disinfection
efficacy results from prolonged contact lenses exposure to 3% H,O, before neutralization
begins. In contrast to these two neutralizers, Y559(DOPA) KatG -bound glass
beads/silica delayed the neutralization process to prolong the disinfection. In the
beginning 20 min., they both showed almost the same neutralizing rate as the above
mentioned two neutralizers. But in the following 70 min., the neutralizing rates decreased
to approximately half of their rates of the first 20 min. within 5h, total decomposition of
H,O, has been observed. Hence, it can be concluded that covalently immobilized
Y559(DOPA) KatG overcome the disadvantages regarding the exposure time to H,0O,

and has proven to be a powerful decomposition agent for 3% H,0,.
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Figure 3-2: Potassium permanganate titration data of a 3% H,O, vs. time. Oxysept is a
current free catalase in the market.

In addition for the development of this method another method has been done
using the plastic based tablet (with immobilized protein) neutralization of 3% H,0,

solution as shown in Figure 3-3.
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Y559(DOPA) KatG

Figure 3-3 Y559(DOPA) KatG-bound plastic tablet

The results displayed prolonged neutralization suggests that the tablet design
can be carried out successfully in a cost effective way. At the same time the tablet
coverage of the protein can be altered to achieve the preferred neutralization data.
Figures 3.4 and 3-5 display decomposition of 5 different plastic tablets and their ability to
use in a consistent fashion. By modifying the concentration of the protein in the reaction
mixture during attachment can also give some control over the immobilization within
shorter error margin as indicated in the plot with error bars with standard errors for 5

different data sets collected for 5 separate tablet-bound proteins (Figure 3-5).
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Figure 3-4: Average plot for titration data (five different data sets based on 5 tablets)
based on plastic tablet with immobilized protein for a 3% H,O, solution.
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Figure 3-5: Titration data (five different data sets based on 5 Y559(DOPA) KatG
immobilized plastic tablets) with standard error bars.

Objective 1: Neutralization and temperature studies of immobilized Y559(DOPA) KatG as
a function of time.

Formulations tested:

A-1: 3% H,0, vehicle (no surfactant) - pH 6.5

A-2: 3% H,0, vehicle (no surfactant) - pH 7.0

A-3: H,O, vehicle (no surfactant) - pH 7.5
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Figure 3-6: (A) Temperature and neutralization titration data (3 different data sets based
on 3 formulations) based on plastic tablet with immobilized protein at 4 °C; (B) Titration
data (3 different data sets based on 3 formulations) based on plastic tablet with
immobilized protein at 25 °C; (C) Titration data (3 different data sets based on 3
formulations) based on plastic tablet with immobilized protein at 45 °C.

All titration curves were averaged with 3 ftrials. These three figures showed
stability with temperature. However, the durability of Y559(DOPA) KatG immobilized
plastic tablets in 3 different formulations with three pHs (6.5, 7, 7.5) at three different
temperatures did not show repeatability beyond two times usage. It is noticed that at the
elevated temperature, the Y559(DOPA) KatG immobilized tablets still showed the

neutralization activity. It can be concluded there is no risk of protein denaturation at

exposure to this condition.

Objective 2: Evaluate surfactant effects on immobilized catalase activity
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Figure 3-7: 6 different titration data (averaged out from 3 data sets) sets based on plastic
tablet with immobilized protein for 6 formulations B-G with different surfactants (pluronic
and AL-91181).

Formulations tested:

B: H,O, vehicle (no pluronic 17R4) - pH 6.5

C: H,0, vehicle + 0.05% pluronic 17R4 + - pH 6.5

D: H,0O; vehicle + 0.05% pluronic 17R4 + 0.12% AL-91181 - pH 6.5

E: H,O, vehicle + 0.05% pluronic 17R4 + 0.04% AL-91181 - pH 6.5

F: H,O, vehicle + 0.05% pluronic 17R4 + 0.08% AL-91181 - pH 6.5

G: H,0, vehicle + 0.04% AL-91181 (no pluronic 17R4) - pH 6.5

Surfactants effects have been evaluated in 6 formulations with various

surfactants from Pluronic family and nEOBO lead.?®%®"°

For each test group, 3 trials have
been carried out and these three data sets were averaged out to plot in the titration
curves above. As seen on the titration curves, Y559(DOPA) KatG immobilized tablets’

activity is not at all affected by the surfactants.

Objective 3: Effects of post-H,O, neutralization storage (durability) conditions on catalase

activity.
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Figure 3-8: 3 different titration sets averaged plots based on plastic tablet with

immobilized protein for the formulation B under the dry and wet storage conditions.
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Figure 3-9: Three averaged titrations based on plastic tablet with immobilized protein
stored for 25 days (dry) for the formulation B.

In this study, the effects of storage conditions have been investigated. For the
“wet” titration, between the cycles, Y559(DOPA) KatG immobilized tablets were stored in
neutralized solution for overnight. The titration curve was averaged with 3 trials. For the
“dry” titration, Y559(DOPA) KatG immobilized tablets were kept in the air-dry condition
overnight before initiation of the next cycle. From the titration curves, it proves that our
Y559(DOPA) KatG immobilized tablets can sustain a good reproducibility as found in

fresh ones.
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Objective 4: Evaluate surface area vs. activity as a function of surface area of
immobilization.

1%
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Figure 3-10: 3 different titration sets based on plastic tablet with immobilized protein on 3

different surface areas for the formulation B. (Surface area of size 1: 1.28 cm?: Surface
area of size 2: 1.90 cm?; Surface area of size 3: 3.160m2.)

The Y559(DOPA) mutant KatG was immobilized onto three different sized tablets

and titrated for its neutralization ability. Size 1and 2 showed a better titration capacity
than size 3 which gave a much faster H,O, consumption rate.
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3.4 Conclusion
In conclusion, | compiled the H,O, decomposition data to carry out 3% H,O,
neutralization without free proteins or chemicals in solution. Furthermore, our method has
increased the duration of neutralization (delayed neutralization ensures superior

disinfection efficacy) and completed removal of H,O after prolong exposure.
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Chapter 4

Generation of Novel Features via Unnatural Amino Acids Incorporation into the Enhanced

Green Fluorescence Protein (EGFP)

All the experiments in this chapter were done by Yanbo Zhang in the laboratory of Prof.

Roshan Perera.
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4.1 Introduction
Fluorescence proteins have been used extensively in life sciences for imaging
and labeling work, and therefore of a great importance.”"”™ They are used as
fluorescence markers in protein labeling to study the location of the protein of interested

in vivo.”>"®

As a noninvasive biomarker, it can also be applied in monitoring gene
expression, detection of protein-protein interactions, and genetically encoded sensors
(Fluorescent proteins as a toolkit for in vivo imaging)."'78 Green fluorescent protein
(GFP) was first isolated from jellyfish Aequorea victoria. Attention was not attracted until
gfp gene was first cloned and expressed in bacteria. Various GFP mutants were created
to be widely used in molecular biology, with enhanced fluorescence, different
spectroscopic features or improved conformational stability.79

The interesting property of aquaria EGFP is that the chromophore inside the
protein cylinder is an integral part of EGFP peptide chain originating from Ser65-Tyr66-
Gly67 sequence, which involves the post-translational modification of fast nonenzymatic
cyclization between Ser65 and Gly67 and following rate-limiting O, oxygenation (around 4

hours) of the Tyr 66 to form a 4-(p-hydroxybenzylidene)-imidazolidin-5-one structure

(Figure 5-1).%°
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Figure 4-1: Structure of the GFP chromophore.

Since in enhanced green fluorescent protein (EGFP) Tyr 66 was mutated to
lysine residue to increase the green luminescent color, this suggests that by mutating
residues within this protein color chromophore can be further modified.

The genetic incorporation of unnatural amino acids (UAAs) into proteins has
proven to be a powerful technique for adding extra functional properties into proteins in
their native conformation. For example, the ability to introduce 3-aminotyrosine (3-

NH,Tyr) amino acid at defined sites in proteins would give an opportunity to carry out a

60



formation of a strong permanent linkage (Diels-Alder reaction) with the acrolyl derivatized
solid support.®’ On the other hand, 3,4-L-dihydroxyphenylalanine (DOPA) can facilitate
the Michael addition reaction with amine groups on the surfaces. Hence, we were curious
that by replacing the amino acids with UAA in the active center of the protein, for
instance, in the vicinity of the chromophore in EGFP, will significantly affect its new and
enhanced color chromophore properties in both wavelength shifts and intensity, enabling

a rational way to expand the fluorescence spectrum through amino acids substitution.”"#%

85

Our EGFP amino acid analysis shows that there are nine tyrosine amino acid
residues at position 39,74,92,106,143,145 (adjacent to the chromophore),151,182,and
200 (PDB accession number 1Z1P). In this study, we have selected Selective Pressure
Incorporation (SPI) method to incorporate and replace all these tyrosine amino acid
residues with L-DOPA or 3NH2Tyr.86 Unnatural functionalization of proteins can be
achieved through pure chemical approaches like chemical modifications and total artificial

synthetic genes of small proteins generating hybrid variety via gene expression.

4.2 Materials and Methods
4.2.1 Materials
Arabinose was purchased from Sigma. E. Coli strain JW2581 tyrosine anxotroph

competent cells were obtained from The Coli Genetic Stock Center,Yale University.

4.2.2 WT EGFP and Mutant EGFP Expression and Purification.

WT EGFP with N-term 6xHis tag added to EGFP gene in E. Coli DH10B

expression host was grown at 37 °C in Luria-Bertani (LB) broth containing 100 uM
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Ampicillin until ODggg value reached ~0.8. 20% Arabinose was then added to induce the
WT EGFP expression for 8h at 30 %C. Cells were harvested by centrifugation and lysed in
lysis buffer (50 mM Tris,100 mM NaCl,pH 8.0). The protein is purified under native
conditions. The cell suspension was treated with 80 uL Lysozyme (100 mg/mL), 40 pL
DNase | (5 mg/mL) and 40 pL of RNase A (100 mg/mL). The cell suspension was stirred
at 4 °C for 1h to allow lysis to occur. The clear supernatant after 1h centrifugation at
9,000 rpm, in 4 °C was loaded onto a nickle nitroloacetic acid resin
(Qiagen,Hilden,Germany) and eluted to afford ~10 mg/L of protein.
4.2.3 Tyr*(9) DOPA or 3NH,Tyr EGFP Mutants

SPI method was used to express mutant EGFP by replacing all the 9 tyrosine
residues with UAAs, either 3,4-Dihydroxy-L- phenylalanine (DOPA) or 3-aminotyrosine
(3-NH,Tyr). EGFP-pBAD plasmid was transformed into E.Coli JW2581 tyrosine
anxotroph competent cells. The transformed cells were grown in M9 minimal media
containing 0.4% (w/v) of glucose, 0.1 mM CaCl,, 1.0 mM MgSQO,, 35ug/mL thiamine, 40
mg/L 20 L-amino acids, 100 yM Ampicillin and 100 yM Kanamycin until OD value
reached 1.0. Cells were then centrifuged for 10 min at 5,000 rpm in 4 °C. The cell pellets
were washed twice with 0.9 % (w/v) NaCl solution. Then the cells were resuspended in
M9 minimal media containing 19 L-amino acids (however in the absence of tyrosine),
instead either 1 mM DOPA or 1 mM 3NH,Tyr was added, other components were the
same. After 10 min shaking at 37 °C, 0.2 % Arabinose was added to induce the mutant
EGFP expression for 8h at 30 °C. The following steps were the same as WT EGFP
expression and purification.
4.2.4 Protein Immobilization onto Derivatized Glass Surface

The Diels-Alder reaction was employed in nine 3NH,Tyr-incorporated EGFR

mutant immobilization to form a strong permanent linkage with the solid support-
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containing acrylic group just by adding 200 yM sodium per-iodate on glass or silica
beads. DOPA containing proteins will initiate the Michael addition reaction with amine
groups during protein attachment on to the surface using sodium per-iodate.

Functionalization of the glass surface for these reactions has been described in Chapter
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Figure 4-2: Schematic representations of (A) Michael addition reaction in DOPA-
containing EGFP; (B) the Diels-Alder reactiosq in 3NH,Tyr-containing protein EGFP
protein

4.2.5 Atomic Force Microscope (AFM) Imaging
Veeco MultiMode V SPM performed the surface topography of EGFP wild type

and mutants tagged amine-functionalized glass slide.

4.3 Results and discussion

Table 4-1. GFP Tyr residues in the amino acids sequence:

Y*= DOPA or 3NH,Tyr

10 20 30 40

GFP MSKGEELFTG VVPILVELDG DVNGHKFSVR GEGEGDATNG
50 60 70 80

GFP KITLKLICTT GKLPVPWPTL VTTCGY*GVQC FAR Y*PDHMKR
90 100 110 120

GFP HDFFKSAMPE G Y*VQERTISF KDDGTFKTRA EVKFEGDTIV
130 140 150 160

GFP NRIKLKGIDF KEDGNILGHK LE Y*NFNSHNK Y*ITADKQKNG
170 180 190 200

GFP IKANFKIRHN VEDGSVQLAD H Y*QQNTPIGD GPRLLPDNH Y*
210220 230

GFP LSTQSVILED PNEKRDHMVL HEFVTAAGITHGMDEL Y*K
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The detailed sequence information about the EGFP variant used in the study was
mentioned in Table 4-1. Glass chip surface was selected for the bioconjugation reaction.
In this study we expressed our recombinant protein EGFP by replacing all 9 tyrosine
residues with unnatural amino acid DOPA or 3-NH,Tyr. Cells containing recombinant
EGFP were expressed in minimal medium containing the 19 amino acids only (without
tyrosine). Since, oxidation of DOPA and 3-NH,Tyr lead to the formation of highly reactive
quinone and amino quinone moieties, respectively, which are believed to induce toxicity
in the cell. We suspected that the toxicity may affect the protein expression level in the
cells. Therefore, to prevent the oxidation of DOPA and 3-NH,Tyr, the EGFP mutants
were expressed in the minimal medium under slightly acidic conditions (pH=6.5).

After the expression, crude bacterial lysate was run on a SDS-PAGE gel (as
shown in Figure 4-3) to analyze the expression level. Based on the gel, the mutants
expression level is comparable to that of WT EGFP. It suggests that the expression

protocol is a success.
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4 3 2 1 Lane

Figure 4-3: SDS-PAGE gel for the crude cell lysate of the express EGFP. Lane 1: the
protein ladder; Lane 2: EGFP with all 9 Tyrosine replaced by 3-NH,Tyr; Lane 3: EGFP
with all 9 DOPA replaced by 3-NH,Tyr; Lane 4: wild-type EGFP.
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34 kDa -

Figure 4-4: Coomassie-stained SDS-PAGE analysis of EGFP. Lane 1: EGFP with nine 3-
NH,Tyr amino acids; Lane 2: EGFP with nine DOPA amino acids
4.3.1 Atomic Force Microscope (AFM) Imaging
AFM topography was used to visualize the protein arrays on the derivatized glass
surface. As seen in the images, Both mutants show quite large amount of protein tagging
onto the surface compared to the control.
DOPA*-9 and 3-NH,Tyr*-9 EGFP protein Figure 5-5-(A) shows an average height

of 25 nm for the DOPA*-9 and 3-NH,Tyr*-9 EGFP which is consistent with the size of the
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protein based on the crystal structure of the wild-type EGFP. Figure 5-5-(B) corresponds
to the acryloyl derivatized glass slide.

Though the immobilization reaction for DOPA*-9-EGFP and 3NH,Tyr*-9 EGFP
could be random, there is some uniformity of the reaction. It seems like that the is no
bioconjugation happened during immobilization (can not 100% confirms this with AFM).
However, it can be confirmed that wild-type EGFP (after the treatment with 200 uM
NalQ,, did not show significant binding as shown in Figure 5-5 (C). Except the orientation
of the protein, the effective tagging can be confirmed with these AFM data. By
immobilizing mutants EGFR on the surface, we have shown that they indeed have UAAs
in them. Otherwise, there will be no possibility (like in wild-type case) for them to bind to

the glass surface with the Diels-Alder reaction or the Michael addition reaction.
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Figure 4-5: Three dimensional representation of the AFM images for (A) Tyr* 9-DOPA
EFGP attachment to an amine functionalized surface; (B) Tyr* 9- 3NH,Tyr EFGP EGFP
attachment to an acryloyl functionalized surface; (C) Control: WT EGFP

4.3.2 Color Change of EGFP through DOPA or 3-NH,Tyr Replacing All 9 Tyrosines

While WT EGFP giving a greenish color, EGFP with nine DOPA shows an
intense brown to reddish color. However, EGFP with nine 3-NH,Tyr shows a less intense
reddish color. DOPA containing EGFP's color change might be due to one additional
hydroxy group in 145 position in the side chain with close contact to the chromophore.
Likewise, the color difference of 3-NH,Tyr containing EGFP might result from one
additional amino group at position of 145. There could be several other reasons for this
change, such as reduced collisional quenching, make for better packing in the interior of
the protein, improved conversion of the tyrosine to dehydrotyrosine, etc. To confirm this,

further experiments need to be carried out.
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Figure 4-6: The EGFP with nine unnatural amino acids. (A) Wild-type EGFP without
unnatural amino acids; (B) EGFP with nine DOPA amino acids; (C) EGFP with nine 3-
NH,Tyr amino acids.

4.4 Conclusion

We have successfully expressed and purified WT EGFP, Tyr* 9-DOPA EFGP
and Tyr* 9- 3NH,Tyr EFGP. We have shown that in the presence of UAAs in the mutants.
They can be immobilized on the surface via the Diels-Alder reaction in water or the
Michael addition reaction. This suggests that our strategy has the potential to immobilize
bulky complex onto the surface or bioconjugate to make hydrid version with new color
chromophores that may reveal valuable information about protein-protein, protein-ligand
and protein-antibody interactions and to produce functional protein arrays with wilder
applications in drug discovery. In addition, our mutants can be used to help further study
the mechanism of EGFP fluorescence. Apparently, local protein environment in the
presence of DOPA and 3-NH,Tyr changes its color from green color (wild-type EGFP) to
a brown to reddish color. In conclusion, we have generated new version of EGFP with

different chemical and physical properties with these modifications.
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Chapter 5

Bioconjugated Dimerization of H48(para-iodophenylalanine) and H48(para-

boronophenylalanine) Myoglobin Mutants Using Suzuki Cross-Coupling Reaction

All the experiments in this chapter were done by Yanbo Zhang in the laboratory of Prof.

Roshan Perera.
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5.1 Introduction

If can be done, the Palladium (Pd)-catalyzed cross-coupling reaction, the
Suzuki/Miyaura coupling reaction, between aryl boron and aryl halides amino acid
derivatives to generate covalent carbon-carbon bond will be considered as one of the
powerful new tools in bioconjugation of proteins.87'90 Such covalently dimerized proteins
can provide a platform for a catalytically enhanced (super) enzyme for catalysis due to
the fact that doubling of the active sites as well as providing new protein scaffold

91-92

architecture for new catalytic reactions. Furthermore, this method can be expanded to

the protein attachment to a surface as arrays which will be highly useful in protein or

oligonucleotide microarrays techniques.”***

Furthermore, it may provide a method for the
development of new imaging techniques in the field of life sciences, such as mapping the
protein-protein interaction of the in vivo imaging experiments based on a GFP (green
fluorescence protein) coupled to a target-binding protein. The Suzuki cross coupling
reaction has also been previously done to couple an iodinated bodipy reporter molecule

and a protein containing the unnatural amino acid p-boronophenylalanine.gs'97
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Figure 5-1: Mechanism of the Pd-catalyzed cross-coupling reaction.*®®
However, a monomeric protein, such as Mb is made up with 20 natural amino
acids limits the introduction of such a dimerization process without a chemical
modification to its existing residues or site-directly mutated residue. Recently, a new
technology has been developed via unnatural amino acid introduction into proteins, at
sites specifically labeled using a TAG codon (amber nonsense codon) in the gene
construct, in genetic level. Site-specific incorporation of unnatural amino acids into
proteins using an orthogonal tyrosyl tRNA/aminoacyl-tRNA synthetase pair from

Methanococcus jannaschii (Mj) can be evolved to recognize the H48 TAG codon in the
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gene. With this method, the triplet codon TAG is recognized by the unnatural amino acid

charged tRNA will facilitate the incorporation of the unnatural amino acid into the protein

in vivo.

Pd(OAc),
+ .

Tris buffer (pH =8.0)
10% glycerol

o
o

Figure 5-2: H48 labelled Mb picture to show the coupling location. The Suzuki reaction
cross-coupling reaction (below)
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The genetically incorporated p-boronophenylalanine at H48 position of Mb can easily be
reacted with another genetically altered H48(p-iodophenyalanine) containing Mb mutant
using the Suzuki coupling reaction. The main feature of a mild method to incorporate
functional groups into proteins should be to preserve the native conformation (active
enzyme) and prevent the denaturation during the follow up chemical coupling using Pd
catalyst. The choice of the Pd complex select for the Suzuki cross-coupling reaction of
proteins should primarily rely on the water solubility. There are several such complexes
readily available for this reaction, such as PdCl,, Na,PdCls;, and Pd(OAc)..'® In our
experiment, we have used Pd(OAC), for the coupling of monomeric Mb into a dimer
using the Suzuki coupling reaction. Herein we are reporting successfully coupled Mb
containing a boronic acid to a para-iodophenylalanine with Mb using a water soluble

palladium catalyst, Pd(OAC),.

5.2 Materials and Methods

5.2.1 Expression of H48(p-lodophenylalanine) Mb

30 pL of DH10B E. coli competence cells (were pipetted into an electroporation
cuvette) were cotransformed with H48TAG Mb gene containing pBAD plasmid (with
kanamycin resistance marker) and pSUP tRNA/aminoacyl-tRNA synthetase pair (which is
evolved for the p-boronophenylalanine or p-iodophenylalanine) plasmid with
chloramphenicol resistance marker using electroporation. Recovery of the cells were
done by mixing with 200 pL of S.0.C media (one mL of S.0.C mixed with 20 uL of 18%
glycerol) and pipetted into a plastic vial. The solution was incubated at 37 °C for 1h. After

1h, the cells were streaked onto an agar plate containing kanamycin and
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chloramphenicol (final concentration 25 ug/mL each). The plate was allowed to incubate
at 37 °C for one day. One colony of cells was retrieved from the agar plate and incubated
overnight at 37 °C in a solution of 20 mL of LB medium (with kanamycin and
chloramphenicol antibiotics). The 20 mL solution was then incubated in 1 L of LB medium
(with the same antibiotics). When the optical density of the solution at ODggy Nm reached
0.5, p-boronophenylalanine or p-iodophenylalanine amino acid was added. The cells
were allowed to grow until the optical density at 600 nm reached 0.5, at which they were
induced with Isopropyl B-D-1-thiogalactopyranoside. The temperature of the incubator
was then adjusted to 30 °C, and the cells incubated for about 10h (overnight). After
incubation, the culture was moved into a 4°C refrigerator.

A starter culture was made by inoculating 20 mL of LB medium containing
kanamycin and chloramphenicol (final concentration of 100 ug/mL and 33.3 ug/mL,
respectively) with cell stocks that contained the pBAD plasmid with H48 TAG Mb gene
and pSUP plasmid with p-iodophenylalanine tRNA/aminoacyl-tRNA synthetase pair. The
culture was incubated at 37 °C overnight. A 1 L culture was inoculated with the starter
culture and grown at 37 °C until the ODgy reached 0.5. At this point the culture was
charged with the unnatural amino acid para-iodophenylalanine or p-boronophenylalanine
to a final concentration of 1 mM. The cells were then allowed to grow until the ODgg
reached 0.5, at which point it was induced with 10 mL of 20% arabinose. The culture was
then grown for about 10h at 30 °C. After growth, the culture was moved into a 4 °C

refrigerator until the protein was to be purified.

5.2.2 Purification of H48 (p-iodophenylalanine ) Mb and H48(p-boronophenylalanine) Mb

Mutants
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The following procedure was used to purify both mutant proteins. The 1 L LB
medium was centrifuged at 10000 rpm, 4 °C, for 10 min. The cell pellet was suspended
and dissolved in Tris HCI (pH 8.0). RNase, DNase, and lysozyme were added to the
resulting solution. The solution was then shaken slowly for 45 min on ice. The solution
was flash frozen in liquid nitrogen, and thawed out in a water bath at 37 °C. The freezing
and thawing was repeated two more times. The solution was sonicated for 2 min for 30
seconds intervals. The resulting solution was then centrifuged at 10000 rpm, 4 °C, for 10
min. The supernatant was poured into a clean vial and 3 mL of Ni-NTA Resin was added
to it. The slurry was centrifuged at 1000 rpm, 4 °C, for one minute. To recover the pure
protein the Mb mutants, the supernatant was poured out and discarded, and the protein
was applied to a column, then wash with Tris buffer at pH 8.0 (with 10 mM imidazole),
and finally elute with elute buffer, Tris buffer at pH 8.0, (with 250 mM imidazole). The

purified protein (red in color) was collected in fractions.

5.2.3 Set Up of Reaction and Collection of Data

The Suzuki cross coupling reaction between H48 p-boronohenylalanine Mb and
H48 p-iodophenylalanine Mb was done in 50 mM Tris HCI buffer at pH 8.0 with 10%
glycerol. To a solution of 10 yM H48 p-iodophenylalanine Mb reaction mixture, 2 mM of
Pd(OAc), was added in Tris HCI buffer. Then 10 uM of H48(p-boronophenylalanine) Mb
was added and pipetted up and down to mix. The tube was then put on a heating block at
40°C for 18h. After 18h, the solution was dialyzed in dialysis buffer (200 mM Tris HCI
buffer at pH 5.0, 1 mM EDTA, and 10% glycerol) at 4 °C to remove the excess Pd. The
dialyzed solution was run on a SDS-PAGE protein gel and analysis on MALDI for the

product confirmation.
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5.3 Results and Discussion

1 2 3 4 Lane

N

Figure 5-3: The SDS-PAGE gel of Mb after purification using Ni-NTA. Lane 1: protein
ladder; Lane 2: monomeric wild-type Mb; Lane 3: H48(p-boronophenylalanine) mutant
Mb and Lane 4: H48(p-iodophenylalanine) mutant Mb

Figure 5-3 shows the SDS-PAGE gel for the expression and purification of wild-
type and two mutants of Mb. Based on the gel it can be concluded that in fact H48(p-
boronophenylalanine) mutant Mb over expresses much more than the H48(p-
iodophenylalanine) mutant Mb under the same condition. The Ni-NTA purified protein
seems to be very high (90%) or above for the two mutants. These proteins were directly
used in the cross-coupling reaction with Pd(OAc), after buffer exchanged in Tris HCI

buffer at pH 8.0.
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Figure 5-4: The MS spectrum (MALDI) of the H48(para-lodophenylalanine) mutant Mb.
The expected mass (with the Met residue) is 18,492 and observed mass is 18,495.

The MALDI mass spectrum of the H48(para-lodophenylalanine) mutant Mb in Figure 5-4
shows that the mass of the mutant Mb (18,495 a.m.u.) has a close match to the expected
mass (18,492 a.m.u.) within margin of error of the instrument. Competitive incorporation
of tyrosine (back ground expression based on mj tyrosyl synthetase) should show at
18,381 a.m.u and also wild-type of Mb is expected to appear at 18,335. Absence of these
peaks suggests that the para-lodophenylalanine has been successfully incorporated at

the position H48 in Mb.
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Figure 5-5: The MS spectrum (MALDI) of the H48(para-boronohenylalanine) mutant Mb.
The expected mass (with the Met residue is 18,410) closely matches with the observed
mass of 18,408 a.m.u.

In Figure 5-5, the H48(para-boronohenylalanine) mutant Mb shows the expected
mass of 18,410 in the MALDI spectrum suggesting that intact protein had been
expressed in E. Coli. In the absence of 18,381 a.m.u peak in the spectrum, it can be
concluded that there is no synthetase competitive Tyr incorporation in protein at H48

position. WT Mb peak is also clearly absent in this work.
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1 2 3 Lane

34kDa — .
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Figure 5-6: The SDS-PAGE gel for the coupling-reaction between the H48(para-
boronophenylalanine) mutant Mb and the H48(para-iodophenylalanine) mutant Mb (25
MM of each protein) carried out using Pd(OAc), catalyst at RT for 4h in 50 mM Tris buffer
with 10% glycerol at pH 8.0. Lane 1 is the protein ladder. Lane 2 has the catalyst
concentration of 4 mM and Lane 3 has 2 mM, respectively.
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Figure 5-7: The MALDI spectrum of the dimer product. The peak is appeared ta the
expected mass of 36,730 a.m.u.

From the protein gel, Figure 5-6, it is clear that the Suzuki coupling reaction was
successful. The product of the coupling (lane 2), does appear to have dimer bands on the
gel. Furthermore, by examining the peak at 37 kDa, MALDI spectrum of the reaction
mixture (after dialysis in the buffer) suggests that 15-20% or so dimer formation. If
increase the Pd(OAc), catalyst concentration from 2 mM to 4mM, there seems to be

more dimer formation as shown SDS-PAGE gel in Figure 5-6.
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Figure 5-8: The SDS-PAGE gel for the overnight coupling-reaction between the
H48(para-boronophenylalanine) mutant Mb and the H48(para-iodophenylalanine) mutant
Mb carried out using Pd(OAc), as the catalyst (2 mM) at RT in 50 mM Tris buffer with
10% glycerol at pH 8.0. Lane 1 is the protein ladder. This gel was done with a changing
concentration of the H48(para-boronophenylalanine) mutant Mb (Lane 2: 15 yM; Lane 3:
10 yM and Lane 4: 5 yM) with the constant H48(para-iodophenylalanine) mutant Mb (5
MM ) and catalyst concentrations (2 mM).

Based on Figure 5-6 experiment, it is clear that if H48(para-iodophenylalanine)
mutant Mb kept constant at 5 uyM while the concentration of H48(para-
boronophenylalanine) mutant Mb decreases from 15 yM, 10 uM, and 5 yM, coupling

reaction can be optimized with 2 mM catalyst at room temperature.
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5.4 Conclusion

It can be concluded from the presented data that in Suzuki cross-coupling
reaction between two mutants Mbs [H48(para-iodophenylalanine) and H48(para-
boronophenylalanine)] was a success with the Pd(OAc), catalyst. However, in order to
achieve the complete coupling reaction, there should be longer than 4h coupling (for
example, overnight or longer coupling time). This bioconjugate Suzuki cross-coupling
reaction can be expanded with other proteins as well, making it a versatile method for

protein tagging to surface, to in vivo image experiment.
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