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Pseudopithomyces chartarum (also referred to as Pithomyces chartarum) is a fungus
commonly found in rye grasses after rain spells in the southern hemisphere, known for producing
Sporidesmin, a mycotoxin responsible for acute liver toxicity in livestock. Sporidesmin belongs
to the epipolythiodioxopiperazines (ETP) class of natural products and is notable for both its
toxic effects and the presence of a chlorine atom in its structure. Its biosynthesis is governed by
a cluster of 21 genes, referred to as "spd." This research project focuses on two key enzymes
within the Sporidesmin biosynthetic pathway: Spdl, a homolog of an S-adenosyl-L-methionine
(SAM)-dependent methyltransferase, and Spd4, predicted to be a flavin-dependent halogenase.
The Reddick Research Group has an interest in the spd gene cluster for its potential for
biocatalytic activity and for the basic understanding of the biosynthetic pathway of Sporidesmin.
Spdl is of interest for its potential as a methylation biocatalyst, while Spd4 may be responsible
for the installation of the chlorine atom in Sporidesmin and holds promise as a general
halogenation biocatalyst. The purpose of this research was to better understand the biosynthetic
pathway and to potentially use the two enzymes as biocatalysts for other reactions. We are doing
this through testing the activity of these enzymes on simple structural analogs of Sporidesmin.
These reactions could be applied to other various types of chemistry for the uses in green
chemistry and other industrial purposes. To investigate these enzymes, Spd4-MBP, Spd1, and
Spd1-MBP were cloned and overexpressed in Escherichia coli (E. coli) using Gibson assembly
and polymerase chain reaction (PCR). The maltose-binding protein, MBP, was fused to two of
the proteins to aid in their folding and solubility during purification due to their fungal origins.
The resulting proteins were purified, using immobilized metal affinity chromatography, IMAC,

resulting in several milliliters, usually around 6 mg of protein per liter of culture grown, that was



then able to be used in subsequent reactions. High-Performance Liquid Chromatography (HPLC)
and several enzymatic reactions were used to test Spd4-MBP for the chlorination of a simple
indole. Similarly, several enzymatic reactions along with HPLC analysis were conducted on
Spd1-MBP for potential methylation products from simple indoles and simple diketopiperazines.
These studies have yet to yield any promising results. However, research is ongoing, and
modifications are still being made to the investigative process to potentially result in the

production of chlorinated or methylated products with good yields and stability.
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CHAPTER I: INTRODUCTION

I. A. Background
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Figure 1: Pseudopithomyces chartarum: A Cartoon Image of the Spores and the Hyphae.

Pseudopithomyces chartarum (Figure 1) is a fungus that produces the mycotoxin
Sporidesmin (Figure 2). The fungus was formerly known as Pithomyces chartarum but was
reclassified in 1960 by mycologist Martin Ellis. The genus was first described in 1874 by Moses
Ashley Curtis and Miles Jospeh Berkeley during their time in New Zealand where they were
studying ill livestock.! The fungus proliferates in warm, humid climates after rainfall and is seen
throughout the southern hemisphere. While it is mostly seen in areas like New Zealand and
Australia, it has been documented to be as far north as the Netherlands. The ability of this fungal
strain to spread and survive in diverse areas of the globe highlights the potential impact to the

health of livestock on a global scale.?

Figure 2: Sporidesmin molecule.



Sporidesmin is a diketopiperazine (DKP) that is made from L-alanine and L-tryptophan.
It is fused together in a cyclic fashion, making it one of the smallest dipeptides with known
biological activity. DKP’s have high biological activity for their size, being found in small drug
molecules and other types of potent biochemicals. Structurally, they are comprised of two amide
linkages and two carbonyl groups giving them the distinctive core that makes them DKPs.
Naturally DKPs are produced by bacteria, fungi, and marine life, but predominately most DKPS
are produced by gram-negative bacteria, around 90% of them.?

Sporidesmin also belongs to a subclass of DKPs called epipolythiodioxopiperazines
(ETPs). ETPs are classified by their distinctive disulfide bridge that spans the diketopiperazine
core of the molecule. This disulfide bridge brings more reactivity to the molecule, but also more
toxicity as well. This disulfide bridge can inactivate proteins via reactions with thiol groups and
can generate reactive oxygen species by redox cycling. ETPs are only made from fungi which
makes them interesting to study, since they are not found in any other forms of biological life.*>

This fungal natural product also contains an indoline moiety, which is a heterocyclic
compound structurally related to tryptophan. Indolines are like another class of structures called
indoles, but they differ in the fact that they have a saturated bond between the carbons 2 and 3 in
their heterocyclic ring when indoles have a double bond located in that area. Both compounds
are important scaffolds for larger, more complex organic molecules and are incorporated
frequently into natural products. They are also biologically significant, showing themselves in
many systems as precursor molecules in the synthesis of proteins and other vital compounds.®’

Since Sporidesmin originates from a fungal source and has toxic effects on animals that

consume it, it falls into the category of compounds known as mycotoxins.



Mycotoxins are secondary metabolites produced by fungi that are dangerous to animals
and humans alike and pose health risks. When Pseudopithomyces chartarum tungi are ingested,
the bioaccumulation of Sporidesmin leads to a biological cascade of issues including
hepatogenous photosensitization, facial necrosis, and liver lesions that can end in death. These
issues can be treated using a combination of zinc containing medications for the animals, along
with isolating the infected individual, but the illness is difficult to treat.!®

Even though Sporidesmin itself is toxic, its biosynthesis is complex and worthy of
investigation. The biosynthesis of Sporidesmin is governed by the gene cluster “spd” which is
made up of 21 different genes that encode for different functioning proteins. While the full
biosynthetic pathway is not fully understood, it is hypothesized that some spd genes contribute
specialized functions to the final structure of the molecule. For example, spd! is thought to
encode for a N-methyltransferase while spd4 is thought to encode for a flavin-dependent
halogenase. These educated assumptions have been made based on homology seen with other
genes from similar biosynthetic pathways like that of gliotoxin and sirodesmin.*

Researchers have proposed a biosynthetic pathway for Sporidesmin that involves the
enzymatic steps that make up the final molecule and that account for some of the 21 spd genes,
that are part of the gene cluster. The initial step is thought to be the cyclization of L-alanine and
L-tryptophan by a non-ribosomal peptide synthetase (NRPS), believed to be governed by spd7.
The rest of the many modifications to the final molecule are done by the other spd genes. For
example, spdl and spd21 are predicted to be N-methyltransferases, while spd7 and spdl1 are
expected to be O-methyltransferases. Also, the molecule has two hydroxyl groups made possible

by spd8 and spd10, along with the chlorine group brought by the flavin-dependent halogenase

spd4.



The rest of the spd’s are thought to be responsible for the implantation of the disulfide
bridge in the molecules center. These specialized enzymes convert the original amino acid
scaffold into the final product, Sporidesmin. However, the exact sequence and regulation of these

steps remains widely unknown.
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Figure 3: Proposed Roles for the Enzymes from the Biosynthetic Pathway of Sporidesmin.

The long-term goal of the Reddick Research Group is to understand the biosynthetic
pathways of fungal species, such as Sporidesmin, with the proposed pathway shown in Figure 3.
This thesis is on the expression and characterization of proteins involving the halogenation and
methylation of substrates, with the aim of understanding how these modifications contribute to
the biosynthesis of natural products and how they could potentially be applied to other
biocatalytic pathways. The central hypothesis adds that engineered enzymes could potentially be
capable of catalyzing halogenation and methylation reactions and how they could be used to

selectively functionalize simple indoles and amides.



The rationale behind this work is that a deeper understanding of these enzymatic modifications
will facilitate new investigations into natural product biosynthesis, which is essential for the
understanding of natural product chemistry and important for the advancements in medicine and
the understanding of biological systems.

I. A. i. Mycotoxins

Mycotoxins are compounds produced by fungi and molds that can pose serious health
risks to humans and animals.’ Respiratory problems, gastrointestinal problems, liver damage,
and even cancer in some cases can be linked to mycotoxin exposer.'%!! Most mycotoxins are
chemically stable and can be difficult to eradicate once they have been released into an area and
are even resistant to many food processing techniques. They thrive in damp, warm, humid
conditions and can grow on foodstuffs and grasses. Exposure to these toxins can occur either
through direct consumption of the fungus contaminated foodstuffs or by eating animals that have
ingested such food or grasses and produced products like milk or cheese, which then passes
along the potential risk of the mycotoxin effects to humans.’

Hundreds of mycotoxins have been discovered but the ones that are most observed and
have been known to cause issues with humans are aflatoxins, ochratoxin A, patulin, fumonisins,
zearalenone and nivalenol/deoxynivalenol.!> Sporidesmin is one of these known mycotoxins, it is
mostly known in veterinary spheres since it is more affected in livestock than humans. It does
have some similarities with a much more studied mycotoxin, Gliotoxin, which is produced by
another fungi. It is in the same family of compounds as Sporidesmin,
epipolythiodioxopiperazines, and their biosynthetic gene clusters show homology and some

common features.*!3



There are organizations that monitor and watch for mycotoxins on the world food web.
JECFA, Joint Expert Committee of Food Additives, is a committee jointly created by the WHO
(World Health Organization) and the Food and Agricultural Organization of the United Nations,
oversees the evaluation of the health risks posed by natural toxins like mycotoxins. These
organizations are put in place to help prevent mass outbreaks of mycotoxin illnesses and to help
prevent the spread of the fungi that produces these mycotoxins worldwide.’

I. A. ii. Flavin Dependent Halogenase

Flavin-dependent halogenases (FDHs) catalyze halogenation reactions by introducing
halogen atoms into organic compounds within biological systems. These enzymes can
halogenate a variety of substrates including indoles, pyrroles, and phenolic compounds. The
reaction typically requires reduced flavin (FADH>), molecular oxygen (O2), and a halide ion
(such as CI', Br, or I) as the halogen source. '+!°

The mechanism of the FDH is well understood, yet in the case of Sporidesmin’s FDH
(Figure 4), research continues. The mechanism begins with the reduced flavin cofactor (FADH>)
interacting with molecular oxygen (O2) through a single-electron transfer, generating a flavin-
hydroperoxide intermediate. Next, an ion (such as chloride) enters the reaction and interacts with
the flavin-hydroperoxide forming hypochlorous acid and an oxygenated flavin species. The
enzyme then leads the hypochlorous acid into the active site preventing it from diffusing or
reacting nonspecifically. A lysine residue within the active site interacts with the hypochlorous
acid and positions it for the reaction. When a substrate enters the active site, for this case an
indole, the ion is transferred from the hypochlorous acid to the appropriate position on the
substrate. This then produces the halogenated product while a flavin cofactor is regenerated

through the reduction by a partner flavin reductase. '°
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Figure 4: General Mechanism of FDHs in Correspondence with a Sporidesmin Homologue.



FDHs are regioselective and specific for the substrates they act upon. For example, the
natural substrate L-tryptophan is the site of enzymatic halogenation by flavin-dependent
tryptophan halogenases and is not governed by the electronic forces of the substrate, but the
selectivity is determined by the steric involvement of the orientation of the substrate. This all
happens in the active site of the enzyme. This allows for the enzyme to be more selective when
acting upon certain positions of its substrates surface and accounts for the regioselectivity of this
specified FDH.!”

FDHs operate under biologically safe conditions unlike traditional reactions for
halogenation such as electrophilic aromatic halogenation which sometimes involves ferric
chloride (FeCls) as a catalyst and can produce acids like hydrochloric acid (HCI).!® These types
of reactions often require toxic environments and acid-based workups that can lead to toxic
byproducts as seen in the previous example. FDHs enable similar reactions without those
drawbacks. The products of FDH reactions often can be found in small drug molecules and
agrochemicals which make them perfect candidates for biological chemical generation. They can
also be made in cellular settings where their more toxic counterparts cannot.'® Which enables
then to potentially be made within a living organism than just in an inanimate object.

A few compounds that have been influenced by FDHs during their biosynthetic pathways
are Rebeccamycin, Becatecarin, and Vancomycin. Rebeccamycin is a weak topoisomerase 1
inhibitor from the Saccharothrix aerocolonigenes bacteria. It shows significant anti-tumor
properties when it was studied against mice melanoma cells and mice leukemia cells. During its
biosynthetic pathway, an FDH installs two chlorine ions onto two benzene rings located on either

side of the molecule which potentially attributes its usefulness as a potential anti-cancer drug.*



Along with this, Becatecarin is the synthetically made analog of Rebeccamycin and has
shown the potential to also be used as an anti-cancer agent and both have been used in phase I1
clinical trials for the treatment of several different types of cancers including lung, liver, and
breast.?%?!

Vancomyecin is a glycopeptide antibiotic medication used to treat bacterial infections. It
can also be administered intravenously to treat other types of infections if necessary.
Vancomycin comes from the soli bacterium Amycolatopsis orientalis which was first discovered
in 1952 by Eli Lily and company. The vancomycin antibiotic was isolated from the bacteria in
1953. It was then approved for medical use in 1958. Its main use is for treatment of serious life
threating infections by Gram-positive bacteria that are unresponsive to other types of
medications. There are certain restrictions on using vancomycin today due to the growth of
vancomycin resistant bacteria and the World Health Organization (WHO) has set guidelines for
its use in modern medicine.??? Vancomycin itself during its biosynthetic pathway has also been
affected by a FDH in which chlorination occurred on two benzene rings in its structure that may

lead to its increased activity.?* These compounds, in Figure 5 below, can serve as helpful agents

to human health due to the importance of halogenated compounds in medicine.



Becatecarin

Figure 5: FDHs Halogenated Each Compound Enhancing Their Functionality.

FDHs need cofactors to function properly. These cofactors are known as flavin
reductases (FRs). These FRs reduce flavin adenine dinucleotide (FAD) to its active form
(FADH2>), which is then used by the FDH to halogenate the substrate. Flavin Reductase RebF,
generates (FADH») by oxidizing NADH and then serves as the essential electron donor for the
reaction. FADH> is then able to bind in a separate grove from the active site of the FDH and then
becomes oxidized to form the flavin hydroperoxide as described above in the mechanism
section.?> Harnessing FDHs to produce compounds using FRs, in biological environments rather
than synthetically, could make the future of biosynthesis applicable in more situations than
currently realized.

I. A. iii. Methyltransferases

Methyltransferases are enzymes that methylate substrates for the purpose of prevention of

degradation, enhancement of molecular structure, and the addition of methyl groups to better suit

a substrate for another enzyme’s active site.
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These enzymes fall into 3 distinctive classes; class I is described as containing the
Rossman fold, which is a tertiary protein structure that binds small molecules like FAD, NAD",
and NADP". This fold is composed of alternating beta strands and alpha helical segments where
the beta strands are hydrogen bonded to one another forming an extended beta sheet. Class 11
methyltransferases contain SET domains which are distinctive structures that have exposed
amino acids that form the catalytic site of the enzyme. It is theorized that this site acts differently
than other methyltransferases by interacting with histones, which is often why they are called
“histone methyltransferases”. The final group, Class III, are membrane bound methyltransferases
and are located on the outside of cells. They regulate cell signaling and gene expression.?%?’

These enzymes play important roles throughout nature, some of those include the
following. DNA methylation is an important part of the DNA lifespan since methylation happens
after replication. This is due to the work of DNA methyltransferases adding methyl groups onto
freshly replicated DNA for the modifications of gene expression and the maintenance of patterns
in this important cycle. Methyl addition to DNA also aids in the preservation of DNA by
protecting it from certain nucleases and slowed degradation times. Another example of
methyltransferases are histone-methyltransferases. Histone-methyltransferases regulate
epigenetics and are key factors in the building blocks of chromatin. They play a critical role in
activating or deactivating transcription, and other biological processes like cell regulation, DNA
repair, and development. 2%

There is yet another group of methyltransferases that are of importance called natural
product methyltransferases (NPMTs). They are a diverse enzyme subclass that add methyl

groups onto natural product substrates, similarly to Sporidesmin.
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These enzymes are specialized for pathways in small groups of species providing
secondary metabolites for the organisms in these groups.*® Luckily, through scientific analysis,
scientists can harness these small compounds made by NPMTs, study their biosynthetic
pathways, and utilize them in other means.

I. A. iv. S-Adenosyl-1-Methionine (SAM)

S-adenosyl-l1-methionine (SAM) is a natural compound used by methyltransferases to
facilitate the methyl transfer reaction acting as the prime donor of the methyl group. It is
produced by animals, fungi, and bacteria and is also used in transsulfuration and
aminopropylation reactions.’! SAM-dependent methyltransferases are found in DNA regulation,
cellular regulation, and the generation of pigments and particles in cells.** Over 40 different
SAM-dependent methyltransferases have been identified throughout the biological kingdoms.

These specified methyltransferases have been seen to work on a variety of substrates
including nucleic acids, lipids, and secondary metabolites (natural products).’! SAM is
generated from a methionine adenosyltransferase when it synthesizes adenosine triphosphate
(ATP) and a methionine amino acid. There is also a full cycle that synthesizes and regenerates
SAM, called the SAM cycle. In the initial phase of the SAM cycle, SAM dependent
methyltransferases utilize SAM as a substrate to generate S-adenosyl homocysteine as a product,
the cycle is shown in Figure 6. S-adenosyl homocysteine serves as a potent negative regulator of
almost all SAM dependent methyltransferases, regardless of their biological variety.*® It is then
hydrolyzed to homocysteine and adenosine by S-adenosine homocysteine hydrolase where the
homocysteine subsequently is recycled to methionine through the transfer of a methyl group.

This methionine can then be reconverted to SAM, therefore continuing the cycle. It is also
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massively important to have two vitamin derivatives, vitamin B> and Folate, in the process as

shown below in Figure 6.>*

Methionine

ATP

PPi + Pi

S-adenosylmethionine
acceptor
methylated acceptor

S-adenosylhomocysteine

H,O

NE-methyl Hqfolate
Hafolate or
or betaine N,N-dimethylglycine adenosine

Homocystenine —— Cysteine

Figure 6: Main Metabolic Pathways of S-adenosylmethionine.

Similarly to the FDH biological mechanism, the SAM mechanism is also more
biologically safe than its current industrial counterpart. Traditional methylation reactions, like
the Grignard reaction, use harmful reagents like methyl iodide (CH3I) and dimethyl sulfate
(CH3)2804) which can produce harmful byproducts.®>>*® By using the biological SAM reactions,
hazardous waste can be prevented. One drawback to using SAM is that it is expensive to obtain
and purify, which poses a problem for industrial use. If more efficient manners of SAM
production can be achieved, then it can be utilized more efficiently on larger scale biological
reactions.’

SAM’s mechanism is rather straightforward; first SAM brings an active methyl group
which carries a positively charged sulfonium center which makes the methyl group highly

reactive.
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The methyltransferase enzyme has two binding pockets, one for SAM and one for the
substrate the atom on the substrate for example (oxygen or nitrogen) acts as a nucleophile. The
atom of choice then attacks the methyl group attached to the sulfur and SAM, in this single step
S\2 like reaction the methyl group breaks away from SAM’s sulfur and attaches to the
nucleophilic atom on the substrate. As a result, SAM is converted into S-adenosylhomocysteine
which lacks methyl group and leaves the methylated substrate.*® This is shown in Figure 7.

N N

/ _\\ / _\\
HQNAS_<N HZNAS_<N
0 0 0 HO _CHs
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v N"E Z“\ N\N"j ! \sﬂjo e
CH3

HO OH
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Figure 7: SAM Reaction Mechanism.

I. A. v. Maltose-Binding Protein

Sometimes, when expressing fungal genes in E. coli an aid is needed. The maltose
binding protein (MBP) is that aid, it enables the proper folding, solubility, and crystallization of
fungal and other types of proteins in E. coli. MBP is typically used with the gene of interest as a
fusion to better express the protein in which the gene encodes for. MBP is a popular choice for
many in biotechnology and recombinant protein expression due to its relative ease of use and its
ability to be used with metal affinity chromatography to isolate and purify proteins of interest.
Along with its usefulness in affinity chromatography, MBP is also useful in preventing

aggregation of proteins and inclusion bodies occurring during the protein production process.
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Inclusion bodies occur when the protein of interest stays within the cellular debris when
the cell is lysed (either by chemical lysing or sonication) rather than being eluted through the
process of purification. Aggregation is a process in which the protein forms clusters that stick to
one another making it difficult for the protein to be eluted, this is usually observed in SDS-
PAGE gel and can be corrected using MBP.**#

The mechanism in which MBP functions is not well understood by science, however it is
known that MBP is a monomeric protein that contains two globular domains connected by linker
with the maltose binding groove between them. This groove allows for the binding of maltose
and for the protein to function as intended. MBP is also encoded by the malE gene in E. coli,
which produces a precursor amino acid sequence that is then cleaved to produce the mature malE
gene. What is most interesting about the malE gene is that in either form, no cysteine residues
are present. MBP is a relatively medium sized protein, about 42.5 kDa in weight and relatively
easy to spot on SDS-PAGE gels when identification is needed. Its function and abilities to help
make difficult proteins express with ease makes it a hallmark of biochemistry.*!4?

I. A. vi. High Fidelity Gibson Assembly

Gibson Assembly was a DNA assembly technique created by Daniel G. Gibson in 2009
and his colleagues at the J. Craig Venter Institute in Maryland, United States. * It is a technique
in which several DNA fragments can be linked together in a single isothermal reaction to form

one continuous form of DNA. This is widely used to make plasmid DNA since Gibson Assembly

can make continuous circular DNA easier than other methods known.**
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Gibson Assembly relies on the activity of 3 key components to function, an exonuclease,
a DNA polymerase, and a DNA ligase.

The endonuclease first attaches itself to the 5’ ends of DNA fragments, opening them and
exposing the complementary single stranded overhangs. These overlaps guide the fragments to
anneal in the correct orientation so DNA can be transcribed from the exposed portions of the
DNA strand. Next, DNA polymerase then fills in the gaps and a
DNA ligase seals any nicks that had been left during this process in the sugar phosphate
backbone. This process results in fully assembled continuous DNA constructs.*

Gibson Assembly has significant advantages over other restriction enzyme-based cloning,
which requires more time and multiple steps compared to the streamlined process of Gibson
Assembly, shown in Figure 8. Instead, fragments can be designed with overlapping edges,
making them more flexible and precise and they can be directly adhered to existing DNA by
matching them with the correct base code sequence. This allows for the assembly of multiple
fragments, sometimes more than 10 in a single reaction, making it specifically useful for
constructing large plasmids, synthetic genes, or even entire genomes.*®

The importance of Gibson assembly lies in both its efficiency and versatility. It has
become a model in synthetic biochemistry, metabolic engineering, and genetic research because
it streamlines the process of collecting and multiplying DNA for analysis and other testing
purposes. Through building customized DNA constructs, researchers can quickly assemble

plasmids containing multiple genes and regulatory elements to create fusion proteins without the
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constraints of variable restriction sites. This has accelerated workflows in areas from protein
engineering to vaccine development.*’

Gibson assembly is used in both academic and industrial labs due to its reliability and

scalability. It can be used for small scale benchtop reactions and even for large scale industrial
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Figure 8: Full Gibson Assembly process showcasing the functionality of the

process.

reactions. It's particularly valuable for high throughput projects where many constructs can be
generated in parallel, and for projects requiring seamless DNA junctions without extra sequence
scars. That's why this method was chosen for the creation of plasmids in this work. Without
Gibson assembly, it would have been more difficult to create the MBP fused plasmids that would

be needed for protein expression and the generation of purified proteins.*+
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I. A. vii. Immobilized Metal Affinity Chromatography

Immobilized Metal Affinity Chromatography (IMAC) is a technique used to purify
proteins that can be altered to be selected for during their gene engineering phase. An engineered
protein can be separated from a complex mixture using a histidine tag located on either the C-
terminus or N-terminus of the protein of interest. This “His-Tag” is specifically engineered onto
the protein during the encoding phase and is used in the purification steps to isolate the desired
protein from other proteins that are produced during the cell’s lifecycle. There are usually 6-10
histidine residues in subsequent order that make up the histidine tag. Histidine, when
deprotonated and neutral, can form a coordination complex with a metal ion and allow for the
binding of protein to occur between the metal and itself. Which allows the protein of interest to
be separated from other debris in the mixture.*”*

The method works by exploiting highly selective interactions between the target
molecule and a binding molecule, a ligand, that is immobilized on a stationary phase like agarose
or polyacrylamide within a plastic column. The specificity of this technique comes from the
biological nature of the binding between ligand and protein. Examples of such interactions
include antibiotic and antigen binding, enzyme to substrate binding, and receptor to ligand
binding. Because of the strong selectivity, affinity chromatography provides much higher
selectivity compared to many other chromatography methods making it essentially valuable for
protein purification.*

The process begins with loading the metal ion, typically nickel or cobalt, onto the
stationary phase of the column. Then a series of cleansing washes, typically water and a selected
binding buffer that is paired with the desired protein, are performed on the column to prepare it

for the introduction of the crude protein extract.
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Then the crude mixture which contains biomolecules and other proteins is loaded onto
the column and allowed to flow through and is collected. During this, the histidine tag
containing protein is adhered to the column and washed with a series of wash buffers to cleanse
both the column and the desired protein of other undesired proteins and cellular debris. A final
elution step is then done to elude the desired protein from the column which cleaves the bond
between the histidine and the column. This elution buffer contains imidazole, a chemical that is
specifically used for breaking the coordination complex made between the metal and the protein
so that the protein can be collected during the elution phase rather than eluting elsewhere in the
IMAC process. The elutes are then taken as fractions to then be used in subsequent reactions and
analysis.*”* Affinity chromatography enables the efficient purification of proteins and other
biomolecules with high efficiency and yield. A pictorial reference to the steps in which are taken

to complete a nickel column are shown in Figure 9. *°
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Figure 9: Nickel Chromatography Diagram.

I. A. viii. Escherichia coli

As said in the MBP section, fungal genes sometimes have a difficult time expressing in
E. coli cells and need optimization to function and express correctly. If placed into bacterial
strains without modification, the fungal genes would have difficulties with expression or would
not express at all due to the fact they come from differing kingdoms of life and other factors. !
Producing prokaryotic genes from eukaryotic sources requires genetic optimization in the form

of base pair changes and genetic engineering.
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Firstly, codons need to be genetically engineered to be suitable for expression in E. coli,
this is done by replacing base pairs without rewriting the animo acid sequences for which they
encode for. The main reason for this is to prevent the codons themselves from being misread,
proteins being prematurely or produced later than expected or not even at all. An example of this
is promotor sequences in bacteria cannot recognize the promotors of eukaryotes so transcription
could not take place.”

Another issue is that fungal genes can contain introns in which bacteria, due to its
primitive nature, cannot splice them out, so a major issue is that important genetic materials
could be lost due to a miss cut along a genetic sequence. To avoid this, the introns are removed
before the genes are introduced to the E. coli, so the removal of important genes does not
occur.’® Lastly, as stated before, inclusion bodies and aggregation are issues that tend to occur
when expressing fungal genes in E. coli hosts. This can be negated using MBP which as
mentioned, helps with the solubility of the proteins produced, allowing less aggregation to form
and inclusion bodied to be less likely.>*

I. A. ix. Indoles, Diketopiperazines, and Epipolythiodioxopiperazines
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Figure 10:Common indoles B&D, and the testing indoles, A&C used in this project.
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Indoles and indolines are bicyclic compounds that contain a benzene ring fused to a
pyrrole ring. The key difference between the two structures is that indoles have an unsaturated
double bond between the carbons on the pyrrole ring whereas an indoline has a saturated bond at
that location. They are widespread in chemistry, being found in natural products, synthetic
compounds, and other building blocks of life.>> They serve as scaffolds for primary and
secondary metabolites and are seen in many natural products as the center of bioactivity. In
biochemistry, indoles and indole derivatives play critical roles such as signaling molecules,
intermediates, and bioactive metabolites. For an example, indoles are involved with bacterial
communication and regulation of biofilm formation while at the same time many plants and
microorganisms produce indole alkaloids with pharmacological activity.”*® In plants, indole-3-
carbinol is produced by the breakdown of glucosinolates (sulfur-containing plant compounds
found in cruciferous vegetables like broccoli and cabbage) and is one of the most common plant
hormones found in the world. It is used by plants as a protective agent, serving to signal root
growth and to deter insects.

Indoles and indolines have much versatility, they have been used in antibacterial,
anticancer, and psychoactive medications and many other types of drug molecules that aid in
modern medicine. Many can be sourced from natural fungi and bacteria and be synthetically
created by organic reactions in laboratories. Because of the versatility with both indoles and
indolines, several of them have been chosen for study with the Sporidesmin biocatalytic pathway
in mind. Due to the Sporidesmin molecule containing an indoline itself, structural indoles like 6-
methoxyindole, 5-chloro-6-methoxylindole, and tryptophan, have been decided to be used in

testing for potential enzymatic activity, shown in Figure 10.°’
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Diketopiperazines (DKPs) are the smallest cyclic peptides known to science. They are
formed from the condensation of two amino acids to form a 6-membered ring and are
characterized by their two amide linkages and two carbonyl groups. Even though they are small,
they boast high bioactivity and showcase a variety of different functions in the biosphere. They
are commonly produced by bacteria and fungi and often have antibiotic, antifungal, and
anticancer properties. > DKPs are also chemically stable having a ridged structure which makes
them great candidates for drug molecules because they are resilient to degradation and can
withstand structural adaptations. They are commonly made in biosynthetic pathways by NRPs,
or ribosomal pathways, and are useful compact bioactive molecules. °® A few of these DKPs are
shown below, one is a synthetic DKP, Retosiban, which shows that they can be taken from
biological sources and brought to the synthetic sphere. Tryprostatin B originates from the fungus
Aspergillus fumigatus and was isolated in 1995 for potential use as an anticancer drug. Cyclo(L-
Leu-L-Hyp) was extracted from Alternaria alternata and is said to potentially have

antidepressant effects in some studies. >

Retosiban

Figure 11: Several Diketopiperazines from Several Different Sources.
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Epipolythiodioxopiperazines (ETPs) are a subclass of DKPs that are characterized by a
disulfide bridge that spans the piperazine ring of the molecule. This structural component gives
many ETPs cytotoxicity but also gives them much in the way of biological activity. ¢! They are
usually produced by fungi and known for their roles in pathogenic species. Biochemically, ETPs
can disrupt cellular systems by generating reactive oxygen species or editing proteins through
thiol-disulfide exchanges. > One of the most well-known ETPs is gliotoxin, pictured in Figure
12, first discovered in 1936 by Weindling and Emerson as a product from Trichoderma viride
but it is debated if that was the first fungus to produce the compound or not. Gliotoxin has
immunosuppressive properties that may suppress and cause apoptosis in certain cells of the
immune system, including neutrophils, eosinophils, granulocytes, macrophages, and thymocytes.
The immunosuppressant activity is due to the disulfide bridge, and when interactions between
the sulfur molecules and amino acids occur, they can deactivate proteins that can be vital for
cellular function as mentioned previously. What is most interesting, is that Trichoderma virenas,
another fungal strain that biosynthesizes gliotoxin, is sold under the name SoilGard as a bio-
pesticide.* Since ETPs have both bioactivity and cytotoxicity, they both pose an interest to

scientific investigation and a concern for human health.

Sporidesmin Gliotoxin

Figure 12: Sporidesmin and Gliotoxin are two molecules from the ETP class of natural

products.
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Sporidesmin belongs to each of these classes of molecules being comprised of a
diketopiperazine, an indoline, and having the distinctive disulfide bridge making it an ETP. Each
specific part of the compound gives it bioactivity and plays an important role in how the
compound is biosynthesized. Research from the Department of Agriculture in Hamilton New
Zealand back in the 1960s and 1970s into the biosynthetic pathway of Sporidesmin has shed
light on the final structure of the molecule and has alluded to how it functions biologically but
there is still much to be discovered about how it is biosynthesized into the final structure.?

I. B. Goals and Hypothesis

There were two goals to be achieved for these projects. One was to chlorinate simple
indoles, and the other was to methylate simple indoles and amides to find significant biocatalytic
activity from the Spd enzymes. These enzymes that could be genetically engineered for the
expression of modified His-tagged proteins could potentially catalyze the reactions necessary for
the chlorination and methylation of the simple substrates chosen for study. The main hypothesis
of this study was that if these enzymes can be genetically engineered and the proteins that they
produce can chlorinate and methylate the substrates of choice, then these enzymes could be
applied to other substrates as biocatalysis for other needs. Significantly, these enzymes could
assist the growing need for Green Chemistry routes in replacement of industrial organic and
inorganic chemistry and highlight the need for more biologically safe chemical practices

allocating for their need to be expanded and explored.
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CHAPTER II: SPD4-MBP

II. A. Overview and Objectives
This section details the DNA engineering, protein production, and enzymatic reaction

makeup for the spd4-MBP project. This section details the procedures and materials used in the
DNA assembly of the construct plasmids, of the protein expressions, and of the enzymatic
reactions. Information in this section is dedicated to describing the changes that occurred during
testing.
I1. B. Experimental
I1. B. i. Obtaining the pET-28a Plasmid

The first task of the Spd4-MBP project was to create primers for the process of
DNA replication by PCR for the following Gibson Assembly process in which the fragments of
spd4 and MBP will be conjoined to form the final plasmid. The project was started by obtaining
the pET-28a-BURP plasmid, which contains the MBP gene, from the Chekan Research Group
from the University of North Carolina at Greensboro. The sequences were then added to
Benchling® a DNA sequencing tool, to better understand its sequence and to create the needed
primers for the Gibson Assembly, and to find the best location to insert the spd4 gene. This
viewing would also give the opportunity to discover where other important features of the
plasmid are located like the Lacl, a repressor that regulates the expression of genes, and the

KanR gene, the kanamycin resistance factor, are in the plasmids sequence.
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II. B. ii. Sequencing the spd4 Gene

Bioinformatic scientists decoded the gene for spd4 and uploaded it to the National
Library of Medicine (NLM) and the sequence was then ordered in a pET-28a plasmid for use by
a PhD student, Oliva Shirley and then further used in this project.
IIL. B. iii. Creating Primers for the Gibson Assembly of spd4 and MBP

Both sequences were analyzed on Benchling© to create the most suitable primers for the
conjoining of the two fragments into a single plasmid. In Benchling©, primers can be generated,
constructs of plasmids can be generated, and other DNA analysis tools can be employed to detail
DNA sequences. The construct of spd4-MBP is shown in Figure 13. The spd4 gene was to be
collected by using the PCR primers made from the information gathered to create the final
plasmid.

MBP
lacl

spd4-MBP
8121 bp

spd4

KanR

Figure 13: Construct created of the spd4-MBP Fusion Plasmid.
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The primers generated could not exceed 42 bases in length due to ordering requirements
and functionality stipulations. The bases also needed to be longer than 21 base pairs in length or
they would not anneal properly or create a long enough overhang. Temperature was also a factor
in designing the primers in which the annealing temperature could not exceed 60.0°C since this
would be the deciding factor to which the primer would anneal to the template sequence. Once
the parameters were met, primers were ordered from Integrated DNA technologies (IDT). The
sequences are represented in Table 1. The primers were then dissolved in DDIH>O and were set
to a starting concentration of 20uM.

Table 1: Sequences of Primes received from IDT.

Name of Sample Sequence of Primer
MBP_Forward TAACTCGAGCACCACCACCACCACCACTGAG
MBP_Reverse GGATCCGGATTGGAAGTACAGGTTCTCAGATCC

spd4_Chis_Forward | CTGTACTTCCAATCCGGATCCATGGTGGAGACACCGACATC

spd4_Chis_Reverse | GGTGGTGGTGGTGCTCGAGTTAGGTCTTCACACCATGCTTCG

Table showing the sequences of each primer obtained from IDT. Details the sequences in their
formats as they were ordered.

I1. B. iv. Polymerase Chain Reaction of spd4 and MBP

Next, was to use the primers in polymerase chain reaction (PCR) to generate copies of the
segments of DNA for further use in Gibson Assembly. PCR is a process in which DNA is
amplified with the use of thermostable enzymes to create millions of copies of DNA in relatively
short time periods. PCR protocols were adapted from New England Biolabs protocols to better

suit spd4 DNA specific needs, i.e. annealing temperature and total runtime. The thermocycler
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used for this experiment was a BioRad MyIQ 2 Optics Module. This thermocycler will be used
throughout the project.

Preparation of the samples was undertaken by aliquoting 2.5uL of Forward primer at a
starting concentration of 20uM, (final concentration 1 uM) 2.5uL of Reverse primer at a starting
concentration of 20uM (final concentration 1 uM), 2.0 uL of Template DNA, 18uL Nuclease
free H20 (DDI H20) and 25 pL 2x Phusion Enzyme mix in a mini-microcentrifuge tube. The
enzyme mix was added last to maximize time in the thermocycler and allow the reaction to
progress effectively. This procedure was carried out for both spd4 and MBP. For the first
experiment, the settings for the thermocycler was that Step 1 had an initial temperature of 98.0°C
for 30 seconds with one cycle, Step 2 had an initial temperature of 98.0°C for 10 seconds, an
annealing temperature of 60.0°C for 30 seconds and an elongation temperature at 72.0°C for 30
seconds, step 2 was repeated for a total of 30 cycles for 3 hours and 15 minutes. Then, a holding
temperature of 72.0°C was set for 10 minutes. If samples were left for an extended period, they
would be chilled at a temperature of 4.0°C inside the thermocycler until use. A pictorial
reference to the PCR process is shown below in.

Gel electrophoresis was conducted once the PCR reaction had been completed. Gel
preparation was conducted with a low-melting agarose powder branded by Thermo Fisher
Scientific. First, 0.3 g of the agarose powder was added to 30 mL of 1x TAE buffer, which is a
mixture of Tris base, acetic acid, and ethylenediaminetetraacetic acid (EDTA). This created a 1%
agarose gel in which 2uL of ethidium bromide was added. The gel solution was then poured and
left to solidify for 1 hour. Afterward, the gel was transferred to the BioRad gel electrophoresis
device, and 1x TAE buffer was poured over the gel to cover the gel's wells once the comb of the

gel had been removed.
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To add the samples to the gel, gel loading dye (purple) was first added to the PCR
products along with DDIH>O to allow them to be seen on the gel, the added ethidium bromide
allowed for visual confirmation of DNA products under UV. For the preparation for the ladder
sample, 2.0 uL of gel loading dye, 4.0 uLL of DDIH>0O, and 1.0uL of 1 kb DNA Ladder were
added together for a total volume of 7.0uL. For testing samples, 2.0uLL dye and 7.0uL of the
PCR product were used for a total volume of 9.0uL. The volume of sample used in gels was
6.0uL for both ladder and testing samples. Gels were run at 100 volts, 90 mA, for approximately
1 hour. Once the samples were finished running, they were taken to a BioRad UV light device to
be examined. Once examined, it was determined that parameters needed to be adjusted for
subsequent runs, and thus the PCR procedure was updated:

I1. B. v. Gibson Assembly Procedure for spd4 and MBP

For the Gibson Assembly, concentrations of insert and vector were needed. These would
be determined using Nanodrop. The concentrations varied due to PCR production. The
calibration of the device was done to ensure correct results and was done using the final buffer
solution in the PCR reaction, the elution buffer. A Qubit 4 Fluorometer was also used in finding
concentrations of DNA products as well. The final volume of the Gibson Assembly was to be
20uL, so water and enzyme mix were added. A PCR clean up stage was added to further enhance
the Gibson Assembly results. These PCR clean up steps were done to the specifications of the
manufacturer. The Gibson Assembly was dependent on the concentration of the PCR products of
each round. Experiments varied concentrations and techniques in which these concentrations

would be expressed.

30



For example, the first trial was conducted as a concentration ratio. This ratio was the
concentration of vector to insert in solution. The ratios were determined using a calculation of
base pairs to nanograms. This was that calculation; (pmols) (base pairs) (650)/ (1000) = weight
in nanograms. This was then expressed as a concentration in a set amount of DDIH>O. Each
added insertion volume increased while the vector value remained constant. The components of
these mixtures were the spd4 insert, the MBP vector, DDIH20, and the NEB DNA Assembly
Master Mix for a final total volume of 20 uL. The reaction was then incubated at 50.0°C for 15
minutes, and then 2puL of product was used in transformed E. coli cells for plating. The first set
of Gibson cloning products had been made from taking samples of inserts that ranged from 2 pL
to 10 puL and plating them after the process of transforming them with a set amount of vector.

The Gibson Assembly process is shown below in Figure 14.

—— ) -i-O-

(1) DNA Inserts with Overlap 2) Vector (3) Incubate 4) Assembled DNA 5) Transformation and Plating

Figure 14: Gibson Process.

I1. B. vi. E. coli transformation of DH5a and BL21-STAR

Sequencing of the Gibson Assembly products was needed to identify the products
created, so a process known as transformation was needed. Transformation takes competent E.
coli and administers foreign plasmids for uptake and growth in the E. coli strain. The E. coli
culture then can be used to extract the plasmid in larger quantities for sequencing or if a specific

strain is used, the E. coli can be used for protein production.
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The strains used for the sequencing data are DH5a and the strain used for protein
production is BL21-STAR. The Reddick Research Group had preexisting stocks of both strains
of E. coli, and the strains were streaked on Luria Bertani broth (LB) plates for use in the
generation of competent E. coli cells. The stocks were obtained from the -80.0°C freezer. The
plates were then left overnight to grow in an incubator heated at 37. 0°C.The E. coli was then to
be grown in a liquid culture for the generation of competent cells. Two 15 mL Falcon tubes were
selected and SmL of LB broth was aliquoted into each of them. A colony from each E. coli type
was then selected with a wooden application stick and swirled into a specified tube broth and
then was placed into an incubated New Brunswick Scientific Classic Series Incubation Shaker
(C24 Model) for 5 hours to grow until the samples appeared to be a “smokey” consistency. Once
the “smokey” consistency was observed, the samples were then spun in a Fisher Scientific
Centrific Centrifuge for 5 minutes at speed of 13,000 g.

The supernatant was then discarded into a biowaste container, and the pellets were
resuspended in 3mL of autoclaved calcium chloride (CaClz), which facilitates the uptake of the
foreign DNA being administered from the Gibson Assembly in the following steps. The cell
suspensions were then sat on ice for 30 minutes for an ice shock treatment and then recentrifuged
at the previously discussed parameters to reconstitute the pellets. The supernatant was then
discarded again into a biowaste container, and the E. coli pellet was resuspended again in ImL of
CaCl: for final use. This rendered the competent cells completed and ready for the uptake of

DNA.
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I1. B. vii. Gibson transformation into Competent E. coli

To ensure uptake of the plasmid, 100uL of fresh competent E. coli was added to a
microcentrifuge tube along with 2uL of Gibson Assembly product. This was then vortexed
briefly and incubated on ice for 30 minutes, incubated at 37.0°C for 2 minutes, and then at room
temperature for 10 minutes. To ensure proper growth, ImL of LB was added to the
microcentrifuge tube, and the culture was incubated at 37.0°C for 2 hours until it appeared
cloudy. The culture was spun down in an Eppendorf tabletop centrifuge at 8,000 g for 5 minutes,
and 1mL of supernatant was discarded. The remainder of the culture was then used in plating.
Kanamycin was introduced at this stage due to the plasmid of interest containing the KanR gene
encoding for the kanamycin resistance factor, allowing for selective growth of the plasmid of
interest. Kanamycin will be added into media in the proceeding steps.

The kanamycin was prepared by using 10mL of DDIH20 and 300mg of kanamycin,
vortexed until dissolved and then filtered through a sterile 0.45-micron syringe filter, it is then
aliquoted into ImL microcentrifuge tubes and froze in a -20.0°C freezer until future use. The
competent cell culture was plated by taking 20uL of culture and aliquoting it onto a prepared
kanamycin plate and was streaked with a metal scraping tool to spread the cells evenly across the
plate. The tool was sterilized in between each use by dipping the tool in 70% ethanol and running
the tool under a Bunsen burner for roughly 10-25 seconds then waiting for it to cool to use again.
The plates were then left in a 37.0°C incubator overnight.

I1. B. viii. Identification of Transformed Products
Sequencing the plasmids was to confirm their identities. This was done by extracting the

plasmids from the colonies that had grown on the plates of competent cells.
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A Takara low copy plasmid purification kit was used according to the manufacturer’s
specifications. Once the plasmids were purified, their concentrations were determined by
Nanodrop. Samples having concentrations above the 20ng/uL threshold were obtained, those
samples were then sent to Plasmidsaurus, a sequencing company, to obtain the final sequencing

results of the plasmids. The full competent cell process is shown below in Figure 15.
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Figure 15: Steps involved in producing the pET-spd4-MBP plasmid.

II. C. Experimental
II. C. i. Spd4-MBP — Protein Production

Following the sequencing results, the plasmid B1 3 5 was transformed into the protein
strain of E. coli. It was done using the same procedure as described before. Freezer -80.0°C
stocks of both the DH5a and the BL21-STAR samples were created. The stock procedure is to
generate liquid cultures of the plasmid of choice, take 875 uL of stock culture, pipette into a
cryogenic tube, and labeled appropriately; next, 125 puL of sterile 80% glycerol was added, and

the solution was mixed thoroughly for storage.
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These stocks can then be used for longer periods, and the protein production phase can
begin.

IIL. C. ii. Large Scale Protein Growth of Spd4-MBP

The next stage of the protein project was to create a large-scale growth to mass produce
protein for testing. This is done by making a 1L of LB and adding 2mL of an overnight starter
culture replicating the plasmid. For the LB broth, 10g of tryptone, 10g of NaCl and 5g yeast
extract in 1000mL DDIH>O using a 2800mL Erlenmeyer flask was assembled, stirred for 15
minutes until dissolved, pH adjusted to 7.5, and then autoclaved for sterility. A 1mL sample of
the broth is taken for UV-spectrophotometry readings to observe the growth of the culture. This
ImL sample is used as the blank for the UV-vis spectra. The large culture is then cooled and then
inoculated with 1mL of 30ng/puL kanamycin and induced with 2mL of the overnight stock of the
starter culture of choice. Once this is done, the 1L is then placed into the preheated shaker set at
a temperature of 37.0°C. The 1L culture was shaken for 3-5 hours until it reached an absorbance
between 0.5-0.6 at 595 nm, then it was induced with 0.2381g of Isopropyl B-D-1-
thiogalactopyranoside (IPTG) and incubated overnight at the preset temperature.

IPTG is used to induce cells to generate protein, it is added at this stage in the growth
cycle due to the number of cells at this point in the growth cycle. If added earlier or later, the
IPTG would not be as effective. The following day, the 1L is removed from the shaker and is
divided into four centrifuge bottles for the process of separating the cells from the supernatant.
The four bottles were balanced, and centrifuged on a Beckman Coulter High Performance
centrifuge at 7740g for 1 hour at 4.0°C. Once the centrifuge was completed, the supernatant was

discarded and bleached to prevent any potential biological contamination.
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Figure 16: Large-scale protein growth flow diagram.

I1. C. iii. Protein Processing of Spd4-MBP

Once done, the pellets were then resuspended in about 30mL of Tris binding buffer made
from 0.5M NaCl, 20mM Tris, and SmM Imidazole at pH 7.9 and then transferred into S0mL
Falcon tubes. For storage purposes, the pellets were then recentrifuged for 30 minutes at 10,000
g to reconstitute the pellets for freezing, the supernatant was then discarded into a biohazard
container leaving the pellets for storage in the —80.0°C freezer. When the procedure was to be
continued, the pellet was resuspended as before and then was sonicated to break open the cells to
collect the proteins from inside of the cellular debris. The sonication was done on a Fisher
Scientific Sonic Dismembrator on a setting of 16-18 for cycles of 30 seconds on and 30 seconds
off for approximately 6 minutes total.

During this process, samples were taken to test the potential of inclusion bodies inside of
the cell, this would indicate if there were issues with protein folding during the production
process. Once sonication was completed, the sample was then centrifuged at a speed of 16,000
RPM for 20 minutes using a JA-20 rotor in the same centrifuge as used for the large-scale

growth samples.
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A sample of the “post centrifuge” sample was taken for analysis as well; this will be used
later in the process when an SDS-PAGE gel is conducted. The supernatant was then filtered
using a 0.45-micron membrane filter to remove debris from the sample. This flow-through was
dubbed the “loading sample.” This sample was then loaded onto a nickel column to be purified.
A full-scale example of the process of large growth is shown above in Figure 16.

II. C. iv. Affinity Chromatography of Spd4-MBP

IMAC (Immobilized metal affinity chromatography) will be employed to separate
unwanted proteins from the protein of interest. Resin beads loaded with metal, typically nickel,
bind to histidine residues on proteins via ligand interactions, allowing target proteins to bind
while others flow through the column. A Ni-NTA column (2 mL bed with filter) was equilibrated
with binding buffer before loading the crude extract. About 6mL of crude extract was added at a
time and was allowed to flow through the column until all the crude extract was added to the
column. In some experiments, the collected “crude” sample was rerun through the column for the
collection of more potential protein. Next, 20 mL of binding buffer made from the same
specifications as previously mentioned, was passed through the column to bind the desired
protein to the column for later extraction. The binding flowthrough was also collected for
analysis. Once completed, 12 mL of a wash buffer, made with 0.5M NaCl, 20mM Tris, and
60mM Imidazole with a pH of 7.9, was collected and dubbed the “wash” sample, each of these
samples was collected in its very own Falcon tube and was set aside for further analysis later.

Once complete, the elution step was to be conducted next, this was the step in which the
protein of interest was to be removed from the column and collected. This was done by running

12 mL of elution buffer through the column collected in ImL fractions for testing.
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Later procedures would reduce the amount of total elution buffer to 6mL once the protein
was identified. The elution buffer was made from 0.5M NaCl, 20mM Tris-HC]I, and 1M
Imidazole at a pH of 7.9.

II. C. v. Bradford Assays and Dialysis Procedure

Bradford assays were conducted with 1mL of Bradford dye and SOuL pf protein samples
and were left to develop for 10 minutes. They were then blanked and tested for absorbance with
a spectrophotometer set at 595nm. The results were then recorded and the elute samples with the
highest absorbance values were then to be used in the following dialysis steps. Dialysis was
conducted by loading the samples of elutes into Snakeskin dialysis tubing MWCO 7,000
clamped together with two secured dialysis clamps. The device was then laid into a solution of
Dialysis buffer (4L of 25mM Tris-HCI at a pH of 8) for overnight dialysis. Once the overnight
dialysis process was complete, the sample was removed via pipette and placed into cryogenic
tubes for storage. The storage procedure was the same as used with the E. coli samples with 80%
glycerol.

II. C. vi. SDS-PAGE for Protein Determination

After dialysis, samples were prepared for SDS-PAGE to verify correct protein
expression. 50 uL of protein was mixed with S0uL of Laemmli buffer, heated at 65.0°C for 5
minutes, then loaded onto a Bio-Rad gel. Running buffer (0.25M Tris base, 1.9M glycerin,
0.035M SDS in DDI H>O) was added to submerge the wells. A 10 pL unstained protein ladder
standard was loaded into the first and last wells for size reference. Each SDS-PAGE run included
20 uL of crude extract, binding extract, and wash extract, and the final dialyzed elute samples.

Occasionally, pre-column samples, like whole cell samples, were also included to assess
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expression issues such as inclusion bodies. Gels ran for one hour but sometimes ran for as low as
30 minutes depending on conditions set from the Bio-Rad instrument.
II. C. vii. Other Variables Tested for Protein Optimization

Several variables were tried in optimizing the protein production output. One variable
tried was changing the column type used. A cobalt column was also used to determine the
affinity of the Spd4-MBP protein. Olivia Shirley, a PhD student in the Reddick Research Group,
had success with protein purification using cobalt as the active metal ion in the IMAC system, so
it was tried here as well. Her work mainly focused on the non-MBP derivative of the protein.
The cobalt affinity column was set up the same way as the nickel column and ran at the same
parameters as well. Temperature was also changed during protein production. To determine
whether an optimal temperature existed for protein production, an experiment was conducted at a
constant 25.0°C for one trial. The eluted protein was tested with nickel and cobalt to determine
protein purification methods. In another trial, temperature variation was tried by maintaining the
culture at 37.0°C for the first 2-5 hours of growth, then once and absorbance of 0.3-0.4 was
achieved the culture was then moved to a pre-cooled shaker set at 18.0°C for the remainder of
the growing time. This was ultimately what the final production procedure ended up becoming.
I1. C. viii. RebF Protocol and Procedure

Now that the protein was confirmed, to see if it would potentially chlorinate an indole
analog, a flavin reductase was going to be needed. RebF was chosen as the flavin reductase for
this reaction since it reduces the FAD used in the reactions. We would like to thank the Lewis

lab from the University of Indiana for supplying the Reddick Group with the RebF plasmid.
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The process in which RebF was obtained is like that of Spd4-MBP but with some slight

variations, namely, the use of 100mg/ml ampicillin rather than kanamycin.

]/\W NADH NAD* ]/\W

Figure 17: RebF's Functionality.

To grow RebF in excess, the procedure has some slight variations than seen thus far. A
liquid culture of 10mL was made with 10 pL ampicillin and one selected colony from the RebF-
MBP streak that had been done the night before. This liquid culture was then left to develop
overnight. Next day, all 10mL of starter is added to 1L of LB broth along with ImL of ampicillin
which is then grown at a temperature of 37.0°C until an absorbance of 0.6. It was then inoculated
with roughly 0.0238 g of IPTG and left to grow for 3 more hours.

Then centrifuged at 4000 g for 30 minutes and pellets were separated and saved in -
80.0°C. Pellets used were resuspended in HEPES binding buffer, 25mM at a pH of 7.4, then
sonicated for a total of 6 minutes with cycles of 30 second on and 30 seconds off. The sonicated
pellet was then centrifuged at 24,000 g for 30 minutes then the supernatant was filtered for use.
The loading sample collected was then loaded onto a nickel column for the extraction of the
protein. The same column and dialysis process was conducted, along with the same SDS
procedure to ensure the correct protein had been created. RebF-MBP has a molecular weight of
roughly 60kDa, so the expected band would be located around this marker. The mechanism in
which RebF functions is that it uses NADH to reduce FAD to be utilized in the reaction with
Spd4-MBP protein to catalyze the chlorination of the substrate in the active site. This reduction

is shown above in Figure 17.
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I1. D. Experimental
IL. D. i. Enzymatic Reaction Conditions for Spd4-MBP

Once RebF and Spd4-MBP were isolated and purified, enzymatic reactions could be
conducted. Enzyme reactions consisted of taking 100 mM NADH, 1 mM FAD, 100 mM NaCl,
HEPES Buffer, which is made with 25 mM HEPES and DDIH»O, Spd4-MBP protein, RebF, and
5 mM of indole. Controls were created by leaving out one of the components and testing them as

well.

NAD* NADH
Flavin
Reductase

Figure 18:General halogenation of Sporidesmin

Several indoles were proposed for testing, one of which was 6-methoxyindole, shown in
Figure 19. It was selected due to its similar structure to the indole section of the Sporidesmin
molecule and its potential to be chlorinated similarly. It could also have the potential to fit into
the active site of the protein in a similar way to that of Sporidesmin, which makes it a good

candidate for study.
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Figure 19: Indoles and Indolines proposed for testing.

Reactions were set up regarding several components to a total reaction mixture. The
components are as follows. 100 pL of 100mM NADH, 100 pL of ImM FAD, 100 pL 100mM
NaCl, 400 uL HEPES buffer, 100 uL Spd4-MBP, 100 pL RebF, and finally 100 pL of the
testing indole at a concentration of SmM. These reactions were set up, with one component of
each reaction left out to serve as a control for the full reaction and test whether chlorination was
occurring on the indole of choice. Once they were set up, they were left in the incubator at
37.0°C for 24, 48, or 72 hours. Once complete, the reactions were placed in a heat block set at
70.0°C for 15 minutes and then centrifuged at max speed (14,000 g) for 5 minutes to process the
samples for HPLC analysis. The general expected reaction is pictured above in Figure 18, it
shows how each of the components act together to form the final halogenated product of

Sporidesmin.
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IL. D. ii. Hight Performance Liquid Chromatography Analysis of Spd4-MBP Reactions

High performance liquid chromatography (HPLC) was used to analyze the components
of the experiments. Separation was based on the affinity of each molecule to interact with the
column according to its polarity. The system used was an Agilent 1200 equipped with an Eclipse
XDB-C18 reverse phase column (5 um, 4.6 x 150 mm). The system was run isocratically with a
50/50 mobile phase consisting of 1% acetic acid (solvent A) and 1% acetic acid in HPLC grade
methanol (solvent B). Samples were injected every 20 minutes and analyzed accordingly period
between injections comma a methanol wash was run to cleanse the column comma followed by a
20-minute equilibration period to ensure stable conditions. Additional runs were done with
solvent A remaining the same, while solvent B was changed to 100% HPLC grade methanol to
compare retention times of products and to enhance chromatogram readings.
II. D. iii. Lewis Lab Spd4-MBP Reaction

A new reaction protocol was derived from the Lewis lab of the University of Indiana
after the original protocol showed no definitive results. The reaction contained 10 mM NADH,
100 uM FAD, 10 uM NaCl, 17 uM Spd4-MBP, 17 uM RebF, and 5 mM of the selected indole
substrate, all prepared in 25 mM HEPES buffer at pH 7.4. The final reaction volume was 500
pL, composed of 50 puL of each component and 200 pL of HEPES buffer. Six controls were also
created similarly to the previous reaction. Reactions were incubated at 30.0°C for 2 hours and
were quenched with roughly 100uL of methanol and then were centrifuged for 5 minutes at
14,000¢g to remove precipitated protein. Several experimental variables were tested, including
temperature, concentration, and incubation time. Initial trials extended incubation to 20 to 36

hours, followed by a shorter one-hour reaction to compare yield and conversion efficiency.
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With the original batch of 17uM Spd4-MBP ran out, a new preparation was made at a
concentration of 8.4uM, it was then used for subsequent tests. Experiments were performed at
this lower concentration, which included scaled up reactions for a total volume of 1mL, and tests
with LCMS. Samples were also analyzed by HPLC, operating with a flow rate of 1mL/1 min.
The mobile phase used consisted of a gradient of 50/50 1% acetic acid in DDIH>O (solvent A)
and HPLC grade methanol (solvent B). The initial conditions were set at 65% A and 35% B,
transitioning to 100% B in over 15 minutes. Additional 10-, 20-, and 30-minute runs were

performed to identify potential late-eluting compounds and optimize separation quality.
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CHAPTER III: SPDI AND SPD1-MBP

III. A. Overview and Objectives

The methods and practices for DNA modification, protein preparation, and enzymatic
analysis in the spd/ and spd1-MBP projects will be described and outlined. This section covers
the methodology behind the practices undergone to further the understanding of the biosynthetic
pathway of Sporidesmin and how applicable it could be to other biosynthetic models.
I11. B. Experimental
I1I. B. i. DNA Sequencing and Plasmid Obtainment

The first task was to obtain the genetic sequence of spd/ and utilize it to produce the
Spd1 protein to determine if the assumed homology was correct and if the protein was in fact a
SAM-dependent methyltransferase. The sequence for spd/ was obtained from the NLM, and the
gene was ordered as a pET-28a plasmid from Twist Bioscience©.
I1I. B. ii. Plasmid Preparation for Transformation

The plasmid was redissolved using a preprepared buffer to a concentration of 10 ng/uLL
using 110.2 pL of 10 mM Tris HCI Elution Buffer. Competent cells DH5a and BL21-STAR
were made for the uptake of the spd! plasmid. After growth of both E. coli types was observed,
an overnight starter of SmL LB was made and after this step, the DH5a was used to make a
freezer stock for DNA expression, and the BL21-STAR was used to make a freezer stock along
with beginning the protein creation process.
III. B. iii. Spd1 — Protein Production

The small scale and large-scale protein production processes were done the same way as
the final protein production phase in the Spd4-MBP project. This was done by preparing the 1L

with 2mL of Spd1 starter culture and 1mL of kanamycin. The first 3-5 hours were grown at
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37.0°C and then the 1L was then moved to a precooled 18.0°C shaker once an ODsos of 0.3-0.4
was obtained. The 1L was then inoculated with 0.2381g of IPTG at an ODs¢s of 0.5-0.6 then left
overnight for growth. Cells were processed the same as had been done with Spd4-MBP, with
centrifugation and sonication remaining the same. Resuspension of pellets was also kept the
same, along with storage requirements. Column chromatography was also to be used in the
protein purification of Spdl, so the process was repeated from Spd4-MBP. The procedures
remained the same for the dialysis and SDS-PAGE gels. The expected kDa weight of Spd1 is 33
kDa. Contamination was seen in the first gel and inclusion bodies were seen after a follow up
purification, so the next step was to employ MBP to try and correct these issues.

II1. C. Experimental

I1I. C. i. spdI-MBP — DNA Cloning
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Figure 20: PCR Process of spdI-MBP.

First was to obtain both DNA fragments spd/ and MBP. The goal was to insert the MBP
gene into the pET-28-spd 1 plasmid by Gibson Assembly. Primer design was done in Benchling

by Stephanine Hernadez for both the spd/ primers and the MBP primers. The parameters
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between spd/-MBP and spd4-MBP were different due to the enzyme being used in the spd1-
MBP project. Originally a New England Biolabs DNA polymerase was used, but for spd/-MBP
project a Primestar DNA polymerase was used. This key change along with the adjustment of
PCR parameters, the experiment was able to be conducted to receive the PCR products for the
following Gibson Assembly, the PCR process is shown in Figure 20. The new parameters for
the PCR reaction were a cycle of 98.0°C for 10 seconds, 61.7°C for 40 seconds, and 72.0°C for 1
minute. It was repeated 37 times for a total runtime of approximately 2 hours. A comparison
chart is shown in Table 2.

Table 2: Comparison Table of the PCR times for spd4-MBP and spd1-MBP.

spd4-MBP spd1-MBP

Denaturation 98.0°C for 10 seconds 98.0°C for 10 seconds

Elongation 60.0°C for 30 seconds 61.7.0°C for 40 seconds
Annealing 72.0°C for 30 seconds 72.0°C for 60 seconds
Cycles 30 cycles 37 cycles

Total Time 3 hours and 45 minutes | 2 hours

Table describing the differences in PCR conditions for Spd4-MBP and SpdI1-MBP. This walks
through the different steps of the process from denaturation to annealing.

III. C. ii. Gibson Assembly for spd1-MBP

Following the PCR, the fragments need to be assembled. Using Gibson methods, the
parameters were calculated using the NEBuilder’s online tool and were as follows: 0.5 uL of
spdl at 0.05 pM, 0.2 uL of MBP at 0.100 pM, 9.3 uL. of DDIH20, and 10.0 uL of the Hifi
master mix. The sample was then placed in the thermocycler for 15 minutes at 50.0°C. The

Gibson Assembly products were then taken by competent E. coli.
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During the competent cell uptake process, BL21-STAR had no issues, but DH5a was
unsuccessful in up taking the Gibson product. It was determined that using the lab grown stock
was inefficient, so a commercially competent strain was ordered and was successful in up taking
the Gibson product.

III. C. iii. Transformation of Competent DHSa and BL21-STAR for Spd1-MBP

First, a tube of NEB DHS5a competent E. coli cells was thawed on ice for 10 minutes.
2uL of the plasmid Gibson product was added to the cell mixture. The tube was flicked 4-5 times
to mix the cells and product. Following this, the sample was incubated on ice for 30 minutes and
then heat-shocked at 42.0°C for precisely 30 seconds. Then, it was placed back on ice for 5
minutes. Once this cycle of icing and heat shocking was completed, 950uL of room temperature
SOC broth (2% tryptone, 0.5% yeast extract, 10 mM NaCl, 2.5 mM KCI, 10 mM MgCl2, 10 mM
MgSO04, and 20 mM glucose ThermoFisher Scientific) was added to the tube of cells. This was
then placed into the 37.0°C shaker for 1 hour at an RPM of 250. Plates were warmed in the
incubator for an hour before plating the sample. The cells were mixed thoroughly by flicking the
tube; then, a ten-fold dilution was undertaken with the SOC broth. The diluted and undiluted
samples were plated, and 75uL of the sample was used in plating onto prewarmed kanamycin
plates, and the plates were left overnight for growth to occur. An overnight liquid starter culture
was made from the plates to then be used in the extraction kit the following day. A Takara
plasmid clean up kit was used to extract the plasmids and then they were sent to Plasmidsaurus©
for nanopore sequencing.

III. C. iv. Protein Transformation and Large-Scale Growth
Once sequencing results were obtained, BL21-STAR cells were grown in a SmL culture

for a 1L growth. The protein production and processing phases were carried out how they had
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been previously discussed in the final configuration of Spd4-MBP. A nickel column was used to
purify the protein, along with dialysis steps and an SDS-PAGE gel to identify the protein
generated. The expected kDa weight of Spd1-MBP is 79.5.
II1. C. v. Enzymatic Reactions with the Spd1-MBP Protein

Methylation reactions were undertaken with the generated protein. The procedure used
was adapted to be used with 6-methoxyindole.®* The adapted procedure is as follows: A solution
of 50 mM of NaH;PO4, 300 mM NaCl, and 10% glycerol at a pH of 7.4 was prepared to act as
the buffer solution for the ongoing reactions with SAM for both the indole and later the
diketopiperazines analogs. 5 mg of procured SAM was diluted in the phosphate buffer to a
concentration of 9.5mM. It was then further diluted to a concentration of 1mM for use in further
reactions. A stock solution of 153mM 6-methoxyindole was prepared and from that stock, a
5mM stock was prepared. The same was done with the diketopiperazine, however the starting
concentration was 33.5mM and the final concentration used for testing was SmM as well.
III. C. vi. Reaction Conditions with Reagents and HPLC Analysis Conditions

The reaction to see potential methylation was as follows: 50uL of SAM, Indole or
Diketopiperazine, 100 uL of Spd1-MBP protein, and 300 pL of sodium phosphate buffer were
added together and then incubated for 2 hours at 30.0°C. Once complete, the reaction was then
quenched with 200 pL of methanol and centrifuged at 14,000g for 10 minutes. Controls were
prepared by leaving one component out of the reaction mixture and were run alongside the full
reaction. The reactions were then tested using HPLC and LC-MS. Time, concentration, and
temperature were tried to change the outcomes of the reaction conditions. Time was extended to
4,12-,24-, and 48-hour total incubation times, concentrations of substrate and enzyme were

varied, and temperature of incubation was altered to 37.0°C to look for potential changes.
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II1. C. vii. Analysis conditions for the Spd1-MBP reactions

HPLC settings were set to a 50/50 isocratic system of 1%acetic acid in DDH,O (A) and
methanol (B). The HPLC was also run on a gradient which was mentioned previously in Spd4-
MBP. This was set at 1 mL/min, and the runs were set at 10 minutes a piece. A methanol
“cleansing” run was done in between each sample run to try to eliminate any contamination in
between runs. Diketopiperazine trials were done with the original solvents mentioned along with
another solvent system; 1% acetic acid in DDH>O (solvent A) and acetonitrile (solvent B). This
was done to potentially better see the DKP since it was unknown at what lambda max would be
best for observing the DKP. Methanol absorbs at 205 nm and to negate the potential of losing the

DKP to noise, acetonitrile was chosen to see if there was any improvement in visualization.
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CHAPTER IV: RESULTS AND CONCLUSIONS

IV. A. spd4-MBP Results

This section details the results of the experiments done to obtain the spd4-MBP gene
fragments and ultimately the spd4-MBP plasmid. It explores the avenues taken to obtain the
genes of interest and the steps taken to bring them together to form the final plasmid for the
expression of protein. By doing this, the research can be replicated if needed by future parties.
IV. A. i. Gel and PCR Results for spd4-MBP

Gel electrophoresis confirmed the PCR products were that of the desired spd4 insert and
the MBP-BURP vector by the location of the bands on the gel show in Figure 21. The bands,
spd4 and MBP-BURP, on the gels were estimated to be 1644 base pairs and 6477 base pairs,
making the final plasmid 8121 base pairs. The bands shown in lanes 5 and 8 correspond to the
correct molecular weight in kilobases for spd4 and MBP with relatively good intensity for spd4,
which could indicate that the amount of spd4 being produced is higher in comparison to MBP
since the band for MBP is showing up with less intensity. With this knowledge gained, it was
concluded that the products had indeed been made through the PCR process and thus Gibson
Assembly could move forward. A positive control test was then done to confirm the results; this

is shown in Figure 22.
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Figure 22 shows the intensity of spd4 is retained through the second round of testing, but
the intensity of MBP is lessened, in comparison with the positive control, which could be
attributed to the size of the fragment being significantly larger than the spd4 fragment. This
could indicate that the fragment has a harder time being produced and is produced less efficiently
with lower yields. Nevertheless, the product is still falling at the expected base pair range,
therefore the project could move forward with Gibson Assembly of the plasmid of interest.
Following the conducted Gibson Assembly, the plasmids were sequenced and the first round of
sequences proved unsuccessful. The process was conducted again, and 6 samples were sent for
sequencing with 2 returning as potential matches for the plasmid of interest. One was dubbed
R1 2 and the other B1 3. R1 2 contained 8118 base pairs, 3 fewer than expected. Sequencing
showed that the 3 missing bases would have dropped a stop codon, putting the plasmids
functionality at risk. B1 3 did not have any missing base pairs, only 1 silent mutation. Figure 23
shows the plasmid construct. An alignment revealed that the silent mutation led to another codon
but for the same animo acid (His), meaning the mutation had no effect on the final plasmid

(shown in Table 3).

Table 3: The Segment of the Sequences of Both the MBP-Fusion Construct and the B1_3

Plasmid

Sequence Segment | Sequence

MBP-Spd4-Final TCGAGCTCCCACCATCACCACCACGCGAAT

B1 3 TCGAGCTCCCACCACCACCACCACGCGAAT

Table showing the mutation found in the sequences of the Bl 3 sample and the constructed
plasmid. The mutation is notated in red.
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Figure 23: Final sequencing results of B1_3.

IV. A. ii. Protein Production of Spd4-MBP

The large-scale growth for Spd4-MBP was first conducted at 37.0°C, in which the protein
purification results that were expected was of a protein falling around the 100 kDa mark since
Spd4-MBP is 107kDa in size. But the results in Figure 24 show protein at roughly the 50 kDa
mark in Lane “2/22” along with faint bands located in Lanes “2/29-Elute 1” and *“2/29-Elute 2”.
Indicating that the protein that was being produced was not the correct protein, most likely being
just the MBP protein itself which is roughly 43 kDa. Variables like time, temperature,

concentration, and purification type would need to be explored to address this issue.
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Figure 24: The original protein production methods result; gel was taken on 2/29/24.

Several different conditions were tested for protein production. A protein grown at
37.0°C was conducted but with a change during the growth process that resulted in the
expression of viable protein. The large growth was first grown at the original 37.0°C but was
moved to an 18.0°C shaker during the process, this ended up being the key to proper protein
production. To further optimize the protein production, temperature was investigated again along
with induction concentrations, and column chromatography type. Each of these changes resulted
in less protein than the newly adapted 37.0°C to 18.0°C method, so the new method was
implemented for the remainder of the project. During its purification, the protein showed a
brilliant yellow color. This was indicative that the protein was potentially Spd4-MBP due to
Spd4-MBP being thought to be flavin dependent halogenase. Flavin proteins produce yellow
pigments, so this coloration was indicative of the protein of interest, shown on the column in
Figure 25. After the dialysis of this protein was conducted, the protein was able to be analyzed
for its concentration by using a Bradford assay in conjunction with a previously existing Bovine
Albumin calibration curve. With the curve, the calculation of protein concentration could be

obtained.
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The equation used in this calculation was y=0.001x + 0.005 in which y=absorbance
collected from protein sample and x=concentration of the protein sample. Along with this, an
SDS-PAGE gel was conducted from the samples collected and this gel shows a band located at
100kDa in Lane “5/22’s Elute” which is where the expected band was to be located, this is

shown in Figure 26.

Figure 25: The expression of Spd4-MBP on the nickel column.
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Figure 26: Gel showing the results of the 18C temperature growths and the correct protein

molecular weight, gel was taken on 5/22/24.
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Following the expression of correct protein, RebF was expressed. Figure 27 shows an

SDS-PAGE gel where RebF and Spd4-MBP have been purified. Spd4-MBP shows a deep band

in Lane 2 “Spd4-MBP Elute” indicating a decent protein yield. The gel also shows that a

majority of the RebF protein is being lost in the crude extract as shown in Lane “RebF-Crude”

which could mean that the purification method could use some needed intervention. Although

decent yields of 7.8mg/L for RebF and 6.52mg/L for Spd4-MBP were obtained for the most

recent extraction, this is not sufficient for the reactions being conducted. The higher yield of

RebF was due to potential purity issues with the Spd4-MBP protein in which the protein being

released from the column was not of the highest quality and was being affected by the dialysis

step.
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Figure 27: SDS-PAGE gel showing both Spd4-MBP and RebF protein.

IV. A. iii. Reactions with Spd4-MBP

With the conclusion of the DNA work and majority of the protein work accomplished,

the remainder of the work needed was to devise reactions to help facilitate the chlorination of the

simple indoles chosen for testing.
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The ones selected thus far have been 6-methoxyindole, 7-methoxyindole, 6-
methoxyindoline, and a few others.

The results of HPLC testing of 6-methoxyindole reveal that no chlorination of note has
happened, but some trace amount of some unknown compound has been seen in the new reaction
conditions. The retention time of this unknown is 9.7 minutes and can be seen in Figure 28i.
However, the inability to reproduce this reaction has proven that these results may have been

dependent on an unknown factor and may be due to contamination.
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Figure 28: Full Reaction Panel from the new reaction from the Lewis Lab Paper.

Most of the chromatograms showcase the pure indole coming out at roughly 6.5 or 7.4
minutes depending on when the experiment was run. A chlorinated indole would be predicted to
be a more nonpolar compound than its unchlorinated counterpart. Therefore, it would elute after
the 6.5/7.5-minute indole peak. What those results point to is that there is potential that a
chlorinated indole is forming but at a very little detectable value. As seen from previous tests, the
appearance of a reading at the 9.7-minute retention time, in several different reactions, leads to
potential of a product being created in the reaction but not enough of said product to be reaching
the full limit of detection. One of the issues at hand is the cleanliness of the HPLC itself in cross-
contamination and the probability that this trace amount of compound could potentially be

nothing of note.
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IV. A. iv. LC-MS with Spd4-MBP
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Figure 29: LC-MS Data for the Spd4-MBP trials showing no chlorinated indole in the full

reaction trial (B) versus the No indole control (A).

LC-MS Data pertaining to the chlorination reaction of 6-methoxyindole has shown no
chlorination. The control reactions show the indole at a m/z of 148.17 appearing at 6.5 minutes
and no chlorinated indole, of which would appear at 182.62 is expected farther down the
chromatogram from other testing with the chlorinated standard on HPLC testing. Control
samples showcase the no indole peak located at the 6.5-minute mark as shown in Figure 29A
and other components of the reaction. The full reaction run as shown in Figure 29B shows no
chlorinated product. More LC-MS experiments are planned in the future for this reaction. What
is also seen is a large peak around the 7.5-minute mark, with a m/z of 387.12 which has yet to be

identified and shows through each trial.
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It has been concluded that this fragment may be contamination or a component of the
mobile phase of the instrument being used.
IV. B. Spd1 & Spd1-MBP Results

This section details the work done to obtain the spd/ gene and then the work done to
obtain the spd/-MBP fusion plasmid. The work described is the culmination of the results
obtained from various testing environments done over the period of the project and explained by
the facts that were obtained scientifically through the experimental process.

IV. B. i. spdl Genetic Obtainment and Protein Growth

The plasmid of choice was able to be ordered then transformed into both strains of E. coli
to be used in DNA and protein expression work. This was noted by the ability to simply order
the plasmid rather than having to order the spd/ gene than having to Gibson Assembly the
plasmid together. DNA work was mostly computerized with codon optimization being done
before the ordering of the plasmid took place. The optimization was to better adapt the plasmid
to function correctly in the E. coli vector. After the process of transforming, large scale growth,
and protein purification, a gel was run. Once the gel had been run, Figure 30 shows 2 bands
approximately at the location of 30 kDa in Lane “11/19’s Elute” which is roughly the expected
mass of Spd1, but since two bands were present there was a high likelihood that these bands
were not of the protein of interest.

The process was then redone for a second time to ensure reproducibility. The working
hypothesis for the expression of both bands is that potential contamination or the potential
presence of another similarly sized protein in the elution phase. A second gel was then performed
after a second growth cycle (Figure 30). This time however instead of showing two bands in the

final elute fractions, the second gel showcased inclusion bodies within the whole cell sample of
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the pellet, and no visible protein in the elution sample from this run. This information led to the
conclusion being drawn that MBP was going to be needed for the Spd1 protein to solve the issue
of the inclusion bodies, and to aid in the general protein folding as seen in the spd4-MBP
project. This is shown in the sample dubbed “12/22’elute” where there are no significant bands
showing in the lane on the gel, and the large, dark band in the “Post Sonicated” sample shown is

indicative of inclusion bodies in the sample.

1 2 3 4 5 8 7 8 9 10

Figure 30: SDS-PAGE gel showing the elutes of Spd1 and the potential contamination seen

in the first run, along with the presence of inclusion bodies.

IV. B. ii. MBP Isolation and PCR

Once it was determined that MBP was needed, the MBP gene was isolated along with the
spdl gene, and they were frozen for future use. Isolation techniques used were that of PCR and
gel electrophoresis to determine results. A DNA gel showing the presence of both fragments at

the expected base pair lengths of 1191 base pairs for MBP and 6099 for spd! after DNA
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extraction, is shown below in Figure 31. A second gel was run to create positive and negative
controls. This secondary gel is shown below in Figure 31.

It shows the Positive and Negative controls and their locations regarding the testing
samples, meaning that the testing samples retained the same base pair length as the controls
leading to the conclusion that they were the appropriate samples needed for the testing to
continue. Along with this, the intensities of the bands remained the same, alluding to the idea

that the sample yields were in good standing as well.
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Figure 31: Gel electrophoresis results of PCR products of both spdl and MBP.

After creating plasmids and transforming them into both E. coli strains, they were plated
and placed in the incubator to grow. One plate had been diluted to the specifications of the New

England Biolabs procedure, and the other had remained as full concentration as made from the
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original sample. The next morning, it was observed that the diluted plate had no colonies, and the
non-diluted plate had 4 colonies.

These colonies were then grown in SmL of LB broth and processed for DNA extraction.
The plasmids were then sent for sequencing through Plasmidsaurus. The results of the extraction
and sequencing showed that 3 of the 4 plasmids showed an exact match between the base pair
length of the construct plasmid produced by Benchling.

The last plasmid had a shorter base pair length than the targeted plasmid sequence. The
length of the plasmid of interest was 7284 base pairs. An alignment was performed on one of the
new plasmids in comparison to the construct designed in Benchling, and the alignment showed
that there were not any missing base pairs or any mutations in the sequence. The plasmid of

interest is shown below in Figure 32.

MBP

/

1.4 spd1
7284 bp

Figure 32: Plasmid that was recovered from the transformations done from PCR products

of spd1 and MBP.

The first sample, dubbed 1 4, was re-streaked onto a kanamycin plate and left overnight
for growth. The following day, a 5 mL overnight starter was made for the anticipated plasmid
extraction process. The plasmid was extracted using the Takara plasmid miniprep extraction kit
according to the manufacturer's specifications. The sample was then used to transform spd -
MBP into BL21-STAR for protein expression.
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IV. B. iii. Spd1-MBP Protein Production
After 1 4 was transformed into BL21-STAR and underwent the entirety of the protein
production process, a gel was run on the eluted extract collected, and the gel (Figure 33) shows

an intense band at approximately at 79.5kDa.
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Figure 33: First SDS-PAGE gel showing Spd1-MBP protein samples being detected in the

elute sample.

Figure 34: Proposed N-methylation reaction to Sporidesmin
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The elutes were then used in chemical reactions that were then analyzed by HPLC. The
reactions expected are to follow a similar pathway as derived in Figure 34, with an indole of
choice instead of the supposed precursor of Sporidesmin. The proposed precursor is not the
direct precursor of Sporidesmin, but just one derived from the structure of Sporidesmin. It is not
the structure that the fungi use to methylate, since it is currently unknown what part of the
biosynthetic pathway the methylation occurs in.

IV. B. iv. Spd1-MBP Enzymatic reactions with Indoles and Diketopiperazines

Reactions with changing concentrations of reagents, temperature, and duration were all
tried with various concentrations of enzyme. All reactions showed no results when tested via
HPLC. The indole standard, which appeared at 6.4 or 7.4 minutes, did not show any other trace
substances beyond this point in the retention times, therefore leading to the conclusion that there
were no new products as a methylated compound would be seen as more nonpolar and would
have a longer retention time.

Diketopiperazine (DKP) trials were also tested but showed no results due to solubility
issues. The solvent system used mainly for the reactions was 1% acetic acid in DDIH>O and
HPLC grade methanol, but acetic acid and acetonitrile were also tried to see if there were any
varying results. Various wavelengths were observed, ranging from 200nm to 275nm to try and
observe methylated compounds to no avail. One of the tests run with the DKP once solubilized
showed no change in the base peaks leading to the theory that the DKP is becoming insoluble on
the column once it is injected into the HPLC, leading to the results shown below in Figure 35.
Even using a super saturated solution of 33mM DKP, we see no change in the chromatogram

produced. Testing is still ongoing.
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Figure 36: LC-MS Reaction Trials for DKP.

The LC-MS data shows no DKP in the readings and exhibits what was first theorized

with the HPLC data; that the DKP is not soluble in the current conditions being used. Since no

[M+1]" peaks of 115.4 (the molecular weight of glycine anhydride is 114.4 g/mol) were

detected, as seen in Figure 36A-C, it can be concluded that the substrate is not even making it to

the detection point. To potentially alleviate this issue, a solution of 0.1%HCI in sodium

phosphate buffer was prepared to test for the DKP, only to reveal it was in fact insoluble on the

column being used with the HPLC and further testing with a different column type would be

needed.
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After testing with other solvents like DMSO, acetone, and even 12M HCI, it was
concluded that it was in fact possible to get DKP to dissolve in water but just in very small
amounts, regarding Img per 25mL of water to fully get the DKP to dissolve. Unfortunately,
solving this issue still does not solve the issue of the DKP becoming insoluble on the column
type of the HPLC or LC-MS, so further testing with other column types is needed in the future to
identify this compound for study.

IV. C. Future Work

If possible, Spd4-MBP could potentially work as a biocatalyst for many different
types of halogenation reactions if the time can be dedicated to its very intricate biosynthesis and
its specific requirements for operations. If the ways in which Spd4-MBP works can be
understood and utilized, it would be a valuable enzyme for smaller scale reactions. If the right
reagents and the right conditions can be met, the enzyme has the potential to be something great,
it could potentially halogenate the substrates we have been looking into, indoles and indolines,
and maybe be able to halogenate other small analogs like these like pyrroles and enolates as well.
Some work that could be done in the future on this project could entail the expansion into the
world of enolates and pyrroles on the substrate scope of enzymatic reactions, working with these
structures closely to see if potential halogenation is possible through the work of Spd4-MBP.
Alongside this, working with Spd4-MBP in conjunction with another flavin-dependent
halogenase would also be a future route that could be taken to assess the enzyme itself and
develop the enzyme to better meet functional requirements that may not currently be known now
due to the work needed not being yet explored. Yet another avenue to be explored could be the
expansion of halogenation to other halogen atoms, like bromine. Using bromine to potentially

halogenate a substrate rather than using chlorine to test if there is any difference in the catalytic
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value in the reaction would be an asset to this research and would further the understanding of
Spd4-MBP as a whole.

Much like Spd4-MBP, Spd1-MBP has great potential as a methylator under the right
conditions. If the workings of Spd1-MBP can be understood and the conditions can be met, this
enzyme can bring forth new and exciting biocatalytic opportunities for science in which
methylation could be done in an enzymatic reaction rather than just done via an organic
chemistry reaction. New substrates can be tried, like different types of indolines and others like
pyrroles and other more ornate DKPs could potentially be targets of methylation, and the
pathway in which the methylation reactions occur could be expanded upon by doing multiple
methylations per reaction rather than the expected single methylation reaction as though of with
the current reaction conditions. If more time and thought is to be put into this project, furthering
the scope of activating the reaction with SAM can be delved into. By doing so, SAM can be
better optimized and better utilized as a focal point in the reaction to aid Spd1-MBP in its
enzymatic journey.

IV. D. Conclusions

In conclusion the projects of both Spd4-MBP and Spd1-MBP have made insightful
impacts on the course of study throughout the duration of the project. As the project’s
progression was at a steady pace for the first few months, it was hopeful that the project would
lead to some gained knowledge for the ever-growing world of biocatalysis and natural products.
This project has plenty of avenues left to be explored and many more differing tactics to be
employed for testing to reach the final goals of chlorination and methylation. If the right
conditions are met and the right reagents are found, these reactions could hold the potential to do

great things within the scope of small scale biocatalysis.
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