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Ethanol

Fluorescens activated cell sorting
Flavin adenine dinucleotide

Flavin mononucleotide

Fast Protein Liquid Chromatography
High Pressure Liquid Chromatography
Isopropyl B-D-1-galactopyranoside
Kilo dalton

Liquid Chromatography-Mass Spectrometry
Large Peptidyl Carrier Protein
Minimal medium

Matrix-assisted laser desorption/ionization
Multiangle light scattering
Methicillin resistant Staphylococcus aureus
Monooxygenase reaction

Mass Spectrometry

Nicotinamide adenine dinculeotide
Nuclear magnetic resonance
Non-Ribosomal Peptide
Non-Ribosomal Peptide Synthetase
Open reading frame

Polyacrylamide gel electrophoresis
Peptidyl Carrier protein domain
Polymerase chain reaction

Protein Data Bank
4'-phosphopantetheine

PrnA loop deletion
Phosphopantetheinyl transferase
PyrH loop insertion

17



RA Relative activity

RaCC Rare Codon Calculator

ROESY Rotating-frame Overhauser Effect Spectroscopy
SDS Sodium dodecylsuphate

SNAC N-acetylcystamine thioester
S-PCP Small Peptidyl Carrier protein
SttH LI SttH loop insert

TE domain Thioesterase domain

uv Ultraviolet

VRE vancomycin-resistant Enterococci
WT Wild type

Amino acids

Amino acids Three letters Single letter
Alanine Ala A
Arginine Arg R
Asparagine Asn N
Aspartic acid Asp D
Cysteine Cys C
Glutamic acid Glu E
Glutamine Gin Q
Glycine Gly G
Histidine His H
Isoleucine lle I
Leucine Leu L
Lysine Lys K
Methionine Met M
Phenylalnine Phe F
Proline Pro P
Serine Ser S
Threonine Thr T
Tryptophan Trp W
Tyrosine Tyr Y
Valine Val \

Non proteinogenic amino acids

Orn Ornithine

Hpg Hydroxyphenylglycine

End Enduracidin

Chp Chlorinated hydroxyphenyl glycine
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Abstract
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Chinnan Velmurugan Karthikeyan
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September 2013

Halogenation is an important chemical and biological process in the production of
industrially important halogenated compounds. The presence of the halogen enhances
the desirable properties of many of these compounds. However, production of
halogenated compounds chemically often generates by-products that cause
environmental pollution and the reactions often lack regio/stereo-selectivity.
Biocatalysis have emerged to overcome these issues providing us with a novel technique
to produce much greener regio-selective halogenated compounds.

The first project involved the study of putative halogenase Ram20 from the ramoplanin
biosynthetic gene cluster which is predicted to chlorinate the non-proteinogenic amino
acid Hydroxyphenylglycine (Hpg) found at position 17 of ramoplanin. We tried to
develop an in vitro system which would allow us to investigate Ram20’s ability to
chlorinate Hpg-17. To achieve this we expressed the peptidyl carrier protein (PCP)
domain of the ramoplanin non-ribosomal synthetases module to which Hpg-17 is
tethered, a phosphopantethenyl transferase Sfp required to load the HPG onto the PCP
domain and Ram20. Synthetic compounds CoA-Hpg and CoA-SNAC were synthesised
separately. Unfortunately, no evidence for chlorination of Hpg could be obtained.

The second project involved the study of tryptophan halogenases, with the focus on the
flavin dependent halogenases that regio-selectively chlorinate small substrates. The
flavin dependent halogenases PrnA, KtzQ, SttH, KtzR and PyrH were produced in E.
coli for the first time. The enzymes were assayed with tryptophan and a wider range of
aromatic and phenolic substrates. KtzQ failed to show any promising activity, while
KtzR could only chlorinate tryptophan. The other halogenases, PrnA, SttH and PyrH,
were able to chlorinate a wider range of substrates including tryptophan, kynurenine,
anthranilamide, 2-amino-4-methylbenzamide and anthranilic acid. Mutagenesis was
performed on PrnA to widen the substrate scope, wherein a mutant F454K was
identified that had higher halogenation activity with anthranilic acid compared to that of
the wild type. The crystal structure of this mutant bound with FAD and CI" was
obtained. Work was also carried out to identify important residues that govern regio-
selective halogenation of these enzymes. In particular, attempts were made to obtain a
crystal structure of SttH, a tryptophan-6-halogenase to study the mechanism of regio-
selective halogenation at the 6-position.
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Chapter 1: Introduction

1.1. Halogenation

Halogenated compounds are useful intermediates in synthesis of many important
chemical compounds used in industry’. They serve as precursors for many
organometallic reagents (e.g. Grignard reagents) which have great synthetic utility.
Many C-C bond forming reactions using transition metal catalysed chemistry also rely
on halogenated compounds?. The traditional method of producing halogenated aromatic
compounds relies on an electrophilic aromatic substitution reaction promoted by Lewis
acids (Schemel).

I\ . HX I\X
R—./+x2—>R—t@ — R _J + Hx

Where X =CI, Bror |
R = Me, OMe etc.

Scheme 1.Halogenation of arenes by halogens

These methods use molecular halogens and therefore large-scale processes based on
these reactions pose considerable operational challenges as well as environmental
hazards. Other methods of generating aromatic halogenated compounds include the
Sandmeyer reaction (Scheme 2) which involves the preparation of a diazonium salt from
an amine and its subsequent replacement with a halogen nucleophile. This reaction

usually proceeds in the presence of copper as a catalyst.

NH, N,*X

HX, NaNo2
760-100°C
R

where X = ClI, Br
R = Me, OMe, halide etc.

Scheme 2. Example of Sandmeyer reaction for halogenation

Many halogenated compounds exist in nature that are bioactive with the presence of a
halogen in the molecule having considerable influence on its activity. 3,5-diiodotyrosine
from the marine organism Gorgonia cavollinii was the first identified halometabolite
and Diploicin from the lichen Buellia canescens was the first isolated halogenated
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natural product®*(Figure 1). Since then, over 5000 halogenated natural products have

been isolated.

HO

3,5-Diiodotyrosine

o (0]
Cl o)
OH
NH, HO 0
Cl
Diploicin

Cl

Figure 1. First identified and isolated halometabolites

Chloramphenicol and vancomycin are examples of halogenated antibiotics currently in

use where the presence of halogens increases their antibacterial properties® .

Examinations through crystal structure have provided evidence that the presence of

halogen provides selective specificity and substrate binding that occurs with electron

rich aminoacids sidechain lewis bases (O,N and S)®.

A

N”SN
)\N)l\ =
H

Atrazine

Cl
N

Chloramphenicol

N
H

Vancomycin

Cl

N\CI

/_O:P//O l
o)
/ Cl

Chlorpyrifos

Cl

Tebuconazole

Figure 2. Examples of halogenated compounds used in the pharmaceutical and

agrochemical industries
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Halogenated compounds are also used in the agrochemical industry where they act as
herbicides, pesticides and insecticides. For example, atrazine acts as a herbicide,
chlorpyrifos acts as an insecticide and tebuconazole acts as a fungicide® (Figure 2).
Though many novel chemical processes have been developed over the last few
years to produce these halogenated compounds, problems persist in scaling up and
obtaining regioselective halogenated compounds. The production of halogenated
compounds often results in by-products which are tedious to dispose off and some of
these by-products cause environmental pollution. However the biggest disadvantage of
chemical halogenation is that it often lacks regioselectivity. To overcome the above
limitations, biocatalyis has been used as an alternative "environmentally safe" process to

produce halogenated compounds.

1.2. Biocatalysis: a general overview

Biocatalysis is a technique, which involves the use of enzymes or whole cells as a
catalyst in synthetic chemistry. Enzymes occurring naturally have advantage of much
higher kinetic rate *°. Furthermore, using enzyme-based biocatalysts can result in high
regioselectivity and or chemoselectivity which is often required for making the desired
compounds®. This feature makes them attractive alternative tool as catalyst in the
synthesis of complex and high value molecules, especially where chemical routes are
difficult to implement'?*3. Biocatalysis is extremely significant for the pharmaceutical,
chemical and agricultural industries. This is due to the need to move towards green
chemistry, using biodegradable materials and mild reaction conditions combined with
the need to reduce the cost and manpower involved. Biocatalytic processes generally
have a low energy requirement with minimal waste generation.

The history of biocatalysis began centuries ago, when living cells were used for
the production of wine and beer. Later, enzymes were used as one of the components for
producing compounds™. The biggest challenge during this period was the poor stability
of the enzymes under desired reaction conditions, which still remains as a major concern

in most of the laboratories and industries today. The real development of biocatalysis
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began with the advancement in DNA sequencing and gene synthesis technologies.
Initially only wild-type enzymes that could be isolated from the host organism could be
used, but the start of recombinant DNA technology enabled the cloning and expression
of almost any enzyme of interest using model organisms. Structure based protein
engineering can also be carried out for widening the substrate range allowing the
production of a wide variety of synthetic intermediates. In recent times, directed
evolution has contributed to the field immensely. This technique involves random amino
acid mutations in the protein of interest to form libraries, which can be screened by high
throughput methods for mutants with improved activity. Fluorescence activated cell
sorting (FACS) or microfluidic devices are common high throughput screening

techniques which are currently being used™ ™.

1.3. Biocatalyst engineering and the host system

Biocatalysts perform very efficient regio/stereoselective catalysis to produce
compounds. They usually require mild reaction conditions with a minimum energy
requirement and produce a very low amount of by-products. The biggest advantage is
that they can be prepared on a large scale by fermentation. However, they also have
disadvantages. Stability of the proteins has always been the biggest concern because
they are inactivated by the high temperatures, extremes of pH and salt that often need to
be used in industrial processes. In addition, they are often affected by substrate or
product inhibition.

Biocatalyst/protein engineering involves altering the protein by site directed or
random mutagenesis to achieve improved function. Protein engineering can provide
better substrate scope and activity, higher catalytic rates, decreased product inhibition,
desired cofactor use, and reduced substrate competition®®. In natural system, engineering
of a single protein is not achievable, hence alternative model expression system are
often used. Available expression systems include mammalian cells lines, insect cell
lines, yeasts, fungi and bacteria. Among the many systems available, the gram negative

bacterium Escherichia coli is often the system of choice, due to its rapid growth, well
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characterised genetics and the availability of a large number of cloning vectors.
However, it also has disadvantages. For example, not every foreign gene can be
efficiently expressed in E. coli due to the low stability of mMRNA and slow translational
efficiency, the different codon usage between the originating organism of the foreign
gene, protein misfolding, the degradation of foreign proteins by E. coli proteases, and
the toxicity of the expressed protein to E. coli. Through various novel techniques,
engineered strains of E. coli have been developed for the efficient, production of a
diverse range of heterologous proteins®™. Bacillus and Pseudomonas are also used as
bacterial host systems to produce proteins. Pseudomonas fluorescens and Pseudomonas
putida are the two major strains that are used as hosts for protein production®’. These
host strains are amenable to genetic or molecular manipulations and can be cultivated at
high cell densities. Their high tolerance to toxic and harsh conditions makes them
extremely useful strains for industrial scale up. However, their biggest disadvantage lies
in the limited availability of suitable plasmids for producing recombinant proteins.
Pseudomonas uses a broad range vectors of size 9-10 kb with tac and lacUV5 promoters
derived from E. coli. The larger size of these plasmids makes them difficult to
manipulate for cloning and transformation. Conjugation can be used to transfer the
construct into the host strain but this requires additional helper strains. Hence E. coli has
been very much the preferred strain for use in industry for the production of active
biocatalysts.

Production of novel halogenated compounds using halogenating enzymes has
been a recent development in the last few years. The following sections will focus on

biohalogenases, together with their advantages and drawbacks.

1.4. Biohalogenases

Biohalogenases can be broadly classified into two major groups: halogenases that can
accept substrates tethered to the peptidyl carrier protein (PCP) domain of non-ribosomal
peptide synthetases (NRPSs) and ones that accept free substrates.
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NRPSs are mega-enzymes that are used to produce non-ribosomal peptides
(NRPs), linear or cyclic peptides that are synthesised via a nucleic acid independent
non-ribosomal mechanism (Scheme 3). The mega-enzymes are arranged as a series of
catalytic domains, each responsible for the addition of one amino acid to the peptide.
The catalytic domain consists of a peptidyl carrier protein (PCP) or thiolation domain
which tethers the peptide to the protein, an adenylation (A) domain which recognises the
next specific amino acid to be added and activates it using ATP and Mg®* and the
condensation (C) domain which forms the peptide bond between amino acids. The
whole module is called the elongation module and thus forms the chain C-A-PCP. A
fourth essential domain is a thioesterase (TE) domain, which is involved in the product

release by either internal nucleophilic attack or hydrolysis* (Scheme 3).

NH,

Scheme 3. Mechanism of Non-ribosomal peptide synthesis showing initial activation of
amino acid using AMP followed by loading onto PCP domain, followed by elongation
and chain termination by internal nucleophile attack by thioesterase domain(AMP-
adenosine monophosphate, aa-aminoacyl, ppi-pyrophosphate, R-amino acid side
chains)adapted using chemdraw from ref %



The advantage of the NRPS system is that non-proteinogenic amino acids can be
incorporated into the peptides. Non-proteinogenic amino acids are often key
intermediates in the biosynthesis of natural products that are pharmaceutically
important. For example, the non-proteinogenic amino acid hydroxyphenylglycine (Hpg)
is one of the non-proteinogenic amino acids found in several peptidic natural products
including the vancomycin group of antibiotics (e.g. complestatin®, chloroeremomycin®,
vancomycin® and, ramoplanin) as well as in calcium-dependent antibiotics and plays a
structural role in formation of the rigid conformation of the compounds. Hpg is also a
precursor in the production of amoxicillin, a commercially successful antibiotic®®. It
occurs in both the L- and D-isomers but the L-isomer remains the natural substrate of
the NRPS.

Ramoplanin A1l Ramoplanin A2 Ramoplanin A3

R2= OH 5;‘\0 ;"\O
on OH
HO 0
o 0
HO
HO~/HOC HO~/46~ HO OH
OH

Figure 3. Structures of ramoplaninAl1, A2 and A3 (Orn- ornithine, Chp-chlorinated
hydroxyphenyl glycine, Hpg are highlighted in circle and mannose group in red)adapted
using chemdraw from ref?’
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The NRP ramoplanin (Figure 3) is a non-ribosomally synthesised peptide first isolated
from Actinoplanes spp.ATCC 33076%*%. It consists of 17 non-proteinogenic amino
acids including orinithine (Orn), hydroxy asparagine (OH Asn), allo-threnonine(a-Thr)
and abundance of Hpg residues and a chlorinated Hpg (Chp). Chp17 is the last amino
acid to be synthesised in the system which undergoes chain termination reaction forming
cyclic peptide with OH Asn. Ramoplanin exists in three forms Al, A2 and A3 which
differ in the length of the N-acyl Asn chain and sugars at R,* (Figure 3). Ramoplanin is
an antibiotic highly effective against methicillin-resistant Staphylococcus aureus
(MRSA) and vancomycin-resistant Enterococci and is currently in phase Il clinical
trials for the oral treatment of intestinal vancomycin-resistant Enterococcus faecium and
in phase 1 clinical trials for the treatment of nasal MRSA. Ramoplanin inhibits bacterial
cell-wall biosynthesis; blocking the peptidoglycan synthesis by binding to lipid I and

preventing formation of lipid 113 (Figure 4).

N
/ I ACHN,, 5
C/MfAla'D-(‘.lu'Lys*D-Ala D-Ala III]J 0
HN—o i
M—Ala-D-Glu-Lys-D-Ala-D-Ala
G
M—Ala-D-Glu-Lys-D-Ala-D-Ala

Transpeptidases

DEEEEEE S & X K DG

26 & X 6 6 6 g X O DE GG

N
|
Lipid I
_‘< D-Glu D-Glu
UDP-MurNAc . T e
D-‘Lys pentapeptide Di‘LyS D ‘Ly°
D-‘Ala D»‘Ala D-‘Ala
D-Ala D-Ala D-Ala o
oH Fﬁ‘\ ] | cyropLAsM
o
MurA, MurB, ddIB, MurC, MurD, MurE, MurF HHO&* o 0 0N
AcHN 0-P-0-P—0
o o O
6 o

OH

Figure 4. Peptidoglycan biosynthesis showing initial formation of pentapeptide
followed by formation of lipid I, lipid Il and transglycosylation and transpeptidation
step (adapted using chemdraw from ref*")
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The X-ray crystal structure of ramoplanin has been solved at a resolution of 1.4 A¥. The
ramoplanin structure is a dimer with each monomer bent into a U-shape structure. The
monomers are joined together by eight carbonyl-amide hydrogen bonds between two
extended strands. All of the amino acid side chains are positioned on the exterior of the
U-Shaped structure except Hpg-3, Phe-9 and Chp-17, which remain inside the structure
(Figure 5). Additionally, the structure is stabilised by hydrogen bonding between the
phenolic hydroxyls of the Chp-17 and, Hpg-3 and the carbonyl oxygen’s of Hpg-11 and,
Phe-9 respectively. The structure shows that the N-acyl chain aids in anchoring the
molecule to the membrane and is essential for antibiotic activity. A mutagenesis study of
ramoplanin residues confirmed that residues Orn-10, Hpg-3, Hpg-7, and Orn-4 play

critical roles in antimicrobial activity.

FA chain

Figure 5. Structure of U shaped ramoplanin (PDB ID:1DSR)showing residues inside
the disc (orange), the fatty acyl chain (red) and other residues lying exterior (green)
adapted using PYMOL* from ref *

Hpg-17 is the only amino acid found to be chlorinated in the structure of ramoplanin. It
is predicted that Orf20/Ram20 could be the halogenase that chlorinates Hpg-17%. An

effort was carried out to characterise Ram20 by a previous member of our lab Dr. Ming-
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Cheng Wu. Due to the slow growth rate of the ramoplanin producer strain, Ram20 was
over-expressed in the faster growing enduracidin producer Streptomyces fungicidicus.
Enduracidin has a similar structure and, it was expected that Ram20 would chlorinate
the Hpg-17 in enduracidin yielding a new enduracidin analogue®. The result obtained
showed negligible amounts of chlorination of the enduracidin. Yin et al., (2010) also
over-expressed Ram20 in a knockout enduracidin producing strain SfAend30 and wild-
type Str. fungicidicus respectively and could observe monochlorinated residues Hpg-13
and Hpg-11 in the mutant, producing monochlorinated and tri-chlorinated products™*.
However, Ram20 was unable to chlorinate Hpg-17 despite this residue being the natural
substrate in ramoplanin. It remains unclear whether Ram20 can chlorinate the Hpgl7

residue of ramoplanin or enduracidin.

1.5. Halogenases for biocatalysis

The next group of biohalogenases that we are interested in are the enzymes that accept
free/smaller substrates. These enzymes can be further classified as metal dependent and
non-metal dependent enzymes.

The first metal dependent halogenases to be discovered were the heme
dependent halogenases. This type of enzyme was first detected in the fungus
Caldariomyces fumago that produces the antibiotic caldariomycin. The enzyme was also
found to chlorinate other substrates such as dimedone and tyrosine®. They perform
similar reaction to that of cytochrome P450 inserting oxygen into a C-H o-bonds and C-
C m-bonds®. This group of enzymes use H,O, and heme to produce halogenated

compounds®’. The proposed mechanism involves a Fe"' —porphyrin complex which

binds H,0,. An intermediate Fe'V-oxo species is then generated which subsequently

picks up a halide ion to form a Fe'

—hypohalite complex. Protonation of this
intermediate releases hypophalous acid which halogenates the substrate by an

electrophilic substitution mechanism (Scheme 4).
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: FTIII ; Hioz Fj'[7u
Cys/S H /Z
S
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HO-CI
“OH
O/Cl Cr 0
: FTIII ; :_,_TF?W ;
S S
Cys Cys/

Scheme 4. Reaction mechanism of heme dependent haloperoxidase (adapted using
chemdraw from ref®®)

The X-ray crystal structure of the heme dependent halogenase from Cal. fumago was
solved at 1.8 A with 1,3-cyclopentanedione bound to the active site (PDB ID: 2CIX)™®.
The crystal structure identified important residues responsible for halogenation. The
Fe'" -protoporphyrin is bound by C29 in the active site and the hydrogen peroxide
interacts with E183 before binding to the heme.

CPD

Porphyrin
complex

C29

Figure 6. Structure of the active site of heme chloroperoxidase from Caldariomyces
fumago showing the heme complex bound at conserved C29 residue allowing 1,3-
cyclopentanedione (CPD) to bind the complex (PDB ID: 2CIX) generated using
PYMOL software’.
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Another group of metal based enzymes use vanadium instead of heme and are termed
vanadium dependent haloperoxidases. The first vanadium dependent halogenase was
detected in the marine algae Ascophyllum nodosum as an iodoperoxidase®’. VVanadium
dependent bromoperoxidase (VBO) are widely distributed in marine sea weeds while
the vanadium dependent chloroperoxidases (VCO) have been found in fungi and

bacterial species*"*

. In vanadium dependent haloperoxidases, the vanadium metal
centre performs a similar function to that of the heme-poryphyirin in heme dependent

haloperoxidase as shown in Scheme 5.

CoH
OH (@]
HO. H,O HO.
V- 2%2 V-
HO V-OH HO V-OH
72 74
/) /
HN H,O HN
His His
HO-CI “OH
Cl.,H H
0 0 dr
ON=0OH Ol
HO/ ¢ HO/V‘OH
7
/ @
HN _ HN
His His

Scheme 5. Reaction mechanism of vanadium dependent chloroperoxidase adpated using
chemdraw from ref %%,

Overall structural studies of VBO and VCO show a large differences in the overall
structure but the active site remains much similar***°. The crystal structure of a VBO
from Ascophyllum nodosum (PDB ID:1QI9) and VCO from Curvularia inequalis has
been solved (PDB ID: 1IDU)* (Figure 7). The vanadium binding site are much similar
and share common conserved motifs. The vanadium at the active site interacts with the
side chain of a conserved histidine residue H496, the side chains of two conserved
arginine residues R360 and R490 and the backbones of K353, S402 and G403.
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K353

G40

Figure 7. Structure of the active site of a vanadium chloroperoxidase from Cur.
ineaualis (PDB ID:11DU) showing vandium (silver) bound to the conserved H496
residue and interaction with R360,R490, S402,G403 and K353 creating overall positive
charge in the site. Generated using PYMOL software®.

The initial studies on regio/stereoselectivity of V-BPO on oxidation of anisole and other
prochiral aromatic compounds failed to show any promise indicating oxidised bromine
to be diffusible in the system* ™. However kinetics studies with some of indoles
showed that the reaction were not consistent with halogenation by diffusible bromine.
This implied that the generated oxidative bromine remains in the active site along with
bound substrate, indicating to carry out selective regio/stereoselective bromination®®. A
few examples include the production of diastereospecific bromohydrin formation from
Corallina officinalis, diastereomers of 2-bromo-1- phenylbutane-1,3-diol from C.
fumago and regiospecific brominative oxidation to produce 1,3-di-tert-butyl-2-
indolinone from Ascophyllum nodosum and C. officinalis™*.

The other type of halogenases that use metal are the non heme dependent metal
halogenases. These type of halogenases are found associated with the NRPSs systems,
wherein the substrate being chlorinated is tethered to the PCP domain of the NRPS. The

first type of enzyme was found from cyanobacterium Lyngbya majuscla producing
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barabmide®. Two enzymes Barl and Bar2 are involved in chlorination of methyl group
of L-leucine to produce trichloromethyl moiety of barabmide®**°. Other examples oth
this group includes SyrB2 that chlorinates L-threonine®, CmaB chlorinates y methyl
group of L-isoleucine in biosynthesis of cyclopropane® and CytC3 that adds two
chlorine to the methyl group of aminobutryric acid in biosynthesis of aremtomycin®.
The mechanism is a radical mechanism that allows chlorination of unactivated carbon
centres. The exact mechanism was obtained after achieving the crystal strucutre of
SyrB2. These enzymes utilise a molecule of a-ketoglutarate, a His-x-Asp/Glu-x-His
motif and H,O octahedrally coordinated Fe". The binding of substrate displaces the
water molecule allowing a molecular oxygen to bind and form an Fe'' peroxo
compound. This intermediate undergoes decarboxylation to form an Fe' peroxo
compound. A proton is then abstracted from the carbon centre allowing a methyl radical
to form. The methyl radical combines with a chloride ion to produce the chlorinated
compound. Succinate and CO, are released from the enzyme's active site completing the

catalytic cycle®®.

Substrate
~
H,C _R
)‘ﬁ\\ H3C
H,0
Cl// |2\\\0 0) Cl/l"'F 2+\O 0
"Fez+ H,0 / €
. N
i I|{is\0/ . His Plﬁs 0~ “R!
0,
CI" + aKG +
H0 -~ lS—Succinate
CHC™ Lo .
P (0]
H R H;C o/
34 on Cls, | w00
| .o CO, Fe2"
Fe3t %O Hls/| \0/ R!
| - His
His™ i R Hz?) /
R
Cl,; ||) No)
OH  co, A
Cly,. | ~0 ~ 7 |e o
/’Fe3+ %0 His” o R
1S
Scheme 6. Reaction mechanism of a-keto-glutarate dependent haloperoxidases (adapted
from ref &)
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The crystal structure of SyrB2 from Pseudomonas syringae, an a-ketoglutarate
dependent halogenase has been solved (PDB ID:2FCT)®’. The o-ketoglutarate-Fe
complex is bound to the enzyme at the active site by the two conserved histidine
residues H116 and H235 and an alanine residue A118; the Asp/Glu residues of the His-
X-Asp/Glu-x-His motif being replaced by an Ala in SyrB2 where the halide binds
(Figure 8). The carboxylate of the a-ketoglutarate substrate hydrogen bonds to the T113,
R248 and W145 residues of the protein. These residues are conserved in all Fe a-

ketoglutarate family enzymes.

R254

T113

Figure 8. Structure of the active site of SyrB2 from P. syringae (PDB ID:2FCT)
generated using PYMOL software® showing Fe-a-ketoglutarate complex bound to the
conserved H116, A118, H235(Orange- a-ketoglutarate, red sphere- Fe and purple-
amino acid residues)

1.6. Flavin dependent halogenases

Flavin dependent halogenases are examples of metal-independent halogenases that do
not require any metals for halogenating activity. The study of flavin dependent
halogenases began when halogenase enzymes were discovered to be involved in
pyrrolnitrin and chlorotetracyclin biosynthesis®*®. These enzymes halogenate large

aromatic compounds and aliphatic carbon centres. Most of the halogenated products are
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chlorinated or brominated. lodination is usually not possible for these enzymes due to
the larger size of the iodine which will result in incorrect binding. Fluorination is also
very difficult due to the enzyme not having enough redox potential to oxidise the
electronegative fluoride. Flavin dependent halogenases require a reduced flavin and a

molecular oxygen to carry out halogenation of the substrate.

1.6.1. Mechanism of flavin dependent halogenases

The mechanism of flavin dependent halogenases (Scheme 7) was elucidated in 2005
when Dong et al. obtained the crystal structure of a tryptophan 7-halogenase PrnA with
tryptophan, Cl and FAD bound®“.

cl
NADH <j/
FAD FAD-4a-OOH ————*Tj*FAD4aOH —<j;
NAD™* HOCI
70 E346
K
E346 H NH2 \79 E346 -
- 2
o H—NH, ¢l ? NH; 0 I
H
H
N
/
HOOC
HOOC HOOC
HoOC
H

Scheme 7. Mechanism of the two-component system of flavin dependent halogenase
showing the formation of hypochlorus acid which reacts with conserved K79 residue
forming chloramine as halogenating agent followed by electrophilic aromatic
substitution using conserved E346 residue (adapted using chemdraw from ref ®)

The mechanism first involves the reduction of FAD to FADH; by a flavin reductase
with the aid of NADH. Examples of flavin reductases that form part of two-component

systems in biosynthetic gene clusters include PrnF from P. fluorescens PF-5%, RebH

38



from Lechevalieria aerocolongenes®” and KtzS from Kutzneria spp.744%. Alternatively,
FAD reductase Fre and FMN reductase Ssuk, both from E. coli, can also be used as a
source of flavin reductase enzyme® ™. The halogenase bound to the FADH, reacts with
molecular oxygen to form a hydroperoxide linked to the isoalloxazine ring of FAD. The
chlorine bound to FAD reacts with hydroperoxide to form hypochlorus acid. A lysine
residue K79 reacts with the hypochlorous acid to form a chloramine as a halogenating
intermediate. The glutamate residue E346 causes deprotonation of the intermediate and
aids in regioselective incorporation of the chlorine in the indole ring of tryptophan.

1.6.2. Enzymes characterised so far and their substrate scope

Many flavin dependent halogenases have been identified but the enzymes that we are
most interested in are the ones that chlorinate regioselectively at the 5-, 6- and 7-
positions of tryptophan® "2 All these enzymes share a common mechanism (see
section 1.6.1) and contain the same conserved motifs. A GXGXXG conserved motif,
usually found in the N-terminal region of the protein, is responsible for FAD binding. A
conserved WxWxIP motif is found at the centre of the protein, and its role is to prevent
FAD from binding too close to the substrate thus preventing a monooxygenase reaction
(MOR). MOR reaction follows Bayer villiger reaction that inserts a oxygen to the a-
carbon of carbonyl carbon. For example cyclohexanone monooxygenase enzyme
follows the reaction to produce caprolactone’. Finally, the lysine residue that forms the
chloramine and the glutamate residue that causes deprotonation of the intermediate are
also conserved in all flavin dependent halogenases. Most flavin dependent halogenases
are identified based on the presence of the above mentioned conserved motifs.

The first flavin dependent halogenase PrnA was discovered in 1997 while
studying pyrrolnitrin biosynthesis in P. fluorescens BL915%. Pyrrolnitrin is an antibiotic
with a broad spectrum of antifungal activity and is produced by the prnABCD
biosynthetic genes (Scheme 8). PrnA catalyses the chlorination of L-tryptophan to form
7-chlorotryptophan. Insights into the mechanism of regioselective chlorination by this

enzyme were gained by solving the crystal structure (See section 1.6.3 for more details).
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Scheme 8. Scheme showing biosynthesis of pyrrolnitrin from tryptophan using enzymes
PrnA, PrnB, PrnC and PrnD (adapted using Chemdraw from ref ')

Another tryptophan-7-halogenase RebH was identified from the rebeccamycin
biosynthesis gene cluster. Rebeccamycin is an indocarbazole derived natural product
produced by Lechevalieria aerocolonigenes ATCC 39243 that acts as a topoisomerase |
inhibitor and has potential activity as a result of protein kinase inhibition’. The protein
halogenates tryptophan to produce 7-chloro-L-tryptophan. RebH has 56% identity to
PrnA. A detailed mechanistic view of the enzyme was obtained by solving the crystal
structure and will be discussed in section 1.6.3. Substrate specificity studies of RebH
have been carried out. Tryptamine, a direct precursor to many alkaloid natural products
was tested for chlorination using RebH by Sarah O'Connor's group’®. Attempts were
made to bring about regioselective chlorination of tryptamine by site directed
mutagenesis of RebH. The RebH mutants were then introduced into Caranthus roseus
and led to the successful production of halogenated alkaloids. Recently Payne et al.,
2013 showed a much wider substrate range for RebH showing chlorination of N-
methyltryptamine, tryptophol, 2-methyltryptamine, tryptoline and substituted
naphthalenes’”.

KtzQ is a third tryptophan-7-halogenase which regiospecifically chlorinates at
the 7-positon of L-tryptophan. KtzQ was identified as part of the kutzneride
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biosynthetic pathway’®. Kutzneride is a cyclic depsipeptide isolated from an
actinomycete Kutzneria sp.744. KtzQ has 40% identity to PrnA and 60% identity to
RebH. The enzyme has not been characterised for its substrate scope or its
regioselectivity.

Relative to the tryptophan-7-halogenases, less is known about tryptophan-6-
halogenases which chlorinate tryptophan at the 6-position to produce 6-chloro-
tryptophan. KtzR is a tryptophan-6-halogenase regiospecifically dichlorinates L-7-
tryptophan to produce 6,-7-dichloro-L-tryptophan’®. SttH is a putative tryptophan-6-
halogenase found within the non-ribosomal peptide synthetase gene cluster of
Streptomyces toxyticini NRRL15443". It has 75% similarity to KtzR. The substrate
scope of both of these enzymes and the exact regioselective halogenation mechanism
have yet to be elucidated. Thal is another flavin dependent halogenase showing 58%
identity to PrnA, found in biosynthetic gene cluster of thiendolin from Streptomyces
albogrieslus that chlorinates tryptophan at the 6-position®.

PyrH has been identified as a tryptophan-5-halogenase that chlorinates
tryptophan to produce 5-chloro-tryptophan and was first identified from the
pyrroindomycin biosynthetic gene cluster of Streptomyces rugosporus LL-42D005"%
Pyrroindomycin has excellent antibacterial activity against gram-positive bacteria such
as MRSA. PyrH has 56% sequence identity to PrnA, 52% to RebH and 54% identity to
KtzR. Insight into the mechanism of regioselective halogenation by PyrH has been
obtained from a crystal structure (see section 1.6.4).

CmdE is another tryptophan halogenase from chlondramide biosynthesis in
Chondromyces crocatus Cm c5 that chlorinates at the 2-position®. There are other
examples of flavin dependent halogenases that have not yet been fully charecterised and
are able to chlorinate a number of differential group. CndH from chondrochlorine
biosynthesis halogenates the PCP bound tyrosine at the position 2%2. Similarly,Sgc3
also chlorinates PCP tethered tyrosine to produce antitumor compound C-1027 in
enedyine biosysnthesis®® while PItA chlorinates pyrole bound to PCP to produce 4,5-

dichloropyrrolyl in pyoluterin biosynthesis®. Rdc2, a fungal flavin dependent
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halogenase from Pochonia chlamydosporia was found to have substrate specificity
towards molecules such as dihydroresocrylide with both mono and dihalogenation®.
CmlS is another such example that performs a dichlorination of its substrate leading to

the formation of chloramphenicol®.

1.6.3. Crystallographic studies of flavin dependent halogenases

To date, only three crystal structures of PrnA (PDB ID:2AR8)®*, RebH(PDB
ID:20A1)*" (both tryptophan-7-halogenases) and PyrH (PDB ID: 2WET)® (a
tryptophan-5-halogenase) have been solved. The crystal structures of PrnA and RebH
were solved at 1.95 A and 2.15 A resolution respectively. Both structures were obtained
with tryptophan, FAD and CI" bound to the enzyme. The structures are similar globally.
They are dimers forming a pyramidal trigonal structure. However, there are two
differences in the structure of RebH compared to that of PrnA. The loop regions
between residues 40-48 and residues 86-105 adopt different conformations in RebH

compared to PrnA (Figure 9).

Figure 9. Crystal structure of overlayed PrnA(PDB ID:2AR8) (green) and RebH(PDB
ID:20A1) (yellow) showing the trigonal shape, loops that adopt different conformations
are highlighted in red for RebH (generated using PYMOL?Y).
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Comparison of the active sites of PrnA and RebH shows that the FAD, CI" and
tryptophan are bound in the same orientation in both of these enzymes (Figure 10). The
conserved residue K79 is in the same position in both enzymes. The other conserved
residue E346 in PrnA and E357 in RebH is also aligned near the active site in both

structures.

E346 > iR <
Trp
Cl %
7-Cl-trp
K79
K79

Figure 10. Crystal structures showing similar FAD, CI' tryptophan , K79 and
E346/E347 binding site in overlayed of RebH (PDB 1D:20A1) and PrnA(2AR8)
generated using PYMOL software! (orange aa residues-RebH, green aa residues-PrnA,
cross reds- tryptophan in RebH, blue-chlorinated tryptophan by PrnA)

Other interactions in the active site are also conserved between PrnA and RebH (Figure
11). Y443 in PrnA is equivalent to Y454 in RebH and its hydroxyl group interacts with
the amino group of the tryptophan. Similarly, Y444 in PrnA is equivalent to Y455 in
RebH and the hydroxyl group of this residue interacts with the carboxyl group of
tryptophan. E450 of PrnA is equivalent to E460 in RebH with the oxygen atom
interacting with the amino group of the substrate. Finally, F454 in PrnA is equivalent to

F464 in RebH with the carboxyl group interacting with the amino group of the substrate.
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Figure 11. Active site showing similar interactions in overlayed crystal structures of
RebH (PDB 1D:2E4G) and PrnA(2AR8) generated using PYMOL software! (orange aa
residues-RebH, green aa residues-PrnA, magneta-tryptophan in RebH, blue-
chlorinated tryptophan in PrnA)

From the above crystal structures it is clear that the tryptophan-7-halogenases adopt
similar global structures and have the same active site for regioselective chlorination.
However, when the crystal structure of a tryptophan-5-halogenase was solved the active

site was found to be different.

The crystal structure of PyrH (tryptophan-5-halogenase) was solved at 2.4 A
(PDB ID: 2WET)®. The enzyme was found to consist of 2 major domains, each existing
as dimer joined together to form 4 domains. The overall conformation of the enzyme is
similar to that of tryptophan-7-halogenases. Sequence alignment showed that PyrH
shares only 56% identity to PrnA which could be observed in the overlayed crystal
structure with PrnA. The structure revealed that the FAD and chloride ion binding sites
are the same as to PrnA. However, the substrate tryptophan is bound in a different
orientation in the active site relative to that in PrnA. Some of the interactions are

conserved between the two classes of halogenase while others differ. The conserved
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lysine (K75 in PyrH and K79 in PrnA) and glutamate (E354 in PyrH and E346 in PrnA)
are aligned in the PyrH and PrnA structures. However the tryptophan amino group
interacts with the carboxyl group of the F451 residue and the carboxyl group of the
tryptophan is held by interactions with the amino group of Q163 and both the carboxyl
and amino groups of the S50 residue (Figure 12).

S50
Q163 Mo
S
P93
Y454

Figure 12. Crystal structure of PyrH (PDB ID: 2WET) generated using PYMOL*
showing the interactions of tryptophan with residues in the active site pocket

S =aa
- <.80"

451

The amino acids that interact with the tryptophan in PrnA are absent from PyrH due to

the absence of a loop region holding these amino acids.
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1.6.4. Regioselectivity studies based on crystal structures

The biggest advantage of the flavin dependent halogenases is that they can
regioselectively halogenate tryptophan which is an important goal of industry when
developing them as novel biocatalysis tools. Recently Karl-Heinz van Pee's group have
carried out studies to identify important residues governing the regioselectivity of these
enzymes. They found that the regioselectivity of the enzymes depends upon the binding
of the substrate through hydrogen bonds and the residues that governing 7 stacking
around the active site. In PrnA, residues F103 and H101 forms the = stacking sandwich
around tryptophan, while the substrate is held by the hydrogen bond interactions with
residues E450, Y443,Y444, F454 and E346 (Figure 13). The indole of tryptophan is
shielded by the F103 and W455 residues®.

Figure 13.Crystal structure of (PrnA PDB ID:2AR8) generated using PYMOL' showing

residue F103, H101 and W455 forming r stacking (orange) around the tryptophan and

the residues(green) providing the hydrogen bond interactions holding 7-Cl-tryptophan
(blue)

A Lang et al., 2011 mutated the residues W455, F103 and H101 to alanine by site
directed mutagenesis. They found that the FL03A mutant could produce both 7-chloro-

46



tryptophan and low amount of 5-chlorotryptophan. When the same mutant was analysed
for bromination they observed higher production of 5-brominated-tryptophan. The other
mutants showed slower kinetics indicating that they are important for substrate binding.
In PyrH the tryptophan binding is very different to that of PrnA. The indole ring
of the tryptophan interacts with residues P93 and Y454 which position the substrate for
chlorination at the 5-position. The hydroxyl group of Y454 and the carbonyl group of
P93 hydrogen bond with the indole nitrogen of the tryptophan. Residues S50, Q163 and
F451 also interact with tryptophan through hydrogen bonding. Residues F94 and F49
sandwiches the tryptophan through 7 stacking interactions®®. It was observed that
residue F49 would allow more space for binding for tryptophan while Y454 would

change the orientation (Figure 14).

Figure 14. Regioselectivity of PyrH(PDB ID:2WET) generated using PYMOL' showing,
Y454, P93 and F94(orange) forming sandwich residues around tryptophan, red- residue
which would allow space for the different orientation of tryptophan relative to
tryptophan-7-halogenases, other interacting residues (green)
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Zhu et al, 2009 mutated the F49 residue to an A residue and Y454 to an F residue.

However they did not observe any change in the regioselectivity of the halogenation®.

1.6.5. Structural evidence of halogenation

The FAD binds to the GxGxxG motif in the active site and the CI" ions is found to bind
between the isoalloxazine ring of the FAD and residues T348 and G349. The chloride
ion bound to FAD reacts with hydroperoxide to form hypochlorous acid and is separated
from the substrate by a distance of 10 A. This hypochlorous acid is guided through a
tunnel which is made up of amino acids 152, K79, 182, S347, and T348. The K79 reacts
with hypochlorous acid forming the chloramine halogenation source which undergoes a

further electrophilic aromatic substitution.

K79

Figure 15. Crystal structure(PDB 1D:2AR8) generated using PYMOL* showing cl
bound to the face of FAD with 10 A away from the product 7-Cl-trp(cyan), and the
residues forming the tunnel between the FAD and substrate binding sites are shown in
red.

1.6.6. Conclusion
The above sections of this chapter have reviewed the current literature in the field of

halogenases. The review focuses especially on Ram20 which chlorinates the Hpg non-

proteinogenic amino acid and on flavin dependent halogenases in general. The following
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general aims have been formulated to encompass these two broad categories of

halogenase:

1.7. Aims

1.7.1. Aim 1

The non-proteinogenic amino acid Hpg has high pharmaceutical value. Ramoplanin has
an abundance of both D and L-forms of Hpg and contains a chlorinated Hpg at the chain
terminus. It is predicted that the protein Ram20 halogenates the Hpg-17. Previous
studies have shown that Ram20 is a halogenase that catalyses chlorination. However, no
evidence has yet been obtained for Ram20 chlorinating the Hpg-17 residue of
ramoplanin. The aim of the project is to investigate Ram20-mediated chlorination of
Hpg-17 by constructing an in-vitro system. Due to the fact that the Ram20 accepts only
substrates that are tethered to the PCP domain of NRPSs, the PCP from the 8th module
of the ramoplanin NRPS will be cloned and expressed in E. coli. The PCP of the 8"
module will be expressed with the conserved serine residue which is usually the site for
attachment of the Co-enzyme A (CoA) synthesised substrate. Simultaneously Co-
enzyme A-Hpg (CoA-Hpg) and N-acetylcystamine thioester-Hpg (SNAC-Hpg) will be
synthesised in the lab. In order to load the synthesised substrate onto the conserved
serine residue of the PCP module the phosphopantheniyl transferase (PPTase) SfP will
be expressed and purified in E. coli. SfP recognises the apo-PCP and posttranslationally
modifies the conserved serine residue to form an active holo-PCP. The loading of the
CoA-Hpg and SNAC-Hpg by SfP will be analysed by mass difference either by LC-MS
or MALDI. Ram 20 will be cloned and expressed in E. coli. Since Ram20 has been
predicted to be a flavin dependent halogenase, flavin reductases will also be required.
The flavin reductases SsuE and Fre will be cloned and expressed in E. coli.
Halogenation of Hpg-17 of the loaded substrate with Ram20 and the associated flavin
reductases will then be tested. The successful generation of this system could be used as
a novel tool to introduce chlorinate Hpg residues in alternative biosynthetic systems for

the production of novel antibiotics.
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1.7.2. Aim 2

Recent identification of flavin dependent halogenases has opened a new gateway for
producing much cleaner and safer halogenated compounds. In addition there is potential
to use these enzymes as novel biocatalysts for the production of chemo/regioselective
halogenated compounds. Insight into the regioselective mechanism of halogenation of
these enzymes have been obtained from crystallographic studies. However, few studies
have been carried out on these enzymes with regards to the scope of the substrates they
can halogenate and altering their regioselectivity. For example, only RebH has been
tested with aromatic compounds other than the natural substrate tryptophan. In terms of
regioselectivity, slight production of both 5- and 7-chloro-tryptophan has been observed
for a PrnA F103A mutant. In this project we will focus on the PrnA and KitzQ
tryptophan-7-halogenases, the KtzR and SttH tryptophan-6-halogenases and PyrH
tryptophan-5-halogenase. All of these enzymes will be expressed in E. coli for the first
time. Flavin reductases Ssuk and Fre will also be cloned and expressed in E. coli for
performing in vitro halogenation assays. The purified halogenases will be assayed for
halogenating activity with the natural substrate tryptophan and industrially important
aromatic and phenol-based compounds. The halogenated compounds produced will be
characterised by mass spectrometry and NMR analysis. Rational mutants will be
designed using the available crystal structures to improve the function of these enzymes
in terms of substrate scope and will be generated by site directed mutagenesis. Studies
will also be carried out to identify residues that can switch the regioselectivity of
chlorination.

Efforts will also be focussed on obtaining the crystal structure of a tryptophan-6-
halogenase, which would provide insight into regioselective halogenation at the 6-
position. This crystal structure will be used to guide further mutagenesis studies to
widen substrate scope. Finally, structural studies of interesting mutants with target

compounds will also be pursued.
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Chapter 2. Construction of an in-vitro halogenation system for chlorination of Hpg-
17: results and discussion

2.1. Introduction

Ramoplanin is a non-ribosomal peptide (NRP) natural product that was discovered in
1984 by Biosearch Italia and exhibits antibiotic activity against gram positive bacteria.
This NRP contains an abundance of non-proteinogenic Hpg amino acids and
chlorination of Hpg-17 located at the C-terminus of the NRP is associated with the
antibacterial properties of the NRP. Ram20 is predicted to chlorinate the Hpg-17
residue but there is currently no direct evidence for this (Figure 16). We are interested in

investigating Ram20’s ability to halogenate the Hpg-17 non-proteinogenic amino acid

using an in vitro system following re
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Figure 16. Structure of ramoplanin A3 showing chlorination of Hpg-17 by Ram20
(adapted using chemdraw from ref*®)

Most of the enzymes responsible for halogenating amino acids in NRPs only
accept substrate that are tethered to the peptidyl carried protein (PCP) domain of the
catalytic domain of the non-ribosomal peptide synthetase (NRPS) complex. During the

biosynthesis of ramoplanin, Hpg-17 is tethered to the PCP domain of 8th catalytic
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module of the NRPS. We are interested in determining which, if any form of Hpg is a
substrate for Ram20: free Hpg or Hpg tethered to a PCP domain. The initial aim of the
project was to produce a model substrate for Ram20 consisting of Hpg tethered to a
minimal PCP domain. Two fragments of PCP domain (S-PCP: 140 amino acids and L-
PCP: 325 amino acids) from the 8" module of ramoplanin NRPS both containing a
conserved serine residue required for Hpg attachment were, cloned and expressed in E.
coli. CoA-Hpg and SNAC-Hpg were chemically synthesised by Matthew Styles from
the laboratory of Prof. Jason Micklefiled. In vivo, Hpg is loaded onto the PCP domain
by phosphpantethenyl transferases. This enzyme catalyses the formation of
phosphodiester bond between the phosphapantetheinyl moiety of coenzyme A (CoA)
and the hydroxymethyl side chain of a conserved residue in the PCP domains®® (Scheme
9). STP from Bacillus subtilis is an example of such an enzyme and will be cloned and
expressed in E. coli for the use in Hpg loading. The successful loading of Hpg onto the
PCP domain will be monitored by MALDI.

HS/\/ 7“‘/\/ Wo/é_\——sl-& ADP + /N\_)J\OH
© © :\OH
Coenzyme A .
Conserverd Serine
Sfp residue

H H QH I z
HSNNWNWO/gtO/ + 3--5| ADP
O] (®)

Scheme 9. Conserved Glul151 residue of Sfp causes deprotonation of hydroxyl group of
the conserved serine residue of PCP domain followed by nucleophilic attack on the j-
phosphate of coenzyme A (adapted using chemdraw using ref™)

Ram20 and flavin reductases, required for production of FADH,, were cloned and
expressed in E. coli. Purified enzymes were used in an in vitro halogenation assay with

the PCP-tethered Hpg as a substrate to study the chlorination of Hpg by Ram20.
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2.2. Cloning and expression of the small PCP (S-PCP) domain in E. coli

Genomic DNA (gDNA) isolated from Actinoplanes ATCC 30766 mycelium was used
as the template to amplify s-pcp 420 bp; (appendix) using primers P1 and P2 (Table 32)
and s-pcp was cloned into Ndel/Notl restricted pET-28a(+) for expression of an N-
terminal Hisgytagged S-PCP(pET-KK1). The clones were verified by restriction digest
of the plasmid (Figure 17) and sequencing (GATC, Germany).

M 1 2 M 1 2

A) B)

1000 bp

500 bp 500 bp

s-pcp 400 bp
(420 bp)

M-1 kb ladder M-100 bp ladder
Lanel&2-s-pcp amplification Lane 1&2-pET28a::s-pcp with
Ndel/Notl

Figure 17. A) PCR amplification of 420 bp s-pcp and B)Restriction digestion analysis
of s-pcp cloning
In order to express S-PCP pET-KK21 was transformed into E. coli BL21 (DE3) cells

(section 5.13). Expression studies were initially carried out on a small scale at various
temperatures (Section 5.15.1). Expression was observed at all of the temperatures, but
was highest at 30 °C (data not shown) and this temperature was used for large scale
expression for purification. S-PCP was purified by Ni?* affinity (Section 5.15). Pure S-
PCP was eluted with 500 mM imidazole buffer. However, some S-PCP eluted along
with contaminating proteins at lower imidazole concentrations. Problems also occurred
with the storage of the protein in phosphate buffer since degradation occurred. Due to
this, only 0.75 ml S-PCP at a low concentration of 1.2 mg mI™ was obtained. 20 pl of
pure S-PCP was analysed by 20% (v/v) SDS-PAGE. A band was observed just above
the 15 kDa marker consistent with the expected mass (16.9 kDa) of S-PCP (Figure 18).
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M- Fermentas Pageruler Plus prestained protein ladder
Lane 1-4- Different sample

Lane 5- Un-induced cells

Lane 6- IPTG induced cells

Lane 7- 250 mM imidazole wash

Lane 8- 500 mM imidazole elute

Figure 18. Analysis of pure S-PCP protein by 20% (v/v) SDS-PAGE.

2.3. Cloning and expression of the large PCP domain (L-PCP) in E. coli

Cloning of I-pcp 975 bp; (appendix) into pET-28a+ was carried out as for s-pcp (Section
2.2) using primers P3 and P4 to amplify the relevant DNA sequence for expression as an
N-terminal Hisg)-tagged L-PCP (pET-KK2). Clones were confirmed by restriction

digestion analysis and sequencing (Figure 19).

M 1 2

A)

1000 bp

M-100 bp ladder M-100 bp ladder
Lane 1&2-/-pcp amplification Lane 1&2-pET28a::/-pcp with
Ndel/Nofl

Figure 19. A) PCR amplification of 975 bp I-pcp and B) Restriction digestion analysis
of I-pcp cloning
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For expression studies, pET-KK2 was transformed into E. coli BL21 (DE3) and
BL21 Rosetta 2 (DE3) cells (section 5.13). The BL21 Rosetta 2(DE3) was used because
this strain has been engineered to express tRNAs for codons utilised rarely in E. coli.
Analysis of the I-pcp DNA sequence by Rare Codon Calculator (RaCC) software (NIH,
MBI laboratory for Structural Genomics and Proteomics, University of California, USA)
revealed the presence of two CGA (Arg) that was used rarely (0.3%) in E. coli.
Expression was tested in small scale (section 5.15.1) in both strains. The results showed
no expression in either strains under any of the conditions tested. Consequently, site
directed mutagenesis was carried out (section 5.14) using primers P5 and P6 (Table 32)
to change the two rare codon CGA to CGC (2.2%). Clones were verified by DNA
sequencing (pET-KK3) (GATC, Germany) (Figure 20).

cccccc ¢ 4 6 B ¢ 4 T T T 6 T C 6 € ¢ $ € '¢C ¢ & € 8 H4C ©Tie ¢ ¥ T FE TC & G €
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Figure 20. DNA sequencing chromatogram showing mutations of CGA to CGC in I-pcp.
(A)& (B) — I-pcp wild type sequence with CGA codons (Al) & (B1) — I-pcp mutant
sequence with CGC codons. The relevant codons are underlined in both the wild type
and mutant sequences. Colours (Red- T, Blue- C, Black-G, Green-A)

Mutant clones were verified for mutations of CGA to CGC by DNA sequencing (pET-

KK3) (GATC, Germany) (Figure 20).

The construct pET-KK3 was transformed into E. coli Rosetta 2 (DE3) cells and
E. coli ArcticExpress (DE3). E. coli ArcticExpress (DE3) cells have been engineered to
express chaperons at low temperature to assist with protein folding. Expressions were
tested as described in section 5.15.1. The results showed expression of a soluble protein
that runs at a position consistent with that expected for L-PCP (36.9 kDa) in both
Rosetta 2 (DE3) and ArcticExpress (DE3). However, better expression was observed
with Rosetta 2 (DE3) cells (Figure 21) and this strain was used for large scale

expression for purification.
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L-PCP
(36.9 kDa)

35 kDa e

. -~ s N

M- Fermentas Pageruler Plus prestained protein ladder

Lane 1- Uninduced cells {E. coli ArcticExpress (DE3)cells}
Lane 2- IPTG induced cells {E. coli ArcticExpress (DE3)cells}
Lane 3- Soluble fraction {E. coli ArcticExpress (DE3)cells}
Lane 4- Uninduced cells {E. coli Rosetta2 (DE3) cells}

Lane 5- IPTG induced cells {E. coli Rosetta2 (DE3) cells}
Lane 6- Soluble fraction {E. coli Rosetta2 (DE3) cells}

Figure 21. Expression studies of L-PCP protein analysed by 12% (v/v) SDS-PAGE.

L-PCP was expressed on a large scale (800 ml) in E. coli Rosetta 2 (DE3) cells. The
protein was purified by Ni?* affinity chromatography and concentrated as described in
section 5.15. A band consistent with the expected size of L-PCP (36.9 kDa) was
observed by 15% (v/v) SDS-PAGE (Figure 22). 1 ml of L-PCP at a concentration of 0.8

mg ml™ was obtained.
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Lane 5- 150 mM imidazole wash

Lane 6- 200 mM imidazole wash

Lane 7- 250 mM imidazole wash

Lane 8- 500 mM imidazole elute

Figure 22. Analysis of pure L-PCP protein by 15% (v/v) SDS-PAGE.

2.4. Synthesis of co-enzyme A-Hpg (CoA-Hpg) and N-acetylcysteamine thioester-
Hpg (SNAC-Hpg)

The synthesis of both the Hpg compounds to be loaded onto the PCP domain: CoA-Hpg
and SNAC-Hpg was carried out by Matthew Styles in our laboratory as detailed in
Scheme 10. The N-Boc protected hydroxyphenylglycine was coupled with thiophenol
using coupling-deprotection strategy to form thioester intermediate which is further
reacted with CoA under standard conditions to give the corresponding CoA-Hpg

compound. (Scheme 10, A) Similarly, N-Boc-protected hydroxyphenylglycine was
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coupled with SNAC using standard coupling strategy followed by deprotection to obtain
desired SNAC-Hpg compound. (Scheme 10, B)

i .0
H,N
OH 2 \;/U\s
HS a) DCC, HOBt, THF 3
b) TFA/DCM
50/50 viv

OH

+ CoA
50 mM K;HPOy,, pH 8.5

3 O HN_O N~"SN
s SN N &
/P\ /P\ N N
HO™ O 5P P 5

OH
? OH
HO\’I:I;/OH
O

H
N a) DCC, HOBt, THF
o] + HS > \H/ ) O
e} b) TFA/DCM
B) SNAC 50/50 v/iv
OH OH

Scheme 10. A) Synthesis of CoA-Hpg using N-Boc protected Hpg and thiophenol and
B) syntehsis of SNAC-Hpg using SNAC and N-Boc protected Hpg

A phosphopantetheinyl transferase (PPTase) enzyme is required to load Hpg onto the
PCP domain. The sfp gene (675 bp; appendix) encoding the Sfp PPTase was amplified
from B. subtilis gDNA and was cloned into Ndel/Xhol restricted pET-28a(+) to express
an N-terminal His(6)-tagged protein by Dr. Lu Shin Wong from Jason Micklefield
laboratory. The clone was verified by sequencing (GATC, Germany). The construct

pET-28a(+)::sfp was transformed into E. coli BL21(DE3) cells following section 5.13.
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The expression, purification by Ni?* affinity chromatography and concentration was
carried out as mentioned in section 5.15. A band of the expected size for pure Sfp (27.8
kDa) was observed by 20% (v/v) SDS-PAGE (Figure 23). 1.2 ml at a protein

concentration of 17 mg ml™ was obtained.

M 1 3

55 kDa

prer—
e
|
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35 kDa

- '. SfP(27.8 kDa)
25 kDa

15 kDa

—

M- Fermentas Pageruler Plus prestained ladder
Lane 1- Uninduced cells

Lane 2- IPTG induced cells

Lane 3- 250 mM imidazole elute

Figure 23. Analysis of pure Sfp protein by 20% (v/v) SDS-PAGE.

2.5. Substrate loading and analysis of PCP and PCP tethered Hpg by MALDI
Assays for loading the Hpg compounds onto PCP were carried out as per section 5.20.
All the MALDI experiments were performed by Matthew Styles. Initially S-PCP and L-
PCP alone were analysed by MALDI. S-PCP could be detected at a m/z of 16,993.5
(theoretical mass: 16,993 daltons) (Figure 24). But L-PCP could not be detected.
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Figure 24. MALDI of S-PCP
Since L-PCP could not be detected by MALDI, only S-PCP was used in the loading

assays. It was observed by MALDI, that Sfp could efficiently load CoA (signal at m/z:
17.351.5), but not the Hpg (theoretical mass: 167.16 daltons) onto the PCP domain
(Figure 25). This suggests that the CoA-Hpg is hydrolysed in solution after loading onto
S-PCP by Sfp.
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Figure 25.MALDI analysis of CoA-Hpg loading on S-PCP (Red-S-PCP, Blue-S-PCP
loaded with CoA).
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2.6. Ram20- bioinformatics, cloning and expression in E. coli

BLAST™ analysis of Ram20 suggests that the enzyme belongs to the tryptophan

halogenase family (Table 1). The sequence analysis also revealed that the enzyme is

likely to be a flavin dependent halogenase due to the presence of the conserved FAD-
binding motif GxGxxG and the associated WxWxIP motif.

Table 1. BLAST® analysis of Ram20 suggesting identical proteins

Enzyme Identity Accession Source
(%) Number

Tryptophan 66 WP 01935591 | Streptomyces sp. AA1529

halogenase

ComH 65 AAK®81830 Complestatin biosynthetic gene cluster in
Streptomyces lavendulae

Tcp2l 65 CAG15020 Teicoplanin biosynthetic gene cluster in
Actinoplanes teichomyceticus

Stal 64 AAMB80532 Streptomyces toyocaensis

End30 64 ABD65950 Enduracidin biosynthetic gene cluster in
S. fungicidicus

BhaA 63 CAA76550 63 | Balhimycin biosynthetic gene cluster in
Amycolatopsis balhimycina

A codon optimised ram20 gene with desired flanking regions was designed and obtained

in plasmid pMK-RQ (Geneart, Life technologies, Invitrogen, UK) (Figure 26).

KanR

Drall(3144)
Bglll(3086)
Ncol(3071

Eco571(2567)

Col E1 or

12AA3VMP_Ram20_pMK-RQ

3763 bp

Sfil(361)
Ndel(372)

Ram20

Hindlll(1552)
Xhol(1850)
Sfil(1866)

Figure 26. ram20 gene in the pMK-RQ plasmid (construct map provided by GENEART)
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The 1476 bp ram20 gene (appendix) was subcloned into Ndel/Xhol restricted pET-
28a(+) (pET-KK4) as described in sections 5.11-5.13. Clones were confirmed by
restriction digestion (Figure 27) and verified by sequencing (GATC, Germany).

M 1 2

pET28a

2000 bp
1500 bp ram20

(1476 bp)
1000 bp

M- 1 kb ladder
Lane 1&2- pET28a::ram20 with Ndel/Xhol

Figure 27. Restriction digestion analysis of pET-KK4 with Ndel/Xhol

The construct pET-KK4 was transformed into E. coli BL21 (DE3) cells following
section 5.13. The protein was expressed on a large scale and purification was carried out
using Ni** affinity chromatography following section 5.15. A band at the expected
position for pure Ram20 (55.7 kDa) was observed by 12% (v/v) SDS-PAGE (Figure
28). 800 pl of Ram20 at 3.8 mg ml™ was obtained.
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Figure 28. Analysis of pure Ram20 protein by 12% (v/v) SDS-PAGE.

2.7. Flavin reductases cloning and expression

The mechanism of flavin dependent halogenase was previously studied by the Karl-
Heinz van Pee group®. In the flavin dependent halogenases, reduced flavin reacts with
molecular oxygen to form the flavin hydroperoxide. The enzyme bound flavin
hydroperoxide reacts with a chloride ion to form hypochlorous acid. This occurs in the
flavin binding pocket. The hypochlorous acid is passed through a tunnel where a
conserved lysine residue interacts to form chloramine. Chloramine then reacts with the
tryptophan residue, and a conserved glutamate residue deprotonates the intermediate
leading to rearomatisation. Flavin reductases that catalyse the reduction of FAD to
FADH; are usually associated with the biosynthetic gene cluster of the organism from
which the halogenase originates from (eg. KtzS in Kutzneria spp744)*. Reduced flavin

can also be provided by an alternative sources e.g. SSUE and Fre (flavin reductases) from
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E. coli were cloned and expressed to be used in enzyme assays along with the

halogenases described in this chapter.

2.7.1. Cloning and expression of ssue

The ssuE gene sequence (576 bp) was amplified with primers P7 and P8 (Table 32)
from E. coli BL21 DE3 gDNA and cloned into Ndel/Xhol restricted pET-28a(+) vector
to express an N-terminal Hise)-tagged SsuE (pET-KKS). The clone was verified by
restriction digest of the plasmid (Figure 29) and sequencing (GATC, Germany).

M 1 2 M 1 2

A) B)

pET28a

ssukE
ssuE 500 bp (576 bp)

M- 100 bp ladder M- 1 kb ladder
Lane 1&2- PCR amplification of ssuE Lane 1&2- pET28a::ssuE with Ndel/Xhol

Figure 29. A) PCR amplification of 576 bp ssuE and B)Restriction digestion analysis of
SSUE cloning
The construct pET-KK5 was transformed into E. coli BL21 (DE3) cells following

(section 5.13). Expression tests were carried out on a small scale (section 5.15.1).
Protein expression was observed at all temperatures tested. The highest level of
expression was observed at 18 °C (data not shown). A large scale protein expression
was carried at 18°C, and protein was purified using Ni** affinity chromatography as per
section 5.15. A band at less than 25 kDa was observed consistent with the expected
mass (23.6 kDa) of SsuE (Figure 30). 900 pl of pure SsuE at 2.2 mg ml™ was obtained.
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M- Fermentas Pageruler Plus prestained protein ladder
Lane 1- Uninduced cells

Lane 2- IPTG induced cells

Lane 3- 20 mM imidazole wash

Lane 4- 60 mM imidazole wash

Lane 5- 90 mM imidazole wash

Lane 6- 250 mM imidazole elute

Figure 30. Analysis of pure Ssuk protein by 20% (v/v) SDS-PAGE.

2.7.2. Determination of reductase activity of purified His)-Ssuk
SsuE catalyses the reduction of flavin mono-nucleotide (FMN) to FMNH, in the
presence of the cofactor NADPH as per the reaction:

FMN + NADPH + H* = FMNH, + NADP*
An enzymatic assay was carried out as per Gao and Ellis, 2005% (Section 5.21). The
reduction of FMN to FMNH, was monitored by observing the decreasing absorbance of
the reaction at 340 nm. A no enzyme control was also tested. The reaction was
monitored for 20 min (Figure 31). A decrease in absorbance at 340 nm in the reaction
mixture with no decrease in the control confirmed that the purified Hisg)-SSUE was

enzymatically active.
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Figure 31. SsuE activity assay with FAD and NADPH (A). No enzyme control, (B).
Enzyme reaction

2.7.3. Cloning and expression of flavin reductase Fre

The fre gene (702 bp) was amplified with the primers P9 and P10 (Table 32) from E.
coli BL21 gDNA and was cloned into a Kpnl/Xhol digested pET-45b(+)expression
vector to express an N-terminal His)-tagged Fre (pET-KKG6). The clone was confirmed

by restriction digest of the plasmid and sequencing (Figure 32).

M 1 2 M 1 2

A) B)

pET45

1000 bp 1000 bp

fre

(702 bp)S00 bp (702 bp)

500 bp

M- 1 kb ladder M- 1 kb ladder
Lane 1&2- fre amplification Lane 1&2- pET45b::fire with Kpnl/Xhol

Figure 32. A. PCR amplification of 702 bp fre and B. Restriction digestion analysis of
fre cloning

The construct pET-KK6 was transformed into E. coli BL21(DE3), expression was

carried out at 30 °C on a large scale volume and protein was purified using Ni** affinity
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chromatography, concentrated and stored as per section 5.15. 20 ul of pure concentrated
Fre was analysed by 20% (v/v) SDS-PAGE. A band was observed between 25 kDa and
35 kDa consistent with the expected mass (28.5 kDa) of Fre (Figure 33). 1.2 ml of
protein at 3.2 mg ml™ was obtained.

M 1 2 3 4
70 kDa 3 —
55kDa e
35 kDa —
25 kDa - - fzr:.S kDa)

M-Fermentas Pageruler Plus prestained protein ladder
Lane 1- Uninduced cell

Lane 2- IPTG Induced cell

Lane 3- 60 mM imidazole wash

Lane 4- 250 mM imidazole elute

Figure 33. Analysis of pure Fre protein by 20% (v/v) SDS-PAGE.

2.8. Halogenation assay of Ram20 on Hpg, SNAC-Hpg and thioester Hpg

An assay of Ram20’s ability to accept free substrates was carried out as mentioned in
section 5.22. Literature precedence shows that Ram20 is active with PCP tethered
substrates. However, no examples of Ram20 being active with free small molecules are
known. The results of the HPLC assay were inconclusive due to co-elution of the Hpg
substrates with FAD. The assay mixture was subjected to mass spectrometric analysis
which ruled out any chlorination. Attempts towards characterising Ram20 to chlorinate
Hpg from ramoplanin are continuing in the group.

In the following sections, we focus on our studies on tryptophan halogenases.
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Chapter 3. Flavin dependent Halogenases for biocatalysis: result and discussion

This chapter will focus more on the tryptophan halogenases which accept free substrates
particularly the flavin dependent halogenases. In recent years, these enzymes have
received much focus due to their regioselective chlorination of substrates. However,
only a few studies have been published on these enzymes. We are interested in
characterising these enzymes with regards to their substrate scope and regioselectivity.
Our studies will focus on five flavin dependent halogenases KtzQ, PrnA, KtzR, SttH and
PyrH. These enzymes will be cloned and expressed in E. coli for the first time and will
be screened for halogenation activity with aromatic and phenolic substrates.
Regioselectivity and substrate scope of these enzymes will be improved by carrying out
site directed mutagenesis. Structural studies of wild types and interesting mutant
enzymes will be undertaken to study the basis for substrate specificity and

regioselectivity.

3.1. KtzQ halogenase
KtzQ is a 60.93 kDa protein, first isolated from the kutzneride biosynthetic gene cluster
of the soil actinomycetes Kutzneria spp744 in the Walsh laboratory’®. They showed that
KtzQ is an flavin dependent halogenase that regioselectively chlorinates at the 7-
position of tryptophan. BLAST®® analysis revealed that this gene has high sequence
identity with other flavin dependent halogenases particularly RebH and PrnA.

Table 2 .BLASTanalysis of KtzQ showing identity with tryptophan halogenase

Accession

Protein Name Organism Identity
Number

tryptophan 6-halogenase | Streptomyces albogriseolus ABK79936 | 60%

RebH Lechevalieria aerocolonigenes | 2E4G 60%

PrnA Pseudomonas fluorescens AAD46365 | 53%

Few studies on the regioselectivity and substrate scope of KtzQ have been carried out.

We are interested in exploring KtzQ’s substrate scope and regioselectivity. Therefore,
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KtzQ will be cloned and expressed in E. coli and tested for halogenase activity with

aromatic and phenolic substrates.

3.1.1. Cloning and expression of KtzQ in E. coli

Genomic DNA (gDNA) was isolated from a 7 days old mycelium of Kutzneria spp744
(Section 5.6). The ktzQ gene sequence (1602 bp) was amplified with primers P11 and
P12 (Table 32) and cloned into Ndel/Xhol restricted pET-28a(+) and pET-30a(+) to
express N- and C-terminal Hise)-tagged KtzQ (pET-KK7 and pETKKS, respectively)
Similarly, primers P13 and P14 were used amplify ktzQ and clone it into pET-45b(+)
using the Kpnl/Notl restriction sites to express an N-terminal Hisg)-tagged KtzQ (pET-
KK?9). The clones were verified by restriction digest (Figures 34 and 35) and

sequencing.

A)

2000 bp
ktzQ 1zQPET30a pET28a
(1602 bp) (1602 bp)
2000bp
ktzQ
ktzQ
M- 1 kb ladder M- 1 kb ladder
Lane 1,2,3&4- ktzQ amplification Lane 1&2- pET30a::k7zQ (Ndel/Xhol)

Lane 3&4- pET28a::k7zQ (Ndel/Xhol)

Figure 34. A) PCR amplification of 1602 bp ktzQ and B) Restriction digestion analysis
of ktzQ cloning
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A) B)
pET45b
2000 bp 2000 bp
1500 bp ktzQ 1500 bp ktzQ

(1602 bp) (1602 bp)

M- 1 kb ladder M- 1 kb ladder
Lane 1&2- ktzQ amplification lane 1&2- pET45::ktzQ (Kpnl/Notl)

Figure 35. A) PCR amplification of 1602 ktzQ and B) Restriction digestion analysis of
ktzQ cloning

KtzQ was previously expressed from a similar construct in E. coli BL21 in Christopher
Walsh’s group’®. We attempted to express KtzQ from pET-KK7 and pET-KK9 in E.
coli BL21 (DE3) cells using similar expression conditions but no expression was
observed. Expressions tests were then carried out at different temperatures (Section
5.15.1) and in different media including auto-induction medium, M9 medium and LB
supplemented with tryptophan. No expression was observed under any of the above
conditions. To check the toxicity of protein expression to the cells, growth of the cells
was monitored by measuring at ODgg. An increase in absorbance indicated that protein
expression is non-toxic. Due to the continued lack of expression of the protein, ktzQ was
analysed for rare codons. The results showed the presence of 1 CGA (Arg), 8 CCC (Pro)
and 2 AGG (Arg) E. coli rare codons that are used rarely in E. coli at frequencies of
0.3%, 0.4% and 0.2% respectively. Expression was therefore tested using pET-KK9 in
E. coli Rosetta-gami (DE3) cells. This engineered strain provides additional copies of 7
tRNAs AGG, AGA, AUA, CUA, CCC and GGA and enhances disulfide bond
formation. The results showed no expression under any of the conditions tested. The

lack of expression could still be due to the presence of the rare CGA codon present at
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the fifth position of sequence which since Rosetta-gami (DE3) cells do not supply an

additional copy of this
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Figure 36. DNA sequencing chromatogram showing the mutation of CGA to CGC in

ktzQ. Top- wild type ktzQ sequence with the CGA codon, bottom- ktzQ mutant sequence

with the CGC codon. The codons are shown in boxes. Colours- Red-T, blue-C, green-A
and black-G
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tRNA. Hence a point mutation was introduced by site directed mutagenesis to change
the rare CGA codon to CGC (Arg) to increase expression. The construct pET-KK9 was
used as template DNA for site directed mutagenesis (section 5.14) using primer P15
(Table 32). The resultant mutant clone (pET-KK10) was confirmed by DNA sequencing
(GATC. Germany) (Figure 36).

The mutant construct pET-KK10 was transformed into E. coli Rosetta 2(DE3) cells
(section 5.13). Expression was tested following section 5.15.1. Protein expression was
observed at all temperatures tested (Figure 37).

M 1 2 3 4 5 6 7

35kDa

M- Fermentas Pageruler Plus prestained protein ladder

Lane 1- Crude cell extract grown in 1% glucose

Lane 2&3- Crude cells total extract

Lane 4- Crude cell extract with IPTG induced and grown at 15°C
Lane 5- Crude cell extract with IPTG induced and grown at 22°C
Lane 6- Crude cell extract with IPTG induced and grown at 30°C
Lane 7- Crude cell extract with IPTG induced and grown at 37°C

Figure 37. Expression studies of KtzQ protein using E. coli Rosetta 2 cells analysed by
12% (v/v) SDS-PAGE

Overproduction and a trial purification of KtzQ was carried out as per section 5.15. No
KtzQ was obtained indicating it may form inclusion bodies or be insoluble. This was
tested by repeating the experiment and loading the crude supernatant and crude pellet on
the 12% (v/v) SDS-PAGE gel. The protein was observed in the cell pellet indicating that
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the protein is insoluble. In order to try to obtain soluble protein, the mutant construct
pET-KK10 was transformed into E. coli ArcticExpress (DE3) RP strain which expresses
chaperones to aid protein folding and solubility.

The protein expression, isolation and purification was carried out as mentioned for wild-
type KtzQ (section 5.15). 20 pl of pure KtzQ was analysed by 12% (v/v) SDS-PAGE. A
band between 55 kDa and 70 kDa was observed consistent with the expected mass (63.3

kDa) of KtzQ (Figure 38). 1 ml of pure KtzQ at a concentration of 2.2 mg ml™ was
obtained.

70 kDa
-— “—. - — — KtzQ
SSkDa (63.3 kDa)
— = —
35 kDa _
o
| —

- vy

M- Fermentas Pageruler Plus prestained protein ladder
Lane 1-4- Different protein expression samples

Lane 6- Uninduced cells

Lane 7- IPTG induced cells

Lane 8&9- 250 mM imidazole elute

Figure 38: Analysis of pure KtzQ protein by 12% (v/v) SDS-PAGE

3.1.2. Identification of KtzQ by trypsin digestion: mass spectrometry

Mass spectrometry can be used to identify proteins®™. The method involves using a
protease to digest the protein into peptides which can be analysed by matrix-assisted
laser desorption ionization mass spectrometry (MALDI-MS) or liquid chromatography
tandem mass spectrometry (LC-MS/MS). Protein is usually digested from the one or
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two dimensional gels. The method involves cutting out the target protein band, removal
of the stain, reduction and alkylation, digestion and finally extraction of the peptides for
MS analysis. The mass of the peptides are measured by MALDI-MS to generate a
peptide map which can compared to theoretical peptide maps of known proteins. The
peptides can also be subjected to MS/MS to determine the sequence of the peptides.
Trypsin is the most commonly used enzyme for digestion of proteins. It is a serine
protease that specifically cleaves protein at arginine and or lysine residues. Peptides
terminating with these charged residues increase ionization leading to improved signal
intensity of the peak in MS.

KtzQ was subjected to trypsin digest followed by MS and western blot analysis. The
purified protein was subjected to a trypsin cleavage and the resulting sample was
analysed by the LC-MS facility in MIB (section 5.18). A MASCOT data file was
obtained containing a peak of MS/MS ions and fragment ions. This file can be used to
search databases of known proteins to identify the protein. The MASCOT data obtained
KtzQ

(http://www.matrixscience.com/search_form_select.html) using MASCOT MS/MS ion

for was run on web based software

search. The results obtained showed a matching score of 86 for KtzQ indicating that the
purified protein is KtzQ (Table 3). However, only a subset of the peptides expected
based on KtzQ sequence were detected (Figure 39). Although their distribution suggests
that the band observed by SDS-PAGE is full-length KtzQ.

Table 3. Scores obtained for matching proteins by MASCOT analysis

S.No Protein Hits Score
1 KtzQ [Kutzneria sp. 744] 86
2 KtzR [Kutzneria sp. 744] 59
1 MDDINERIRSIL WLGGGFTLAGWM SACYLSEALG PGVEVITVLES PSISRIBYVGE
51 ATIPHLHEWVF FDFLGIAEDE TMRECIHNASYE AAVRBFVMUET PSDZOATPRERE
101 RPDGRPDHFD HLFGQLFEHE MNLPLISQYWLAH RERLHGLTDEFP FDRICYWVOPE
151 LLDEELSFEREL MDGTELASYAL WHFDADLWAD FLCRFAVOEL HUYTHYVODWET
201 HADLDORGHI TAVIHTESGRT LAADLFIDCS SGFRSVLMGEY MOEFPFLDMSHE
251 HLLMNDERAWVAL MLPHDDEKEWS IEPYTSEZSLAM RSCGHWSWHEHIPL LGRFGSGTWVY
301 SSQOFTSODELA AEELCRMWDY DFPFAEQTFHNIY EREFRVGRSREL TWWERDNNCWLIGY
351 SLAMFVEPLES TGLYF3¥ASL ¥OLVEHFFDE RFRFILADEF MNREWVLTHMYDD
401 TRDFLOQLHFS LSPRIDDSEFTW RACKELPEFAD GEFAEKVEMYE AGLPWVELFPWT
451 IDDGHYVYGMNF EAEFPRMFWTH SHNYVYCIFAGL SGFLPEHPLPY LEFRPEAVIDE
501 AEPVYVEFAAVEER RTEELWATAP TMOAYLERLH OST

Figure 39. Trypsin cleaved proteins obtained by MASCOT analysis (Red-cleaved

proteins)
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Due to the poor sequence coverage by MS, further confirmation of the identity of the
enzyme was attempted by western blot analysis. The western blot analysis of KtzQ
enzyme was carried out using anti-His mouse monoclonal primary antibody and mouse
hrp conjugate as the secondary antibody for detection by enhanced chemiluminescence
(ECL) (section 5.19). The results showed specific binding of His antibody to a His)-
tagged protein. The protein band was found at the position expected based on the mass
of KtzQ, which supports the MS data that the protein is His-tagged KtzQ.

(Figure 40).

KtzQ
(63.3 kDa)

15 kDa

10kDa

M- Fermentas Pageruler Plus prestained protein ladder
Lane 1- KtzQ with anti-His antibody

Figure 40. Western blot analysis showing the detection of KtzQ protein with anti His-
antibody
3.1.3. Enzymatic assay of KtzQ with L-tryptophan
The activity of KtzQ was assayed in a halogenation reaction using tryptophan as the
substrate. The assay was carried out as using 5 uM of KtzQ, 1.5 uM of Fre, 1 uM FAD,
12.5 mM of MgCl, and 2.5 mM of NADH as described in section 5.22. The reaction
mixtures and a tryptophan standard were separated by HPLC with detection at 280 nm.

HPLC and MS analysis indicated that the protein is inactive as no chlorination or
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bromination of the tryptophan was observed. This might be due to the mis-folding of
KtzQ during expression in E. coli. Since we failed to detect halogenation in repeated
trials with the protein, we decided to move on to other tryptophan halogenases. Further
work on the purification and characterisation of KtzQ tryptophan halogenase was not

carried out.

3.2. PrnA

Since the tryptophan 7-halogenase KtzQ did not show activity for chlorination, another
tryptophan 7-halogenase, PrnA, was used as an alternate enzyme to study the
regioselectively controlled chlorination at the 7-position and substrate specificity of
tryptophan-7-halogenases. PrnA is a flavin dependent halogenase from P. fluorescens
BL915 strain which can chlorinate tryptophan at the 7-position of the indole ring. The
enzyme was isolated and characterized in Karl-Heinz van Pee’s group®*®. We cloned,
expressed and purified PrnA to explore its substrate specificity and regioselectivity.
PrnA was previously expressed in P. fluorescens BL915 using a broad range vector.
prnA gene (appendix) cloned into a pPEH vector was obtained from Karl-Heinz van
Pee’s group. Sarah Shepherd from our group cloned the 1614 bp prnA gene into
Ndel/Notl restricted pET-28a(+) (pET-SAS1) to express an N-terminal Hise)-tagged
PrnA protein. PrnA was expressed in E. coli BL21 (DE3) cells and was tested for
halogenase activity with its natural substrate tryptophan.

3.2.1. PrnA mass spectrometry

PrnA enzyme was obtained from Sarah Shepherd and MS analysis was carried out
following trypsin cleavage as described for KtzQ (section 5.18). The data was obtained
in  MASCOT format and was analysed in web based software

(http://www.matrixscience.com/search_form_select.ntml) using MASCOT MS/MS ion

search. The results obtained based on the ion intensity showed the highest matching
score for PrnA (186) as expected (Table 4).
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Table 4. Scores obtained for matching proteins by MASCOT analysis

S.No [ Protein Hits Score

1 Chain A, The Structure Of Tryptophan 7-Halogenase (PrnA) suggests A | 186

Mechanism For Regioselective Chlorination

2 tryptophan halogenase PrnA (Burkholderia oklahomensis EO147) 107

Further analysis of the enzyme by western blot analysis using anti His mouse
monoclonal antibody confirmed the presence of a His)-tagged protein of the expected

mass of PrnA (Figure 41).

15 kDa

10 kDa

M- Fermentas Pageruler Plus prestained protein ladder
Lane 1- His tagged PrnA bound with anti-His antibody

Figure 41. Western blot analysis showing the detection of PrnA protein bound with His-
antibody

3.2.2. PrnA enzymatic assay for substrate scope

Sarah Shepherd expressed PrnA in E. coli ArcticExpress (DE3) RP and screened PrnA
for activity with a series of substrates (Figure 80). PrnA was able to chlorinate and
brominate tryptophan, kynurenine, anthranilamide, methyl anthranilate and 2-propyl
aniline (Figure 42). The regioselectivity of the halogenation of products mediated by
PrnA were analysed by NMR and all the substrate showed chlorination at the position

similar to that of 7-Cl-tryptophan. Similar results were obtained for bromination.
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Cl Cl Cl Cl

7-Cl-tryptophan 3-Cl-Kynurenine 3-Cl-Anthranilamide 2-Amino- 3-Cl-Anthranilic
4-methyl-3-Cl-benzamide acid

Figure 42. Substrates that showed chlorination by PrnA

In tryptophan, the first highly preferred chemical halogenation is at position 3. But since
the position is occupied by extending amino acid chain, the next preference of
halogenation will be at position 2, which is not halgoenated in enzyme system. If
position 3 is blocked by the position 2, the next favourable halogenation of the substrate
by EAS will occur on indole ring of the tryptophan which is favoured by PrnA to
chlorinate at the 7-position of tryptophan. In kynurenine, the presence of NH, group
favours more as ortho, para directing group over the extended amino acid chain (also an
ortho, para directing group). In chemical halogenation, either position 3 or 5 are
preferred to carry out EAS. PrnA is more regio-selective to halogenate at the 3 position
rather than producing a mixture of both 3 and 5 tryptophan halogenases. In
anthranilamide, NH, group favours more ortho, para directing group over the CONH,
group (meta directing group) preferring either 3 or 5 position for halogenation. The
position 3 is ortho to para directing and meta to meta directing while position 5 is para
to ortho, para directing group and meta to meta directing group. Chemical halogenation
would produce mixture of both 3 and 5 halogenated anthranilamide on EAS but PrnA
halogenates more selectively at the 3 position. Similar halogenation is observed for
anthranilic acid as seen in anthranilamide. In 2-amino-4-methylbenzamide, position 3 is
ortho to ortho, para directing groups (NH, and CHj; respectively) and meta to meta
directing group (CONH;) and would therefore be much preferred position for
halogenation. While position 5 will also be preferred because it is ortho to CH3 (ortho,

para directing group), para to NH, group (ortho, para directing group) and meta to
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CONH, (meta directing group). PrnA halogenates more selectively at the 3 position

neglecting the 5 position to be halogenated in the enzyme system.

3.2.3. Protein engineering to widen substrate scope

The crystal structure of PrnA (PDB ID: 2AQJ) has been solved previously to study the
exact mechanism of chlorination®. Karl-Heinz van Pee’s group used the crystal
structure to identify important residues governing the mechanism and regioselectivity of
PrnA and confirmed their role(s) by site directed mutagenesis. The mutations generated
by Karl-Heinz van Pee’s group and their effects are summarised in Table 5.

Table 5. Previous mutations of PrnA and their effect on for regioselective chlorination
Mutant | Function of the residue and Reasons for | Results Reference
mutagenesis
E346 Required for abstraction of proton and |-
stabilise wheland intermediate for chlorination
E346Q | To increase the charge of CI" molecule based on | Inactive
weak interaction with HOCI

64

E346D | To study the closer interaction with HOCI Inactive %
S347 Drags HOCI into the tunnel and passes along | -

K79
S347A | Screening for activity Less active | *°
K79 Amino group interacts with HOCI to form | -

chloramine
K79A | Screening for activity Inactive ot

H101, | Forms sandwich around the indole ring of | -
W455, | tryptophan

F103

H101A | Altering regioselective chlorination No change | %

WA455A | Altering regioselective chlorination No change |

F103A | Altering regioselective chlorination Chlorinated | *
both 7-&5-
position of
tryptopahn

Although few mutants have been identified which govern substrate interaction and
regioselectivity of halogenation, from a biocatalysis perspective it is imperative to widen
the substrate scope for halogenation. Using the available crystal structure of PrnA we

identified additional residues that interact with the substrate and could be involved in
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determining substrate specificity. E450, Y433, Y444 and N459 which interact with the

carboxyl group of the tryptophan (Figure 43) were selected for mutagenesis.

N459

Y443 ¢

Figure 43. Crystal structure of PrnA (PDB ID:2AR8) generated using PYMOL"
showing amino acid residues(green) interacting with chlorinated tryptophan(orange) in
the active site

The mutants were designed on the basis of creating space in the active site using alanine,
reducing the active site size using tryptophan, and changing the polarity at each of the
positions by creating the mutations E450K, Y443H, Y444S and N459L. Sarah Shepherd
produced many of the mutants for creating space and polarity however | generated the
Y444W, N459W and E450W mutants that reduce the space available for substrate
binding in the active site. The pET-SAS1 was used as template DNA for site directed
mutagenesis (section 5.14) using primers P16-P18 (Table 32). Mutant clones (pET-KK
11-13) were confirmed by sequencing (GATC, Germany). Expression of Y444W,
N459W, E450W and Y444S were carried out in E. coli ArcticExpress (DE3) RP cells at
15°C except for Y444S which was expressed at 12 °C to overcome solubility issues
(Section 5.15.5). All of the mutant proteins were purified (Figure 44) and the Protein
concentrations obtained for each of the mutants are tabulated in Table 6.
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Table 6. PrnA mutant protein concentrations for widening substrates

Mutant proteins | Concentration (mg ml") | Concentrated volume (ml)
Y444W 3.2 1.0
N459W 2.4 1.0
E450W 2.2 1.0
Y444S 2.4 1.0
M1 2 3 4 5 M 1 2 3 4 5
- -
70 kDa - 70 kDa — o
55 kDa -'- -. Y444W 55 kDa 8 W W sow
35 kDa
35 kDa - -
25kDa o
25 kDa
- L —
M1 2 3 4 5 M1 2 3 4 5§
- -
— -
70 kDa gy ol
— o 70 kDa
55 kDa gy W - - £isow sy " = - 'Y443S
35kDa 4 35KkDa o
25 kDa & 25 kDa
A‘—
M- Fermentas Pageruler Plus prestained protein ladder
Lane 1- Uninduced cells
Lane 2- IPTG induced cells
Lane 3- 60 mM imidazole wash
Lane 4- 90 mM imidazol wash
Lane 5- 500 mM imidazole elute

Figure 44. Analysis of purified mutants Y444W, N459W, E450W and Y443S by 12%
(v/v) SDS-PAGE

3.2.4. Enzyme assay of mutant proteins with substrates
Sarah Shepherd screened the mutants for halogenase activity with library of substrates
(Figure 80) and the results are tabulated in Table 7. All of the mutant proteins, except
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Y444S and N459W which appeared to be inactive, chlorinated at least one substrate
from tryptophan, kynurenine and anthranilamide. E450W and Y44W were unable to
halogenate the natural tryptophan substrate but showed activity with the smaller

substrate anthranilamide.

Tryptophan Kynurenine Anthranilamide Anthranilic

PrnA acid

Ccl Br CI Br CI Br CI

wWT
Y444W
N459W
E450W

Y444s

E450K

Table 7. Table of substrates tested against various PrnA mutants

The mutant E450K was the only mutant to retain activity with anthranilic acid as a
substrate and showed higher levels of chlorination (18%) with anthranilic acid compared
to that of wild type (6%).

To further check the effect of polar residues interacting with the substrate, the
E450 residue was mutated to an R residue using pET-SAS1 as template and primer P19
(Table 32). The mutant clone (pET-KK14) was confirmed by DNA sequencing (GATC,
Germany) Expression of E450R was carried out in E. coli ArcticExpress (DE3) RP cells
(Section 5.15.3) and the protein was purified (Figure 45) and was concentrated to yield
1ml at a concentration of 3.2 mg ml™.
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55 kDa

35 kDa
25 kDa

M
70 kDa i
- ‘—- ? E450R
.-
.-

15 kDa

10 kDa

M- Fermentas Pageruler Plus prestained protein ladder
Lane 1- Uninduced cells

Lane 2- IPTG induced cells

Lane 3- 60 mM imidazole wash

Lane 4- 90 mM imidazole wash

Lane 5- 500 mM imidazole elute

Figure 45. Analysis of E450R mutant protein by 12% (v/v) SDS-PAGE

In an assay with anthranilic acid as the substrate, mutant E450R showed a higher level
of chlorination relative to that achieved by the wild type enzyme, but lower levels of
chlorination relative to that of the E450K mutant. The positive charge of the lysine
residue predicted to strongly interact with the carboxyl terminal of the anthranilic acid
resulting in much higher activity of E450K mutant. The positive charge of the arginine
residue is more diffuse and may not interact with the anthranilic acid to the same extent
as lysine. In order to facilitate higher chlorination levels of anthranilic acid, Sarah
Shepherd designed further mutants based on in-silico docking of the anthranilic acid into
the crystal structure of PrnA (PDB ID:2ARS8). In the crystal structure the carboxyl
group of F454 hydrogen bonds with the amino group of tryptophan at a distance of 2.78
A and Y443 and Y444 interact with the carboxyl of tryptophan. Since the E450K and
E450R mutants showed higher level of chlorination compared to that of wild type,
mutagenesis was used to change the other tryptophan interacting residues Y443, Y444

and F454 into lysine and arginine residues.
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Figure 46. Crystal structure of PrnA(PDB ID:2AR8) generated using PYMOL' showing
active site F454 (red) and other residues (green) interacting with chlorinated
tryptophan

The construct pET-SAS1 was used as template DNA for site directed mutagenesis
(section 5.14) using primers P20-P25 (Table 32). Mutants F454K, F454R, Y443K,
Y443R, Y444K and Y444R (pETKK15-20) were confirmed by sequencing (GATC,
Germany). Expression of the PrnA mutants (pETKK15-20) was carried out in E. coli
ArcticExpress (DE3) RP cells (Section 5.15.5). Proteins were purified and were
concentrated to the following concentrations in a total volume of 1 ml (Table 8).

Table 8. PrnA mutant protein concentrations for anthranilic acid.

Mutant Proteins | Concentration (mg ml™)
F454K 7.3

F454R 6.8

Y443K 3.6

Y443R 31

Y444K 2.75

Y444R 2.6
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3.2.5. Assay of PrnA mutant’s with anthranilic acid

The assays with anthranilic acid as the substrate were carried out by Sarah Shepherd and
she found that the mutant F454K produced the highest level of chlorination (55%)
followed by F454R with 41% and E450K with 35%. The rest of the mutants produced

chlorination levels of less than 20%.

3.2.6. Optimisation of protein purification of PrnA for crystallographic studies

So far two crystal structure of PrnA have been resolved: wild type PrnA (PDB ID:
2AR8)* and a PrnA E346D mutant (PDB ID: 2JKC)®. Both of these structures were
obtained to understand the mechanism involved in the regioselective chlorination of
tryptophan. The proteins were previously expressed using P. fluorescens BL915%. The
section will focus on the optimisation of the purification protocol of PrnA expressed in
E. coli, which will also be used to produce important PrnA mutants for crystallographic
studies. Since PrnA wild type had activity on substrates other than tryptophan, our initial
focus was to obtain co-crystal structures of PrnA with these substrates. In order to carry
out crystallographic studies, large amounts of very pure protein is required.
Optimisation of the purification protocol was important to obtain the purest PrnA
possible. To express protein for crystal trials, pET-SAS1 was transformed into E. coli
BL21 (DE3) and E. coli ArcticExpress (DE3) RP cells.

PrnA was expressed in E. coli BL21 (DE3 strain) at 30 °C and purified as
described in (section 5.15). 20 pl of the purified sample was analysed by 12% (v/v)
SDS-PAGE and showed the presence of contaminants and degradation of PrnA
indicating it that it would be unsuitable for crystal trials. In order to try to reduce the
amount of contaminating proteins in the expression system, the cells were grown at the
lower temperature of 15 °C. Most naturally occurring proteins in E. coli are expressed
between 20-35 °C, while at lower temperatures their production becomes minimal. This
unfortunately resulted in a similar level of impurities but did reduce the level of protein

degradation (Figure 47).
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M 1 2 3
-
-
70 kDa
W PrnA
55kDa W (61.1 kDa)
e
35 kDa -~
e —
M- Fermentas Pageruler Plus prestained protein ladder
Lane 1- Uninduced cells
Lane 2- IPTG induced cells
Lane 3- 500 mM imidazole elute of purified PrnA

Figure 47. Analysis of purified PrnA from E. coli BL21 DE3 cells by 12% (v/v) SDS-
PAGE

Following the improvement with low temperature expression, the expression was
carried out in the E. coli ArcticExpress (DE3) RP strain since it can adapt to very low
temperatures (10-15 °C). The cells were grown, harvested, lysed and purified according
to section 5.15. The purified protein was analysed by12% (v/v) SDS-PAGE. The results
revealed much purer protein compared to that purified from BL21 (DE3) cells, as both
the level of contaminants and degradation was minimal. However, ArcticExpress cells
are engineered to produce two cold tolerant chaperones Cpnl0 and Cpn 60 that can
increase the solubility of expressed recombinant proteins. These chaperones, particularly
the Cpn60 (60 kDa) can remain bound to the protein of interest and co-elute from the
nickel column®"®, The expressed proteins were difficult to separate from chaperones by
gel filtration due to their closely associated sizes. Hence an alternate approach of using

ATP to remove these chaperone was adopted®” .
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To remove the chaperone from the PrnA, different methodologies were adopted.
Three types of experiments were performed initially to remove the chaperones using
ATP. The treatment of ATP provides comformationional change for complete removal
of protein from chaperones in the system®®, Three different samples were prepared
and a final concentration of 10 mM ATP was added to them at different points of the
purification protocol. To one of the tubes, the ATP was added before the cells were
lysed with lysozyme (10 mg ml™). To the second tube, ATP solution was added to the
supernatant obtained after lysis and centrifugation. These two tubes were incubated for 2
h at room temperature. To the third tube, ATP solution was added to the supernatant and
incubated overnight. Protein from the three tubes was purified separately by FPLC
(section 5.15.6) and the purified samples were analysed by 12% (v/v) SDS-PAGE
(section 5.16).

The amount of protein obtained when ATP was added prior to lysis was low, but
a significant amount of protein was obtained when the ATP was added after lysis and
incubated for 2 hours or overnight. Furthermore, the treatment with ATP lead to a
reduction in the amount of chaperone co-purifying with PrnA without affecting the yield
of PrnA (Figure 48).

Since the ATP treatment showed promise for removal of chaperones from PrnA
a different approach was taken that involved using an ATP wash (Section 5.15.6.3). The
first fraction of the ATP buffer wash contained both PrnA and the chaperone and the
second fraction contained only PrnA. However, the final elution with 500 mM imidazole

contained both
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b - W
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25kDa

15kDa =

10kDa
M- Fermentas Pageruler Prestained Protein ladder
Lane 1- PrnA crude cell
Lane 2- PrnA crude cell induced with IPTG
Lane 3- PrnA 500 mM of imidazole elute of ATP after 2 hour incubation
Lane 4- PrnA 500 mM of imidazole elute of ATP before lysis
Lane 5- PrnA 500 mM of imidazole elute of ATP with overnight incubation

Figure 48. Analysis of PrnA treated with ATP by 12% (v/v) SDS-PAGE

PrnA and chaperone in very low amount (Figure 49). This results indicated that an ATP

buffer wash can be used to remove the chaperone from PrnA.

M 1 2 3

-

-

- ,CCpn60>
70 kDa > <+« @A
55kDa.

35 kDa '
25 kDa .

M- Fermentas Pageruler Plus prestained protein ladder
Lane 1- 1st fraction ATP buffer elute from HiTrap Chelating HP column

Lane 2- 2nd fraction ATP buffer elute from HiTrap Chelating HP column
Lane 3- 500 mM elute from HiTrap Chelating HP column

Figure 49. Analysis of PrnA treated with an ATP wash by 12% (v/v) SDS-PAGE
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The expression was scaled up and purification was carried out in 3-4 runs as described
above. The fraction in which the protein was expected to be pure was collected, pooled,
concentrated and further purified on a Superdex™ 200 10/300 gel filtration column. The
eluted fractions from the gel-filtration column were pooled together and concentrated to
12 mg ml™. The protein was analysed by 12% (v/v) SDS-PAGE and unfortunately there
was evidence of a small amount of degradation (Figure 50). Due to this degradation,

PrnA was not subjected to crystal trials.

A B
M 1 2 3 4 M 1
70 kDa 70 kDa
55 kDa - ProA 55 kDa M -. PrnA
-
35kDa o
35 kDa
25kDa
25 kDa
M- Fermentas Pageruler Plus prestained M- Fermentas Pageruler Plus prestained protein ladder
protein ladder Lane 1-Concentrated PrnA
Lane 1- PrnA supernatant Other lanes- Differne protein extraction
Lane 2-4- PrnA elute SuperdexTM 200 10/300 gel
filtration column

Figure 50. Analysis by 12% (v/v) SDS-PAGE
(A). Purified PrnA following the ATP wash showing removal of the chaperones (B).
Purified PrnA following gel-filtration and concentration
The desired amount of protein required for crystal trials was difficult to obtain using the
above method due to the loss of protein with the ATP buffer wash. Hence an alternate
method was developed using an engineered vector pET-YSBLIC which was obtained
from the Grogan group from York. The plasmid is a pET-28a(+) vector engineered with
a HRV 3C protease cleavage site replacing the thrombin cleavage site between the His-
tag and the coding sequence of the gene of interest’®*. HRV 3C protease from human
rhinovirus type 14 recognises the cleavage site LeuGluValLeuPheGIn/GlyPro and is

highly active at 4 °C. It is available as a 22 kDa His-tagged fusion recombinant protein
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which allows it to be easily removed from its substrate. prnA was subcloned from pET-
SASL1 into Ndel/Xhol restricted pET-YSBLIC (pET-KK21). Clones were confirmed by
restriction digestion and further verified by sequencing (GATC, Germany). pET-KK21
was transformed into E. coli ArcticExpress (DE3) RP. The protein was expressed, the
cells lysed and the lysate concentrated. A digestion was set up at a ratio of 1 unit: 100
ng HRV3C: PrnA lysate and incubated at 4°C for 48 hr. The protease cleaves the His)-
tag from the protein and since the HRV 3C protease is His-tagged protein, the cleaved
Hise)-tag from PmA and HRV3C should bind to the Ni** column, hopefully along with
the chaperone, while the tag free PrnA should flow straight through the column. This
should remove the chaperones from the protein. The purified protein was analysed by
15% (v/v) SDS-PAGE.

M1 2 3 4 56 7 8
T0kDa w—m == =
55 kD —— — 5

s = -
35KkDa W =
25 kDa
15 kDa
10 kDa

M- Fermentas Pageruler Plus prestained protein ladder
Lane 1-4- Different protein isolation

Lane 5- Uninduced cells

Lane 6- IPTG induced cells

Lane 7- Flowthorough of the HRV 3C digested sample from
HiTrap Chelating HP column

Lane 8- 500 mM imidazole elute

Figure 51. Analysis of HRV 3C cleaved PrnA by 12% (v/v) SDS-PAGE for removing
chaperones

The presence of chaperone was observed in the flow through with no PrnA being eluted,
while 500 mM elute showed both PrnA and the chaperone. This result indicated that the
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digestion of HRV3C protease did not efficiently cleave the Hisg)-tag after 48 hr
allowing the Hise)-tagged PrnA to bind the nickel column strongly that was eluted by
500 mM imidazole concentration. Later a protocol was optimised using hydrophobic
columns to remove the chaperones from PrnA (Section 5.15.6.6). Using this method
wild-type PrnA and, the PrnA mutants F454K and E450K were purified. The pure PrnA
wild type was subjected to MALS to check the monodispersity of the sample, but due to
the low yield it was not submitted for crystal trials. A high yield of the PrnA mutants
F454K and E450K was obtained and these proteins were subjected to crystal trials.

3.2.7. Multiangle light scattering (MALS) of PrnA

The pure PrnA wild-type was subjected to multiangle light scattering (MALS) to check
for its mondispersity before submitting it for crystal trials. To obtain crystals, the
purified protein should be homogenous. MALS is a very sensitive technique based on
the scattering of light through proteins in solutions that is used to characterise proteins in
solution'®?. This technique is used to determine the molecular mass, oligomeric state,
protein folding and dispersity. The MALS analysis of PrnA showed that the enzyme
preparation is mono-disperse and has a molecular mass of 114.8 kDa consistent with the

protein existing as a dimer in solution as has been reported®.

3.2.8. Crystal structure of PrnA F454K mutant

All of the crystallographic experiments were performed by Dr.Colin Levy at Manchester
Institute of Biotechnology, Manchester, UK. The purified PrnA FA54K mutant (34 mg
ml™) was incubated with 2.5 mM of FAD for 1 hr and subjected to crystal trials using a
96 well screen from Molecular Dimensions. Crystals were obtained under similar
crystallisation conditions to that reported for the wild-type PrnA enzyme (Section 5.28).
A modified crystallisation condition that contained PEG 20K, 0.1M MES pH 6.5 as the
precipitant and a 1.1 sitting drop experiment at room temperature was carried out to
obtain X-ray diffraction quality crystals. The crystals formed were tetragonal in shape

and diffracted to 2.4 A. Attempts to get co-crystal structure for PrnAF454K mutant were
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unsuccessful as the protein failed to crystallise in the presence of either tryptophan or
anthranilic acid. Clear electron density was visible for FAD and CI". The mutant crystal
structure was derived using PHASER'® software using wild-type PrnA as the structural
template. The co-ordinate and structural parameters for derived PrnA F454K structure

are shown below.

Figure 52. (A). Diffraction image, (B). PrnA F454K mutant crystal in tetragonal shape

Table 9. Structural parameters obtained for PrnA F454K mutant using CCP4 suite

software'®
Data collection Substrate FAD and CI’
Wavelength (A)
Resolution range (A) 68.84-2.204

2.283-2.204

Space group P43212
Unit cell 68.1 68.1 275.38 90 90 90
Unique reflections 33920 (3298)
Completeness (%) 9.96 (99.82)
Mean I/sigma(l) 8.31 (3.80)
Wilson B-factor 31.37
R-work 0.1795 (0.2145)
R-free 0.2325 (0.2937)
Number of atoms 4561
macromolecules 4158
ligands 59
water 344
RMS(bonds) 0.008
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RMS(angles) 1.13
Ramachandran favored (%) 97
Ramachandran outliers (%) 0.19

Clashscore 2.41

Average B-factor 26.00
macromolecules 25.70
ligands 24.60
solvent 30.10

The crystal structure of the PrnA F454K mutant contained a bound FAD molecule and a
chloride ion. The wild type PrnA (PDB ID: 2AR8) structure was superimposed with the
PrnA F454K mutant structure using PYMOL software®. The mutant structure was found
to be in the same overall conformation to that of the wild type with a triangular pyramid
shape (Figure 53a). The FAD and CI" binding sites are also similar to that of the wild
type (Figure 53b).

Figure 53. (A).Overlay of PrnA wild type(PDB ID:2ARS8) (blue) with PrnA F454K
mutant (green) showing similar structures, (B).Similar binding of FAD and CI" by PrnA
(blue) and the F454K mutant (green), generated using PYMOL*

The CI" is bound on the face of the isoallooxazine ring of FAD making contact with
T348 and G349%. The K79 residue that interacts with hypochlorous acid to form the
chloramine is also found to be present at the same position as in the wild type. The main

difference lies on the position of amino acids from 437-443, which form an extended
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loop of an a-helix in the wild-type structure. This loop in the F454K mutant does not

align with the a-helix present in wild-type PrnA (Figure 54).

Figure 54. Crystal structure of PrnA wild type(PDB ID:2AR8) (blue) showing the a-
helix (magenta) and F454 mutant (green) showing the non-aligning extended loop (red,
generated using PYMOL*

The a-helix holds the key residue Y444, whose hydroxyl group hydrogen bonds with the
carboxyl group of the tryptophan®,in position. In the F454K mutant, the residue is
pushed away from the active site by 2.3 A- 2.79 A such that the hydrogen bonding to the
substrate would be disrupted. The Y443 residue also moves away by 0.69 A. The
hydroxyl group of Y443 hydrogen bonds with the amino group of tryptophan in the wild
type and this interaction could be impaired (Figure 55). Together, these movements
allow more space for the smaller substrates to bind nearer to the lysine residue allowing
for a better electrostatic interaction.

Although the attempts to co-crystallise F454K mutant with substrates L-
tryptophan and anthranilic acid were unsuccessful. The F454K mutant structure was
used as a template to model anthranilic acid using the PYMOL software'. The docking
was carried out by aligning anthranilic acid to the tryptophan in the wild-type structure.
The orientation of anthranilic acid at the active site could explain its regioselective
chlorination which is aided by the residue E346.

95



F454

Cl-trp

Y444 Y444

Figure 55. The distance differences of the interaction between PrnA F454K mutant
(green) residues Y444 and Y443 and the wild type (PDB ID:2AR8) residues (blue) with
tryptophan, the K454 mutation is shown in red and chlorinated tryptophan is orange
(generated using PYMOL?Y).

K454

K79

Figure 56. Docking of anthranilic acid in the F454K mutant (green) structure showing
interaction with Y444, Y443 and K454 (red), wild type PrnA (PDB ID:2ARS8) (blue)
used as template, anthranilic acid (magenta), generated using PYMOL*!
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The docking experiment shows that the Y443 and Y444 residues are extended outwards
allowing more space for the anthranilic acid binding closer to the K454 residue. The
previous docking studies suggest that the electrostatic interaction takes place between
the hydroxyl group of the anthranilic acid and the amino group of the K454 residue. It
would also allow the amino group of the residue to hydrogen bond with the hydroxyl
group of the substrate. The strong interaction would allow much higher conversion of
anthranilic acid by the mutant. The same interaction in the wild-type enzyme would be
weaker leading to a lower conversion of anthranilic acid. This proposed binding model
is in agreement with our experimental results. At present efforts are directed towards

getting co-crystal structures of the mutant bound to substrates.

3.3. KtzR (tryptophan-6-halogenase)

KtzR was first isolated from the kutzneride biosynthetic gene cluster of soil
actinomycetes Kutzneria spp744’® and was shown to be a flavin dependent halogenase
that chlorinates at the 6-position of tryptophan. We cloned, expressed and purified KtzR
to study its halogenation mechanism, regioselectivity and substrate scope.

3.3.1. Cloning and expression of KtzR

The microorganism was provided from the Walsh laboratory’®. Initially ktzR was
amplified from Kutzneria spp744 gDNA and cloned into a pET vector for expression in
E. coli by Sarah Shepherd in our laboratory. Additionally, the gene was also cloned into
a pVLT33 vector (pET-SAS3) for expression in Pseudomonas putida KT2440 as carried
out by Christopher Walsh group’®. Attempts were made to transform pET-SAS3 into
Pseudomonas putida KT2440 by chemical transformation and electroporation. Both of
these methods were unsuccessful, presumably due to the larger size (10 kb) of the
plasmid. The transfer of the plasmid is usually carried out by conjugation, wherein an
additional helper strain of E. coli S17-1Apir is used but this was unavailable in the lab.
Due to time constraints in obtaining the helper strain, further attempts at transforming

the plasmid were not carried out. Expressions was tested in E. coli BL21 (DE3) and
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Rosetta-gami (DE3) as per section 5.15.1. Expression studies were also performed using
auto-induction medium, M9 medium and LB supplemented with tryptophan or 1%
glucose. Various concentrations of IPTG for induction were also investigated. The
results revealed no expression in either of the strains under any of the conditions tested.

A codon optimised ktzR gene with desired flanking regions was designed and obtained

in plasmid pMK-RQ (Geneart, Life Technologies, Invitrogen, UK) (Figure 57).

— Sfil(361)
KanR ~EcoRI(371)
Drall(3219) - Kpnl(385)

Ncol(3146) — L

1100791_Ktz_R_pMK-RQ
3838 bp

Eco571(2642) KtZ_R

Col E1 origin
Sfil(1941)

BamHI(1925) —

" Xhol(1908)
Xho!(1920) — =" HindIlI(1914)

Figure 57. ktzR constructed in pMK-RQ (construt map provided by GENEART)

The 1544 bp ktzR gene (appendix) was subcloned into Ndel/Xhol restricted pET-28a(+)
(PET-SASS) as mentioned in sections 5.11-5.13. Clones were confirmed by restriction
digestion and further verified by sequencing (GATC, Germany). The expression of
KtzR in E. coli BL21(DE3) cells was carried out in LB, LB supplemented with 20 ug
ml™ tryptophan, M9 and LB supplemented with unrefined cane molasses*® at 16 °C for
3 hr. KtzR expression was analysed by 12% (v/v) SDS-PAGE, and expression was
observed in all media except M9 (data not shown). On further analysis, the enzyme was
determined to be insoluble. To try to obtain soluble protein, cell growth and protein
expression was slowed down by addition of 0.4 M sucrose to the media, growth of cells

at the lower temperature of 14 °C and inducing with lower concentrations of IPTG. An
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alternative cold and heat shock method was also used which revealed the presence of
soluble protein by SDS-PAGE (data not shown). An assay was carried out using the
crude lysate fraction with tryptophan as the substrate and showed no halogenation
suggesting the protein is inactive.

3.3.2. Re-cloning and expression of KtzR

Comparison of the KtzR protein sequence with the sequence of another tryptophan-6-
halogenase SttH revealed the potential absence N-terminal amino acids in KtzR. On
further analysis of the sequences from the NCBI databases, it was concluded that the
gene sequence was deposited incorrectly and was missing the sequence encoding the
first 20 amino acids of the protein. Primers were designed to attach the missing 60
nucleotides (20 amino acids) and clone the full length gene into pET-28a(+). Primer P8
was designed to attach the missing nucleotides and primers P27 and P28 were used to
amplify the full length ktzR sequence (1604 bp). Full length ktzR was cloned into Ndel
INotl restricted pET-28a(+) (pET-KK22) to express an N-terminal Hise)-tagged KtzR

protein. The clone was confirmed by restriction digest of the plasmid and sequencing
(GATC, Germany) (Figure 58).

M 1 2

pET28a

2000 bp
1500 bp

1000 bp

ktzR(1604 bp)

M- 1 kb ladder
Lane 1&2- pET28a::k#zR restrcition digestion with Ndel/Notfl

Figure 58. Restriction digestion analysis of pET-KK22 with Ndel/Notl
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For expression pET-KK29 was transformed into E. coli BL21 (DE3) and E. coli
ArcticExpress (DE3) RP cells. The expression of KtzR in E. coli BL21 (DE3) and E.
coli ArcticExpress (DE3) RP was carried out as described in section 5.15.5. The protein
was purified by Ni?* affinity chromatography and concentrated to 1 ml at a
concentration of 0.8-1 mg ml™(Section 5.15). 20 pl of pure KtzR was analysed by 12%
(v/v) SDS-PAGE and a band was observed between 55 kDa and 70 kDa consistent with
the expected mass (61.4 kDa).

A
M 1 2 3 4 5 M 1 2 3 4 5
S - WD kxS Ko
— (61.4 kDa) -_— (61.4 kDa)

35kda e - 35 kda am

M- Fermentas Pageruler Plus prestained ladder M- Fermentas Pageruler Plus prestained ladder

Lane 1- Uninduced cells Lane 1- Uninduced cells

Lane 2- IPTG induced cells Lane 2- IPTG induced cells

Lane 3- 60 mM imidazole wash Lane 3- 60 mM imidazole wash

Lane 4- 90 mM imidazole wash Lane 4- 90 mM imidazole wash

Lane 5- 500 mM imidazole elute Lane 5- 500 mM imidazole elute

Figure 59. Analysis of pure KtzQ protein from (A). E. coli BL 21(DE3) cells, (B) E. coli
ArcticExpress DE3(RP) by 12% SDS-PAGE

3.3.3. Halogenase activity of KtzR on tryptophan

The KtzR assay was carried out by Sarah Shepherd with L-tryptophan (section 5.22)
using 5 UM of halogenase in a total volume of 200 pl in 10 mM potassium phosphate
buffer pH 7.2. KtzR showed chlorination of |-tryptophan at the 6-position which was
confirmed by LC-MS (239.1 (M+H) and 241.1 in the characteristic 3:1 ratio for chlorine
isotopes. Sarah screened KtzR against a library of other potential substrates (Figure 83)

and unfortunately found no chlorination or bromination activity.
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3.3.4. Purification of KtzR for obtaining crystal structure

The crystal structure of the tryptophan-7-halogenases [PrnA(PDB ID:2AR8)]* and
tryptophan-5-halogenases [PyrH (PDB ID:2WET)]*® have been solved and provide
insight for further mutagenesis studies designed to improve the substrate specificity and
regioselectivity of these enzymes. The crystal structure of a tryptophan-6-halogenase
has not yet been solved preventing rational mutagenesis of these enzymes.

An effort was undertaken to obtain the crystal structure of KtzR (a tryptophan 6-
halogenase). Protein was expressed on a large scale (4 litres) (5.15). The protein
purification for crystal trials was carried out using a HiTrap™ Chelating HP column for
Ni?* affinity chromatography, HiTrap™ Q HP anion exchange column and a
Superdex™ 200 10/300 gel filtration column.

In the initial purification attempt the cells were lysed and purified in batches
using the HiTrap™ Chelating HP column and purified fractions were pooled together
prior to the next purification steps. The pooled sample had contaminating higher and
lower mass proteins. To remove these, the samples were diluted to remove the salt and
loaded onto a HiTrap™ Q HP anion exchange. To attempt to remove the contaminating
proteins lower salt concentrations washes (20 mM-250 mM NacCl) were used and KtzR
was eluted using a higher salt concentration of 500 mM NaCl. However, this failed to
remove the contaminants a significant amount of the KtzR protein was lost. Insufficient
protein was obtained and the purity achieved was unsuitable for crystallography.

In subsequent attempts the purification was carried out by overloading the nickel
column with the lysate. The HiTrap™ Chelating HP column can hold a maximum of 60
mg of protein per ml of resin and the advantage of overloading the column increases the
probability of specific binding of His)-tagged proteins while reducing the probability of
nonspecific binding of other proteins. The protein from the HiTrap™ Chelating HP
column had comparatively fewer contaminating proteins. The protein was then
subjected to two rounds of purification using a HiTrap™ Q HP anion exchange column,
eluting with high salt concentration. The protein obtained was much purer with a single
band observed by SDS-PAGE. This was subjected to Superdex™ 200 10/300 gel
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filtration column for exchange of the buffer and was concentrated to 600 pl at a
concentration of 8 mg ml™. 20 pl of pure KtzR was analysed by 12% (v/v) SDS-PAGE

(Figure 60). The pure protein was subjected to crystallisation trials.

1
70 kDa
55 kDa

35 kDa
25 kDa

B EE

10 kDa

M-Pageruler Plus Prestained Protein Ladder
Lanel- Pure KtzR protein

Figure 60. Analysis of pure KtzR protein by 12%(v/v) SDS-PAGE
Initial crystal trials did not yield any good crystals for obtaining the structure of the

enzyme. The crystallization of this protein was not pursued out due to the inability of

this enzyme to halogenate substrates other than the natural substrate tryptophan.

3.4. SttH (tryptophan-6-halogenase)

Since KtzR was an unsuitable enzyme in terms of the amount of protein obtained and its
substrate specificity scope, it was necessary to investigate other efficient 6-halogenases
for comparative studies with other halogenases. SttH enzyme was isolated in 2011 by
Zhang et al. from Streptomyces toxytricini NRRL 15443, and halogenates both | and p-
tryptophan to produce products halogenated at the 6-position’®. Our work focussed on
cloning, expressing and, purifying SttH in E. coli, in order to study its mechanism of
regioselective halogenation and identifying important residues for the chlorination of
tryptophan at the 6-position. We will also explore its substrate specificity and residues

governing this.
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3.4.1. Cloning and expression of tryptophan-6-halogenase SttH

The gene sequence of SttH was obtained from the S. toxytricini NRRL 15443
biosynthetic gene cluster deposited in the NCBI database (appendix).

A codon optimised SttH gene with desired flanking regions was designed and obtained
in plasmid pMK-RQ (Geneart, Life Technologies, Invitrogen, UK) (Figure 61).

Sfil(361)
KanR Ndel(372

Drall(3245) -
Balll(3187

Ncol(3172) ~

12AAOCBP_SttH_pMK-RQ
3864 bp

Eco57I(2668) SttH

Col E1 origin
Sfil(1967)

Sfil(1958)

Notl(1950)

EcoRI{1595)

Figure 61. SttH constructed in pMK-RQ plasmid (construct map provided by
GENEART)
The 1572 bp SttH gene was subcloned into Ndel/Xhol restricted pET-28a(+) (pET-

SASG) as described in sections 5.11-5.13 by Sarah Shepherd. Clones were confirmed by
restriction digestion to verify the presence of insert and further verified by sequencing
(GATC, Germany).

For expression, pET-SAS6 was transformed into E. coli ArcticExpress (DE3) RP
cells and the expression, isolation and purification were carried out as per section 5.15.
Pure SttH was eluted with from a Ni?* affinity chromatography with 500 mM imidazole
and was subjected to buffer exchange by dialysis (overnight) in phosphate buffer. The
SttH was concentrated to 1 ml with a concentration of 6 mg ml™ and stored in storage
buffer at -20°C. Pure SttH was observed between 55 kDa and 70 kDa consistent with the
expected mass (61.1 kDa) by 12% (v/v) SDS-PAGE (Figure 62).
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Figure 62. Analysis of pure SttH by 12%(v/v) SDS-PAGE
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3.4.2. Substrate specificity of SttH enzyme

Sarah Shepherd carried out the scope of substrate specificity studies on SttH against a
wide range of substrates (Figure 80). Briefly, she found that SttH was able to chlorinate
and brominate tryptophan, kynurenine, anthranilamide, methyl anthranilate and 2-propyl
aniline (Figure 63). The enzyme chlorinated its natural substrate tryptophan the best
(65%), followed by kynurenine (50%) and anthranilamide (about 10%). The
regioselectivity of the some of the above products produced by SttH was then confirmed
using NMR (Figure 63).
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6-Cl-tryptophan 5-Cl-Kynurenine 5-Cl-Anthranilamide 2-Amino- 5-Cl-Anthranilic

4-methyl-5-Cl-benzamide acid
Figure 63. Substrates that were chlorinated by SttH

In tryptophan, the first highly preferred chemical halogenation is at position 3. But since
the position is occupied by extending amino acid chain, the next preference of
halogenation will be at position 2, which is not halgoenated in enzyme system. If
position 3 is blocked by the position 2, the next favourable halogenation of the substrate
by EAS will occur on indole ring of the tryptophan which is favoured by SttH to
chlorinate at the 6-position of tryptophan. In kynurenine, the presence of NH, group
favours more as ortho, para directing group over the extended amino acid chain (also an
ortho, para directing group). In chemical halogenation, either position 3 or 5 are
preferred to carry out EAS. PrnA is more regio-selective to halogenate at the 5 position
rather than producing a mixture of both 3 and 5 tryptophan halogenases. In
anthranilamide, NH; group favours more ortho, para directing group over the CONH,
group (meta directing group) preferring either 3 or 5 position for halogenation. The
position 3 is ortho to para directing and meta to meta directing while position 5 is para
to ortho, para directing group and meta to meta directing group. Chemical halogenation
would produce mixture of both 3 and 5 halogenated anthranilamide on EAS but SttH
halogenates more selectively at the 5 position. Similar halogenation is observed for
anthranilic acid as seen in anthranilamide. In 2-amino-4-methylbenzamide, position 3 is
ortho to ortho, para directing groups (NH, and CHs; respectively) and meta to meta
directing group (CONH;) and would therefore be much preferred position for
halogenation. While position 5 will also be preferred because it is ortho to CH3 (ortho,

para directing group), para to NH, group (ortho, para directing group) and meta to
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CONH, (meta directing group). SttH halogenates more selectively at the 5 position

neglecting the 3 position to be halogenated in the enzyme system.

3.4.3. Regioselectivity of SttH

As mentioned in section 3.3.4, the structure of a 6-tryptohan halogenase has not yet been
solved, which makes it difficult to design rational mutagenesis strategies for these
enzymes. We tried to study the regioselectivity of the SttH enzyme based on the
sequence alignment with other flavin dependent halogenases. Lang et al., 2011 found
that a PrnA F103A mutant changed the regioselectivity of the enzyme from the 7-
position to the 5-position of tryptophan®®. On sequence alignment, this F residue is
conserved in all the flavin dependent halogenases (Figure 64). In order to study the
regioselectivity of SttH, initially an attempt was made to mutate the corresponding F
residue at position 98 of SttH to A.

STRHY-5 FFDYLGLSEADWMPECNGTYKLAVRLENWRAPG--—-———-———-—-—-— T64YFYHPEERMRVV 85
PyrH-5 FFDYLGLDEREWLPRCAGGYKLGIRFENWSEPG-—-———-—-—-—————-— EYFYHPEERLRVV 100
Thal-6 FFDYLGIPEEEWMRECNASYKMAVKFINWRTPGEGSPDPRTLDDGHTDTFHHPEGLLPSA 118
KtzR-6 FFQFLNLREQDWMPACNATYKLGIRFENWRHVG----—---—-=-—-—-—-—— HHFYQPEEQIRPV 105
SttH-6 FFEFLDLREEEWMPACNATYKLAVRFQDWQRPG-—-————-—-—-————-— HHFYHPEEQMRSV 104
RebH-7 FFDFLGIPEDEWMRECNASYKVAIKFINWRTAGEGTSEARELDGG-PDHFYHSE®GLLKYH 117
KtzQ-7 FFDFLGIAEDEWMRECNASYKAAVRFVNWRTPGDGQATPRRRPDGRPDHFDHLEGOLPEH 119
PrnA-7 FFDFLGIPEREWMPQVNGAFKAAIKFVNWRKSPDPSRD-----—-—-—— DHFYHLEGNVPNC 109

Khke ok o Kk ek . x e e ok * . K

Figure 64. Sequence alignment of tryptophan 5-, 6- and 7- halogenases showing the
conserved phenylalanine residue

The construct pET-SAS6 was used as template DNA for site directed mutagenesis
(section 5.14) using primer P29 (Table 32). The mutant clone (pET-KK23) was verified
by DNA sequencing (GATC, Germany) and transformed into E. coli ArcticExpress
(DE3) RP cells. The SttH F98A mutant was expressed in E. coli ArcticExpress (DE3)
RP cells, isolated, purified and concentrated to 1 ml with a concentration of 2.39 mg ml’
' as described in section 5.15 (Figure 65).
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Figure 65. Analysis of pure SttH F98A by 12% (v/v) SDS-PAGE

3.4.3.1. Enzyme assay of SttH F98A

The activity of the SttH F98A mutant was enzymatically assayed (section 5.22). 5-
chloro-tryptophan, 6-chloro-tryptophan and 7-chloro-tryptophan were obtained using
wild type enzymes PyrH, SttH and, PrnA respectively and were used as standards in this
experiment. The comparison of the SttH F98A mutant assay with the standards did not
show any change in regioselectivity, showing chlorination of tryptophan only at the 6-
position. The mutant also showed a very low activity relative to that of wild type (Figure
66). Attempts at bromination of tryptophan using the SttH F98A mutant were

unsuccessful.
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Figure 66. HPLC chroFﬁatogram shov&fng low chlorination activity bsy; SttH F98A
mutant
Since the above results did not show any change in regioselectivity, further mutagenesis

was attempted to investigate other potential residues governing regioselectivity. Further
analysis by sequence alignment revealed that an 8 amino acid loop region present in
tryptophan-7-halogenases was absent in SttH. The effect of this loop on the
regioselectivity of the enzymes was investigated by inserting the 8 amino acid loop from
the 7-halogenases into SttH to see if it would then be able to chlorinate tryptophan at the
7-position. Mutagenesis was carried out by site directed mutagenesis (section 5.14)
using pET-SAS6 as template DNA and primer 30-31 (Table 32). Mutant clone
(PETKK?24) were verified by DNA sequencing (GATC, Germany) and transformed into
E. coli ArcticExpress (DE3) RP cells. The SttH loop insert mutant was expressed in E.
coli ArcticExpress (DE3) RP cells, isolated, purified and concentrated to 0.54 mg ml™ as

described in section 5.15.

3.4.3.2. Enzyme assay of SttH loop (SttH L) inserted mutant for regioselectivity
The activity of the SttH loop inserted mutant protein was enzymatically assayed.
(Section 5.22) The HPLC trace of the SttH loop insert mutant showed very low

chlorination of tryptophan at the 6-position relative to the wild type indicating that
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insertion of this loop effects the activity of the enzyme, possibly by disrupting the
structure of the active site. Similar results were observed for bromination showing no
change in regioselectivity with a very low relative activity.

Overall, the above mutations did not cause any change in regioselectivity for either
chlorination or bromination. Also, the mutants showed much lower relative activity
(Table 10) indicating that these residues influence the halogenation mechanism or the
structure of enzyme.

Table 10. Overall relative activity of SttH mutants obtained for regioselective studies

Relative activity (%)
Mutants Chlorination Bromination
SttH F98A 0.136 -
SttH LI 0.160 0.265

3.4.4. SttH for crystal trials

Further mutagenesis was not carried due to the unavailability of a crystal structure of
SttH. Earlier, KtzR was purified and subjected for crystal trials (section 3.3.4) yielding
no crystals. These trials were not repeated because SttH had a better substrate scope than
KtzR. It is important to obtain the crystal structure of SttH enzyme to understand the
mechanism of the regioselective chlorination of tryptophan at the 6-position which will
also help us to study the residues governing substrate specificity and subsequently widen
the substrate scope.

3.4.4.1. Purification of SttH for crystal trials

SttH protein expression and purification from E. coli ArcticExpress (DE3) RP cells had
similar issues with contaminating chaperones as the expression and purification of PrnA
(Section 3.2.6). However, SttH expressed at higher levels in the host system compared
to PrnA. Therefore, loss of a small amount of SttH would still yield the required amount
of protein for crystal trials. Hence, SttH halogenase was purified following a similar
method to PrnA (section 3.2.6). Contaminating proteins bound to the column were
removed by a 90 mM imidazole wash prior to removal of the chaperones by an ATP

wash. SttH was also eluted using an ATP buffer.
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Figure 67. Analysis of ATP treated SttH protein fractions by 12%(v/v) SDS-PAGE

The analysis of fractions by 12% (v/v) SDS-PAGE (Figure 67) revealed the release of
the chaperones in fractions 2, 5 and 6 of the ATP wash. Pure SttH were eluted in
fractions 4 and 7 of the ATP wash. Although this produced purer protein, there was still
a significant proportion of contaminating proteins. The protein purification using further
columns was not carried out due to the low concentration of the pure protein in the
cleanest fractions.

The protein was later expressed in and purified from E. coli BL21 (DE3) cells
(section 5.15). The protein was purified by overloading lysate onto a HiTrap™
Chelating HP Ni** column to avoid nonspecific binding of contaminating proteins
followed by anion exchange chromatography on a HiTrap™ Q HP column. This failed
to produce protein of a purity suitable for crystallisation trials.

To obtain pure protein, the protein purification was repeated with modified steps.
The HiTrap™ Chelating HP column was first overloaded with the lysate and fractions

were analysed by 12% (v/v) SDS-PAGE (Figure 68). All the fractions had similar
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amounts of the contaminating proteins. The fractions having the highest amount of SttH

protein were 14, 15, 16 and 17 and were pooled together for further purification.

M 1 2 3 4 5 6 7 8 9 M 10 11 12 13 14 15 16 17

70 kDa tug — o - i O i i

55 kDa wy . o o SttH

35kDa
25 kDa

15 kDa e .

10 kDa

M- Fermentas Pageruler Plus prestained protein ladder
Lane 1-17- Fractions elute from HiTrap Chelating Hp column

Figure 68. Analysis of fractions purified from a HiTrap™ Chelating HP column by
overloading SttH by 12% (v/v) SDS-PAGE

The collected fractions were concentrated down and buffer exchanged into phosphate
buffer with no salt to reduce the concentration of the salt prior to anion exchange
chromatography. The purification was continued with a HiTrap™ Q HP anion exchange
column and protein was eluted at 500 mM salt concentration (Figure 69). SttH protein in
fractions 1 and 3 was the purest and these fractions were pooled together. Fraction 2 still
contained contaminants and was further subjected to a second round of anion exchange

chromatography which failed to improve the purity.

M 1 2 3 M 4
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M- Fermentas Pageruler Plus prestained protein ladder

Lane 1, 2&3- Fractions elute from HiTrapTM Q HP anion exchange column

Lane 4- Second round Fractions elute from HiTrapTM Q HP anion exchange column

Figure 69. Analysis of purified fractions from the HiTrap™ Q HP anion exchange
column by 12% (v/v) SDS-PAGE
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The pooled fractions were further purified by gel filtration using the Superdex™ 200
10/300 column. The SttH thus purified was concentrated to 12 mg ml™. Various
amounts of the protein were analysed by 12% (v/v) SDS-PAGE (Figure 70)

1 2 3 4
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55 kDa - e & - SttH

35kDa
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Lane 1- 0.5 pl of 12 mg/ml SttH
Lane 2- 1.0 pl of 12 mg/ml SttH
Lane 3- 1.5 pl of 12 mg/ml SttH
Lane 4- 2.0 pl of 12 mg/ml SttH

Figure 70. Analysis of pure SttH protein on 12% resolving gel

MALS analysis of SttH revealed a mono-disperse sample. A molecular mass of 117.9
kDa was obtained from MALS, double the mass of a monomer of the protein indicating
that the protein is a dimer in solution, like other flavin dependent halogenases.

Crystal trials were carried out by hanging drop method. Initially the crystals formed
were too small for determining the structure of the SttH halogenase (Figure 71). Since
the protein had a very tiny amount of contamination with other proteins, it might prevent
the formation of better crystals. The protein purification was repeated again to obtain the

protein at much higher purity.
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Figure 71. SttHyaIs obtained on crystal trials
The SttH halogenase purification was repeated many times following both methods.
However, it was not possible to obtain the quantity of protein at the purity required for
crystallisation trials using the above purification strategies. The pure proteins obtained at
different stages were not concentrated enough for crystal trials. Another purification step
was needed to achieve much better results.

Finally a four step procedure was optimised to yield pure SttH. The protein was first
purified by Ni** affinity chromatography using the gravity flow method (Section
5.15.6.2). The protein produced by the gravity flow method had a similar level of purity
to that produced using the HiTrap™ Chelating HP column. Analysis by 12% (v/v) SDS-
PAGE revealed that fraction 1 was relatively pure compared to fractions (Figure 72).
But the other fractions had much higher amounts of SttH and were used further for
purification.
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Figure 72. Analysis of purified SttH fractions by nickel binding method by 12%(v/v)
SDS-PAGE
Fractions 2, 3 and 4 were pooled together and 5 ml of sample was injected onto the
HiTrap™ Q HP anion exchange column; SttH was eluted using 500 mM salt. The
fractions were analysed by 12% (v/v) SDS-PAGE and it was observed that fractions 2, 9

and 10 were much purer than the other fractions (Figure 73).
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exchange column

Figure 73. Analysis of purified SttH fractions from HiTrap Q HP anion exchange
column by 12%(v/v) SDS-PAGE
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To obtain a better yield of SttH for crystal trials, fractions 1-10 were pooled together,
buffer exchanged and concentrated. The protein was subjected to a MonoQ 4.6/100PE
anion exchange column and protein was eluted at 500 mM salt. The fractions showed
increased purity compared to that of the HiTrap™ Q HP anion exchange column.
Fractions 3 and 4 were much purer and were pooled for further purification (Figure

74a). The other fractions were stored for future assays.
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M- Fermentas Pageruler Plus prestained protein ladder M- Fermentas Pageruler Plus prestained protein ladder
Lane 1-5- 500 mM NacCl elute from MonoQ 4.6/100PE Lane 1-8- 500 mM NacCl elute from MonoQ 4.6/100PE
column column

Figure 74. Analysis of purified SttH fractions from the MonoQ HP anion exchange
column by 12%(v/v) SDS-PAGE

The pooled fractions were subjected to second round of anion exchange chromatography
using the MonoQ 4.6/100PE column. Fractions 2, 6, 7 and 8 contained pure SttH
halogenase and were pooled together for gel filtration. Fractions 3, 4 and 5 were pooled
as separate fractions for carrying out gel filtration (Figure 74b).

The pooled fractions were concentrated to a volume of 0.5 ml and two fractions
of 250 pl were loaded onto a Superdex™ 200 10/300 gel filtration column. Lower
concentrations of the protein yielded better results than higher concentrations. The
fractions were analysed by 12% (v/v) SDS-PAGE. The fractions contained very pure
SttH halogenase (Figure 75). The fractions were pooled together, concentrated to 18.53

mg ml™ and subjected to crystallisation trials.
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Lane 1-7- 0.4 ml fractions from SuperdexTM 200 10/300
gel filtration column

Figure 75. Analysis of purified SttH fractions from the SuperdexTM 200 10/300 column
by 12%(v/v) SDS-PAGE

The crystallisation trials yielded a tiny crystal as observed in previous results (Figure

75). Further protein purification is being repeated at present to obtain better crystals to

solve the crystal structure of SttH.

3.5. PyrH (tryptophan-5-halogenase)

PyrH is a tryptophan-5-halogenase from pyrroindomycin producing S. rugosporus LL-
42D005. The enzyme was isolated and characterized previously by Karl-Heinz van Pee's
group in 2005% for activity on its natural substrate tryptophan. Their work focussed on
studying its mechanism and identifying important residues for the chlorination of the
tryptophan at the 5-position. We cloned, expressed and purified PyrH to explore its
substrate specificity and regioselectivity.

3.5.1. Cloning and expression of tryptophan-5-halogenase PyrH

The gene sequence of pyrH was obtained from the Streptomyces rugosporus
biosynthetic gene cluster deposited in the NCBI database (appendix).
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A codon optimised pyrH gene with desired flanking sequences was designed and

obtained in plasmid pMK-RQ (Geneart, Life Technologies, Invitrogen, UK) (Figure 76).

= Sfil(361)

KanR — Ndel(372)
Drall(3207)

Balll(3149)
Ncol(3134) /

12AAOB5P_PyrH_pMK-RQ

PyrH
Eco571(2630) y

BamHI(1507)

/BamHI(1807)

Sfil(1929) Xhol(1913)
Figure 76. pMK-RQ::pyrH synthetic gene construct (construct map provided by

GENEART)

The 1536 bp pyrH gene was sub-cloned into Ndel/Xhol restricted pET-28a(+) (pET-
KK25) as described in sections 5.11-5.13. Clones were confirmed by restriction

digestion and further verified by sequencing (GATC, Germany) (Figure 77).

M 1 2

pET28a

2000bp
1500bp

1000bp

pyrH

M-1kb ladder

1&2-Restrction digest of pET28a::pyrH
Figure 77. Restriction digestion analysis of sub-cloned construct pETKK25 with
Ndel/Xhol
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For overproduction of PyrH, pET-KK25 was transformed into E. coli ArcticExpress
(DE3) RP cells. The expression, isolation, purification and concentration were carried
out as per section 5.15. Pure PyrH was eluted from Ni** affinity column with 500 mM
imidazole, dialysed, concentrated to 6.2 mg ml™ and stored in storage buffer (section
5.15). Pure PyrH was observed between 55 kDa and 70 kDa consistent with the
expected mass of (60.5 kDa) when analysed by 12% (v/v) SDS-PAGE (Figure 78).

M 1 2 3 4 5

— S=S = S
70kDa WA
55kDa : — ' PyrH

s

35kDa e

ua

M-Fermentas pageruler prestained protein ladder
Lanel-Un-induced cells as control

Lane2-IPTG Induced cells

Lane3-60mM imidazole wash

Lane4-90mM imidazole wash

Lane5-500mM imidazole elute

Figure 78. Analysis of purified PyrH by 12%(v/v) SDS-PAGE

3.5.2. Stability of purified PyrH in DMSO and ethanol

The planned assays on a wide range of substrates were constrained by the solubility of
the substrates in water. However, substrates were easily soluble in DMSO and ethanol.
Solvents could affect the conformational states of enzymes and consequently change
their activity ", Therefore, the effects of the solvents DMSO and ethanol were tested

on purified PyrH before it was used in assays.
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Assays were carried out as described in section 5.22 and analysed by HPLC (Figure 79).
The relative activity was calculated based on the % area of substrate peak and the %
area of the product peak. The relative activity at each time point was plotted against
time.

The PyrH assays in 5% and 10% DMSO concentration showed no precipitation
in solution. The level of chlorination at 1 hr observed for the PyrH in 5% (v/v) DMSO
(80%) was similar to the level seen in assays carried out with 10 mM phosphate buffer.
Incubation with 10% (v/v) DMSO resulted in only 50% chlorination at 1 hr relative to
the no solvent control. After 2 hr complete chlorination of the substrate was observed
for the no solvent control and in 5% (v/v) DMSO. Incubation with 10% (v/v) DMSO
yielded only 67-68% chlorination after 2 hr suggesting a decrease in enzyme activity.
The efficiency of PyrH was observed to reduce in 10% (v/v) DMSO which could be due
to an alteration of the enzyme structure in that particular concentration of solvent. The
results indicated that PyrH could withstand a maximum of 5% DMSO without altering
its activity.

The activity of PyrH in ethanol was more restricted relative to DMSO with no activity
observed in concentrations higher than 5% (v/v). In 5% (v/v) ethanol PyrH chlorinated
more of the substrate relative to the 5% (v/v) DMSO (93% compared to 81% in 5%
(v/v) DMSOQ) after 1 hr. This was also higher than the no solvent control (81%). After 2
hr 100% conversion was observed in 5% (v/v) DMSO, 5% (v/v) ethanol and the no
solvent control.

The stability studies indicated that the enzyme assays could withstand a maximum of
5% (v/v) DMSO or 5% (v/v) ethanol without loss of enzyme activity. Although, activity
in 5% (v/v) ethanol was initially higher than in 5% (v/v) DMSO, the solubility of most
of the planned test substrates was higher in DMSO. Therefore 5% (v/v) DMSO was the

preferred solvent concentration for PyrH activity assays.
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Figure 79. (A). HPLC chromatogram of PyrH chlorination activity in DMSO, (Al). Relative activity of PyrH chlorination
activity in DMSO, (B)HPLC chromatogram of PyrH chlorination activity in EtOH, (Al). Relative activity of PyrH
chlorination activity in EtOH
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3.5.3. PyrH Substrate specificity

Most enzymes are able to efficiently use only a small number of compounds as
substrates for catalysis. It has been demonstrated previously that the substrate specificity
can be altered by protein engineering without affecting its activity'*®'®. Site directed
mutagenesis of amino acids in the active site of the enzyme can yield mutant proteins
with altered substrate specificity. Most of these mutations are carried out based on the
existing crystal structure of the enzyme. A wide range of aromatic and indole
based/derived compounds were selected to study the substrate specificity of PyrH
(Figure 80). The compounds were selected on the basis of similarity to tryptophan such
as kynurenine. Some smaller aromatic compounds such as anthranilamide and aniline

were also selected.

3.5.3.1. Halogenase activity of PyrH with tryptophan

PyrH activity with tryptophan as the substrate was assayed as described in section 5.22.
A no enzyme control sample of the assay was analysed alongside the reaction. The
reaction mixtures and tryptophan standard were separated by HPLC with detection at
280 nm. Tryptophan had a retention time of 5.1 min. An additional peak with a retention
of time 5.7 min was also observed in the enzymatic reaction mixture. This peak was
absent in the no enzyme control suggesting that this was chlorinated tryptophan (Figure
81). This peak was analysed by LC-MS to obtain the mass of the product. Chlorine has
two major isotopes of **CI" (75.78%) and *'CI (24.22%) in relative proportions of ~3:1
respectively. The LC-MS analysis revealed two (M+H) ions at m/z of 239.1 and 241.1
in a 3:1 ratio for mono chlorinated tryptophan (Figure 81).
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Figure 80. Substrate library screened with purified flavin dependent halogenases and mutants
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Figure 81. HPLC chromatogram and mass spectrum of tryptophan

chlorinated by PyrH with a mass of 239.0 and 241.0

Chlorinated product was purified for NMR using C-18 bond elute column as
described in section 5.26. The *H NMR data showed the chlorination of

tryptophan at the 5-position (Figure 82).

The regioselectivity was also confirmed by 2D NMR. Both tryptophan and
chlorinated tryptophan were analysed by COSY experiment (Figure 83). A
COSY spectrum shows protons which are coupled to each other. The
tryptophan showed coupling of protons at all positions of the aromatic ring
while the chlorinated reaction product did not show coupling at the 5-

position of tryptophan indicating it to be the chlorinated position.
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Figure 83. COSY spectra of tryptophan (left) and 5-chlorinated-tryptophan
(right)

Tryptophan bromination was also explored using the same enzyme assay.
12.5 mM of NaBr was used as source of bromine in these reaction mixtures
instead of MgCl,. Analysis by HPLC showed a peak for the starting material
(tryptophan) at a retention time of 5.1 min and a product peak (brominated
tryptophan) at a retention time of 5.7 min. The product peak was absent
from both the tryptophan standard and no enzyme control runs. The peak at
retention time 5.7 min was analysed by LC-MS to determine the mass of the
brominated product. Bromine has two isotopes of "°Br and ®Br with a
relative proportion of 50.69% and 49.31% respectively. The LC-MS
analysis showed two (M+H) ions at m/z of 283.0 and 285.0 for brominated
tryptophan in a 1:1 ratio indicating it is a mono brominated product. The *H
NMR data confirmed the bromination of tryptophan at the 5-position.

In tryptophan, chemical halogenation by EAS will be most preferred
at position 3 but since the position is occupied by extending amino acid
chain, the next preference of halogenation will be at position 2. In enzyme
system, position 3 and 2 is blocked in the active, allowing the next
favourable halogenation of the substrate by EAS to occur on indole ring of
the tryptophan which is favoured by PyrH to halogenate regioselectively at

the 5-position.
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3.5.3.2. Halogenase activity of PyrH with kynurenine

Activity of PyrH with kynurenine as a substrate was assayed as per section
5.22. A no enzyme control was included. The samples were analysed by
HPLC. A kynurenine standard had a retention time of 3.1 min. An
additional peak at 5.55 min was observed for the reaction mixture. This
peak was not observed in the control (Figure 84). This peak was analysed by
LC-MS and revealed mass (M+H) ions at m/z of 243.1 and 245.1 in a 3:1
ratio indicating that the kynurenine has been mono chlorinated (Figure 84).
Chlorinated kynurenine was purified for NMR analysis on a C-18 bond
elute column as per section 5.26. Analysis by 'H NMR and COSY
confirmed chlorination at the 5-position of kynurenine.

100 | i
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N
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NH,

o
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Figur?e 84. HPLC chromatogram and mass spectrum of kynurenine
chlorinated by PyrH showing masses of 243.0 and 245.0

The ability of PyrH to brominate kynurenine was tested in a similar assay.

The reaction mixture was supplemented with 12.5 mM of NaBr as a source

of bromine instead of 12.5 mM MgCl,. An additional peak at a retention

time of 5.5 min was detected in the reaction mixture when analysed by

HPLC. A kynurenine standard was detected at a retention time of 3.1 min

and no additional peak was observed in the no enzyme control experiment.
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Analysis by LC-MS revealed two (M+H) ions at m/z of 287.0 and 289.0 for
bromine in a 1:1 ratio indicative of mono brominated Kkynurenine.
Brominated kynurenine was purified for NMR analysis on a C-18 bond
elute column as per section 5.26. Analysis by H NMR confirmed
bromination occurred at the 5-position of kynurenine.

In kynurenine, the presence of NH, group favours more as ortho,
para directing group over the extended amino acid chain (also an ortho, para
directing group). In chemical halogenation, either position 3 or 5 are the
preferred sites to carry out EAS. The binding of the substrate could be in
such a way that the 5 position lies closer to the glutamic acid that cuases
rearomatisation allowing PyrH to regio-selectivly halogenate at the 5
position. In chemical halogenation, both the mixture of 3 and 5 would be
expected, while PyrH has advantage of producing only one halogenated

compound more selectively.
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3.5.3.3. Halogenase activity of PyrH with anthranilamide

PyrH activity with anthranilamide as a substrate was assayed as described in
section 5.22. A no enzyme control sample of the assay was also analysed.
The reaction mixtures and an anthranilamide standard were analysed by
HPLC with detection at 280 nm. Anthranilamide had a retention time of 3.6
min and an additional peak with a retention of time of 6.5 min was observed
for the enzyme assay. This peak was absent in the no enzyme control
suggesting that this was chlorinated anthranilamide (Figure 86). The LC-MS
analysis revealed two (M+H) ions at m/z of 171.0 and 173.0 in a 3:1 ratio
for mono chlorinated anthranilamide with a neutral loss of ammonia (mass-
17) (Figure 86).
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Figure 86. HPLC chromatogram and mass spectrum of anthranilamide
chlorinated by PyrH with a mass of 171.0 and 173.0 with a neutral loss of
ammonia
Chlorinated product was purified for NMR using C-18 bond elute column as
described in section 5.26. The *H NMR data confirmed the chlorination of
anthranilamide at the 5- position (Figure 87). This was also confirmed by

2D NMR COSY.
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Figure 87. *H NMR data showing chlorination of anthranilamide at the 5-
position by PyrH with the complete *H NMR spectrum shown at the top and
an enlarged aromatic region shown at the bottom of the figure.
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In anthranilamide, NH, group favours more ortho, para directing group over
the CONH; group (meta directing group) preferring either 3 or 5 position
for halogenation. The position 3 is ortho to para directing and meta to meta
directing while position 5 is para to ortho, para directing group and meta to
meta directing group. Chemical halogenation would produce mixture of
both 3 and 5 halogenated anthranilamide on EAS but PyrH halogenates
more selectively at the 5 position.

3.5.3.4. Halogenase activity of PyrH with 2-amino-4-methylbenzamide
Activity of PyrH with 2-amino-4-methylbenzamide as substrate was assayed
as described in section 5.22. A no enzyme control was included. The
samples were analysed by HPLC. A 2-amino-4-methylbenzamide standard
had a retention time of 5.5 min. An additional peak at 5.98 min was
observed in the reaction mixture. This peak was not observed for the no
enzyme control (Figure 88). Analysis by LC-MS detected mass (M+H) ions
at an m/z of 185.0 and 187.0 in a 3:1 ratio indicating mono chlorinated 2-

amino-4-methylbenzamide (Figure 88).
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Figure 88. HPLC chromatogram and mass spectrum of 2-amino-4-
methylbenzamide chlorinated by PyrH with mass of 185.0 and 187.0

Chlorinated 2-amino-4-methylbenzamide was purified for NMR analysis on

a C-18 bond elute column as per section 5.26. Analysis by *H NMR showed

131



—670

x

r110

~100

90

r80

1,57 =
3.51
3.85
2.87 %

7.0 6.5 6.0 55 5.0 4.5 40 35 3.0 25 15
f1 (ppm)

—743

—6.70

[N S B

110

100

90

8o

20

10

100

T
7.0

6.9

6.8

7.3

7.2

7.1 6.5
f1 (ppm)

6.4

o
g 1.24-[

78 77 76 75 7.4 6.6

B

=10

63
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a chemical shift of the aromatic peaks between 6.5 and 7.7 ppm. From the
coupling of protons in *H NMR, it was difficult to know the exact position
of chlorination. The coupling of H protons showed two singlet’s, one of
which was observed for position 3 while the other singlet’s could be either
for position 5 or 6 (Figure 89),but the electronics of the ring substituents
could direct the chlorination to the 5 position.

2D ROESY NMR was carried out for 2-amino-4-methylbenzamide and the
chlorinated 2-amino-4-methylbenzamide sample. ROESY NMR shows the
coupling of protons through space. The 2-amino-4-methylbenzamide
standard showed coupling of the proton at the 3-position and the proton at
the 5-position of the aromatic ring with the methyl group. In chlorinated 2-
amino-4-methylbenzamide only the singlet at the 3-position could be
observed and the 5-position was observed to be chlorinated which showed

no doublet of protons associated with the methyl group (Figure 90).
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Figure 90. ROESY NMR data showing chlorination of 2-amino-4-
methylbenzamide at the 5-position by PyrH

In general while carrying out halogenation chemically on 2-amino-4-
methylbenzamide, position 3 would be much preferred position for

halogenation since it is ortho to ortho, para directing groups (NH, and CHs
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respectively) and meta to meta directing group (CONH>). While position 5
will also be preferred because it is ortho to CH3 (ortho, para directing
group), para to NH, group (ortho, para directing group) and meta to CONH,
(meta directing group). PyrH halogenates more selectively halogenates at

the 5 position neglecting 3 position to be halogenated in the enzyme system.

3.5.3.5. Overall relative activity of PyrH with the substrates

PyrH assays were carried out with various substrates in triplicate to obtain
relative activities (RA). The RA was calculated from HPLC analysis based
on the % peak area of the substrate relative to that of the product. As shown
in Table 11, the RA for tryptophan as a substrate was 100% for chlorination,
while the RA for bromination was only 9%. The relative activities for the
structurally similar substrate kynurenine were 83% for chlorination and 29%
for bromination. The relative activities were much lower for the substrate
anthranilamide with 54% for chlorination and 18% for bromination. The
relative activities with anthranilamide-like substrates such as 2-amino-4-
methylbenzamide, anthranilic acid, methyl anthranilate 21.9%, 2.0% and
1.3% for chlorination respectively. Finally, the relative activity for

chlorination of the substrate N-phenyl anthranilic acid was only 0.8%.

Table 11. Overall relative activity of halogenation by PyrH on various

substrates
Substrates Relative activity (%0)
Chlorination Bromination
Tryptophan 100.0 100.0
Kynurenine 81.0 29.0
Anthranilamide 54.0 18.0
2 amino -4-methylbenzamide 21.9 -
Anthranilic acid 2.0 -
Methyl anthranilate 1.3 -
N-phenyl anthranilic acid 0.8 -
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The docking of kynurenine was carried out using the solved crystal structure
of PyrH bound to tryptophan (PDB ID: 2WEU) as a template in PYMOL
software’. The docking (Figure 91) showed that the bigger substrate

kynurenine (similar to tryptophan) occupies the active site tightly in such a

way that there are minimal changes in the interactions between the protein

and substrate. The difference in interactions between kynurenine and

tryptophan are tabulated in Table 12.

Table 12. Differences in interaction distance between tryptophan and
kynurenine by docking experiments

Interactions Tryptophan | Kynurenine | Difference in
interaction
Carboxyl group of F451 |6.05A 6.91 A 0.90 A away
residue  with the amino
terminal of
Amino group of Q163 with | 2.87 A 5.07 A 2.2 A away
carboxyl group
Carboxyl group of S50 to |2.56 A 3.26 A 0.6 A away
carboxyl group
Amino group of S50 to|2.84A 231A 0.53 A closer
carboxyl group
S50
Q163
E354
' F451

Figure 91. Docking experiment showing the distance interaction of
kynurenine in the PyrH(PDB ID:2WEU) active site(red line-tryptophan,
blue stick-kynurenine) generated using PYMOL*!
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Table 13. Differences in interaction distance between tryptophan and 2-
amino-4-methylbenzamide by docking experiments

Interactions

Tryptophan

2-amino-4-methyl
benzamide

Difference in
interaction

Carboxyl group of 6.05 A -
F451 residue with
the amino terminal

of

Amino group of 2.87 A 4.68 A 1.81 A away

Q163 with carboxyl
group

Carboxyl group of 2.56 A 5.66 A 3.10 A away

S50 to carboxyl
group

Amino group of 2.84 A 527 A 2.43 A closer

S50 to carboxyl
group

Similarly, the docking of 2-amino-4-methylbenzamide was carried out using
the PyrH with bound tryptophan crystal structure (PDB ID: 2WEU) in
PYMOL?. The docking was carried out similarly to that of kynurenine. The
docking (Figure 92) showed that the smaller substrate 2-amino-4-
methylbenzamide occupies the active site in such a way that the interactions
at the active site are disrupted. The difference in interactions between
tryptophan and 2-amino-4methylbezamide are tabulated in Table 13. The
active site space is too big for the smaller substrates to bind tightly which
might explain the lower relative activity. The interaction between F451 and
2-amino-4-methylbenzamide could not be established due to the presence of

a hydroxyl group in the substrate.
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Figure 92. Docking experiment showing the distance interaction of 2-
amino-4-methylbenzamide in the PyrH(PDB ID:2WEU) active site(red line-
tryptophan, blue stick-2-amino-4-methylbenzamide) generated using
PYMOL*

Based on distance, many of these interactions seem to be very weak. Hence
the effect of these interactions on protein-ligand binding is a matter of
conjecture. A real picture would emerge when enzyme crystal structures

with bound ligands are obtained.

3.6. Regioselective studies on PrnA and PyrH

3.6.1. Engineering PrnA to regioselectivity chlorinate at the 5-position
based on PyrH

The regioselectively controlled chlorination of organic compounds is an
industrially important chemical process. The study of the regioselectivity of
flavin dependent halogenases has been previously discussed (section 1.5.4)
based on the studies carried out on PyrH (a tryptophan-5-halogenase) and
PrnA (a tryptophan-7-halogenase) by Karl Heinz van Pee group’s®*®. The
crystal structures obtained by the group predicted that the residues that
determine the regioselectivity of the enzymes are those that interact with the
substrate through either hydrogen or = stacking. In PrnA, residues F103 and

H101 forms a = stacking sandwich around the substrate tryptophan, while
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the substrate orientation is maintained by hydrogen bond interactions with
residues E450, Y443, Y444, FA54 and E346. The indole of the substrate
tryptophan is shielded by the F103 and W455 residues. A Lang et al., 2011
mutated the residues W455, F103 and H101 to alanine by site directed
mutagenesis and found that the F103A mutant could produce both 7-chloro-
tryptophan and a low amount of 5-chlorotryptophan. When the same mutant
was analysed for bromination they observed higher production of 5-
brominated-tryptophan. The other mutants showed slower Kinetics
indicating that they are important for halogenase activity/substrate binding.

In PyrH the tryptophan binding is very different to that of PrnA. The
indole nitrogen of the tryptophan interacts with the carboxyl group of P93
and the hydroxyl group of Y454 positioning the substrate for chlorination at
the 5-position. Residues S50, Q163 and F451 also interact with the substrate
tryptophan through hydrogen binding. Residues F94 and F49 sandwiches
the tryptophan through 7 stacking interactions. It was observed that residue
F49 would allow more space for binding of the tryptophan substrate while
Y454 would change the orientation of the substrate, relative to that in PrnA
by holding the NH group of the indole. Together, these residues govern the
regioselective chlorination at the 5-position of tryptophan-5-halogenases.
Zhu et al, 2009 mutated the F49 residue to an A residue and Y454 to an F
residue. However they did not observe any change in the regioselectivity of
the halogenation.

In an attempt to increase the amount of chlorination that can be
achieved at the 5-position of a tryptophan by a tryptophan-7-halogenase, the
sequence of tryptophan-7-halogenases was compared to that of 5-chloro-
tryptophan halogenases (Figure 93). Further analysis by overlaying the
crystal structures of both PrnA (PDB ID:2AR8) and PyrH (PDB ID:2WET)
revealed that residues 152, P53 and N459 in the active site of PrnA are
replaced by F49, S50 and S455 in the active site of PyrH (Figure 94). It is
also predicted that residue N459 plays a important role in adopting the

conformation of the tryptophan in PrnA%.
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RebH-7- MSG-KIDKILIVGGGTAGWMAASYLGKALQGTADITLLQAPDIPTLGVGEATIPNLQTA 58
KtzQ-7- MDDNRIRSILVLGGGTAGWMSACYLSKALGPGVEVTVLEAPSISRIRVGEATIPNLHKV 59
PrnA-7- MNK-PIKNIVIVGGGTAGWMAASYLVRALQQQOANITLIESAAIPRIGVGEATIPSLQKV 58

STRHY-5 —----——————————————— MTASYLRAAFADRVDITVVESRRIGTIGVGEATFSTVR-H 39
PyrH-5 ----MIRSVVIVGGGTAGWMTASYLKAAFDDRIDVTLVESGNVRRIGVGEATFSTVR-H 54
Kok kk k- eee s s kkkkk s

RebH-7 LYYGNFEEEFRNFWNNSNYYCVLAGLGLVPDAPSPRLAHMPQATESVDEVFGAVKDRQRN 512
KtzQ-7 HYYGNFEAEFRNFWTNSNYYCIFAGLGFLPEHPLPVLEFRPEAVDRAEPVFAAVRRRTEE 514
PrnA-7 TYYETFDYEFKNFWLNGNYYCIFAGLGMLPDRSLPLLQHRPESIEKAEAMFASIRREAER 501

STRHY-5 PYYHAFEP-------- YSYVCMALGLGGIPLRHPPALDLFDT--RAARAELTRVREQARK 484
PyrH-5 PYYHGFET-------- YSWITMNLGLGIVPERPRPALLHMDP--APALAEFERLRREGDE 495
* % . . ek x . *

Figure 93 Sequence allgnment of tryptophan 7- halogenases W|th
tryptophan 5-halogenases

S50

Tryptophan

Figure 94. The three important residues selected for mutation studies Red-
PrnA (tryptophan 7-halogenase, Yellow-PyrH (tryptophan 5-halogenase)

pPET-SAS1 was used as template DNA for site directed mutagenesis (section
5.14.1) using primers P32-P35(Table 32). Clones for the single mutants
F103A, 152F, P53S, N459S, (pET-KK26-29) were verified by DNA
sequencing (GATC, Germany). All the mutant proteins were expressed in E.
coli ArcticExpress (DE3) RP cells, purified and concentrated to the
following concentrations in a volume of 1.0 ml (Table 14).

Table 14. PrnA mutant protein concentrations obtained for regioselective

studies
Mutant Concentrations mg ml™
I52F 3.66
P53S 2.3
N459S 3.9
F103A 0.486
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3.6.2. Enzymatic assay of PrnA mutants with tryptophan for
regioselectivity

The activities of the PrnA mutant proteins were enzymatically assayed
(section 5.22). 5-chloro-tryptophan and 7-chloro-tryptophan were obtained
using wild type enzymes PyrH and PrnA, respectively, and were used as
standards in this experiment. The PrnAI52F, PrnAP53S and PrnAN549S
mutants were less active than the wild type enzyme and showed chlorination
of tryptophan at the 7-position only indicating no change in regioselectivity

(Figure 95).

600

= 7-Cl-Trp

— 5-Cl-Trp

Trp+PrnA N459S

Trp+PrnA 153F

Trp+PrnA

Trp+PyrH

Trp+PrnA P53S

Figure 95 HPLC chr;matogram of IgrnA mutants \X/ith tryptopha;: for
regioselective chlorination
The PrnA mutant proteins were also assessed for their ability to brominate
tryptophan. Assays were carried out as described in section 5.22. 5-Br-Trp
and 7-Br-Trp were used as standards for detection by HPLC. Similar results
were observed to that of chlorination, wherein PrnA 152F, PrnA P53S and
PrnAN459S mutants showed bromination of tryptophan but only at the 7-

position indicating no switch in regioselectivity (Figure 96).
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Trp+PrnA N459S A~

Trp+PrnA I52F

Trp+PrnA N N~

Trp+PyrH

Trp+PrnA P53S

Figure 96. HPLC chromatogram of PrnA mutants with tryptophan for
regioselective bromination
Overall the mutants constructed to attempt to change the regioselectivity of

PrnA tryptophan-7-halogenase to a tryptophan-5-halogenase did not cause
any change in the regioselectivity of halogenation. Also the relative
activities of the mutants were lower that for the wild-type enzyme. Relative
activities were found to be highest for chlorination (14.84%) than for
bromination (11.67%).

Table 15. Overall relative activity of the PrnA mutants obtained for
regioselective studies

Relative activity
Mutants  "Chiorination | Bromination
I52F 3.30 9.38
P53S 14.84 1122
N459S 10.11 11.67

3.6.3. Engineering PyrH to chlorinate 7-position based on PrnA

To switch the regioselectivity of PyrH from the 5-position to the 7-position,
the sequence was compared to that of other flavin dependent halogenases
which are known to halogenate at the 7-position. As shown in Figure 94,

analysis by overlaying the crystal structures of both PyrH and PrnA revealed
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that the residues F49, S50 and S455 in the substrate binding pocket of PyrH
are replaced by 152, P53 and N459 residues in PrnA.

Site directed mutagenesis was carried out to switch these amino
acids in PyrH to those found in the tryptophan-7- halogenases and therefore
determine if they influence the regioselectivity of the enzyme. pET-KK25
was used as template DNA for site directed mutagenesis (section 5.14.1)
using primers P36-P40 (Table 32). Mutant clones (pETKK30-34) were
verified by DNA sequencing (GATC, Germany). The PyrH mutants, F49l,
S50P, S455N, double mutants and triple mutants were expressed in E. coli
ArcticExpress (DE3) RP cells, isolated, purified and concentrated (Table
16) as described in section 5.15.

Table 16. Protein concentration of PyrH mutants for switching
regioselectivity

S.No | Mutants Protein (mg ml™)
1 F49l1 0.44
2 S50P 1.21
3 S455N 4.72
4 F491/ S50P 1.18
5 F491/ S50P/S455N 0.24

3.6.4. Enzyme assays of single,. double and triple mutant for
regioselectivity

The activities of the PyrH mutant proteins were enzymatically assayed as
per section 5.22. The mutants S50P, double mutant F491/S50P and triple
mutant failed to show any chlorination peak for tryptophan indicating that
they are inactive. However, the HPLC trace of the F491 and S455N mutants
provided evidence that these proteins were active but showed chlorination
of tryptophan at the 5-position only, showing no change in regioselectivity

(Figure 97). The relative activity of the mutants are tabulated in Table 17.
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Trp+PyrH F491/S50P

Trp+PyrH S455N
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Figure 97. HPLC chromatogram of chlorination activity of the PyrH
mutants with tryptophan for regioselectivity

The PyrH mutant proteins were also assessed for their ability to brominate
tryptophan following section 5.22. Bromination of tryptophan, albeit at low
relative activity could be observed with all the mutant proteins. However no

change in regioselectivity was observed for any of the mutants (Figure 98).
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Figure 98. HPLC chromatogram of bromination activity of the PyrH
mutants with tryptophan for regioselectivity
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Taken together these data indicated that the mutations F491, S50P and
S455N explored did not have any effect on the regioselectivity of the
tryptophan-5-halogenase PyrH although they did affect the relative activity
of the enzyme in terms of both chlorination and bromination.

Table 17. Relative activity of PyrH mutants with tryptophan for
halogenation

Mutant Relative activity %
Chlorination | Bromination
F49I 2.1 0.6
S50P - -
S455N 23.8 1.9
F491/ S50P - 0.3
F491/ S50P/ S455N | - 0.4

the above results did not show any change in regioselectivity, further
mutagenesis was carried out to investigate other potential residues
governing regioselectivity. Further analysis by sequence alignment (Figure
99) revealed presence of an 8 amino acid loop region in tryptophan-7-
halogenases, such as PrnA, close to substrate binding site. Few of these
residues interact directly with the substrate in the active site (Figure 100).
This loop region was found to be absent in tryptophan-5-halogenase. The
effect of this loop on the regioselectivity was investigated by deleting the 8

amino acid loop from PrnA.

RebH-7 LYYGNFEEEFRNFWNNSNYYCVLAGLGLVPDAPSPRLAHMPQATESVDEVFGAVKDRQORN 512

KtzQ-7 HYYGNFEAEFRNFWTNSNYYCIFAGLGFLPEHPLPVLEFRPEAVDRAEPVFAAVRRRTEE 514

PrnA-7 TYYETFDYEERNENENGNYYCIFAGLGMLPDRSLPLLOHRPESIEKAEAMFASIRREAER 501

STRHY-5 PYYHAFEP-------- YSYVCMALGLGGIPLRHPPALDLFDT--RAARAELTRVREQARK 484

PyrH-5 PYYHGFET-------- YSWITMNLGLGIVPERPRPALLHMDP--APALAEFERLRREGDE 495
* % . . . * % - * . ..

Figure 99. Sequence alignrﬁént of tryptophah-S-halogenéses.wifﬁ .
tryptophan-7-halogenases (yellow-loop region)
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Figure 100. The 8 amino acid loop present in PrnA (Blue) is absent in
PyrH, Red-7-chloro-tryptophan, yellow- 5-chloro-tryptophan

Primers P41 and P42 were used for site directed mutagenesis using pET-
SAS1 as the template. The mutant clone (pET-KK35) was verified by DNA
sequencing (GATC, Germany). The PrnA loop deleted mutant was
expressed in E. coli ArcticExpress (DE3) RP cells, isolated, purified and

concentrated to 800 pl with a final concentration of 1.72 mg ml™.
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M- Fermentas Pageruler Prestained Protein ladder

Lane 1- PrnA Loop deleted mutant crude cell as control
Lane 5- PrnA Loop deleted mutant crude cell induced
Lane 6- PrnA Loop deleted mutant 500 mM imidazole elute

Figure 101. Analysis of the PrnA loop deleted mutant protein by 12% (v/v)
SDS-PAGE
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3.6.5. Enzyme assay of PyrH loop inserted mutant for regioselectivity

The activity of the PrnA loop deleted mutant protein was assayed following
section 5.22. The HPLC trace of the PrnA loop deleted mutant showed no
chlorination of tryptophan thus indicating that this loop is important for
retaining the activity of enzyme and the structure at the active site. Similar
results were obtained when the PrnA loop deleted mutant was assayed for
bromination with NaBr as the halogen source with no halogenation

observed.

3.6.6. Insertion of 8 the amino acid loop in PyrH for regioselectivity

As described in section 5.14.1, in PyrH, the effect of the loop on the
regioselectivity was investigated by inserting an 8 amino acid loop from the
7-halogenases into PyrH and testing to see if it would be able to chlorinate
tryptophan at the 7-position.

Site directed mutagenesis was carried out with pET-KK25 as the
template and primers P43-P44 (Table 32). The mutant clone(pET-KK36)
was verified by DNA sequencing (GATC, Germany) and was expressed in
E. coli ArcticExpress (DE3) RP cells, isolated, purified and concentrated to

0.24mg ml™ as described in section 5.15 (Figure 102).
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M- Fermentas Pageruler Prestained Protein ladder

Lane 1-3- Different protein samples

Lane 4- PyrH Loop inserted mutant crude cell as control
Lane 5- PyrH Loop inserted mutant crude cell induced
Lane 6- PyrH Loop inserted mutant 500 mM imidazole elute

Figure 102. Analysis of pure PyrH loop inserted mutant by 12% (v/v) SDS-
PAGE
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3.6.7. Enzyme assay of PyrH loop inserted mutant for regioselectivity
The activity of the PyrH loop inserted mutant protein was enzymatically
assayed (section 5.22). The HPLC trace of the PyrH loop insert mutant
showed no chlorination of tryptophan. This implies that the insertion of the
loop is affecting the structure of the substrate binding pocket in the active
site. Similar results were obtained when the PyrH loop inserted mutant was
assayed for bromination with NaBr as the halogen source with a very low
level of halogenation of 0.416% detected.
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CHAPTER 4. SUMMARY AND FUTURE WORK

Halogenation is an important process in the functionalisation of industrially
important compounds. Chemical halogenation has been widely used to
produce halogenated compounds which often results in unwanted by-
products causing pollutants in the environment. The method is also
expensive, laborious and often lacks regio-control. Bio-halogenases may
solve the above issues in producing much greener halogenated products.
Enzymes are being used in producing halogenated products and recent
identification of flavin dependent halogenases have brought about regio-
controlled halogenation of the compounds. The mechanism governing the
regio-controlled halogenation of tryptophan at the 7-position by PrnA,
RebH and the 5-position by PyrH have been solved using protein
crystallography.

To widen the substrate scope of halogenating enzymes, KtzQ and KitzR
(tryptophan 6 and 7-halogenases) were cloned and expressed for the first
time in E. coli Arctic Express (DE3) cells and were obtained in a soluble
form. The repeated trials of halogenation by KtzQ was un-successful with
tryptophan while KtzR had a very low relative activity. Halogenation
reactions performed for other substrates with KtzR resulted in no relative
activity. Simultaneously, optimisation of protein purification of KtzR was
performed for obtaining a crystal structure of a tryptophan-6-halogenase.
Pure KtzR was obtained at 12 mg ml™ and repeated crystal trials failed to
form crystals. Since both of the above enzymes were inefficient, we
explored other tryptophan halogenases. PrnA, SttH and PyrH (tryptophan 7-
, 6- and 5-halogenases) were cloned and expressed in E. coli Arctic Express
(DE3) cells in a soluble form. The work on PrnA and SttH was carried out
along with our group member Sarah Shepherd. Mutagenesis was performed
on PrnA with the aim of widening the substrate scope. Site directed
mutagenesis was carried out on the residues interacting with tryptophan
mainly Y443, Y444, N459S and E450. The screening of the mutants

showed similar activity to that of wild type, but a single mutant E450K was
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identified to increase the activity of anthranilic acid. Mutagenesis was
performed on Y443, Y444, E450 and F454 to change them into a polar
residues. Mutant clones were obtained in soluble form and it was found that
the F454K, FA54R mutants had the highest conversion of 54% while other
mutants had conversion of less that 20% with anthranilic acid. Optimisation
of protein purification was carried out to obtain the crystal structure of
F454K and E450K mutants with anthranilic acid and pure F454K was
obtained at 34 mg ml™. The crystal structure of F454K mutant with FAD
and chloride bound structure was obtained, but unfortunately the substrate
bound crystal structure determination was unsuccessful. On comparison of
the mutant to the wild type structure showed that the FAD and CI" binding
sites were at the same position. The difference lies in residues Y443 and
Y444 which form an extended loop. The mutant shows a closer electrostatic
interaction between the hydroxyl group of anthranilic acid and amino group
of K454. The experiments were also performed on switching amino acid
residues between PrnA and PyrH to produce regioselective halogenation.
The mutants resulted in no change in the regioselective halogenation and
showed a low relative activity indicating the residues to be important for
better halogenation. To further change the regioselectivity, an 8 amino acid
loop was deleted from PrnA which was mostly absent in the other
tryptophan halogenases. The resulting mutant had no halogenation activity
indicating that it was very important for function of these enzymes. SttH
was characterised for the substrate scope by Sarah Shepherd and she found
that the enzyme halogenated tryptophan, kynurenine, anthranilamide, 2-
propylaniline and methyl anthranilate. Further mutagenesis was not feasible
due to the absence of a crystal structure. An effort was taken to optimise the
purification procedure to obtain pure SttH for crystal trials. Pure SttH of
18.53 mg ml™* was obtained and MALS analysis showed the protein to be a
dimer. The repeated crystal trials yielded tiny crystals, but unfortunately it
was not suitable for resolving the full crystal structure of SttH. The
regioselectivity halogenation by SttH was analysed by sequence alignment
with other tryptophan halogenases. The SttH98A and SttH loop deletion (8
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amino acid) mutant resulted in no change in regioselectivity with a very low
relative activity indicating it be important in halogenation. PyrH was
screened for substrates and it showed chlorination and bromination for
tryptophan, kynurenine and anthranilamide while it showed only
chlorination for 2-amino-4-methylbenzamide. All the above assays were
characterised by mass spectrometry and NMR. Other substrates aniline,
anthranilic acid, methyl anthranilate and N-phenyl anthranilic acid showed
relative activities by HPLC and mass spectrometry. The regioselectivity of
PyrH was carried out similar to that of PrnA, wherein mutants showed no
change in the regioselectivity with low relative activity. The PyrH loop
inserted mutant also had a similar result to that of PrnA, wherein no relative
activity was observed indicating the loop to be important in retaining
halogenation activity.

As future work, the enzymes PrnA, SttH and PyrH will be used to screen
new substrates for producing regioselective halogenated compounds. Efforts
are being made in the lab to obtain the kinetic data of these enzymes and
mutants with the substrates characterised so far. Mutagenesis is being
performed on PyrH to widen the substrate scope based on the interaction of
residues with tryptophan. Work is also being carried out to obtain
anthranilic acid bound F454K and E450K mutants and the SttH (tryptophan-
6-halogenase) crystal structure. The crystal structure obtained will be used
to understand the exact regioselective halogenation of the substrate at the 6-
position by this enzyme. The structure will also be used to widen the
substrate scope and produce regioselective halogenated compounds.
Recently palladium based cross coupling reactions have been carried out
using bio-orthogonal conditions. A palladium cross coupling could be
possible with these enzymes as a single reaction with substrates aiding in
carbon-carbon bond formation. This process could be developed to
incorporate fluorescent aromatic substituents in halogenated products. This
would provide development of a high-throughput technique which could be

used in directed evolution. Random-mutagenesis could be performed and

150



high-throughput screening technique could be used to screen halogenated

products in a rapid fashion.
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CHAPTER 5. GENERAL MATERIALS AND METHODS

5.1. General information
The procedures for molecular biology experiments were carried out

following Sambrook et al., 2001

5.1.1. Chemicals, enzymes and Kits

All the chemicals were purchased from Sigma Aldrich (UK), Fisher (UK)
and Merck (UK). Phusion high-fidelity DNA polymerase, restriction
digestion enzymes and DNA ladders were bought from New England
Biolabs, UK. Molecular biology kits were purchased from Qiagen, UK and
Sigma Aldrich, UK. The protein ladder was bought from Fermentas life
Sciences, UK. The complete mini EDTA-free protease inhibitor cocktail
tablets were obtained from Roche, UK. The E. coli ArcticExpress (DE3)
RP, E. coli Rosetta 2(DE3) competent cells, site directed mutagenesis Kit,
FPLC and HPLC columns were bought from Agilent technologies, UK. All
the primers were synthesised and obtained desalted from Sigma Aldrich,
UK. The genes were synthesised from GeneArt, Life Technologies,

Invitrogen divisons, UK.

5.2. Stock solutions for experiments
5.2.1. Antibiotics solution

Table 18. Antibiotic stock solutions

Antibiotic Stock solution (mg ml™)  Final concentration (pg
ml™)
Concentration storage  Medium Broth
Ampicillin 50 -20°C 50 50
Kanamycin 10 -20 °C 10 10
Gentamycin 20 -20 °C 20 20
Chloramphenicol 24 -20 °C 24 24
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5.2.2. Substrates stock solution

Table 19. Substrates stock solution

S. | Substrates Molecular | For 50 mM | Dissolved
NO mass (g) stock solution
(mg mI™Y)

1 | Tryptophan 204.2 0.01020 Water/DMSO
2 | Kynurenine 208.2 0.01040 Water/DMSO
3 | Anthranilamide 136.1 0.00680 Water/DMSO
4 | Anthranilic acid 137.1 0.00685 Water/DMSO
5 | Methyl antHranilate 151.1 0.00755 Water/DMSO
6 | 2-propyl aniline 135.1 0.00675 Water/DMSO
7 | 2-propyl phenol 136.1 0.00680 Water/DMSO
8 | Kynurenic acid 189.1 0.00945 Water/DMSO
9 | Quinazoline 130.1 0.00650 Water/DMSO
10 | Acetanilide 135.1 0.00675 Water/DMSO
11 | 2-aminobenzonitrile 118.1 0.00590 Water/DMSO
12 | Isatoic anhydride 163.1 0.00815 Water/DMSO
13 | Benzodiazepine 248.7 0.01243 Water/DMSO
14 | Salicylamide 137.1 0.00685 Water/DMSO
15 | Thiosalycilic acid 154.1 0.00770 Water/DMSO
16 | Ethyl 2-aminobenzoate 165.1 0.00825 Water/DMSO
17 | Aniline 93.1 0.00465 Water/DMSO
18 | Methyl 3-aminobenzoate 151.1 0.00758 Water/DMSO
19 | Methyl 4-aminobenzoate 151.1 0.00758 Water/DMSO
20 | Methyl salicylate 152.1 0.00760 Water/DMSO
21 | 2-amino-5-methylbenzamide | 150.18 0.00750885 Water/DMSO
22 | 2-amino-4-methylbenzamide | 192.08 0.009604 Water/DMSO
23 | 2-amino-N-methylbenzamide | 150.18 0.007509 Water/DMSO
24 | N-phenylanthranilic acid 213.23 0.016066 EtOH/DMSO
25 | 1-methyl-2-aminoterepthalate | 195.17 0.009755 Water/DMSO
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5.3. Preparation of competent cells using calcium chloride

5.3.1. Materials required

100 mM calcium chloride solution

11.09 g of calcium chloride was dissolved in 1L of dH,0, autoclaved and
stored at 4 °C.

20 mM calcium chloride with 20% glycerol solution
0.2208 g of calcium chloride was dissolved in 100 ml of dH,O, 20 ml of

glycerol was added, autoclaved and stored at 4 °C.

LB broth
10 g Bacto-tryptone, 5 g yeast extract, 10 g NaCl in 1 litre of distilled water

was adjusted pH to 7.0 with NaOH and autoclaved before use.

5.3.2. Procedure

The preparation of competent cells was slightly modified from Sambrook et
al., 2003"°. Either a single colony of the desired cells or a glycerol stock
was used to inoculate 3 ml of LB medium with the required antibiotic (if
necessary for selecting the plasmid) and grown overnight at 37 °C. The
overnight culture were scaled up to 300 ml of LB broth and grown at 37 °C
with shaking until the ODgo 0.3-0.4. The culture was kept on ice for about
15-20 min and centrifuged at 5000 xg for 10 min. The cell pellet was re-
suspended in 50 ml of 100 mM CaCl; solution. The process of spinning
down and resuspending was the repeated 3-4 times and the final pellet was
resuspended in 1-2 ml of 20 mM CaCl, with 20% glycerol solution. The cell
suspension was dispensed in 200 pl aliquots into 1.6 ml microfuge tubes and

immediately frozen in liquid nitrogen and stored at -80 °C.
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5.4. Preparation of competent cells using Innoue solution

5.4.1. Materials required

0.5 M PIPES (piperazine-1,2-bis[2-ethanesulfonic acid]) solution

15.1 g PIPES was dissolved in 80.0 ml of dH,0, KOH was added until the
PIPES had dissolved. The pH was adjusted to 6.7 and was made up to 100.0
ml using dH,0.

Inoue solution

10.9 g MnCl,, 2.2 g CaCl,, 18.7 g KCI, 20.0 ml of 0.5 M PIPES solution
were dissolved in 1L of dH,O and filter-sterilize using 0.25 UM syringe
filter. .

SOB medium
0.5 g NaCl, 20.0 g tryptone, 5.0 g yeast extract, 0.186 g KCI was dissolved

in 1litre of dH,0, autoclaved and stored at room temperature.

SOC medium

0.5 g NaCl, 20.0 g tryptone, 5.0 g yeast extract and 0.186 g of KCI was
dissolved in 1.0 litre of dH,O. After autoclaving, 20.0 ml of sterilised 1.0 M
glucose was added and stored at room temperature.

5.4.2. Procedure

This method was modified from that described in Inoue et al. (1990)***. A
single colony of E. coli (DH5a) from an LB agar plate was used to inoculate
3 ml SOB medium and cultured overnight at 37 °C. 3 ml of overnight
culture was then used to inoculate 250 ml SOB, and grown at 18 °C with
shaking until ODggo 0.4. The culture was put on ice for 10 min, and then
centrifuged (10 min, 4000 xg, 4 °C). The cell pellet was re-suspended in 80
ml ice-cold Inoue solution and pelleted by centrifugation (10 min, 4000 g, 4
°C). The cells were re-suspended in 20 ml cold Inoue solution with DMSO

(final concentration 7%) and incubated on ice for 10 min. The cell
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suspension was then dispensed in 200 ul aliquots into 1.6 ml microfuge

tubes and immediately frozen in liquid nitrogen and stored at -80 °C.

5.5. Growth of cells
5.5.1. Kutzneria spp.744
Merlin Morkans medium
Ammonium phosphate monobasic 0.184 g, calcium chloride 0.05g, ferric
EDTA 0.02g, magnesium sulphate 0.0358 ¢, potassium phosphate
monobasic 0.5 g, sodium chloride 0.025 g, malt extract 3.0 g, sucrose 10.0 g
and thiamine 0.0001 g in 1 litre of water, pH was adjusted to 5.5, autoclaved
and store at 2-6 °C. For solid medium, 15% agar was added prior to
autoclaving.

Kutzneria spp.744 culture was inoculated in MNM modified
medium using a thick wire sterile loop. The cultures were grown for 7-14
days at 22 °C at 180 rpm.

5.5.2. Growth of E. coli BL21 (DE3) cells

A single colony of E. coli BL21 (DE3) cells from the glycerol stock
of competent cells was used to inoculate 3 ml of LB medium (5.3.1) with
required antibiotic (if necessary for selecting plasmid) and grown overnight
at 37 °C.

5.5.3. Growth of Actinoplanes ATCC30766

Bouillon broth

Meat Extract 10.0 g, Peptone 10.0 g, NaCl 5.0 g, K;HPO, 2.0 g was
dissolved in 1.0 litre of dH,0, adjusted to pH 7.0 and autoclaved.

The Actinoplanes ATCC30766 culture was inoculated in Boullin broth
using a thick wire sterile loop. The cultures were grown for 7-14 days at 22
°C at 180 rpm.

156



5.6. Isolation of genomic DNA

Tris-EDTA (TE) buffer

10 mM tris, 1 mM EDTA was dissolved in 100 ml of dH,O, pH adjusted to
7.0. The 1 ml mycelium of kutzneria spp.744 and Actinoplanes ATCC30766
cells were taken and centrifuged at 5000 xg for 10 min to obtain a pellet.
Similarly 5 ml of E. coli BL21 (DE3) cells were centrifuged at 5000 xg for
10 min to obtain a pellet. The supernatant was completely discarded and
pellet was further used to extract the gDNA using the Qiagen genomic tip
DNA extraction kit by following the method described in the kit. The
isolated DNA was dissolved in 200 ul of TE buffer and stored at 4 °C.

5.7. Plasmid DNA extraction

A single colony of E. coli TOP10 cells or E. coli DH5a cells with plasmid
was inoculated in 3 ml of LB broth containing the desired antibiotics with
concentrations mentioned in section 5.2.1. The culture was grown overnight
at 37 °C at 200 rpm. The 3 ml cells were centrifuged at 5000 xg for 5 min to
obtain the pellet. The supernatant was discarded and pellet was used for
plasmid DNA extraction using Qiagen spin miniprep kit by following the
method described in the kit.

5.8. Agarose gel Electrophoresis

DNA Electrophoresis Buffer

10x TBE buffer containing 890 mM Tris-Cl, 890 mM Boric acid and 20
mM EDTA,pH 8.2.

DNA loading dye

25 mg of bromophenol blue, 3 ml of glycerol was dissolved in 10 ml of
d.H,0.

To prepare 1.2% of agarose gel, 1.2 g of agarose was added to 100 ml of 1X TBE
and boiled in a microwave until agarose was completely dissolved. The boiled
solution was allowed to cool and ethidium bromide (2 pl of 10 mg ml™) was added

and poured onto gel casting tray with appropriate comb. The gel was allowed to
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polymerize and the comb was removed to form wells. The gel casting tray was
placed in a gel running tank immersed with 1X TBE. Samples were loaded with
DNA loading dye and were run at 110 V for 45 min. The DNA was observed by

using a UV transilluminator.

5.9. PCR amplification of genomic DNA

The sequence data of the genes were obtained from the NCBI
database and suitable primers were designed clone manager software for
potential amplification. The primers were designed to incorporate the
desired restriction enzyme sites with overhangs and were synthesised by
Sigma Aldrich, UK. The primers used to amplify the products are listed in
Table 32.

5.9.1. PCR amplification and conditions
All the genes were amplified using Phusion high fidelity DNA polymerase
and the following standard PCR mixtures were prepared.

Table 20. Cocktail mixture of PCR reaction

Component Amount (ml)
5x PhusionTM HF Buffer 10

10 mM dNTPs 1

10 mM Forward primer 1

10 mM Reverse primer 1

Template DNA 50-100ng
DMSO (if required) 1.5

Phusion DNA Polymerase 0.5

Total volume 50

Based on the Primer design the PCR amplification was carried out as followed
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Table 21. PCR cycle used in thermocycler

Cycle step Temperature  ( Time

°C)
Initial denaturation 98 2 min
Denaturation 98 20 sec
Annealing 42-60 20 sec
Extension 72 30 sec/Kb
Final extension 72 5 min

5.10. Gel-extraction of DNA from Agarose Gels
The desired DNA was excised from agarose gel with a sterile scalpel blade
and the DNA was extracted using Qiagen Gel Extraction Kit following the

standard method described.

5.11. Digestion, Ligation and Transformation

The amplified genes were digested with respective enzymes overnight at 37
°C. Similarly the vectors used to clone were digested with respective
enzymes at 37 °C for 3 hrs. The digested samples were run on a 1.0%
agarose gel and were extracted using a Qiagen gel extraction kit. The
following standard reaction was used for restriction digestion

Table 22. Restriction digestion reactions mixture

Component Amount (ul)
Buffer 5

Template DNA 40

Enzyme 1 2.5

Enzyme 2 2.5

BSA(if needed) 0.5

Total 50
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5.12. Ligation Reaction

A ligation reaction was performed using T4 DNA ligase at the insert to
vector ratio of 3:1. The ligation reaction was carried out at 16 °C overnight
and the following standard reaction was used.

Table 23. Ligation reactions mixture

Components Amount(pl)
DNA vector 50 ng X

Insert (calculated ng) Y

10 X Buffer 2

T4 DNA Ligase NEB 1

H,O to 20

Total 20

The ligated product was transformed either into E. coli TOP10 or E. coli
DH5a cells.

5.13. Transformation

The SOC medium was used in all transformation experiments. 10 ul of the
ligated mixture was added to the 50 pl of E. coli TOP10 or E. coli DH5a
cells competent cells and placed on ice for 30 min. For transforming the
constructs, 2 pl of the plasmid solutions were used. The cells were heat
shocked at 42 °C for 60 sec and placed on ice for 5 min. After 5 min 300 pl
of SOC broth was added to the cells, incubated at 37 °C for 1 hr and plated
on LB agar plate containing the desired antibiotic. The plate was then

incubated overnight at 37 °C to obtain colonies.

5.13.1. Analysis of the transformed colonies

The transformed colonies were analysed for the gene insert using colony
PCR and restriction digestion analysis. For colony PCR, Tag DNA
Polymerase, NEB, UK was used and the standard reaction was prepared as

follows

160



Table 24. PCR reactions mixture of performing colony PCR

Component Amount (ul)
10X Taq buffer 10
10 mM dNTPs 1

10 mM Forward primer 1
10 mM Reverse primer 1
DMSO 1.5
Taq DNA polymerase 0.5

Total volume To 50

A Single colony from the plate was picked up using a sterile pipette tip and
added to the reaction mix. The tip was twirled well to break the cells. The
PCR cycle was performed as mentioned below

Table 25. Thermocycler conditions used for colony PCR

Cycle step Temperature (°C) Time Cycles
Initial denaturation 95 5 min 1
Denaturation 95 20 sec

Annealing 40 20-30 sec 30
Extension 68 1 min/Kb

Final extension 68 5 min

The restriction digestion was carried out as mentioned in section 5.11. The

colony with insert was further confirmed by sequencing.

5.13.2. Sequencing
The sequencing was carried out in GATC, Germany using 30-100ng of
plasmid DNA material.

5.14. Site directed mutagenesis
To introduce a single base point mutation in the DNA sequences, the Quick
change Site-Directed Mutagenesis kit was used. The mutation used a single

primer for point mutation. The constructs were used as templates for
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mutagenesis and a list of primers used for creating various mutants is

mentioned in Table 32. The reaction mixture was carried out as mentioned

below
Table 26. PCR reactions mixture for performing site directed mutagenesis
Component Templates >5 Kb (ul)
10X Quick change multi reaction buffer 12.5
Double distilled water To final volume of 12.5
DMSO 1.5
Ds DNA(Construct) 2.0 (50 ng)
100 mM Mutagenic primer 0.5
dNTP mix 0.5
Quick change multienzyme 0.5

The PCR reaction is carried out as follows

Table 27. Thermocycler conditions used for site directed mutagenesis

Cycle step Temperature ( °C) time cycles
Initial denaturation 95 1 min 1
Denaturation 95 1 min 30
Annealing 55 1 min

Extension 65 2 min/Kb

Final extension

The PCR amplification reaction was allowed to cool,1 pl of Dpnl restriction
enzyme was added to the reaction and incubated at 37 °C for 1 hr to digest
parental ds DNA. The mutation reaction was transformed (Section 5.13) and

the colonies were analysed for mutation by sequencing.

5.14.1. Site directed mutagenesis to insert and delete an 8 amino acid
loop region
A different methodology was used to insert the loop and delete the loop

within these enzymes.
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Figure 103. Site directed mutagenesis strategy to insert/delete an 8 amino
acid loops
Forward and reverse primers were designed with 55-60 nucleotides having

flanking region of the genes of 20 nucleotides at each end followed by the
sequence with its complement in the middle (Figure 103). The PCR reaction
was carried out for 16 cycles at 40 °C with extension of 30" and a mega
primer was obtained. This mega primer was later used for site directed

mutagenesis with the desired construct as template for mutation reactions.

5.15. Protein Expression and purification

1 M Isopropyl p-D-1-thiogalactopyranoside (IPTG) solution

0.283 mg of IPTG was dissolved in 10 ml of dH,O to obtain 1 M stock
solution and was stored at -20 °C

HiTrap™ Chelating

5.15.1. Protein Expression Studies

Expression was tested in a 50 ml culture volume. A 1:50 dilution from an

overnight culture was grown to log phase (ODggo 0.6). The cells were then
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induced with IPTG (ImM final concentration) and grown at various
temperatures 37 °C, 30 °C, 22 °C and 18 °C for 3 hr and overnight.

5.15.2. Protein expression using E. coli BL21 (DE3) cells

3 ml LB broth was inoculated with single E. coli BL21 (DE3) colony with
the constructed plasmid, antibiotic and was grown overnight in 37 °C at 200
rpm. The overnight culture was diluted 1:100 in fresh LB with antibiotic and
grown at 37 °C shaking until the ODgoo 0.6 and IPTG (final concentration
0.5-1.0 mM) was added to the culture. The culture was incubated under

optimised condition.

5.15.3. Protein expression using E. coli Rosettagami (DE3) RP cells

Rosettagami (DE3) cell consists of T7 RNA with lac promoter and can be
used with all pET vectors. This engineered strain provides t7RNAs for rare
codons AGG, AGA, AUA, CUA, CCC, GGA and enhances disulfide bond
formation while expressing proteins in E. coli. These cells are compatible
with ampicillin resistant vectors. The protein expression is carried out

similar to section 5.15.2.

5.15.4. Protein expression using E. coli Rosetta2 cells

E. coli Rosetta 2 host strains are BL21 derivatives designed to enhance the
protein expression that contain rare codons in E. coli. These strains supply
tRNAs for rare codons AGA, AGG, AUA, CUA, GGA, CCC, and CGG on
a compatible chloramphenicol-resistant plasmid. The protein expression is

carried out similar to section 5.15.2.

5.15.5. Protein expression using E. coli ArcticExpress (DE3) RP cells

The high-level expression of proteins in E. coli results in incorrectly folded
protein forming as aggregates/inclusion bodies. These proteins are usually
inactive and refolding of this mis-folded protein is time consuming. It
remains difficult to obtain the enzymes in active form. Another way of

obtaining soluble protein, involves growing the cells at lower temperatures.
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The E. coli cells have a high ability of protein expression at higher
temperatures, while at lower temperatures, the cells growth are hampered
and production of the soluble proteins is very minimum. The various
chaperones involved inside the cells provide proper folding of these proteins
in its native state. These chaperones have a reduced activity at lower
temperature. Arctic express are the engineered strain that could adapt at
lower temperatures of 4-12 °C. The strains are engineered to produce
chaperones Cpn10 and Cpn60 (74% and 54% identity to the E. coli GroEL
and GroES chaperones) which can function at cold temperatures and have
high protein refolding activities. The Arctic Express strains are designed for
expression of recombinant proteins using the T7 promoter using the DE3
lysogen strain and contain tRNAs for the rare arginine codons AGA, AGG
and proline CCC, respectively.

E. coli ArcticExpress (DE3) RP cells were transformed with the construct
for protein expression. An overnight culture was set up in LB using single
colony along with 20 pg ml™ gentamycin and, antibiotic for selection of the
respective plasmid construct and grown overnight at 37 °C. The overnight
culture was diluted 1:100 in fresh LB without antibiotics and grown at 30 °C
with shaking until the ODggo 0.6 and IPTG (final concentration 0.1 mM)
was added to the culture and grown at 15 °C or 12 °C overnight.

5.15.6. Isolation, purification and concentration of protein

1 M Di-Potassium hydrogen orthophosphate (K;HPO,)

172.4 g was dissolved in 1 litre of water to obtain 1M stock solution of
K,HPO,.

1 M Potassium dihydrogen orthophosphate (KH,PO,)

136.08 g was dissolved in 1 litre of water to obtain 1 M stock solution of
KH,PO,.

100 mM potassium phosphate buffer

100 mM phosphate buffer solution was prepared according to procedure

mentioned in Sambrook et al., 2003 by following the table below. The

165



solution was added as mentioned in the table 34 and made to 1 litre using
dH,0 to obtain 100 mM phosphate buffer with desired pH.

Table 28. Phosphate salts required for obtaining 100mM phosphate buffer
of desired pH

pH Volume of 1 M Volume of 1 M
K;HPO, KH,PO,

7.2 717 28.3

7.4 80.2 19.8

Cells were than collected by centrifugation at 5000 xg for 10 min and the
pellets were re-suspended in 100 mM phosphate buffer. The cells lysed
using sonicator. Before sonication the resuspended cells were added with 1
mg ml?* lysozyme, EDTA free protease inhibitor 1 tablet/10 ml and
incubated at 30 °C for 1hr. Sonication was performed in Bandelin Sonoplus
sonicator 2000 series which has a microtip MS 74 with 3 mm diameter and
maximum output of 70 Wes.  Sonication was carried out in 70% amplitude
at 30 second intervals to break the cell wall. The sonicated cells were
centrifuged at 10,000 xg for 30 min at 4 °C. The supernatant was used for

purification using an AKTA purifier 10 UPC system (GE Healthcare).

5.15.6.1. Protein purification by HiTrap™ Chelating HP column using
AKTA FPLC system

1 M Nickel sulphate

1.877g of NiSO4 was dissolved in 10 ml of dH0.

Buffers

20 mM Imidazole solution per litre pH 7.4(lysis buffer)

2.72 g KH,PQOy, 29.22 g NaCl and 1.36 g of imidazole were dissolved in 1.0
litre of dH,O; pH was adjusted to 7.4 and stored at 4 °C.

60 mM Imidazole solution per litre pH 7.4

2.72 g KH,PQOy, 29.22 g NaCl and 4.08 g of imidazole were dissolved in 1.0
litre of dH,O; pH was adjusted to 7.4 and stored at 4 °C.
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90 mM Imidazole solution per litre pH 7.4
2.72 g KH,PQOy4, 29.22 g NaCl and 6.12 g of imidazole were dissolved in 1.0
litre of dH,O; pH was adjusted to 7.4 and stored at 4 °C.

150 mM Imidazole solution per litre pH 7.4
2.72 g KH,PQOy4, 29.22 g NaCl and 10.2 g of imidazole were dissolved in 1.0
litre of dH,O; pH was adjusted to 7.4 and stored at 4 °C.

200 mM Imidazole solution per litre pH 7.4
2.72 g KH,PQy4, 29.22 g NaCl and 13.6 g of imidazole were dissolved in 1.0
litre of dH,O; pH was adjusted to 7.4 and stored at 4 °C.

250 mM Imidazole solution per litre pH 7.4
2.72 g KH,POy,, 29.22 g NaCl and 17.02 g of imidazole were dissolved in
1.0 litre of dH,0; pH was adjusted to 7.4 and stored at 4 °C.

500 mM Imidazole solution per litre pH 7.4
2.72 g KH,PO,, 29.22 g NaCl and 34.04 g of imidazole were dissolved in
1.0 litre of dH,0; pH was adjusted to 7.4 and stored at 4 °C.

Wash buffer
2.72 g KH,PO4, 29.22 g Nacl and 14.62 g of EDTA were dissolved in 1.0
litre of dH,O and stored at 4 °C.

Protein purification was performed by using Ni-NTA FPLC system
(AKTA prime, Amersham) in conjunction with a HiTrap™ Chelating HP 5
ml column (GE Healthcare, UK). Before loading the cell lysate, a 0.1M Ni?*
ion solution was applied into the HiTrap™ Chelating HP 5 ml column and
was equilibrated in lysis buffer until the absorbance read approximately
zero. The protein was loaded, washed with lysis buffer for 6 column
volumes followed by increased concentration. The recombinant protein was

eluted with optimised imidazole concentration of 6 column volumes. The
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column was washed and nickel ion was removed using wash buffer,

followed by wash with ethanol and storing the column in 4°C.

5.15.6.2. Protein purification by Gravity flow method

The protein lysate was allowed to bind manually to the nickel column. A
bed volume of 2 ml nickel was prepared and subjected to manual column.
The column was washed with 3 volumes of water followed by binding with
the binding buffer (phosphate buffer with 20 mM imidazole). The washed
nickel was added to the protein in the centrifuge tube and kept in cold room
for overnight with slow shaking. The overnight sample was directly loaded
onto the manual column and allowed to further bind the nickel by gravity
flow. The protein was washed with 60 mM imidazole to remove the
nonspecifically bound proteins following which SttH was eluted in different

fractions using 500 mM imidazole.

5.15.6.3. Removal of chaperones by ATP Buffer method

10 mM ATP, 50 mM KCI and 10 mM MgCl; in water, pH 7.2 was prepared.
The protein was expressed and isolated (Section 5.15). The lysate was
loaded onto a HiTrap TM Chelating column and washed with 500 mM
phosphate buffer containing 60 mM imidazole, and 90 mM imidazole.
Further wash and elutions were made using the ATP buffer before eluting
the protein at a concentration of 500 mM imidazole using an AKTA purifier
10 UPC system (GE Healthcare).

5.15.6.4. Chromatographic techniques

5.15.6.4.1. Anion exchange chromatography

For carrying out anion exchange chromatography two different columns
were used

HiTrap Q HP

HiTrap Q HP column are packed with 34 um sized Q Sepharose bead that
acts as strong anion exchange medium.

MonoQ 4.6/100 PE
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MonoQ column is packed with 10 pum sized monobeads in Tricorn column
that acts as strong anion exchange medium.

20 mM Tris with 20 mM, 60 mM, 90 mM, 150 mM, 250 mM and 500 mM
NaCl buffer, pH7.4

2.42 g of Tris base and the required amount of NaCl (Table 29) was
dissolved in 1litre of dH,0O, adjusted to pH 7.4 and stored at 4 °C.

Table 29. Amount of imidazole required for preparation of desired
concentration of buffers
Concentration of NaCl ~ Amount (g)

20 mM 1.16
60 mM 3.50
90 mM 5.25
150 mM 8.76
250 mM 14.61
500 mM 29.22

The anion exchange chromatography involves the separation of negatively
charged proteins. The anion exchange column was equilibrated with a lower
salt concentration of 20 mM NaCl on AKTA 1.0 purifier. The protein
devoid of salt concentration was allowed to bind the column followed by
washes with increasing NaCl concentration. The protein elution was made
using highest salt concentration of 500 mM NaCl. The concentration of the

salt varies based on the enzymes needed to be purified.

5.15.6.4.2. Size exclusion chromatography

Superdex 200 10/300 GL

Superdex 200 10/300 GL is a prepacked Tricorn gel filtration column
having separation range for molecules with molecular sizes between 10000
and 600000 daltons.
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100 mM HEPES buffer
23.83 g of HEPES was dissolved in 1 litre of dH,O; pH was adjusted to 7.4
and stored at 4°C.

20 mM Tris buffer
2.43 g of Tris base was dissolved in 1 litre of dH,O; pH was adjusted to 7.4
and stored at 4°C.

Gel filtration chromatography separates proteins based on their sizes.
The column is usually packed with Superdex or Sephadex beads which acts
as a stationary phase of the column. Based on the sizes of the stationary
phase, different sizes of proteins can be separated. The smaller molecule
moves in the beads slowly due to their diffusion in the pore space while
larger molecules does not diffuses, which allows them to move quickly
through the pore space. Hence bigger sized proteins are eluted first followed
by smaller sized proteins. Depending upon the proteins solvent

environment, optimised buffers were used for eluting desired proteins.

5.15.6.5. Purification of protein using HRV 3C protease
10X HRV 3C protease cleavage buffer
HRV 3C protease
The concentration of the protein was obtained by Bradford assay
(5.17). The components were prepared in a 1.5 ml microfuge tubes

Table 30. Reaction mixture for HRV 3C protease cleavage

Component Amount
10X HRV 3C protease cleavage buffer 4 ul
Target protein 10, 50, 100 pg
HRV 3C protease 1l
dH,0 Make it up

A HRYV 3C Protease: target protein ratio (unit/pg) of 1:100 was set up and
incubated at 4°C for 24 and 48 hr with shaking. The cleaved samples were

purified by FPLC and separated on 12% (v/v) resolving gel.
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5.15.6.6. Purification using hydrophobic column

The protein was expressed and isolated as per section 5.15 .The lysate was
loaded onto a HisTrap TM FF crude column and washed with 50 mM
phosphate buffer containing 60 mM imidazole, before eluting the protein at
a concentration of 500 mM imidazole using an AKTA purifier 10 UPC
system (GE Healthcare). The eluted fraction was dialysed in 50 mM
Tris-buffer (pH 8.0) by centrifugation (4 °C, 8,000 xg) using a Vivaspin 20
Centricon with a 10,000 MWCO (Sartorius, Germany), before loading
onto a HiTrap TM Q HP anion exchange column. The column was washed
with 50 and 100 mM NaCl before eluting halogenase proteins at a
concentration of 1 M NaCl. The buffer in the protein containing sample was
exchanged by centrifugation as described previously into phosphate buffer
containing 1.5 M ammonium sulphate, before binding the protein to a
HiTrapTM FF Butyl-sepharose column. The protein of interest eluted whilst
running a gradient of 2 M to 0.5 M ammonium sulphate. Exchange of
sample into buffer containing 20 mM HEPES, 100 mM NaCl (pH 7.2)
preceded a final step of gel filtration chromatography (Superdex TM 200
10/300 column).

5.15.7. Buffer exchange and concentration

Storage buffer

10 mM phosphate buffer was diluted to 10 times and 10% glycerol was
added to the solution.

Eluted fractions were pooled and preceded to buffer exchange by using
Vivaspin centrifugal concentrator (Sartorius, UK) for proteins that forms
precipitate on dialysis. The stable protein was subjected to dialysis in 14,000
daltons cut off dialysis membrane against 100 mM phosphate buffer. The
protein was further concentrated using Vivaspin centrifugal concentrator
(Sartorius, UK) and exchanged with storage buffer. Then protein was stored
at -20 © and analysed by resolving gel (SDS PAGE).
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5.16. Sodium-Dodecyl Sulphate Polyacrylamide Gel Electrophoresis
(SDS-PAGE)*?

Acrylamide-bis solution (29:1%)

1.5 M Tris HCI pH 8.3 with 0.4%SDS

0.5 M Tris HCI pH 6.8 with 0.4% SDS

10% Ammonium persulphate

TEMED (N-tetramethylethylene diamine)

1 X Tank buffer

10.82 g glycine, 2.27g Tris base and 0.75g SDS was dissolved in 750 ml of
dH0.

Staining solution
0.25 g Coomassie brilliant blue, 40 ml methanol and 10 ml acetic acid were
dissolved in 50 ml of dH,0.

De-staining Solution

40 ml methanol and 10 ml of acetic acid were dissolved in 50 ml of dHO.

4X Denaturing sample buffer
0.312 M Tris-Cl pH 6.8, 0.05% bromophenol blue, 50% glycerol, 10% SDS,
25% B-mercaptoethanol.
Separating and stacking gels were prepared by following the table
Table 31. SDS-PAGE recipe

Separating Separating Stacking
gel (12%0) gel (20%) gel (5%)

Stock solution

1.5M Tris HCIl pH 8.3+ 0.4% SDS 2.8 ml 2.5 ml -
0.5M Tris-HCI pH=6.8+0.4%SDS - - 2.5 ml
30%Acrylamide Bis acrylamide) 4.52 ml 7ml 1.0ml
H.O 3.72ml 0.5 ml 6.4 ml
10% (w/v) APS 40 pl 50 pl 100 pl
TEMED 9.2 ul 5ul 10 pl
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SDS-PAGE was used to separate proteins. Protein samples were mixed with
denaturing sample buffer and were heated at 99 °C for 5 min. The denatured
protein sample was then loaded onto the gel and run at 200 V until the dye
front reached the bottom of the gel. The gel was then removed from the
plate and the stacking gel was removed from the separating and the gel was
stained for 2-4 h with the staining solution. The gel was then sequentially
transferred to destaining solution overnight till the blue colour in the
background disappeared. The Fermentas page ruler prestained marker

protein ladder was used as a protein marker.

5.17. Determination of protein concentration by Bradford Assay

The assay dye reagent was prepared by diluting 1 part of BioRad Dye
reagent concentrate with 4 parts of double distilled water. A dilution series
of the protein standard BSA was made to produce a standard curve ranging
from 0.2 to 0.9 mg ml? for comparison of the samples of unknown
concentration. Dye reagent was added to each protein standard and the
sample solution and vortexed. Samples were left to incubate at room
temperature for a minimum of 5 min and the absorbance was measured for

each sample A = 600 nm using a Varian UV-Vis Spectrophotometer.

5.18. Mass spectrometry analysis by trypsin cleavage

The mass spectrometry of the protein was carried out as service by Martin
Read in Manchester interdisciplinary Biocenter, University of Manchester,
UK. Briefly, the purified protein was cut out from the gel in about Imm and
the strain was removed using acetonitrile solution. The acetonitrile was
removed and trypsin was added to digest the protein. The digestion was
carried out at 37 °C overnight. The digested supernatant was pooled and
dried in a speed vacuum. The dried sample was dissolved in 15 ul of water,
dried again and resuspended in 10% acetonitrile and 0.1% formic acid.
From this 1 pl of sample was mixed with 1 ul of Matrix and loaded onto the
machine for Mass spectrometry analysis. The matrix usually used is CCA
(Cyanocinnamic acid).
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The machine used was a Bruker Esquire 3000+ ions trap MS which is
connected to a HPLC from LC Packings ultimate system. The HPLC takes
maximum of 20 pl of sample and consists of 18 pepmapper 100 colomn.
The flow rate was set at 250 pl/ min and the splitter is usually 1000/1. The
buffer A consist 0.1% formic acid and buffer B consists 90% acetonitrile
with 0.1% formic acid. The Mass spectrometry is used in positive ion mode
with Pico tip fused silica needle emitter with 360 mm diameter and 10 pl of
tip diameter. The mono spray flow rate is 200 nl/ min and uses either MS2
or MS3.

5.19. Western blot analysis
Transfer buffer (10X) stock

Transfer buffer (working solution, mix just before use)

Tris base -758¢ Transfer buffer (10X) - 10 ml
Glycine -36.09 Methanol -20ml
Dis. Water - 250 ml Sterile water -70 ml
Phosphate Buffered Saline (PBS) 10X stock

KH,PO, -2.0¢

Na,HPO, -115¢g

KCI -209

NaCl -80.0¢

Adjust the pH to 7.0 with conc. HCI and the make up the final volume to
1000 ml with distilled water.

Blocking solution (for 1 litre)

Milk powder -50 g (5%)

10X PBS - 100 ml

Tween 20 - 10 ml (1%)
Antiserum buffer (for 1 litre)

Milk powder - 50 g (5%)

10X PBS - 100 ml

Tween 20 - 1.0 ml (0.1%)
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The proteins KtzQ and PrnA were separated with a 12% (v/v)
resolving gel. The proteins were transferred onto a nitrocellulose membrane
on Trans Blot (Bio-Rad) semi dry transfer cell electroblotting apparatus
using Whatman No.3 filter paper strips (wetted with transfer buffer). The
instrument was run at 15 Volts for 1 hr using Powerpac® 300 (Bio-Rad
laboratories). After blotting the membrane was stored in 1X PBS at 4 °C.
The membrane was immersed in blocking solution and incubated in shaker
at 25-30 rpm for 1 hr at room temp. The blocking solution was discarded
and 10-15 ml of antiserum buffer with anti his mouse monoclonal antibody
(1: dilution) and incubated at 25-30 rpm rpm for 1 hr at room temp. After 1
hr, the solution was discarded and the membrane rinsed in antiserum buffer
for three times at 5 min interval to remove the traces of primary antibody.
Then 10-15 ml of antiserum buffer with 2-3 ul of secondary antibody (Goat
anti mouse chemiluminescent tagged antibody) and incubated at 25-30 rpm
for 1 h at room temperature. After 1 hr, the membrane was incubated in the
dark for the colour development. After colour development, air dry the

membrane and store at 4 °C.

5.20. Substrate loading assay
An assay was set up using 200 uM PCP, 2 uM Sfp and 1 mM of substrates

(CoA-Hpg and SNAC-Hpg). The loading reaction was incubated at 28 °C
for 15 minto 1 h in 10 mM phosphate buffer pH 7.5.

5.21. FMN reductase assay

The reductase assay reaction was set up using 500 uM NADH and 3 uM of
FMN in 10 mM phosphate buffer (pH 7.4) as control. The absorbance was
monitored at 340 nm for 20 min. Later 50 pl of reductase was added and

absorbance was monitored at 340 nm for 20 min.
5.22. Halogenase assays for chlorination and bromination

The assay reaction was set up using 5 uM halogenase, 1.5 uM Fre, 0.6 mM
substrate, 1 pM FAD, 125 mM MgCl, or 125 mM NaBr in 10 mM
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phosphate buffer at 200 pl scale. The assay mixture was incubated at 30°C
for 1 hr with shaking at 800 rpm and reaction was stopped by heating them
at 95°C for 10 min. The reaction was centrifuged at 14,000 xg and the

supernatant solution was loaded on to HPLC.

5.23. Enzyme stability assays in solvent environment
5% DMSO/EtOH was made up with 95% of dH,O to obtain 5% (v/v)
DMSO/EtOH solution
10% DMSO/EtOH was made up with 90% of dH,O to obtain 10% (v/v)
DMSO/EtOH solution
10 mM potassium phosphate buffer

5 UM of purified PyrH was dispensed in 5% (v/v) and 10% (v/v)
DMSO/EtoH solution and incubated for 5 hr. As control, the enzyme was
dispensed in 10 mM phosphate buffer and incubated for 5 hr. Post
incubation, the reaction was added with 1.5 uM Fre, 0.6 mM substrate, 1
MM FAD, 12.5 mM MgCl; and further incubated at 30°C for 4 hr. Samples
were collected hourly and reactions were stopped by heating them at 95°C
for 10 min. The reaction was centrifuged at 14,000 xg and the supernatant

solution was loaded on to HPLC.

5.24. High pressure liquid chromatography and method

All the assays were run on the Agilent Technologies 1260 Infinity Binary
LC system with fraction collector using Zorbaz Ecliplse PlusC18 4.6x100
mm, 3.5 um column. The samples for NMR purification were run on Varian
ProStar 320 UV/Vis detector using Varian Pursuit C18 10 p semiprep
column with following method (Figure 104) at various UV absorbance

based on compounds.
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Figure 104. HPLC method used to separate halogenated compounds

5.25. Mass spectrometry of the HPLC samples

All the Mass spectrometry assays were run on the Agilent Technologies
1100 series quartnery pump HPLC with Agilent LC/MSD Trap XCP Mass
Spectrometry Detector using C18 column. The samples were run using
method mentioned at section 5.24 with detection at various UV absorbance

based on compounds (Figure 104).

5.26. Preparation of samples for NMR

For scale up for NMR assay reactions were set up using 20 uM halogenase,
5 UM Fre, 0.6 mM substrate, 1 uM FAD, 12.5 mM MgCl, or 12.5 mM
NaBr in 10 mM phosphate buffer at 10 ml scale. The assay mixture was
incubated at 30 °C for 5 hr with shaking at 800rpm and reaction was stopped
by heating them at 95°C for 10 min. The reactions were centrifuged at
14,000 xg and the supernatant solution was loaded on to C18 bond elute
column. The C18 bond elute column was activated with 5 ml methanol and
washed with 5 ml of water for equilibration. The supernatant was loaded by
gravity flow. After the sample was bound to the column, it was washed with
10% methanol, and 15% methanol to remove FAD and NADH from the
bond elute. The pure product is eluted with 95% methanol. Methanol was
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removed from the product using a Genevac EZ-2 personal evaporator. The
dry product was resuspended in 0.75 ml of deuterated water (D,O) and
subjected to NMR.

5.27. NMR results

5-chloro-tryptophan

'H NMR (400 MHz, D,0) 6 7.58 (d, J = 1.9 Hz, 1H), 7.32 (d, J = 8.7 Hz,
1H), 7.18 (s, 1H), 7.08 (dd, J = 8.7, 1.9 Hz, 1H), 3.88 (dd, J = 7.9, 4.9 Hz,
1H), 3.33 — 3.04 (m, 3H).

5-chloro-kynurenine

'H NMR (400 MHz, D,0) & 7.69 (d, J = 2.4 Hz, 1H), 7.22 (dd, J = 8.9, 2.4
Hz, 1H), 6.70 (d, J = 9.0 Hz, 1H), 3.99 (t, J = 5.5 Hz, 1H), 3.52 (d, J =5.4
Hz, 2H).

5-chloro-anthranilamide
'HNMR (400 MHz, D,0) 6 7.55 (d, J = 2.2 Hz, 1H), 7.33 (dd, J = 8.8, 2.3
Hz, 1H), 6.87 (d, J = 8.7 Hz, 1H).

5-chloro-2-amino-4-methylbenzamide
'H NMR (400 MHz, D;0) & 7.43 (s, 1H), 6.70 (s, 1H), 1.9 (s, 3H).

5-bromo-tryptophan

'H NMR (400 MHz, D,0) & 7.91 (d, J = 1.6 Hz, 1H), 7.31 (d, J = 8.5 Hz,
1H), 7.15 (s, 1H), 7.02 (dd, J = 8.6, 1.9 Hz, 1H), 3.96 (dd, J = 7.8, 4.7 Hz,
1H), 3.59 — 3.12 (m, 3H).

5-bromo-Kynurenine

'H NMR (400 MHz, D;0) & 7.99 (d, J = 2.1 Hz, 1H), 7.50 (dd, J = 8.9, 2.0
Hz, 1H), 6.82 (d, J = 9.0 Hz, 1H), 4.14 (t, J = 5.4 Hz, 1H), 3.67 (d, J = 5.4
Hz, 2H).
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5-bromo-Anthranilamide
'H NMR (400 MHz, D,0) 6 7.69 (s, 1H), 7.46 (d, J = 10.9 Hz, 1H), 6.82 (d,
J=8.8 Hz, 1H).

5.28. Crystal soaking and crystal trial conditions

The concentrated protein was incubated with 5 mM FAD, 5 mM DTT and
20 mM substrate prior to crystallography trials. The crystals were obtained
using 10% (v/v) PEG 8000, 0.1 M imidazole buffer pH 8.0 and 0.2 M Ca
(CH3CO,),.
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Appendix

List of Primers

Table 32. List of primers used for the halogenation study

Primer

Name Sequence RE
Primer P1 aaaaaa catatg aaccagaaggtcgaccgg Ndel
Primer P2 aaaaaa gcggccgc tcacacgtgecgggcecag Notl
Primer P3 | aaaaaa catatg accttgtgcgccacgcea Ndel
Primer P4 | aaaaaa gcggccgc tcactgcagaccgtagatcggge Notl
Primer P9 | gggcatgccgggtttgacggccgagcegctttgtcgecgaccegttetcggtgg -
Primer P6 | cgtcagccaggtcgeggtegtcgtccgegaggacgegecaggggat -

aagcggc

Primer P7 aaaaaa catatg atgcgtgtcatcaccctgg Ndel
Primer P8 | aaaaaa ctcgag cgcatgggcattacctcg Xhol
Primer P9 | aaaaaa ggtacc atgacaaccttaagctgtaaa Kpnl
Primer P10 | aaaaaa ctcgag tcagataaatgcaaacgcatc Xhol
Primer P11 | aaaaaa catatg atggatgacaatcgaattcgga Ndel
Primer P12 | aaaaaa ctcgag cgtgccctggtgecagge Xhol
Primer P13 | aaaaaa ggtacc atggatgacaatcgaattcgg Kpnl
Primer P14 | aaaaaa gcggccgc ctacgtgecctggtgcagge Notl
Primer P15 | gtgggtaccatggatgacaatcgcattcggagcatccttgtcctg -
Primer P16 | cacgtgttcgacgattccacgtactgggagacctt cgactacgaattcaaga -
Primer P17 | attcaagaatttctggttgaacggctggtactactgcatctttgccggcettgg -
Primer P18 | cacgtactacgagaccttcgactactggttcaagaatttctggttgaacggcea -
Primer P19 | actacgagaccttcgactaccgtttcaagaatttctggttgaa
Primer P20 | cgactacgaattcaagaataaatggttgaacggcaactact -
Primer P21 | cgactacgaattcaagaatcgctggttgaacggcaactact -
Primer P22 | caccacctcgttcgacgattccacgaaatacgagaccttcgactacgaattcaag -
Primer P23 | caccacctcgttcgacgattccacgcgcetacgagaccttcgactacgaattcaag
Primer P24 | cacctcgttcgacgattccacgtacaaagagaccttcgactacgaattcaagaac
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Primer P25

cacctcgttcgacgattccacgtaccgcgagaccttcgactacga attcaagaac

Primer P26 | atggttaccgcaaaaacaccggatcgtgttgttattgttggtggtggcaccgcaggt
tggatgaccgcagcatatctgaa

Primer P27 | aaaaaa catatg atggttaccgcaaaaacacc Ndel

Primer P28 | aaaaaa gcggccgce ttaggatcctcgagaagcett Notl

Primer P29 | tccgggtcatcatttttatcatccggctgagcagatgegtagegttgatggtt

Primer P30 | cgaaaatgtgttcccgtattatcatggtctgectccggagttcaaaaacttctggct
gaac

Primer P31 | cccagcagaattgccatataactatagttcagccagaagtttttgaactc

Primer P32 | gaagattacttctaccatttggccggcagegtgeccgaactgegac

Primer P33 | ggatcggcgtgggcgaggcegaccttceeg agtttgcagaaggtgttctte -

Primer P34 | tcggcgtgggcgaggcegaccatctcgagtttgcagaaggtgttettc gac -

Primer P35 | gaattcaagaacttctggttgtccggcaactactactgcatcttt -

Primer P36 | ctccgggeccggceagcetccgggeccggeagetggegttectgage -

Primer P37 | gggcccggagetgecgggeccggagatgegtgtcatcacectgg -

Primer P38 | aaaaaa gcggccgc ttacgcatgggcattacct

Primer P39 | ccgcttctttcgecgecgcttetttcgecgeegcettcecgecagetggegttectgage | -

Primer P40 | gcgaaagaagcggcggcgaaagaagcggcggcgaaageggeggegatgegt | -
gtcatcaccctggeg

Primer P41 | gattccacgtactacgagaccttcgactacggcaactactactgcatctttgeeggcet | -
t9

Primer P42 | caagccggcaaagatgcagtagtagttgecgtgtcgaaggtctegtagtacgt -
ggaatc

Primer P43 | catttatccgtattatcatggctttgaaaccgagttcaaaaacttctggctgaac -

Primer P44 | ccagattcatggtaatccagctgtagttcagccagaagtttttgaactc -
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List of constructs obtained during the period for studies

Table 32. List of constructs made for the halogenation studies

Plasmid

Marker/

Characteristics/constructs o Source/Reference
No | Name Antibiotic
1 | pET- 420 bp s-pcp gene was constructed | Kanamycin | Actinoplanes
KK1 in pET28a using Ndel/Notl (50 pg/ml) ATCC30766
restriction enzymes
2 | pET- 975 bp I-pcp gene was constructed | Kanamycin | Actinoplanes
KK2 in pET28a using Ndel/Notl (50 pg/ml) | ATCC30766
restriction enzymes
3 | pET- pET28a::Icp mutant obtained by Kanamycin | -
KK3 mutation of 2 CGA residues in the | (50 pg/ml)
sequence for expression of the
protein.
4 | pET- 1476 bp ram20 gene was Kanamycin | Actinoplanes
KK4 constructed in pET28a using (50 pg/ml) ATCC30766
Ndel/Xhol restriction enzymes
5 | pET- 576 bp ssuE gene was constructed | Kanamycin | E. coli BL21 DE3
KK5 in pET28a using Ndel/Xhol (50 pg/ml) cells
restriction enzymes
6 |pET- 702 bp fre gene was constructed in | Ampicilin E. coli BL21 DE3
KK6 PET45b using Kpnl/Xhol (50 pg/ml) cells
restriction enzymes
7 | pET- 1602 bp ktzQ was constructed in Kanamycin | Kutzneria spp.744
KK7 pET28a using Ndel/Xhol (50 pg/ml)
restriction enzymes to produced N
terminal His(6) tagged protein
8 | pET- 1602 bp ktzQ was constructed in Kanamycin | Kutzneria spp.744
KK8 pET30a using Ndel/Xhol (50 pg/ml)
restriction enzymes to produced C
terminal His(6) tagged protein
9 | pET- 1602 bp ktzQ was constructed in Ampicilin Kutzneria spp.744
KK9 pPET45b using using Ndel/Xhol (50ug/ml)
restriction enzymes to produced N
terminal His(6) tagged protein
10 | pT- PET45b::ktzQ mutant obtained by | Ampicillin -
KK10 mutation of CGA to CGC residue | (50 pg/ml)
in the sequence for expression of
the protein.
11 | pET- 1614 bp prnA was constructed in Kanamycin Pseudomonas
SAS1 pET28a using Ndel/Notl (50 pg/ml) fluorescens BL915
restriction enzymes.
12 | pETKK- | pET28a::prnA Y444W mutant with | Kanamycin | -
11 mutation of Y residue to W (50 pg/ml)
residue at 444 position of prnA
13 | pETKK- | pET28a::prnA N459W mutant with | Kanamycin -
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12 mutation of N residue to W (50 pg/ml)
residue at 459 position of prnA
14 | pETKK- | pET28a::prnA E450W mutant with | Kanamycin
13 mutation of E residue to W (50 pg/ml)
residue at 450 position of prnA
15 | pET- pET28a::prnA E450R mutant with | Kanamycin
KK14 mutation of E residue to R residue | (50 pg/ml)
at 450 position of prnA
16 | pET- pET28a::prnA F454K mutant with | Kanamycin
KK15 mutation of F residue to K residue | (50 pg/ml)
at 454 position of prnA
17 | pET- pET28a::prnA F454R mutant with | Kanamycin
KK16 mutation of R residue to K residue | (50 pg/ml)
at 454 position of prnA
18 | pET- pET28a::prnA Y443K mutant with | Kanamycin
KK17 mutation of Y residue to K residue | (50 pg/ml)
at 443 position of prnA
19 | pET- pET28a::prnA Y443R mutant with | Kanamycin
KK18 mutation of Y residue to R residue | (50 pug/ml)
at 443 position of prnA
20 | pET- pET28a::prnA Y444K mutant with | Kanamycin
KK19 mutation of Y residue to K residue | (50 pg/ml)
at 444 position of prnA
21 | pET- pET28a::prnA Y444R mutant with | Kanamycin
KK20 mutation of Y residue to R residue | (50 pug/ml)
at 444 position of prnA
22 | pET- prnA constructed into pET- Kanamycin
KK21 YSBLIC vector from (50 pg/ml)
pET28a::prn(pET-SAS1)
23 | pET- 1544 bp ktzR gene constructed in Kanamycin
SAS2 pET28a using Ndel/Xhol (50 pg/ml)
restriction enzymes
24 | pET- 1544 bp ktzR gene constructed in Kanamycin
SAS3 pET30a using Ndel/Xhol (50 pg/ml)
restriction enzymes
25 | pET- 1544 bp ktzR gene constructed in Ampicillin
SAS4 pVLT33 using Hindll1/Xbal (50 pg/ml)
restriction enzymes
26 | pET- 1544 bp ktzR synthetic gene sub- Kanamycin
SAS5 cloned in in pET28a using (50 pg/ml)
Ndel/Xhol restriction enzymes
27 | pET- 1604 bp ktzR constructed in Kanamycin
KK22 pET28a using Ndel and Notl (50 pg/ml)
restriction enzymes
27 | pET- 1572 bp SttH was constructed in Kanamycin
SAS6 pET28a using Ndel and Xhol (50 pg/ml)
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restriction enzymes

28 | pET- pET28a::SttH F98A mutant with Kanamycin
KK23 single mutation of F to A residue at | (50 pg/ml)
98 position
29 | pET- pET28a::SttH LI mutant with 8 Kanamycin
KK24 amino acid insert between 462 and | (50 pg/ml)
463 position of SttH
30 | pET- 1536 bp pyrH constructed in Kanamycin
KK25 pET28a using Ndel and Xhol (50 pg/ml)
restriction enzymes
30 | pET- pET28a::prnA F103A mutant with | Kanamycin
KK26 mutation of F residue to A residue | (50 pg/ml)
at 103 position of prnA
31 | pET- pET28a::prnA 152F mutant with Kanamycin
KK27 mutation of | residue to F residue | (50 pug/ml)
at 52 position of prnA
32 | pET- pET28a::prnA P53S mutant with Kanamycin
KK28 mutation of P residue to S residue | (50 pg/ml)
at 53 position of prnA
33 | pET- pET28a::prnA N459S mutant with | Kanamycin
KK29 mutation of N residue to S residue | (50 pg/ml)
at 459 position of prnA
34 | pET- pET28a::pyrH F491 mutant with Kanamycin
KK30 mutation of F residue to | residue | (50 pg/ml)
at 49 position of PyrH
35 | pET- pET28a:: pyrH S50P mutant with | Kanamycin
KK31 mutation of S residue to P residue | (50ug/ml)
at 50 position of PyrH
46 | pET- pET28a:: pyrH S455N mutant with | Kanamycin
KK32 mutation of S residue to N residue | (50 pug/ml)
at 455 position of PyrH
37 | pET- pET28a:: pyrH F491/ S50P Kanamycin
KK33 mutant with double mutation of F | (50 pg/ml)
residue to | residue at 49 position
and S to P residue at 50 position of
PyrH
38 | pET- pET28a:: pyrH F491/S50P/S455N | Kanamycin
KK34 mutant with triple mutation of F to | (50 pg/ml)
| residue at 49 position, S to P
residue at 50 position and Sto N
residue at 455 position of PyrH
39 | pET- pET28a::prnA LD mutant with 7 Kanamycin
KK35 amino acid deletion between 450 (50 pg/ml)
and 457 position of PrnA
40 | pET- pET28a::pyrH LI mutant with 7 Kanamycin
KK36 amino acid insert between 453 and | (50 pg/ml)
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| | 454 position of PyrH

Gene sequences
SSUE sequence

atgcgtgtcatcaccctggegggtagtectegctttecttctegetcecagetecttgetggaatatgecgeggga
aaaactaaatggcctggatgtagaggtttatcactggaatctgcaaaacttcgccccggaagatctgctttatg

ctcgtttcgatagtccggeactcaagaccttcaccgaacagctgcaacaggctgatggactgatagtcgetac
acctgtgtataaagccgcctattccggegegetgaaaaccctgctegacctgetgecagagegegcetttgea
aggcaaagtggtgctaccgetggcgacgggeggtaccgtggeccatetgetggeggtegattatgecctta

aaccagttttaagcgcactgaaagctcaggagatcctgcacggegtgtttgccgatgactcacaagtaattga
ttaccatcacagaccccagttcacgccaaatctgcaaacccgtcttgataccgegctagaaactttctggeag

gcattgcaccgecgcegatgttcaggttcctgaccttetgtctctgcgaggtaatgeccatgegtaa

Protein sequence

MGSSHHHHHHSSGLVPRGSHMMRVITLAGSPRFPSRSSSLLEYAREK
LNGLDVEVYHWNLQNFAPEDLLYARFDSPALKTFTEQLQQADGLIV
ATPVYKAAYSGALKTLLDLLPERALQGKVVLPLATGGTVAHLLAV
DYALKPVLSALKAQEILHGVFADDSQVIDYHHRPQFTPNLQTRLDT
ALETFWQALHRRDVQVPDLLSLRGNAHA

Fre sequence

atgacaaccttaagctgtaaagtgacctcggtagaagctatcacggatacegtataccgtgtccgaategtac
cagacgcggccttttcttttcgtgctggtcagtatttgatggtagtgatggatgagegtgacaaacgtecgttet

caatggcttcgacgccagatgaaaaagggttcatcgagctgcatattggegcttctgaaatcaacctttacge

gaaagcagtcatggaccgcattcttaaagatcatcaaatcgtggtcgatattccgcacggtgaggeatggetg
cgcgatgatgaagaacgtcegatgattttgattgcgggtggeaccgggttctcttatgegegetegattttget

gacggcgctggegcegtaacccaaaccgtgatatcaccatttactggggegggegtgaagageagceatcetgt
atgatctctgcgagcttgaggcegctttcgcttaageatcctggtctgcaagtggtgecggtggttgaacaace

ggaagcgggctggegtgggegtactggeactgtgttaacggeggtattgcaggatcatggtacgcetageag
agcatgatatctatattgccggacgttttgagatggcgaanattgecegtgacctgttttgcagtgagegtaatg
cgcgggaagatcgectgtttggegatgegtttgeatttatctga

Protein sequence

MGSSHHHHHHSSGLVPRGSHMMTTLSCKVTSVEAITDTVYRVRIVP
DAAFSFRAGQYLMVVMDERDKRPFSMASTPDEKGFIELHIGASEINL
YAKAVMDRILKDHQIVVDIPHGEAWLRDDEERPMILIAGGTGFSYA
RSILLTALARNPNRDITIYWGGREEQHLYDLCELEALSLKHPGLQVV
PVVEQPEAGWRGRTGTVLTAVLQDHGTLAEHDIYIAGRFEMA?IAR
DLFCSERNAREDRLFGDAFAFI

Sfp sequence
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atgaagatttacggaatttatatggaccgcccgctttcacaggaagaaaatgaacggttcatgtctttcatatca
cctgaaaaacgggagaaatgccggagattttatcataaagaagatgcetcaccgeaccctgctgggagatgt
gctcgttcgetcagtcataagcaggceagtatcagttggacaaatccgatatcegcetttagcacgcaggaatac
gggaagccgtgcatccctgatcttcccgacgctcatttcaacatttctcactccggacgetgggteatttgege
gtttgattcacagccgatcggcatagatatcgaaaaaacgaaaccgatcagecttgagatcgecaagegctt
cttttcaaaaacagagtacagcgaccttttagcaaaagacaaggacgagcagacagactatttttatcatctat
ggtcaatgaaagaaagctttatcaaacaggaaggcaaaggcttatcgcettcegcttgattecttttcagtgege
ctgcaccaggacggacaagtatccattgagettccggacagccattceccatgctatatcaaaacgtatgag
gtcgatcceggctacaaaatggetgtatgcgecgtacaccctgatttccccgaggatatcacaatggtetegt
acgaagagcttttataa

Protein sequence

MKIYGIYMDRPLSQEENERFMSFISPEKREKCRRFYHKEDAHRTLLG
DVLVRSVISRQYQLDKSDIRFSTQEYGKPCIPDLPDAHFNISHSGRWV
ICAFDSQPIGIDIEKTKPISLEIAKRFFSKTEYSDLLAKDKDEQTDYFY
HLWSMKESFIKQEGKGLSLPLDSFSVRLHQDGQVSIELPDSHSPCYIK
TYEVDPGYKMAVCAVHPDFPEDITMVSYEELL

s-pcp sequence

aaccagaaggtcgaccgggccgecctgeccgegeccgagegggagacgacgacaccgggtaaggeac
ccgeececggaccgetcggceaacctcgaggagtegatgtgecaggegttcgecgaggtgcetcggecteg

acagcgtcggcccggacgacgacttcttcgecctgggeggecactegctgetegeegtegegetegtgea

gcggctcaaggeacgeggtgtcgecgtcacggtgcaggacatcatggecgegeccacggtetcggaget
gatgggctcgetgageatgtcgtcgatccgggacteectcggeacgetectgecgatecggegeaccgge

gagctgccgecgctgttctgegtecatccggecggegggctcagetggtgetacctgecgcetggeccgge

acgtg

Protein sequence

NQKVDRAALPAPERETTTPGKAPAPGPLGNLEESMCQAFAEVLGLD
SVGPDDDFFALGGHSLLAVALVQRLKARGVAVTVQDIMAAPTVSE
LMGSLSMSSIRDSLGTLLPIRRTGELPPLFCVHPAGGLSWCYLPLARH
\Y

I-pcp sequence

accttgtgcgccacgcagcatctgctggatgacggggtgccgatcgggeggecgttggacaacaccegeg

tctacgttctcgacgacctectgeggecggteccgacgggtgtggtgggggagetgtatgtggecgggteg
ggtctggegegtggetatgegggeatgecgggtttgacggecgagegatttgtcgecgaceegttceteggt
gggtggtcgectetacegeaccggtgatetggtecggtggaccgacgacggtgtgetgeacttcgeecggge
gggccgatgatcaggtgaagatccgeggcetatcgggtggageecgggegaggttgaageggttetggetea
acaccccgacgtcagccaggtcgeggtegtegtecgagaggacgegecaggggataageggetggteg
cctatgtcgtcggeggggatgtcgaggegtatgegcaggagegecttcecggetacatggtteegteggec
ttcgtccatctggaagegetgecgetgaccgegaaccagaaggtcgaccgggecgecctgeecgegece
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gagcgggagacgacgacaccgggtaaggeaccegeccccggaccgcteggeaacctcgaggagtcgat
gtgccaggegttcgecgaggtgcteggectegacagegteggeccggacgacgacttcttcgeectggge
ggccactcgctgetcgecgtcgegetegtgcageggcetcaaggeacgeggtgtegeegtcacggtgeagy
acatcatggccgegceccacggtctcggagetgatgggetegetgageatgtegtcgatccgggacteecte
ggcacgctcctgeegatceggegeaccggegagetgeegeegctgttetgegtecatceggeeggeggg
ctcagctggtgctacctgecgetggeccggeacgtgecggecgacegeccgatetacggtetgeag

Amino acids

MGSSHHHHHHSSGLVPRGSHM
TLCATQHLLDDGVPIGRPLDNTRVYVLDDLLRPVPTGVVGELYVAG
SGLARGYAGMPGLTAERFVADPFSVGGRLYRTGDLVRWTDDGVLH
FAGRADDQVKIRGYRVEPGEVEAVLAQHPDVSQVAVVVREDAPGD
KRLVAYVVGGDVEAYAQERLPGYMVPSAFVHLEALPLTANQKVDR
AALPAPERETTTPGKAPAPGPLGNLEESMCQAFAEVLGLDSVGPDD
DFFALGGHSLLAVALVQRLKARGVAVTVQDIMAAPTVSELMGSLS
MSSIRDSLGTLLPIRRTGELPPLFCVHPAGGLSWCYLPLARHVPADRP
IYGLQ

ram 20 sequence

gcagcacagccggaagaatttgatgttattgttgtgggtggtggtecgggtggtagcaccgceageageactg
accgcaaaacagggtgcaaaagttctgctgctggaacgtgaaaaatttcegegttatcagattggtgaaage
ctgctgcecgageaccgttcatggtgtttgtaatctgetgggtgttggtgatgaaattgcaaaageaggttttatg
cgtaaacatggtggcacctttaaatggggcaccagcaccgaaccgtggacctttacctttgcaaccagtecg
cgtatggcaggtccgaccagecatgeatttcaggttgaacgtcgtegttttgatcagattctgctggaaaatge
acgtcgtctgggtgtggatgttcgtgaaaatcatccggttaccgaagcaattgcagatgatgaacgtgttegtg
gtgttcgttttacccaggatggtcagacccgtaccgeactggeacgttttgttgttgatgcaageggtaategta
gcaccctgceataccaccgttggtggtacacgtgaatatageccgttttttcgtaatctggeactgtttggetatttt
gaaaatggtcgtcgectgectgcaccgaatageggtaatattetgtgtgttgeatttggtageggttggttttgg
tatattccgctgagcgaaaccctgaccagegttggtgcagttgttcgtcgtgaaatggcacataaagttcagg
gtgatcaagaaaaagccctgtttgaactgattgcagaatgtcegatgattgecgattttctgggtgatgcaace
cgtgtgaccgaaggtgattatggtcagattcgtgttcgtaaagattattcctatagcagcaccagctattggegt
ccgggtatgtgtctggtaggtgatgcageatgttttattgatccggtttttagcageggtgttcatctggcaacct
atagcggtctgctggcagcacgtageattaatagegttctggcaggeaccgttgatgaagategtgcatttac
cgaatttgaacagegttatcgtcgegaatttggtgtgtttcatgatttictggtgagettctatgatatgcatgttga
tgaaagcagctatttttgggcagceccgtaaagttaccgaaagcagegceaccggcaatggaaagcetttaccga
actggtgggtggtattgccageggtgaagatgceectgaccggtagecacagaactggttcgtegtcatagecg
tcagaccgcagaactgggtcaggcagttgcaggtctggaagaaggtggeaccggttttctgcgtggtagea
gcgttgttgcacaggceaatgtttgaaggtagecagattcaageeggtgceaattctgggtccggaaggeacce
aagaacagccgctgtttgagggtggtctgaccccgageggtaatggectgacctgggttgcagecgattaa

Protein sequence
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VAAQPEEFDVIVVGGGPGGSTAAALTAKQGAKVLLLEREKFPRYQI
GESLLPSTVHGVCNLLGVGDEIAKAGFMRKHGGTFKWGTSTEPWTF
TFATSPRMAGPTSHAFQVERRRFDQILLENARRLGVDVRENHPVTE
AIADDERVRGVRFTQDGQTRTALARFVVDASGNRSTLHTTVGGTRE
YSPFFRNLALFGYFENGRRLPAPNSGNILCVAFGSGWFWY IPLSETLT
SVGAVVRREMAHKVQGDQEKALFELIAECPMIADFLGDATRVTEG
DYGQIRVRKDYSYSSTSYWRPGMCLVGDAACFIDPVFSSGVHLATY
SGLLAARSINSVLAGTVDEDRAFTEFEQRYRREFGVFHDFLVSFYDM
HVDESSYFWAARKVTESSAPAMESFTELVGGIASGEDALTGSTELV
RRHSRQTAELGQAVAGLEEGGTGFLRGSSVVAQAMFEGSQIQAGAI
LGPEGTQEQPLFEGGLTPSGNGLTWVAAD

kztQ sequence

atggatgacaatcgaattcggagcatccttgtccttggeggeggeacggecggctggatgteegectgetac
ctgagcaaggcgctcgggeccggegtegaggtcaccgtgetcgaggegecctceatctegegeateegg
gtcggcgaggcecaccattceccaacctgcacaaggtcttettcgacttcctgggeatcgecgaggacgagty
gatgcgggagtgcaacgcecagctacaaggecgeggtecggttcgtcaactggeggacgeecgggegacy
gccaggcecacgecgeggeggegtecggacggecgeccegaccacttcgaccacctgttcggecagetge
ccgagcacgagaacctgecgcetgtcgeagtactgggegeaccggegectcaacggectgaccgacgaac
ccttcgaccgetectgcetacgtgcageccgagetgcetggaccgeaagetetcgecgaggttgatggacgge
acgaaactggccagctacgectggeacttcgacgecgacctggtggecgacttectetgecggttegeegt
gcagaagctgaacgtgacccacgtccaggacgtgttcacgcatgecgacctcgaccagegceggecacate
acggccgtcaacaccgagtecggecgeacgcetggecgecgacctgttcatcgactgeageggcttcegea
gcgtgcetcatgggcaaggtcatgcaggagecgttcctggacatgagcaageacctgcetcaacgaccgegc
ggtggegcetgatgetecegeacgacgacgagaaggtgggceatcgagecgtacacctegtegetggecatg
cggtcgggctggtegtggaagatecegetgcteggecggttcggetcecggctacgtctactccagecagtte
acctcccaggacgaggcggecgaggagctetgecgeatgtgggacgtcgacccggeggageagacgtt
caacaacgtccggttccgggtcggecgeagecgecgggectgggtgegceaactgegtegecatcggegt
gtccgecatgttcgtggagecgctggagtcgaccggectgtacttcagttacgectegcetctaccagetggtg
aagcacttcccggacaageggttccggecgatectggecgaccggttcaaccgegaggtggegaccatgt
acgacgacacccgcgacttcctccaggegeacttcagectgtegecgegtgacgactecgagttetggegg
gcctgcaaggagcetgecgttcgeggacgggttcgecgagaaggtegagatgtacagggecgggetgecg
gtcgaactgccggtcaccatcgacgacgggceactactacggeaatttcgaggecgagttccgeaacttctg
gaccaactcgaactactactgcatcttcgcecgggcetcggtttcctgecegageatcegetgeeggtgcetcga
attccgeccggaggcecgtcgatcgegeggageeggtgttcgecgeggtgegecggegeacggaggage
tggtcgecaccgececcgaccatgcaggectacctgeggegectgeaccagggeacgtag

Protein sequence
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MDDNRIRSILVLGGGTAGWMSACY LSKALGPGVEVTVLEAPSISRIR
VGEATIPNLHKVFFDFLGIAEDEWMRECNASYKAAVRFVNWRTPG
DGQATPRRRPDGRPDHFDHLFGQLPEHENLPLSQYWAHRRLNGLTD
EPFDRSCYVQPELLDRKLSPRLMDGTKLASYAWHFDADLVADFLCR
FAVQKLNVTHVQDVFTHADLDQRGHITAVNTESGRTLAADLFIDCS
GFRSVLMGKVMQEPFLDMSKHLLNDRAVALMLPHDDEKVGIEPYT
SSLAMRSGWSWKIPLLGRFGSGYVYSSQFTSQDEAAEELCRMWDV
DPAEQTFNNVRFRVGRSRRAWVRNCVAIGVSAMFVEPLESTGLYFS
YASLYQLVKHFPDKRFRPILADRFNREVATMYDDTRDFLQAHFSLS
PRDDSEFWRACKELPFADGFAEKVEMYRAGLPVELPVTIDDGHYYG
NFEAEFRNFWTNSNYYCIFAGLGFLPEHPLPVLEFRPEAVDRAEPVF
AAVRRRTEELVATAPTMQAYLRRLHQGT

prnA sequence

atgaacaagccaatcaagaatatcgtcatcgtgggeggeggeaccgegggcetggatggecgcettcgtacct
cgtccgggcegctecaacageaggtaaacatcacgetcatcgagtetgeggegatececeggatcggegtg

ggcgaggcegaccatccegagtttgcagaaggtgttcttcgacttcctcgggataccggagegggagtggat

gccccaagtgaacggegccttcaaggecgegatcaagttcgtgaactggagaaaatctcccgacecategce
gcgaagattacttctaccatttgttcggcagegtgccgaactgcgacggegtgecgcettacccactactggct

gcgcaagcgegaacagggcttccagcagecgatggegtacgegtgctatccgcageccggggecctega
cggcaagctggeaccctgectggecgacggeaccegecagatgteccacgegtggeacttcgacgegea

cctggtggecgacttcttgaagegcetgggecgtcgagegeggggtgaatcgegtggtecgacgaggtegty

gaggttcaactgaacgaccgcggctacatctccaccctgttaaccaaggaagggcggacgcetggaggcegg
acctgttcatcgactgctccggeatgcgagggctectgatcaatcaggecctgaaggaacccttcatcgacat
gtccgactacctgetgtgegacagegeggtegecagegecgtgeccaacgacgacgegcgegaggggg

tcgagccttacacctcecgegattgecatgaactcgggatggacctggaagattcegatgetgggecggtteg
gcagcggctacgtcttctcgagcaagttcacctcgegegaccaggecaccgecgacttcctcaaactctgg

ggcctctcggacaatcagcagctcaaccagatcaagttccgggtcgggcegcaacaagegggegtgggtea
acaactgcgtctcgatcgggctgtcgtegtgctttctggageccctggaatcgacgggaatctacttcatctac
gcggcgctttaccaactcgtgaagceacttccccgacacctegttcgacccgeggttgegegacgceattcaac
gccgagatcgtctacatgttcgacgactgccgagacttcgtccaggegceactatttcactacgtcgegegaa

gacacgccgttctggetcgegaaccggeacgaactgeggctetcggacgcecatccaggagaaggttgage
gctacaaggccgggctgecactgaccaccacctegttcgacgattccacgtactacgagaccttegactacy
aattcaagaacttctggttgaacggcaactactactgcatctttgccggectgggeatgetgeecgaccggte

gctgeegetectgcageaccgaccggagtcgatccagaaggecgaagegatgttcgecageatceggeg

cgaagccgagegcectgegeacgagectgecgacgaactacgactacctgeggteactgegtgacggege
gcagctgtcgcegeaaccageacgggecgacgetcgeggetcaggaacgecagtag

Protien Sequence
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MNKPIKNIVIVGGGTAGWMAASYLVRALQQQVNITLIESAAIPRIGV
GEATIPSLQKVFFDFLGIPEREWMPQVNGAFKAAIKFVNWRKSPDPS
REDYFYHLFGSVPNCDGVPLTHYWLRKREQGFQQPMAYACYPQPG
ALDGKLAPCLADGTRQMSHAWHFDAHLVADFLKRWAVERGVNRV
VDEVVEVQLNDRGYISTLLTKEGRTLEADLFIDCSGMRGLLINQALK
EPFIDMSDYLLCDSAVASAVPNDDAREGVEPY TSAIAMNSGWTWKI
PMLGRFGSGYVFSSKFTSRDQATADFLKLWGLSDNQQLNQIKFRVG
RNKRAWVNNCVSIGLSSCFLEPLESTGIYFIYAALYQLVKHFPDTSFD
PRLRDAFNAEIVYMFDDCRDFVQAHYFTTSREDTPFWLANRHELRL
SDAIQEKVERYKAGLPLTTTSFDDSTYYETFDYEFKNFWLNGNYYCI
FAGLGMLPDRSLPLLQHRPESIQKAEAMFASIRREAERLRTSLPTNY
DYLRSLRDGAQLSRNQHGPTLAAQERQ

ktzR sequence

ATGGTTACCGCAAAAACACCGGATCGTGTTGTTATTGTTGGTGGT
GGCACCGCAGGTTGGATGACCGCAGCATATCTGAAAACCGCATT
TGGTGATCGTCTGAGCATTACCGTTGTTGAAAGCAGCCGTATTGG
CACCATTGGTGTTGGTGAAGCAACCTTTAGCGATATCCAGCACTT
TTTTCAGTTTCTGAATCTGCGTGAACAGGATTGGATGCCTGCATG
TAATGCAACCTATAAACTGGGTATCCGCTTTGAAAATTGGCGTCA
TGTTGGCCATCATTTTTATCAGCCGTTTGAGCAGATTCGTCCGGTT
TATGGTTTTCCGCTGACCGATTGGTGGCTGCATGATGCACCGACC
GATCGTTTTGATACCGATTGTTTTGTTATGCCGAATCTGTGTGAA
GCAGGTCGTAGTCCGCGTCATCTGGATGGCACCCTGGCAGATGA
AGATTTTGTTGAAGAGGGTGATGAACTGGCAAATCGTACCATGA
GCGAACATCAGGGTAAAAGCCAGTTTCCGTATGCCTATCATTTTG
AAGCAGCACTGCTGGCAAAATTTCTGACCGGTTATGCAGTTGATC
GTGGTGTTGAACATGTTGTTGATGATGTTCTGGATGTTCGTCTGG
ATCAGCGTGGTTGGATTGAACATGTGGTTACCGCAGAACATGGT
GAAATTCATGGTGACCTGTTTGTTGATTGTACCGGTTTTCGTGGT
CTGCTGCTGAATAAAGCACTGGGTGTTCCGTTTGTTAGCTATCAG
GATACCCTGCCGAATGATAGCGCAGTTGCACTGCAGGTTCCGCTG
GATATGCAGCGTCGTGGTATTGTTCCGAATACCACCGCAACCGCA
CGTGAAGCAGGTTGGATTTGGACCATTCCGCTGTTTGGTCGTGTT
GGCACCGGTTATGTTTATGCAAAAGATTATCTGAGTCCGGAAGA
AGCAGAACGTACCCTGCGTGAATTTGTTGGTCCGGCAGCAGCAG
ATGTTGAAGCAAATCATATTCGTATGCGTATTGGTCGTAGCCAAG
AAAGCTGGCGTAATAATTGTGTTGCAATTGGTCTGAGCAGCGGTT
TTGTTGAACCGCTGGAAAGCACCGGTATCTTTTTTATCCATCATG
CAATTGAACAGCTGGTGAAACATTTTCCGGCAGCAGATTGGAAT
CCGAAAAGCCGTGATATGTATAATTCAGCAGTTGCCCATGTGATG
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GATGGTATTCGTGAATTTCTGGTGATTCATTATCGTGGTGCAGCA
CGTGCAGATAATCAGTATTGGCGTGATACCAAAACCCGTCCGCT
GCCGGATGGTCTGGCAGAACGTATTGAATGTTGGCAGACCCAGC
TGCCGGATACCGAAACCATTTATCCGTATTATCATGGTCTGCCTC
CGTATAGCTATATGTGTATTCTGATGGGTGGTGGTGCAATTCGTA
CACCGGCAAGCGCAGCACTGGCACTGACCGATCAGGGTGCAGCA
CAGAAAGAATTTGCAGCAGTTCGTGATCGTGCAGCACAGCTGCG
TGATACACTGCCGAGCCATTATGAATATCTGGCACGTATGCGTGG
TCTGGATGTTTAACTCGAGAAGCTTCTCGAGGATCCTAA

ktzR synthetic gene sequence

atggttaccgcaaaaacaccggatcgtgttgttattgttggtggtggcaccgcaggttggatgaccgceagceat
atctgaaaaccgcatttggtgatcgtctgagcattaccgttgttgaaagcagecgtattggcaccattggtgttg
gtgaagcaacctttagcgatatccageacttttttcagtttctgaatctgegtgaacaggattggatgectgeat

gtaatgcaacctataaactgggtatccgctttgaaaattggegtcatgttggecatcatttttatcageegtttga

gcagattcgtccggtttatggttttccgctgaccgattggtggctgeatgatgcaccgaccgategttttgatac
cgattgttttgttatgccgaatctgtgtgaagcaggtcgtagtcegegteatctggatggeacectggeagatg
aagattttgttgaagagggtgatgaactggcaaatcgtaccatgagcgaacatcagggtaaaagecagtttce
gtatgcctatcattttgaagcagcactgctggceaaaatttctgaccggttatgcagttgatcgtggtgttgaacat
gttgttgatgatgttctggatgttcgtctggatcagegtggttggattgaacatgtggttaccgcagaacatggt

gaaattcatggtgacctgtttgttgattgtaccggttttcgtggtctgctgctgaataaageactgggtgtteegtt
tgttagctatcaggataccctgccgaatgatagegeagttgeactgcaggttcegetggatatgcagegtegt
ggtattgttccgaataccaccgcaaccgeacgtgaageaggttggatttggaccattccgetgtttggtegtgt
tggcaccggttatgtttatgcaaaagattatctgagtccggaagaagcagaacgtacccetgegtgaatttgttg
gtccggcagcagcagatgttgaagcaaatcatattcgtatgegtattggtcgtagccaagaaagetggegta

ataattgtgttgcaattggtctgagcageggttttgttgaaccgctggaaagceaccggtatcttttttatccatcat
gcaattgaacagctggtgaaacattttccggcagceagattggaatccgaaaagecgtgatatgtataattcag

cagttgcccatgtgatggatggtattcgtgaatttctggtgattcattatcgtggtgcageacgtgcagataatce

agtattggcgtgataccaaaacccgtccgetgecggatggtctggeagaacgtattgaatgttggeagacec
agctgccggataccgaaaccatttatcegtattatcatggtctgectcegtatagctatatgtgtattctgatggg
tggtggtgcaattcgtacaccggcaagegcageactggeactgaccgatcagggtgcagcacagaaagaa
tttgcagcagttcgtgatcgtgcagcacagcetgegtgatacactgcecgagecattatgaatatctggeacgtat
gcgtggtctggatgtttaactcgagaagcettctcgaggatec taa

Full protein sequence

MVTAKTPDRVVIVGGGTAGWMTAAYLKTAFGDRLSITVVESSRIGT
IGVGEATFSDIQHFFQFLNLREQDWMPACNATYKLGIRFENWRHVG
HHFYQPFEQIRPVYGFPLTDWWLHDAPTDRFDTDCFVMPNLCEAGR
SPRHLDGTLADEDFVEEGDELANRTMSEHQGKSQFPYAYHFEAALL
AKFLTGYAVDRGVEHVVDDVLDVRLDQRGWIEHVVTAEHGEIHGD
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LFVDCTGFRGLLLNKALGVPFVSYQDTLPNDSAVALQVPLDMQRR
GIVPNTTATAREAGWIWTIPLFGRVGTGYVYAKDYLSPEEAERTLRE
FVGPAAADVEANHIRMRIGRSQESWRNNCVAIGLSSGFVEPLESTGI
FFIHHAIEQLVKHFPAADWNPKSRDMYNSAVAHVMDGIREFLVIHY
RGAARADNQYWRDTKTRPLPDGLAERIECWQTQLPDTETIYPYYHG
LPPYSYMCILMGGGAIRTPASAALALTDQGAAQKEFAAVRDRAAQL
RDTLPSHYEYLARMRGLDV

SttH sequence

atgaatacccgcaatccggataaagttgttattgttggtggtggcaccgcaggttggatgaccgcaagctatct
gaaaaaagcatttggtgaacgtgttagegttaccctggttgaaageggceaccattggeacegttggtgttggt
gaagcaacctttagcgatattcgccacttttttgaatttctggatctgcgtgaagaggaatggatgectgeatgt
aatgcaacctataaactggcagttcgttttcaggattggcagegtccgggtcatcatttttatcatcegtttgage
agatgcgtagcgttgatggttttccgctgaccgattggtggcetgcagaatggtccgaccgategttttgategt
gattgttttgttatggcaagectgtgtgatgcaggtegtagtecgegttatctgaatggtagectgctgcaacaa
gaatttgatgaacgcgcagaagaaccggceaggtctgaccatgagcgaacatcagggtaaaacccagtttce
gtatgcctatcattttgaagcagcactgctggceagaatttctgageggttatagcaaagatcgtggtgttaaaca
tgttgtggatgaagttctggaagtgaaactggatgatcgtggttggattagccatgttgttaccaaagaacatg
gtgatattggtggtgacctgtttgttgattgtaccggttttcgtggtgtgctgctgaatcaggeactgggtgttee
gtttgttagctatcaggataccetgecgaatgatagegeagttgcactgcaggttccgcetggatatggaagea
cgtggtattcegecttatacccgtgcaaccgcaaaagaageeggttggatttggaccattcegetgattggte
gtattggtacaggttatgtttatgccaaagattactgtagtccggaagaagcagaacgtaccctgegtgaattt
gttggtccggaageagcecgatgttgaagcaaatcatattcgtatgegtattggtegttcagaacagagetgga
aaaataactgtgttgcaattggtctgagcageggttttgttgaaccgctggaaagceaccggtattttctttatcca
tcatgcaattgagcagctggtgaaacattttccggcaggcegattggeatectcagetgegtgeaggttataatt
cagcagttgcaaatgttatggatggcgttcgtgaattcctggttctgeattatctgggtgcagcacgtaatgata
ccegttattggaaagataccaaaacccgtgcagttccggatgeactggecgaacgtattgaacgttggaaag
ttcagctgccggatagcgaaaatgtgtteccgtattatcatggtetgecteegtatagttatatggeaattetget
gggtacaggtgccattggtctgegtccgagtecggeactggecctggeagatcctgcagcagcagaaaaa
gaatttaccgcaattcgtgatcgtgcacgttttctggttgatacactgccgagcecagtatgaatattttgcagcaa

tgggtcagegtgtgtaa
Protein sequence

MNTRNPDKVVIVGGGTAGWMTASYLKKAFGERVSVTLVESGTIGT
VGVGEATFSDIRHFFEFLDLREEEWMPACNATYKLAVRFQDWQRP
GHHFYHPFEQMRSVDGFPLTDWWLQNGPTDRFDRDCFVMASLCDA
GRSPRYLNGSLLQQEFDERAEEPAGLTMSEHQGKTQFPYAYHFEAA
LLAEFLSGYSKDRGVKHVVDEVLEVKLDDRGWISHVVTKEHGDIG
GDLFVDCTGFRGVLLNQALGVPFVSYQDTLPNDSAVALQVPLDME
ARGIPPYTRATAKEAGWIWTIPLIGRIGTGYVYAKDYCSPEEAERTL
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REFVGPEAADVEANHIRMRIGRSEQSWKNNCVAIGLSSGFVEPLEST
GIFFIHHAIEQLVKHFPAGDWHPQLRAGYNSAVANVMDGVREFLVL
HYLGAARNDTRYWKDTKTRAVPDALAERIERWKVQLPDSENVFPY
YHGLPPYSYMAILLGTGAIGLRPSPALALADPAAAEKEFTAIRDRAR
FLVDTLPSQYEYFAAMGQRV

pyrH sequence

atgattcgtagcgttgttattgttggtggtggcaccgeaggttggatgaccgcaagcetatctgaaageageatt

tgatgatcgtattgatgttaccctggttgaaageggtaatgttcgtegtattggtgttggtgaagcaacctttage

accgttcgtcacttttttgattatctgggtctggatgaacgtgaatggetgectegttgtgecggtggttataaact
gggtattcgttttgaaaattggagcgaaccgggtgagtatttctatcatccgtttgaacgtetgegtgttgttgat

ggctttaatatggcagaatggtggcetggeagttggtgatcgtegtaccagetttagcgaageatgttatctgac

ccatcgtctgtgtgaagcaaaacgtgcaccgcegtatgctggatggtagectgtttgcaagecaggttgatgaa
agcctgggtcgtagcaccctggcagaacagegtgcacagtttcegtatgceatatcattttgatgcagatgaag

ttgccegttatctgagcgaatatgcaattgeccgtggtgttegtcatgttgtggatgatgttcageatgttggeca
ggatgaacgcggttggattagcggtgttcataccaaacagcatggtgaaattagtggtgacctgtttgttgatt

gtaccggttttcgtggtctgctgattaaccagaccetgggtggtegttttcagagetttagtgatgttctgccgaa
taatcgtgcagttgcactgegtgttccgegtgaaaatgatgaagatatgegtcegtataccaccgcaaccgea
atgagtgccggttggatgtggaccattccgctgtttaaacgtgatggtaatggctatgtttatagcgacgaattt

atcagtccggaagaagcagaacgcgaactgcgtagtaccgttgcaccgggtcgtgatgatctggaageaa

atcacattcagatgcgtattggtcgtaatgaacgtacctggattaataactgtgttgcagttggtctgagcegeag
cctttgttgaaccgctggaaageaccggtattttctttattcagcatgcaattgagcagetggtgaaacattttee

gggtgaacgttgggatccggttctgattagegeatataatgaacgcatggeacacatggttgatggegtgaa

agaatttctggtgctgceattataaaggtgcacagcegtgaagataccecgtattggaaagcagecaaaacecy

tgcaatgccggatggtctggeacgtaaactggaactgagegcaagecatctgetggatgagcagaccattta
tccgtattatcatggctttgaaacctacagctggattaccatgaatctgggectgggtattgtgccggaacgtee
gcgtceggeactgcetgcacatggatcctgcaccggeactggceagaatttgagegectgegtegtgaaggtg
atgaactgattgcagcactgccgagctgttatgaatatctggcaagcattcagtaa

Protein sequence

MIRSVVIVGGGTAGWMTASYLKAAFDDRIDVTLVESGNVRRIGVGE
ATFSTVRHFFDYLGLDEREWLPRCAGGYKLGIRFENWSEPGEYFYH
PFERLRVVDGFNMAEWWLAVGDRRTSFSEACYLTHRLCEAKRAPR
MLDGSLFASQVDESLGRSTLAEQRAQFPYAYHFDADEVARYLSEYA
IARGVRHVVDDVQHVGQDERGWISGVHTKQHGEISGDLFVDCTGF
RGLLINQTLGGRFQSFSDVLPNNRAVALRVPRENDEDMRPYTTATA
MSAGWMWTIPLFKRDGNGYVYSDEFISPEEAERELRSTVAPGRDDL
EANHIQMRIGRNERTWINNCVAVGLSAAFVEPLESTGIFFIQHAIEQL
VKHFPGERWDPVLISAYNERMAHMVDGVKEFLVLHYKGAQREDTP
YWKAAKTRAMPDGLARKLELSASHLLDEQTIYPYYHGFETYSWIT
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MNLGLGIVPERPRPALLHMDPAPALAEFERLRREGDELIAALPSCYE
YLASIQ
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