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ABSTRACT

In Mycobacterium tuberculosis (TB), biotin is crucial for synthesizing glucose, fatty
acids, and mycolic acid components of the bacterial cell wall essential for survival and
pathogenesis. TB grows in a biotin-deficient environment during infection and must
synthesize its own biotin de novo. Biotin synthase catalyzes the final step in biotin
synthesis, in which S-adenosylmethionine (SAM) is used to oxidize C-H bonds and a
sulfur atom from an iron-sulfur cluster is inserted between two carbon atoms in the biotin
precursor, dethiobiotin. In E. coli, biotin synthase also requires the exogenous electron
donor flavodoxin, but this protein will not support the activity of the TB enzyme. In
mycobacterial genomes, the biotin synthase gene (BioB or Rv1589 in TB) is found
adjacent to two uncharacterized genes that code for small proteins with unknown
functions (Rv1590 and Rv1591 in TB). Rv1590 codes for a metal-binding protein
homologous to rubredoxin domains, suggesting Rv1590 could be involved in electron
transfer reactions. This research project focuses on cloning the Rv1590 gene,
heterologous expression in E. coli, purification of the resulting metalloprotein, and
investigation of the secondary structure, thermal stability, metal content, and redox

activity of the purified protein.
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CHAPTER 1: INTRODUCTION

Mycobacterium Tuberculosis

Tuberculosis (TB) is an infectious disease caused by Mycobacterium tuberculosis,
and it was the second major cause of death from an infectious disease in 2020, with a
mortality of 1.5 million people. The bacterium is transmitted by tiny aerosol droplets mainly
infecting the lungs, but it can also affect other organs, including the kidneys, the spine,
and the brain (Shiloh, 2016). Tuberculosis drugs acts by inhibiting various biochemical
processes in the bacterium, including protein synthesis, cell wall synthesis and nucleic
acid synthesis. The dormant bacterium has evolved mechanisms to evade antibiotic
treatment and patient's immune system to be reactivated once treatment has stopped or
the immune system is weakened. Some bacteria strains are resistant to the first-line
drugs, isoniazid, and rifampin, while others are resistant to less commonly used drugs
such as fluoroquinolone and injectable second-line drugs (i.e., amikacin, kanamycin, or
capreomycin) (Gunther, 2014). The complex life cycle of the bacterium and the rising
number of drug-resistant strains pose major challenges in TB treatment. New drugs are
needed in the fight to eradicate TB. A common strategy in antibiotic drug discovery is

targeting the metabolic pathways essential for bacterium survival and pathogenicity.



The Role of Biotin in Mycobacterium tuberculosis

Many organisms require biotin as a cofactor in carboxylation, decarboxylation, and
transcarboxylation reactions essential for fatty acid biosynthesis, amino acid metabolism,
and gluconeogenesis (Roth, 1981). Two ubiquitous enzymes that rely on biotin to transfer
a carboxyl group onto their substrates are acetyl CoA carboxylase (ACC) and pyruvate
carboxylase (PC) (Tong, 2013). The committed step in fatty acid biosynthesis is catalyzed
by ACC in two consecutive reactions. The first reaction, catalyzed by the biotin
carboxylase subunit of ACC, involves the activation of bicarbonate by ATP and the
subsequent transfer of CO2 onto a nitrogen atom on biotin. In the second reaction,
catalyzed by the transcarboxylase subunit, the activated CO: is transferred from biotin to
acetyl CoA to form malonyl CoA (Ohlrogge & Browse, 1995). Malonyl CoA is the essential
precursor for the biosynthesis of both normal fatty acids found in membrane lipids and
mycolic acids, which form the major component of the complex lipids of the mycobacterial
thick outer cell membrane (Barry et al.,, 1998). The thick bacterial cell membrane
enhances the mycobacteria's ability to resist chemical assault and limits its susceptibility
to certain antibiotics (Ferguson & Rhoads, 2009). Pyruvate carboxylase relies on biotin as
a cofactor in the fixation of CO2 onto pyruvate to form oxaloacetate. Oxaloacetate is an
important intermediate used to replenish the tricarboxylic acid cycle and to generate
carbohydrates under nutrient limiting conditions (Jitrapakdee et al.,2008). The importance
of biotin in these reactions makes the biotin biosynthetic pathway a promising target for

developing new antimycobacterial drugs.
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Figure 1. Biotin biosynthetic pathway in E.coli. The conserved reactions are boxed, and

the non-conserved reactions are outside the box (Salaemae et al., 2011).

Biotin Biosynthetic Pathway

Although biotin is essential for all organisms, only plants, microorganisms, and
some fungi can synthesize biotin (Cronan & Lin, 2011). Mammals have no biological
pathways dedicated to biotin biosynthesis and depend on exogenous supply from the diet
and the intestinal gut bacteria (Said, 2009). Some bacteria have transporters for uptaking
exogenous biotin, such as the ATP-dependent biotin transporter, BioY (Finkenwirth et al.,

2013), and YigM transporter in E.coli (Ludwig Ringlstetter, 2010). Genome annotation



studies of the M. tuberculosis genome have failed to identify homologs of BioY and YigM
transporters (Hebbeln et al. 2007), suggesting that the M. tuberculosis relies on de novo
synthesis as the only source of biotin. Although feeding studies also indicate that TB can
take up biotin from the media, it requires higher concentrations (micromolar) than E. coli

(picomolar).

Biotin is synthesized in a multistep pathway divided into two stages, as shown in
figure 1. The first is non-conserved, whereas the second stage is conserved in biotin-
producing organisms. In E.coli, the first stage reactions are catalyzed by the enzymes
BioC and BioH, leading to the generation of pimeloyl CoA precursor. M. tuberculosis is
predicted to use the same enzymes due to the presence of BioC and BioH gene homologs
in the M. tuberculosis genome (Salaemae et al., 2011). The synthesis of biotin in the
conserved stage begins with alanine and pimeloyl ACP or pimeloyl CoA as precursors.
The enzyme 7-keto-8-aminopelargonic acid synthase (BioF) catalyzes the
decarboxylation of L-alanine and the condensation of the resulting carbanion with the
thioester carbonyl of pimeloyl CoA, resulting in the formation of the ketone of 7-keto-8-
aminopelargonic acid (KAPA). 7,8-Diaminopelargonic acid synthase (BioA) converts
KAPA to 7,8-diaminopelargonic acid (DAPA) through a transamination reaction using S-
adenosyl-L-methionine (SAM) as the amine donor. In the penultimate step, CO:2
spontaneously reacts with DAPA to form a carbamic acid, which undergoes an ATP-
dependent ring closure to form the ureido ring of dethiobiotin (DTB) catalyzed by
dethiobiotin synthase (BioD) (Huang et al., 1995). Finally, biotin synthase (BioB), a
radical SAM enzyme, inserts a sulfur atom at the methylene and methyl carbons at

positions C6 and C9 of DTB to form biotin (Cramer et al., 2018).



Various mutagenesis studies have confirmed the importance of the biotin
biosynthetic pathway to the growth and survival of M. tuberculosis. Studies have shown
that the disruption of BioA impaired the survival of Mycobacterium smegmatis during the
stationary phase on carbon-depleted media (Keer et al., 2000; Sassetti et al., 2001).
Disruption of BioF and BioB hinders bacterial growth during and post-infection of murine
macrophages (Rengarajan et al. 2005). Also, a small molecule inhibitor, CID 1245700,
has been shown to inhibit BioA and is effective at killing TB in lab cultures (Casalena et

al., 2010).

Biotin Synthase

Biotin synthase (BioB) catalyzes the final step in biotin biosynthesis by converting
dethiobiotin to biotin. BioB is an S-adenosyl-L-methionine (SAM) dependent enzyme that
employs a radical mechanism. BioB is a homodimer with the active site of each monomer
containing a [4Fe-4S]**cluster, SAM, and a [2Fe-2S]?*cluster, as shown in figure 2. The
[4Fe-4S]?*cluster is directly coordinated with SAM and three cysteine residues. The [2Fe-
2S]%* cluster is ligated by three cysteines and an arginine residue (Berkovitch et al., 2004).
SAM radical enzymes such as BioB accept one electron from an external electron donor
as the first step in a radical generation. In E. coli, NADPH, flavodoxin reductase, and
flavodoxin 1 have been established as the essential electron transfer system(Birch et al.,
1995; Ifuku et al., 1994). Even though ferredoxin and flavodoxin 2 are present in E. coli,
they cannot substitute for flavodoxin 1 in the electron transfer system (Wan et al & Jarrett,

2002).



Figure 2. Crystal structure of the E. coli biotin synthase homodimer in complex with [2Fe-
2S] and [4Fe-4S] clusters, dethiobiotin (green), and S-adenosylmethionine (red)

(Berkovitch et al., 2004).

The BioB mechanism begins with the [4Fe—4S]?* cluster accepting one electron
from a reduced flavodoxin and transferring the electron to SAM (Guianvarc'h et al., 1997).
The 4Fe-4S)?**cluster gets reduced, and SAM is spontaneously cleaved to generate a 5'-
deoxyadenosyl radical and methionine. The generated radical abstracts a hydrogen atom
from dethiobiotin, forming a dethiobiotinyl C9 carbon radical, which immediately is
guenched by bonding to a sulfur atom on the [2Fe-2S]?* cluster (Ugulava et al., 2000) and
reducing one of the iron atoms from Fe(lll) to Fe(ll). Reductive cleavage of a second SAM
molecule generates another 5’-deoxyadenosyl radical, which abstracts a hydrogen atom
from C6 of dethiobiotin, forming a carbon radical that attacks the same sulfur atom on the
[2Fe—2S]?* cluster, forming the thiophane ring. The [2Fe—-2S]?* cluster is destroyed after

one enzyme turnover (Ugulava , Sacanell, et al., 2001).
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Figure 3. Proposed biotin synthase mechanism. (A) Electron transfer from reduced

flavodoxin via the [4Fe—4S]2+ onto SAM. (B) Sulfur insertion into dethiobiotin to form

biotin (Fugate & Jarrett al, 2012).



Two assembly systems, ISC (iron-sulfur cluster) and SUF (sulfur mobilization), are
responsible for the biogenesis of the iron-sulfur cluster in prokaryotes. The operon for the
ISC encodes the proteins IscS, IscU, IscA, HscA, HscB, and Fdx. SUF operon contains
the proteins SufA, SufB, SufC, SufD, SufS, and SufE . SufS and SufA are homologs of
IscS and IscA, respectively. For ISC, iron-sulfur cluster assembly starts with the
production of S-sulfide sulfur from cysteine by the cysteine desulfurase IscS. The sulfur
moiety is to IscU. Ferrous iron binds to IscU, forming a [2Fe-2S] cluster, which can
generate a [4Fe-4S] cluster. HscA, HscB are chaperones that interact with IscU. Fdx IS
a [2Fe- 2S] ferredoxin involved in electron transfer during the iron-sulfur cluster assembly

(Cammack, 2013).

Biotin Synthase Gene Cluster

In M. tuberculosis, two genes, Rv1590 and Rv1591, are appended to the biotin
synthase gene, as illustrated in figure 4 (Kapopoulou et al., 2011). These two genes are

conserved in all actinobacteria.

BioB > Rv1590 > Rv1591 >

Number of nucleotides 1050 240

666

Number of amino acids 349 79 221

Figure 4. Organization of the BioB, Rv1590, and Rv1591 genes and their gene products

in M. tuberculosis.



The conservation of these genes in actinobacteria suggests that they may have
essential functions. However, Himarl transposon studies have shown that both genes
are non-essential for in vitro growth of the H37Rv strain of M. tuberculosis (DeJesus et
al., 2017; Sassetti et al., 2003). However, these studies were performed using the
transposon site hybridization method, a screening tool that does not consider the growth
requirement for individual genes. One study on C57BL/6J mouse spleen medium shows
that Rv1590 is required for growth in H37Rv (Sassetti & Rubin, 2003). More experiments
with defined growth conditions are necessary to elucidate the importance of these genes.
Rv1591 has been identified in the membrane fraction of M. tuberculosis H37Rv using 1D-

SDS-PAGE and ULC-MS/MS and is predicted to be a membrane protein(Gu et al., 2003).

Figure 5. AlphaFold 2 predicted secondary structures illustrated using PyMol: (A) Rv1590
and (B) Rv1591. Beta sheets (yellow), alpha helices (red), random coils (green), and

metal ligands (blue).



Structures of both proteins shown in figure 5 have been predicted using AlphaFold
2 (Jumper et al., 2021). Rv1590 is predicted to be a rubredoxin because it possesses the
features of rubredoxins: three antiparallel b-strands and two loops containing a metal
coordination site comprised of three cysteines and one histidine. Rv1591 comprises three
alpha helices (possibly membrane-spanning) and three antiparallel beta strands. Further

structural studies are required to elucidate the structures of both proteins.

The biological functions of both proteins have not been established, and we
hypothesize two possible functions for Rv1590: an electron donor in biotin synthase
reaction or part of the iron-sulfur cluster repair system. In E. coli, biotin synthase catalysis
requires flavodoxin for electron transfer (Ifuku et al., 1994). In vitro studies have shown
that E. coli flavodoxin does not support the activity of M. tuberculosis biotin synthase (J.
Cramer, 2018). We hypothesize that Rv1590 may play the role of an external electron
donor in M. tuberculosis. E.coli biotin synthase has a turnover rate of less than one (Tse
Sum Bui et al., 2004) due to the destruction of the [2Fe-2S]?* cluster, which is the supplier
of the sulfur for the biotin thiophane ring (Farrar et al., 2010). Further studies suggested
that the IscU and HscA proteins of the ISC iron-sulfur cluster assembly system were
essential to regenerate active BioB in E. coli (Reyda et al, Fugate and Jarrett, 2009.
Therefore, reconstitution of the [2Fe-2S]?* cluster is necessary for biotin synthase to
achieve multiple turnovers. E. coli biotin synthase is capable of up to 20 turnovers in vivo
due to the presence of the ISC and Suf systems (Choi-Rhee et al& Cronan, 2005) that
can perform Fe-S cluster assembly and repair. In M. tuberculosis, the Suf system is the
Fe-S cluster assembly pathway (Huet et al., 2005). An alternative hypothesis is that

Rv1590 may be a specific mediator of this cluster reconstitution for BioB.
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Rubredoxin

Rubredoxins are the simplest non-heme iron proteins, typically containing a single
iron ion tetrahedrally coordinated to four cysteine residues in their active sites (Sieker et
al., 1994). Rubredoxins are considered iron-sulfur proteins because of the cysteinyl sulfur
ligands, even though they do not contain acid-labile sulfide like other iron-sulfur proteins.
Lovenberg and Sobel isolated the first rubredoxin in 1965 from the anaerobic bacterium
Clostridium pasteurianum. After 1965, rubredoxins have been isolated and characterized
from many different species, such as the eukaryotic rubredoxin from the unicellular algae
Guillardia theta (Wastl et al., 2000) and archeal rubredoxin from Pyrococcus furiosus
(Jenney & Adams, 2001). Most well-characterized rubredoxins contain a single ferric or
ferrous iron ion in their active sites. However, rubredoxin from Pseudomonas oleovorans
has been found to have two similar domains containing two-iron centers with less stability

than the one-iron rubredoxin (Perry et al., 2004)

The structures of various rubredoxins have been solved by x-ray crystallography
(Adman et al., 1991; Dauter et al., 1996) and in the solution state by NMR spectroscopy
(Perry et al., 2004). Figure 6 shows the structure of rubredoxin from Clostridium
pasteurianum. Rubredoxins are composed of short, three antiparallel b-sheets, two loops
containing the four cysteine residues that tetrahedrally coordinate the metal atom, and a
hydrophobic core made up of conserved aromatic residues that stabilize the protein (J.
Meyer & Mouliset al, 2006). The structure is also composed of charged residues regularly
distributed over the molecule's surface except for the metal binding site (J. Meyer &

Moulis, 2006).

11



Figure 6. 3D ribbon diagram of rubredoxin from Clostridium pasteurianum showing the

iron atom (grey sphere) ligated by cysteine residues (yellow) (J. Meyer & Moulis, 2006).

The primary biological role of rubredoxin is not well understood. It is widely
accepted that they participate in electron transfer processes due to the presence of the
redox-active iron center. Some studied roles include carbon fixation (Ragsdale et al.,
1983), removal of reactive oxygen species (Kurtz, 2004), fatty acid metabolism (Yoon et
al., 1999), and hydrogen oxidation in Azotobacter vinelandii (Chen et al. & Mortenson,
1992; Gomes et al., 1997). Rubredoxin in Pseudomonas oleovorans is proposed to serve
as an electron carrier from a soluble flavoprotein (reductase) to a membrane-bound
alkane hydroxylase in the alkane hydroxylation system (Haspel et al., 1995; Peterson et

al.& Coon, 1968).

12



The redox potential of several rubredoxins has been investigated through different
methods. The two redox states are Fe (Il) and Fe (1) for the reduced and oxidized states,
respectively (Eaton & Lovenberg, 1973). Variations in the redox potential have been
reported in different proteins despite sharing a common metal coordination geometry
(Gilep et al., 2022a). Rubredoxins have redox potentials ranging from —100 to +100 mV
(vs. SHE) (-300 to =100 mV vs. Ag/AgCl) (Gilep et al., 2022a). The variation in redox
potential is thought to be determined by several factors, including the active site structure,
hydrogen bonding pattern around the active site, and the electrostatic environment

(Swartz & Ichiye, 1997).

Two rubredoxin genes, Rv3251c and Rv3250c, have been identified in M.
tuberculosis. Rv3251c encodes a 55 amino acid residue protein (rubredoxin A), and
Rv3250c encode a 60 amino acid residue protein (rubredoxin B). The gene for rubredoxin
B is repressed in vitro under mildly acidic and hypoxic conditions that mimic the state of
a dormant bacterium (Kim et al., 2008). The solution structure for rubredoxin B has been
solved after substituting iron with zinc (Buchko et al., 2011). Rubredoxin B has been
characterized with a redox potential of —264 mV (vs. Ag/AgCl) (Gilep et al., 2022a) and
possesses the ability to transfer an electron from different NAD(P)H-dependent

reductases to cytochrome P450 enzymes, CYPs (Sushko et al., 2021).

Scope of My Research

Due to the conservation of the Rv1590 and Rv1591 genes in mycobacteria, it is
essential to characterize them and determine their importance in mycobacteria,

specifically their potential role in the reaction catalyzed by biotin synthase. This project is

13



the first attempt to clone the Rv1590 gene, express the encoded protein in an E. coli
expression strain, purify Rv1590 both as a SUMO fusion protein and the native protein,

and to characterize the properties of the resulting metalloprotein.
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CHAPTER 2: METHODOLOGY

Bioinformatics

Bioinformatics tools were used to study the structure and function of Rv1590 due
to the lack of structural data from X-ray crystallography or NMR. The protein sequence
was obtained from UniProt using the gene identifier Rv1590 and used for Basic Local
Alignment Search Tool (BLAST) to obtain homologous protein sequences to Rv1590.
Blast search was done using Blastp with an E-value of 0.001 and a search limit of 100
hits. The 100 sequences obtained from the BLAST search were aligned to identify

conserved amino acid residues.

Amino acid sequences for rubredoxins with solved crystal structures were obtained
from GenBank. ClustalW alignment (Sievers et al., 2011) was done for the rubredoxins
and Rv1590 to identify sequence similarities. ClustalW uses the BLOSUM weight matrix
to determine the similarity of divergent protein sequences. ClustalW first constructs a
dendrogram, like a phylogenetic tree, by grouping the sequences based on similarity in a
pairwise alignment. A multiple-sequence alignment is performed using the dendrogram
as a guide. For this project, a gap penalty of 3 was used with a percent identity scoring
method for pairwise alignment. For multiple alignments, a gap open penalty and gap
extension penalty of 10 and 0.05 were used, respectively. The predicted three-
dimensional structure of Rv1590 was downloaded directly from the AlphaFold protein

structure database (Jumper et al., 2021) as a PDB file and visualized in PyMOL.
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Molecular Cloning

Molecular cloning techniques were used to insert the Rv1590 gene into the chosen
bacterial plasmid and replicate the recombinant DNA in Escherichia coli (E. coli). A
polymerase chain reaction (PCR) was done to amplify the gene and the plasmid DNA,
followed by restriction enzyme digestion and ligation. The ligation product (Recombinant
DNA) was transformed into E. coli competent cells. The recombinant DNA was replicated

in the host and purified.

Choice of Plasmid

A plasmid is a small circular DNA molecule found in bacteria and other microscopic
organisms that can replicate independently from the host's chromosomal DNA. A gene of
interest can be inserted into the plasmid using molecular cloning to create a recombinant
plasmid. When the plasmid is inserted into a host organism, it can replicate within the
host, making copies of the inserted gene. Plasmids also contain a promoter region that
drives the transcription of the cloned gene for recombinant protein expression and
purification. A vector is an artificially made plasmid for cloning, amplifying, and expressing
a target gene (Russell DW, 2001). The pETHSUL vector (Figure 6) was used for cloning
and protein expression in the project. pPETHSUL plasmid was designed by incorporating
a small ubiquitin-like modifier (SUMO) sequence from the Saccharomyces cerevisiae
strain RSY335 into pET21 plasmid (Weeks et al., 2007). SUMO increases the
recombinant protein's solubility in E. coli (Marblestone, 2006). In the pETHSUL plasmid,

the SUMO is affinity tagged with Hise to allow for purification using immobilized metal

16



affinity chromatography (IMAC). The Hiss-SUMO tag can be cleaved using a recombinant
SUMO protease (Malakhov et al., 2004) to yield the mature protein of interest. The

plasmid also has an ampicillin resistance gene for the selective growth of the bacteria.

I'7 terminator
His6-SUMO
RBS
AmpR promoter lac operator
I T7 promoter

I _ ¢

fl ori

lacI promoter

beta-lactamase

pETHSUL
Lacl

orn

bom

rop

Figure 6. pETHSUL vector map (https://novoprolabs.com/vector/\Vgyytemq)

Primer Design

Before cloning, multiple copies of the plasmid DNA and the gene of interest must

be obtained. DNA Amplification is made possible through a polymerase chain reaction
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(PCR). The first step in amplifying DNA is to design primers, short single-stranded DNA
sequences complementary to the ends of the DNA to be amplified. Prof. Jarrett designed
the primers for this project, shown in table 1. The primers were designed using parts of
the pETHSUL plasmid (pETHSUL primers) and the M. Tuberculosis (Rv1590 primer)
genomic DNA sequences. Hindlll restriction site was added to the pETHSUL forward
primer and Rv1590 reverse primer. BamHI restriction site was added to the pETHSUL
reverse primer and Rv1590 forward primer. The restriction sites were used for the
subsequent ligation of the gene into the plasmid. The first amino acid, methionine, was

excluded from the Rv1590 forward primer.

Table 1. pETHSUL and Rv1590 primers. The letters F and R in the primer names indicate

forward and reverse, respectively. Restriction sites in the sequences are in bold.

Primer name Sequence 5'-3' Melting
Temp (°C)

PETHSUL-Hindlll-F | CGAGAAGCTTCTGCTAACAAAGCCC 60.0

PETHSUL-BamHI-R | TTTAGGATCCACCAATCTGTTCGCGGTG 62.2

Rv1590-BamHI-F ATATGGATCCGTGGAAATCGTGGCTGGAAAA | 64.2

CAAC

Rv1590-HindllI-R ATATAAGCTTCATCGCTGTGTCGCCAAGTC 61.8
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Polymerase Chain Reaction

A polymerase chain reaction was used to make copies of the pETHSUL vector and
Rv1590 gene. The PCR reaction mixtures were set up as shown in table 2 using the
previously designed primers. The M. tuberculosis genomic DNA, and pETHSUL plasmid

DNA were used as templates. The thermocycler reaction conditions are shown in table 3.

Table 2: Set-up mixture for PCR reaction

Reagents Volume (uL) Final concentration
PrimeSTAR Premix (2X) 25 1X

Forward Primer 15 0.3ng

Reverse Primer 15 0.3ng

Template DNA 1 10ng

Nuclease free water 21 N/A

Total volume 50

Table 3. Thermocycler program conditions

Step Temperature (°C) | Time (sec) Number of cycles
Initial denaturation | 95 160 1

Denaturation 95 10 30

Annealing 55 30 30

Extension 72 30 30

Hold 0 Infinite
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Agarose Gel Electrophoresis

Agarose gel electrophoresis was used to separate and identify the DNA from the
PCR reactions. 50x TAE buffer was made by dissolving 242 g Tris base, 18.6 g EDTA,
and 57.1 mL glacial acetic acid in water to a final volume of one liter. A 1% (w/v) agarose
gel was prepared by dissolving 0.5 g of agarose in 50 mL of 1x TAE (Tris-acetate-EDTA)
buffer. The agarose-TAE mixture was heated in the microwave until all the solids were
dissolved. The mixture was then cooled to approximately 50 °C, poured into a gel cassette
with combs inserted, and let sit until solidified (about 30 minutes). 2 uL of the PCR
products were mixed with 1 uL of 6x GelRed Prestain loading dye and 15 uL of deionized
water to a total volume of 20 uL. The samples (20 uL) were loaded into each well in the
gel. The GeneRuler DNA ladder (5uL) was loaded in a separate well alongside the
samples. The agarose gel was run at a constant voltage of 100V for 1.5 hours and

visualized on a dual-intensity UV transilluminator.

PCR Clean Up

Before downstream use, the PCR products were purified using a Promega PCR
cleaned-up kit to remove primers, nucleotides, enzymes, and buffer components. After
clean-up, a NanoDrop spectrophotometer (Thermo Fisher Scientific) was used to quantify

the DNA.
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Table 4. Restriction enzyme digestion mixture

Insert PETHSUL vector

Buffer 5 5

Insert 12 -

pPETHSUL - 12

BamHI 1 1

Hindlll 1 1

Dpnl 1 1

TSAP - 1

Sterile water

Total 50 50

Restriction Enzyme Digestion

The amplified pETHSUL plasmid and Rv1590 gene were incubated with the
BamHI and Hindlll restriction enzymes to cleave the DNAs at the specific sites added
during primer design. Restriction enzyme digestion creates sticky ends which are ligated
to clone the gene into the plasmid. Restriction enzyme cleavage was set up as shown in
table 4, and the reaction was incubated at 37 °C for 4 hours. Dpnl was added to digest
the excess template DNA by cleaving the E. coli methylated DNA. TSAP, thermostable
alkaline phosphatase, was added to catalyze the dephosphorylation of the 5" and 3' ends
of the sticky DNA phospho-ends generated after digestion. Dephosphorylation prevents

the relegation of the linearized plasmid after digestion. After digestion, the samples were
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purified using the Promega PCR cleaned-up kit, and concentrations were determined

using the NanoDrop spectrophotometers (Thermo Fisher Scientific).

DNA Ligation

Rv1590 gene was ligated into the vector using Promega T4 DNA ligase in a 1:3
molar ratio of vector: insert using 50 ng of the vector. The following calculation was used
to convert molar ratios to mass ratios using a 50 ng plasmid vector. The reaction was set
up in a sterile microcentrifuge tube, as shown in table 5, and incubated at room

temperature overnight.

Table 5. Ligation reaction mixture (https://www.neb.com/protocols/0001/01/01/dna-

ligation-with-t4-dna-ligase-m0202)

Volume (ul)
Vector DNA 2.5
Insert DNA 1
10X Ligase Buffer 1
T4 DNA Ligase 1
Milli Q water 4.5
Total 10
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Making DH5a Competent Cells

E. coli strain DH5a cells were made competent to take in exogenous DNA. 5 mL
Lennox lysogeny broth (LB) was inoculated with a single colony of E. coli DH5a cells from
an LB plate and incubated for 12 hours at 37 °C with shaking at 225 rpm. 50 mL of LB
was inoculated with 100 uL of the overnight culture, and cells were grown at 37 °C until
ODeoo was approximately 0.2. The cells were chilled on ice for 10 minutes and centrifuged
at 5000 rpm for 8 minutes. The cell pellet was resuspended in 5 mL of ice-cold 0.1 M
CacClz and centrifuged at 4000 rpm for 5 minutes. The cell pellet was resuspended in 1
mL of 0.1 M CaClz in a sterile falcon tube and incubated for more than one hour before
use, and extra cells were stored at 4 °C. For freezing, the cell pellet was resuspended in
1 mL of 0.05M CaClz, mixed with an equal volume of 40% sterile glycerol, divided into
~0.5 mL aliquots into 1.5 mL Eppendorf tubes, flash frozen in dry ice-ethanol bath, and

stored in a -80 °C freezer.

Transformation of E. coli DH5a Cells

The recombinant plasmid created by ligating the Rv1590 gene into the pETHSUL
vector was inserted into the host, E. coli, using the heat shock method. 50 uL of the E.
coli DH5a competent cells were aliquoted into sterile 1.5 mL microcentrifuge tubes, and
2 uL (10ng) of DNA was added to the cells and gently mixed. After 30 minutes of
incubation on ice, the cells were subjected to heat shock for 60 seconds in a 42 °C water
bath and immediately placed on ice for 5 minutes. To each tube, 950 uL of sterile pre-

warmed LB media was added, and cells were incubated at 37 °C for 1 hour with shaking
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at 225 rpm. 200 uL from each transformation was spread on pre-warmed ampicillin

selective LB agar plates and incubated overnight at 37 °C.

Recombinant DNA Purification

Recombinant DNA, made of the pETHSUL plasmid ligated to the Rv1590 gene,
was purified from the transformed E. coli DH5a cells. 10 ml of LB media containing 100
mg/ml of ampicillin was inoculated with a single colony from an LB agar plate of the
previously transformed cells. The cells were grown overnight at 37 °C with shaking at 225
rom. The Recombinant DNA was purified from the overnight culture using a Promega
miniprep DNA purification system. PCR amplification was done using the purified
recombinant DNA as the template and the Rv1590 primers to confirm the ligation of the
gene into the plasmid. Sequencing was done at the Advanced Studies in Genomics,
Proteomics, and Bioinformatics (ASGPB) facility at the University of Hawaii at Manoa.
Samples were prepared by PCR reactions using the T7 promoter and T7 terminator as

primers.

Protein Expression and Purification

Small-Scale Expression

The purified recombinant DNA was transformed into E. coli BL21(star) competent

cells using the previously described heat shock method. Small-scale expression of
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Rv1590 was done to test for protein expression conditions. A single colony of E. coli
BL21(star) from the LB agar plate was used to inoculate 10 mL LB with 100 ug/mL of
ampicillin and cells grown overnight at 37 °C. 50 mL of LB was inoculated with 5 mL of
the overnight culture and incubated at 37 °C with shaking at 225 rpm until ODesoo was 0.4-
0.6. Protein expression was induced by adding isopropyl B-D-1-thiogalactopyranoside
(IPTG) at a final concentration of 0.5 mM, and cells were grown for 4 hours at 37 °C. The
cells were harvested by centrifugation at 6000 rpm for 10 minutes. The supernatant was
discarded, and the cell pellet was resuspended in 5 mL of 50mM Tris buffer pH 8.0. The
cells were sonicated using a Fisher model 505 sonic dismembrator at 80% power with 4
cycles of 30 s on and 120 s. The sonicate was centrifuged at 15000 rpm for 15 min at 4
°C. 10 uL of the supernatant was taken for SDS-PAGE analysis. The pETHSUL plasmid
without the Rv1590 gene inserted was expressed under the same conditions as a

negative control.

SDS-PAGE Gel Electrophoresis

SDS-PAGE gel electrophoresis was done using a 12% sodium dodecyl sulfate-
polyacrylamide gel to separate and identify the components of the protein mixture based
on their size. The resolving and stacking layers were made using lower and upper tris
buffer, respectively. Lower tris buffer was made by dissolving 90.89 g Tris base in 400
mL of distilled water, and the pH was adjusted to 8.8 with 6N HCIl. The mixture was
brought up to a final volume of 500 mL, and filter sterilized. Upper tris buffer was made
by dissolving 6.06 g Tris base in 80 mL of distilled water, and the pH was adjusted to 6.8

with 6N HCI. The mixture was brought up to a final volume of 100 mL, and filter sterilized.
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The 12% SDS-PAGE gel was made using a 4% stacking layer and a 12% resolving layer.
The resolving layer was made by mixing 6.32 mL of water, 3.75 mL of lower tris buffer,
4.69 mL of 40% Acrylamide solution, 150 uL of 10% SDS, 75 uL of 10% ammonium
persulfate solution, and 15 uL of tetramethylethylenediamine (TEMED). The mixture was
poured into the cassette, and deionized water was added to the polymerizing layer to
ensure a level surface. After polymerization (about 1 hour), the 4% stacking layer was
made by mixing 4.74 mL of water, 1.89 mL of upper tris buffer, 0.75 mL of 40% acrylamide
solution, 75 uL of 10% SDS, 37.5 uL of 10% ammonium persulfate and 7.5 uL TEMED.
The water on top of the polymerized resolving gel was removed, the gel combs were
inserted into the cassette, and the stacking layer mixture was poured. The gel was left to

stand for 1 hour to solidify.

The 5 x sample buffer was made by mixing 9.38 mL of lower tris buffer, 1.5 g of SDS,
18.8 mL of glycerol, and 7.5 mg of bromophenol blue in 28.5 ml of water. The buffer was
aliquoted into 0.95 mL per eppendorf tube and frozen at -20 °C. When needed, one tube
was thawed, and 50 uL of B-mercaptoethanol (BME) was added and kept at room
temperature. The 5X running buffer was made by dissolving 15.2 g Tris HCI, 72.1 g

glycine, and 10.0 g SDS in 1 liter of deionized water and stored at room temperature.

When loading purified protein samples, 5 uL of the 5 x sample buffer was added to the
samples and heated at 95 °C for 5 minutes before loading the gel. 5 uL of PAGEmark
Tricolor PLUS protein Ladder (G Biosciences) was used as a standard in all SDS-PAGE
gels. The Bio-Rad PowerPAC power supply and Mini-PROTEAN Tetra Cell were utilized

to run all the SDS-PAGE electrophoresis. The power supply was set to a constant voltage
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of 100V and run for 60 minutes. The gels were rinsed with deionized water and stained

with a Coomassie stain for 1 hour. The gel was destained until bands were visible.

Large-Scale Expression

After successful small-scale expression, large-scale expression was carried out for
protein purification. A single colony of E. coli BL21(star) transformed with the recombinant
DNA was used to inoculate 10 mL LB media supplemented with 100 ug/ml of ampicillin.
The cells were grown overnight at 37 °C while shaking at 230 rpm. One liter of minimal
media in a 2.8 L Erlenmeyer flask was inoculated with 5 mL of the overnight culture. The
media was supplemented with 100 ug/mL of ampicillin and 50 ug/mL of ferrous
ammonium sulfate. The cells were grown at 37 °C while shaking at 230 rpm until an ODsoo
of 0.6-0.8 was reached (approximately 4 hours). The temperature was lowered to 25 °C
for 30 minutes before IPTG was added to a final concentration of 0.5 mM. The cells were
grown for 16 hours while shaking at 230 rpm and harvested by centrifugation at 5000 rpm
for 10 minutes. The supernatant was discarded, and the cell pellet was weighed and

frozen at -80°C.

Protein Purification

The frozen cell pellet was thawed and resuspended in lysis buffer (50 mM Tris,
500 mM NacCl, pH 8.0), 3 mL buffer per gram of cell. Cells were transferred to a 150 mL
glass beaker, cooled on ice, and lysed by sonication using a Fisher model 505 sonic
dismembrator with a 0.5-inch diameter probe at 80% power with 4 cycles of 30s on/120s

off. The cell lysate was transferred to centrifuge bottles, and the insoluble debris was
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pelleted by centrifugation at 40,000 rpm for 60 min at 4°C in an L-80 ultracentrifuge
(Beckman). A Nickel NTA Superflow column (Qiagen) was washed with 0.1 M
tetrasodium EDTA, recharged with 0.1 M NiClz, and equilibrated with equilibration buffer
(50 mM Tris, 500 mM NaCl, 5 mM imidazole, pH 8.0). The clarified cell lysate was loaded
onto the Ni-NTA column at a flow rate of 1 mL/min. The column was washed with the
equilibration buffer until the UV detector (280 nm) showed a flat baseline (approximately
200 mL of buffer). The bound protein was eluted with elution buffer (50 mM Tris, 500 mM
NaCl, 200 mM imidazole, pH 8.0) until the UV detector (280 nm) established a flat
baseline (about 60 mL of buffer for a 4 L culture). The protein was concentrated to about
15 mL by centrifugation in Amicon Ultra-15 10 kDa centrifugal filters. BioGel G25 column
was equilibrated with the storage buffer (50 mM Tris, 500 mM NacCl, pH 8.0), and the
concentrated protein was loaded onto the column at a flow rate of 3 mL/min. The protein
was collected in the flow through, and the column was washed with the storage buffer

until all the protein was eluted. The desalted protein was concentrated to <10mL.

The purified fusion protein was cleaved using SUMO protease to remove the Hiss-
SUMO tag. The protease was added at a ratio of 1 mg of protein to 1 ug of protease, and
the cleavage reaction was done at room temperature for 12 hours. The Ni-NTA column
was equilibrated with the storage buffer, and the cleavage mixture was loaded at a flow
rate of 1 mL/min. The flow-through (pure Rv1590) was collected while the Hiss-SUMO
and protease remained bound to the column and were eluted using the elution buffer. The
pure Rv1590 was concentrated in 3 kD centrifuge filters, aliquoted, and frozen in a -80 °C

freezer when not used immediately.
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Protein Characterization

UV-Visible Spectroscopy

The absorption spectra in the near UV visible wavelength (250-800 nm) were
collected on a Varian 50 Bio UV-Visible Spectrophotometer in a 1 mL quartz cuvette of 1

cm path length at 25 °C.

Protein Quantitation

The protein concentration was calculated using absorbance at 280 nm of the
denatured protein. Denaturation was done by mixing 100 uL of the protein with 900 uL of
6 M guanidine hydrochloride. A blank was prepared by mixing a storage buffer.
Absorbance at 280 nm was obtained using a 1 mL quartz cuvette of 1 cm path length on
the Varian 50 Bio UV-Visible Spectrophotometer. The protein extinction coefficient (15470
M-1cmt) was computed using the protein analysis tool ProtParam on the ExXPASYy server,

and the protein concentration was calculated using Beer-Lambert's law.

Molecular Weight Determination

The molecular weight of the pure protein was determined using mass spectroscopy
in the chemistry department at the University of Hawaii. The protein sample was prepared
at a final concentration of 1 mg/mL in 50 mM Tris-HCI, 500 mM NaCl pH 8.0 buffer. Mass
spectra were acquired via electrospray ionization in the positive mode using an Agilent

6545 Q-TOF LC/MS equipped with Agilent 1290 Infinity series binary HPLC. Liquid
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chromatography was done using a reversed-phase gradient with a ZORBAX RRHD
Eclipse Plus C18, 95A, 2.1 x 50 mm, 1.8 pm column at a flow rate of 0.5 mL/min and UV
detection at 280 nm. The solvents used were water (solvent A) and acetonitrile (solvent
B), both in 0.1% formic acid. 10 % solvent B was run for 0.5 minutes, followed by a
gradient from 10% to 100% in 3.5 minutes. Solvent B was held constant at 100% for 4

minutes before the gradient was run back to 10 % in 1 minute.

Sodium Dithionite Reduction

Sodium dithionite reduction was done under anaerobic conditions in a quartz
cuvette.100 uM protein sample was sufficient to properly visualize the 409 nm peak of
Rv1590 used to monitor the protein reduction. The protein sample was purged with
nitrogen for 10 minutes in a sealed 1 mL cuvette to remove the dissolved oxygen. Sodium
dithionite solution was made at a concentration of 100 mM in an anaerobic environment
under nitrogen. 2 uL of 100 mM sodium dithionite was added to the 100 uM protein sample
using an airtight syringe and mixed gently. The mixture was allowed to equilibrate for 5
minutes before taking the spectra. When the 409 nm peak remained, more sodium

dithionite was added in 2 uL portions until there was no change in the protein spectra.

Metal Content Analysis

The identity of various transition metals bound to the protein was determined by

Inductively Coupled Plasma-atomic emission spectrometry (ICP-AES) using the Optima
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7000 DV spectrometer (PerkinElmer) in the Agricultural Diagnostic Service Center at the

University of Hawaii.

Metal Reconstitution

Metal Reconstitution was done by stripping the protein of the bound metals and
incorporating cobalt and iron according to the protocol commonly used for rubredoxins
(Moura et al., 1991). 2 mg of pure protein was precipitated using 10% trichloroacetic acid
(TCA) to a final concentration of 5% in the presence of 0.5 M B-mercaptoethanol (BME).
The mixture was incubated at room temperature for about 5 minutes until all the protein
precipitated. The colorless protein precipitate was collected by centrifugation at 8000 rpm
for 5 minutes, and the supernatant was discarded. The protein pellet was dissolved in 0.5
M Tris-HCI, pH 8.0, containing 60 mM BME. The apoprotein at a concentration of 2 mg/mL
was incubated at 4°C for 1 hour. CoCl2 solution was added at an equimolar concentration
to the protein, while ferrous ammonium sulfate solution was added at 5X the protein
concentration. After 12 hours of incubation at 4°C, the samples were centrifuged at 8000
rpm for 5 minutes to remove undissolved/precipitated protein. The samples were purified
on a Sephadex G-25 column (1 x 20 cm) equilibrated with 25 mM Tris HCI, 100 mM NacCl

pH 8.0 buffer to remove the unbound metal.
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Circular Dichroism Spectroscopy

Circular Dichroism (CD) was used to study the protein's secondary structure and
thermal stability. The CD data were taken on a Chirascan v100 Spectrophotometer
(Applied Photophysics). The protein samples were diluted to 0.1 mg/mL in 10 mM
potassium phosphate buffer, pH 7.5, and the spectra were recorded in a quartz cell
cuvette of 10 mm path length between 180 and 250 nm at 25° C with a bandwidth of 1.0
nm. The spectra were recorded in triplicate at a time constant of 1.0 s and averaged
before subtracting the blank (buffer) spectrum. Thermal denaturation data was obtained
by recording the ellipticity at 222 nm in 2°C intervals from 25 to 85 °C with a temperature

increase of 1°C per minute.

Redox Potential

The redox potential of Rv1590 was determined by a spectrophotometric method
employing a reducing system of sodium dithionite and methylene blue as a
mediator(Vincent Massey, 1991). Redox potential experiments were done to determine
how easily the iron atom could lose or gain electrons as compared to the know potential
of the mediator dye. In a 1 mL cuvette, 2.5 uM methylene blue dye was mixed with a 90
uM protein sample in Tris—HCI buffer, at pH 8.0. The mixture was purged with nitrogen for
10 minutes to make it anaerobic. The UV-visible spectrum was scanned from 200 nm to
900 nm, representing the oxidized state for both the protein and the dye. 2 uL of 1 mM
sodium dithionite was added to the protein-dye mixture through an airtight syringe. The
mixture was stirred, and the spectrum was recorded after 2 minutes. More sodium

dithionite was added at 2 uL intervals until there was no further change in the spectrum.
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The spectra (wavelength vs. absorbance) were transferred from the spectrophotometer

into an excel spreadsheet for analysis
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CHAPTER 3: RESULTS AND DISCUSSION

Bioinformatics

A BLAST search for homologs of Rv1590 using standard parameters yields 2552
homologous sequences, all found in Actinobacteria. To speed further analysis, the top
100 homologs were examined using BLAST sequence alignment tools. The 100
homologs of Rv1590 obtained had percent identities between 56.8 and 100, with
sequence lengths ranging from 49 to 200 amino acids. All the homologs belong to the

gram-positive actinobacteria (Figure 7).

Taxonomy tree of the results:
- All (100 results) v

L Bacteria (100 results) v
L Actinobacteria (100 results) v
L Corynebacteriales (100 results) v
@ Mycobacteriaceae (71 results) v
s5) Mycobacterium (39 results) v
|- 289 unclassified Mycobacterium (11 results) +

Figure 7. Taxonomy distribution of the 100 homologs of Rv1590.

Alignment of the 100 homologs reveals 21 conserved amino acids with sequence

variation observed in the N-terminus (Figure 8). Figure 9 shows the distribution of the
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conserved amino acid residues in the Rv1590 sequence. The alignment of nine
rubredoxins sequences, with solved crystal structures, and Rv1590, shows seven
conserved residues in Rv1590 (Figure 10). The conserved residues include three
cysteines, a proline, a tryptophan, and two glycine residues. In Rv1590, the metal is
coordinated by the three cysteines and one histidine, while in the other rubredoxins, metal

coordination is by four cysteines.

AGASNSVAN® |AGASNSVANG_MYCPH ~  ==========mmmmmmmmmmmmmc e MAFNVYTGE-PDGT- - - -EVPTAA 19
G7CAV®|G7CAVE_MYCT3 == MYNVYTGE -PEGG- - - -PTPPAA 18
AGA2A7MZGS |AGA2ATMZGS_MYCAG ~ =========m=====mem=mmeemeeeeoaae MGTAKFNVYTGE-PAGG- - - -DVPTAA 22
AGA1A1Y703|ABAIALY703_OMYCO ====mm===mmmmmemmmemmeeeeeeeeeae MAAKFNVYTGE-PAGG- - - -ADPTAA 21
AGA2S8KIQL|ABA2S8KIQL_OMYCO ~  ====m=mmmmmmmmmmmemeeeeoeee MVSPDGTAKFNVYTGE -PAGG- - - ~AVPTAA 26
. x %
AGASNSVAN® | AGASNSVANG_MYCPH RLGLEPPRFCADCGRRMVVQVRPDGWSATCSRHGTTDSKDLELR- 63
G7CAV@|G7CAVe_MYCT3 QLGLEPPRFCAECGRRMVVQVRPDGWSAKCSRHGVIDSADLEPYR 63
AGA2A7MZGS | AGA2A7TMZGS_MYCAG QLGLEPPRFCAECGRRMVVQVRPDGWSAKCSRHGVQDSKDLEDKR 67
AGA1A1Y703|AGA1A1Y783_9MYCO QLGLEPPRFCAECGRRMVVQVRPDGWLAKCSRHGEQDSKDLDERR 66
AGA2S8K9Q1 | AGA2S8KIQL_9MYCO QLGLEPPRFCAECGRRMVVQVRPDGWSARCSRHGTQDSKDLDER - 70

LEEK K.k KKK.K KK, K KX T .

Figure 8. BLAST alignment results of 100 homologs. Only five sequences are shown to
highlight the conserved residues. The alignment is denoted using the ClustalW format
where *' indicates a fully conserved residue, ":' indicates conservation of residues with
strongly similar properties, and "." indicates conservation of residues with weakly similar

properties.

Rv1590 has a phenylalanine residue adjacent to the first cysteine ligand, whereas,
in the other rubredoxins, this corresponding position has either tryptophan or tyrosine
residue. Rv1590 also has two consecutive tryptophan residues at positions 60 and 61

and an alanine residue at position 62. The conserved hydrophobic residues have been

35



shown to form a hydrophobic core contributing to the stability of the protein structure and

the two loops holding the iron atom structure (Sieker et al., 1986)

1 40
MVEIVAGKQRAPVAAGVYNVYTGELADTATPTAARMGLEP

41 79
PRFCAQCGRRMVVQVRPDGWWARCSRHGQVDSADLATQR

Figure 9. The amino acid sequence of Rv1590.The red and blue-colored residues are

conserved in the 100 homologs. The metal-coordinating residues are shown in red.

A.calcoaceticus MKKYQCIVCGWIYDEAEGWPQDGIAAGTKWEDIPDDW- -TCPDCGVSKADFEMIET -
P.aeruginosa MRKWQCVVCGFIYDEALGLPEEGIPAGTRWEDIPADW- -VCPDCGVGKIDFEMIEIA
P.furiosus MAKWVCKICGYIYDEDAGDPDNGISPGTKFEELPDDW- -VCPICGAPKSEFEKLED-
P.abyssi MAKWRCKICGYIYDEDEGDPDNGISPGTKFEDLPDDW- -VCPLCGAPKSEFERIE--
D.vulgaris MKKYVCTVCGYEYDPAEGDPDNGVKPGTAFEDVPADW- -VCPICGAPKSEFEPA- -~
M.gigas MDIYVCTVCGYEYDPAKGDPDSGIKPGTKFEDLPDDW- -ACPVCGASKDAFEKQ- -~
C.pasteurianum MKKYTCTVCGYIYNPEDGDPDNGVNPGTDFKDIPDDW- -VCPLCGVGKDQFEEVEE-
C.perfringens MKKFICDVCGYIYDPAVGDPDNGVEPGTEFKDIPDDW- -VCPLCGVDKSQFSETE -~
D.desulfuricans MOQKYVCNVCGYEYDPAEHDN------- VPFDQLPDDW- -CCPVCGVSKDQFSPA- - -
Rv159@ EPPRFCAQCGRR--------------- MVVQVRPDGIWWARCSRHGQVDSADLATQR -
£ = £ = ® %

Figure 10. ClustalW multiple sequence alignments of Rv1590 and known rubredoxins
from different organisms. All the rubredoxins have complete sequences shown, while
residues 1-38 are truncated in Rv1590. *' indicates a fully conserved residue. '." indicates

the conservation of amino acids of weakly similar properties.
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A |

) «— N-terminal

Figure 11. The predicted secondary structure of Rv1590 is illustrated in PyMOL. (A) Beta
sheets, alpha helices, and random coils are shown in yellow, red, and green, respectively.
(B) Conserved residues and metal ligands represented as sticks are shown in blue and

magenta, respectively.

The three-dimensional (3D) structures of rubredoxins belong to the a+f class, with
2 a-helices and 2-3 B-strands (Sieker et al., 1986). Due to the lack of a solved crystal
structure, studies involving the 3D structure of Rv1590 can only be based on the predicted
structure. Figure 11 shows the 3D structure of Rv1590 predicted by AlphaFold, an artificial
intelligence algorithm that predicts the 3D structure of the protein from its amino acid
sequence using either available protein structures as templates or multiple sequence
alignment (Jumper et al., 2021). The predicted structure for Rv1590 has a fold similar to
the characterized rubredoxin B (Rv3250c) from Mycobacterium tuberculosis (Buchko et

al., 2011) consisting of one antiparallel 3-sheet with three strands connected by two
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loops. The first pair of metal ligands, one cysteine and histidine, are located at the N-
terminal end of the first B-strand, the second pair of metal ligands (two cysteines) are
located on the loop connecting the second and third B-strands (Figure 11 A). Figure 11B
also highlights the residues conserved in the 100 homologs showing their distribution

throughout the protein structure except for the most variable N-terminus.

Table 7. pLDDT scores of the different regions of RV1590 predicted structure

Residues pLDDT score Region

1-7 <50 Unstructured

8-10 50-70 Unstructured

11-16 70-90 Unstructured

17-73 >90 Unstructured, alpha helix and beta sheets
74-79 50-80 Alpha helix

AlphaFold prediction produces a per-residue estimate (pLDDT score) on a 0-100
scale. Regions with pLDDT > 90 are expected to be modeled with high accuracy, pLDDT
between 70 and 90 represent regions expected to be modeled with a generally good
backbone prediction, and regions modeled with low confidence have pLDDT between 50
and 70 and should be treated cautiously. Regions with pLDDT < 50 are often disordered,
either unstructured or only structured as part of a complex and should not be interpreted.
Table 7 shows the pLDDT scores of the different regions of Rv1590 as predicted by

AlphaFold, with the segment composed of residue 17 to 73 having the highest prediction
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accuracy. This protein segment contains all the conserved residues, including the metal

ligands.

Molecular Cloning

The Rv1590 gene was cloned and overexpressed in E. coli. The gene and the
pPETHSUL vector were amplified by PCR and confirmed by agarose gel electrophoresis.
The PCR products of the pETHSUL vector and Rv1590 were visualized on an agarose
gel as single bands close to their 5677 bp and 260 bp sizes, respectively (Figure 12A).
The plasmid was digested by Hindlll and BamHI enzymes (Figure 12B) to confirm the
enzymes' efficiency before cloning. Digestion results in the linearization of the plasmid
generating a 5.6 kb linear plasmid shown in lanes 3. The undigested plasmid is circular,
supercoiled, and compact and travels faster than the linear plasmid of the same size;

therefore, it is observed at 4 kb in lane 2.

The pETHSUL vector was treated with thermostable alkaline phosphatase (TSAP)
during restriction enzyme digestion. TSAP is used in molecular biology to catalyze the
dephosphorylation of the 5' and 3' ends of the DNA generated after digestion. TSAP
catalyzed the dephosphorylation at both ends of the linearized pETHSUL vector
generated after restriction enzyme digestion to prevent religation. Religation of the vector
to itself would hinder the ligation of the gene into the vector. The concentrations were
determined, and ligations were set up as mentioned in Materials and Methods. Enough
colonies were observed when the ligation product was transformed into the E. coli

competent cells and grown on an ampicillin-selective LB plate. The purified recombinant
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DNA was confirmed to contain the Rv1590 gene using the PCR reaction discussed in the

methodology (the PCR result was similar to figure 12A, lane 2).

A B
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Figure 12. Agarose gel of PCR products. A) The lanes correspond to the 1kb DNA ladder
(Lane-1), Rv1590 (Lane 2), and pETHSUL (Lane-3). B) Agarose gel of restriction
digestion of pPETHSUL plasmid.1kb DNA ladder (Lane-1), uncut pETHSUL plasmid (Lane-

2), cut pPETHSUL plasmid (Lane-3).

Protein Expression and Purification

Expression of rubredoxins in native organisms usually results in low yield and
expression in E. coli using minimal media significantly improves the yield. One advantage
of purification from the native host is the incorporation of the correct metal ion. Binding

the correct metal ions into metalloproteins sometimes requires special protein machinery
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and chaperones (Hausinger, 1990), which may be absent in E. coli. Thus, a recombinant
expression of rubredoxins in E. coli does not always result in holo proteins with correct
metal bound in the optimum amount. Also, metal insertion depends on the amounts of
available metal ions in the medium (Hausinger, 1990). Therefore, an excess of ferrous
ions was added to the minimal media during expression to achieve full metal
incorporation. It was also evident that different growth conditions resulted in different
amounts of iron bound to the protein. LB media without ferrous ions added produced the
least amount of metal, while minimal media supplemented with ferrous ions produced the

highest amount of iron bound to the protein (Figure 18).

Figure 14. A) The Ni-NTA column before protein binding. B) The Ni-NTA column after

Rv1590 is bound to the resin. C) The eluted protein.

The SDS PAGE for the small-scale expression of Rv1590 is shown in Figure 15.

The pETHSUL vector without Rv1590 shows the expression of the SUMO protein at ~15
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kDa and no expression of the protein of interest. SUMO-Rv1590 has a calculated size of
20.8 KDa, however, it is observed at about ~ 25 kDa on the gel. Studies have shown that

SUMO can be detected in a range of ~18 to 28 kDa.

- - - g 10 kD |
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Fig. 15. SDS-PAGE gels (A) Small scale expression. Molecular weight standard (lane 1),
PETHSUL vector without Rv1590 (lane2) and pETHSUL vector plus Rv1590 (lane 3). (B)
Cleavage of SUMO-Rv1590. Uncleaved Rv1590-SUMO (lane 1), molecular weight

standard (lane 2), cleaved SUMO-Rv1590 (lane 3), pure Rv1590 (lane 4).

The protein was purified using Immobilized Metal Affinity Chromatography (IMAC).
After cell lysis and centrifugation, the cleared lysate was loaded onto an equilibrated Ni-
NTA column. Figure 14 shows the color change that occurred when a significant amount
of the protein was loaded onto the Ni-NTA column. The column was washed with a buffer
containing a low concentration of imidazole (5 mM) to remove loosely and nonspecifically

bound proteins. Finally, the bound protein was eluted with a high-concentration imidazole
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buffer. The eluted protein had an intense brown color due to the absorbance of UV light

by the bound ferric ions (Figure 14). The purity of the eluted was analyzed by SDS-PAGE.

Protein quantitation was conducted using absorption at 280 nm of the denatured
protein, and the theoretical extinction coefficient of 15470 M-lcm™ calculated using
ExXPASy. About 70 mg of protein was purified per liter of cell culture. Overnight cleavage
of the purified Using a 1:1000 (SUMO protease: protein) mass ratio was sufficient to
cleave the fusion protein releasing the mature protein (Figure 15). The pure protein
obtained from the cleavage was colorless, indicating the loss of the originally bound ferric
iron. The protein was judged pure from the SDS-PAGE analysis, and no further

purification step was necessary.

Protein Characterization

UV-Vis Spectroscopy

Ultraviolet-visible spectroscopy (UV-Vis) probes the electronic state of a
compound using light in the ultraviolet to visible range, 180 — 380 nm, and 380 — 750 nm,
respectively (Hughes & Krauszat al, 2011). Biomolecules contain functional groups
capable of absorbing light and getting excited from the group state to a higher energy
state, thus giving out characteristic spectra (Perkampus, 1992). Absorption bands can
appear either at lower or higher wavelengths signifying higher and lower energy
requirements for the transition from the ground state to the excited state. All proteins have
a UV-Vis spectrum due to their amide backbone, which absorbs light at ~215 nm, and

aromatic amino acids present in some proteins, which absorb light at ~280 nm light.
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Metalloproteins have additional absorption bands due to charge transfer from electrons
in the orbitals on either the metal or ligand transferring to low-energy unoccupied orbitals
on the ligand (metal-to-ligand) or metal (ligand-to-metal), MLCTs, and LMCTSs,

respectively.
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Figure 17. UV-Visible absorption spectra of oxidized Rv1590. The insert is a zoom-in of

the bands.

Oxidized rubredoxins have a brown-reddish color and display UV-Vis absorption
bands at 280,350, 380,490,570, and 750 nm, while reduced rubredoxins are colorless
with absorption bands at 315 and 330 nm (Lovenberg & Sobel, 1965). The electronic
absorption spectrum of the Rv1590 (Figure 17) has absorption bands at 280,330, and

410 nm with overlapping bands at 450, 495, and 600 nm. The band at 280 nm is due to

44



the polypeptide's aromatic residues, tyrosine, and tryptophan. The rest of the bands likely
result from ligand-to-metal charge transfer (LMCTs) associated with a cysteinyl-ligated
iron. The 410 nm absorption feature in the spectrum of RV1590 is due to cysteine — Fe
(1) LMCT, whereas the band at 330 nm may result from cysteine — Fe (II) LMCT (Gupta
et al., 1995). The UV-Visible spectrum of the protein expressed LB, or minimal media,
shows that the highest amount of iron is bound in the iron-supplemented minimal media

based on the intensity of the peaks at 410 nm (Figure 18).
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Figure 18. The electronic absorption spectra of the SUMO-Rv1590 purified from different
expression media. M9(-Fe) (minimal media without iron), M9(+Fe) (minimal media with

iron), LB(-Fe) (LB without iron) and LB(+Fe) (LB with iron)
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Molecular Mass Determination

The molecular mass of the pure Rv1590 was determined using electrospray
ionization mass spectrometry (ESI-MS). ESI-MS generates highly charged ion species
of peptides or proteins by protonation (positive ion mode) or deprotonation (negative ion
mode) (Fenn et al., 1989). The ions are accelerated in an electric or magnetic field to the
mass analyzer and displayed as a spectrum of multiple peaks that differ only in the
number of protons attached. The peaks in the spectrum are used to calculate the average
mass of the protein with the assumption that (i) adjacent peaks differ by one charge and
(ii) charging is due to the same species (e.g., proton H+). In this project, positive ion mode

was used, and the spectrum in Figure 16 was obtained for Rv1590.
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Figure 16. Electrospray ionization mass spectrum of Rv1590

The molecular mass of Rv1590 was calculated from two adjacent peaks. Before

calculating the protein's mass, each peak's charge state must be determined.

Z1= (M2-1.0079)/(M2-M1)
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M1 and M2 are the m/z values of two adjacent peaks in the mass spectrum (M2>Ms). Z1is

the charge of M1, and 1.00079 is the mass of a proton in Da.
Z1=(951.9320-1.0079)/(951.9320-856.8404)
Z1=10
Z2=71-1

The number 1 indicates the difference in charge between the two adjacent peaks,

assuming the peaks are from the same compound and differ by only one charge.
Mass = Z1(M1-1.0079)
Mass = 10(856.8404-1.0079)

Mass = 8558.3250 Da

Table 20. The experimental mass calculation for Rv1590

Mo M1 Mao-M1 Z1 Experimental mass
12236213 | 1070.7960 | 152.8253 | 8.0001 8558.3048
1070.7960 | 951.9320 | 118.8640 | 9.0001 8558.3169
951.9320 |856.8404 |95.0916 | 10.0001 8558.3250

Average mass 8558.3156
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Table 20 shows the experimental mass calculated using three sets of adjacent
peaks and the average mass. The charge of each peak increases by one unit from high
to low mass (Table 20), assuming that the ionizing species is a proton with a nominal
mass of 1 Da, indicating that the peaks are from the same peptide and not due to
impurities or contaminant peptides. The average experimental molecular mass was
8558.3156 Da, which is in good agreement with the 8558.72 Da calculated from the amino

acid sequence using ExPASy.

Metal Content Analysis

Metal ion contamination is common during the expression, purification, and
handling of metalloproteins. A major contaminant is zinc due to its large quantities in cells
and presence on most surfaces. Divalent metals have different binding affinities to
metalloproteins, with Mg?* and Zn?* having the lowest and highest affinities, respectively.
The order of binding affinities is represented as the Irving—Williams series: (Mg?* and Ca?*

(weakest binding) < Mn?* < Fe?* < Co?* < Ni?* < Cu?* > Zn?*) (Irving & Williams, 1948).

Metal concentration in the purified protein solution was determined using
inductively coupled plasma mass spectrometry (ICP-MS) (Wilschefski & Baxter, 2019).
Metal analysis of purified Rv1590 showed that metals other than iron were bound to the
protein (Table 21). Studies have shown that metals that prefer tetrahedral coordination,
such as Fe, Co, Zn, Ga, and Cd, bind to the metal coordination site of rubredoxin with
similar geometries (Holm et al., 1996). A mixture of iron and zinc forms is obtained when

rubredoxins are overexpressed in E. coli, and a study using electrospray ionization
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Fourier transform ion cyclotron resonance (ESI-FTICR) mass spectrometry showed that
iron and zin bounding in rubredoxins occurs simultaneously but at different rates during
overexpression in E. coli (Taylor et al., 2001). However, the mechanisms for selective iron

incorporation over zinc into rubredoxin in native organisms remain unknown.

Table 21. Metal analysis of Rv1590 in minimal media and purified using Ni-NTA column

Percent composition

Cu Co Fe Ni Zn
Sample 1 9.6 1.9 26.4 38.2 23.4
Sample 2 9.1 1.9 25.1 39.1 24.6

The iron-plus-zinc contents make up for ~ 64% of the metals bound to Rv1590
(Table 21). According to the Irving- Williams series, all the metals in table 21 have higher
binding affinities than iron. Nickel can be traced to contamination from the Ni-NTA column
during purification. Cases have been reported of iron loss during rubredoxin purification;
hence it's possible that the empty binding sites in Rv1590 due to iron loss became

occupied by nickel from the column.
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Metal Reconstitution

As discussed previously, Rv1590 was purified with other metals other than iron
bound to the protein even though the media was supplemented with excess iron. A study
by Archer et al. on the structures of metal-substituted forms of the rubredoxin-like protein
desulforedoxin from Desulfovibrio gigas revealed that rubredoxins can bind transition
metals other than iron with no effect on the secondary and tertiary structure regardless of

the metal incorporated (Archer et al., 1999).
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Figure 19. The UV-visible electronic absorption spectrum of cobalt substituted Rv1590
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Metal reconstitution was done to remove the bound metal ions to generate apo-
protein, and iron and cobalt were incorporated. Metal reconstitution was done by
denaturation of the protein in the presence of trichloroacetic acid, followed by refolding
and incubating the protein with the desired metal. Incorporating metal ions into the apo-
protein was done by adding small amounts of the final metal concentration stepwise while
stirring the protein to avoid protein precipitation, denaturation, and aggregation. Ferrous
ions could be added at five times the protein concentration without precipitation. However,
cobalt at a concentration three times the protein concentration caused protein
precipitation. After adding metal ions at the desired concentration, the samples were
incubated for 12 hours to ensure the complete incorporation of the metal into the protein.
The time needed for metal incorporation depends on the protein binding kinetics and can
be seconds, minutes, or hours. This project did not determine the time for metal

incorporation into Rv1590, and 12 hours was chosen arbitrarily.

The cobalt-substituted rubredoxin exhibit three bands at 360, 470, and 700 nm in
the UV-vis spectrum (Figure 19). The bands at 360 and 470 nm originate from charge
transfer transitions from the bound ligands to Cobalt (II). The low-intensity band at 700
nm originates from d-d ligand field transitions (May & Kuo, 1978). The UV-vis spectrum
of iron reconstitution Rv1590 has absorption bands at 280 and 330 nm (Figure 20),
representing the reduced protein. Attempts to get oxidized Rv1590 by exposing the

reduced protein to air or using Fe (lll) in the reconstitution were unsuccessful.
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Figure 20. The UV-visible electronic absorption spectrum of iron substituted Rv1590

Circular Dichroism Spectroscopy

Circular dichroism (CD) is a technique used for the determination of the secondary
structure of proteins in the far ultraviolet range (178 to 260 nm) and to monitor protein-
bound cofactors (prosthetic groups) such as metal ions, iron-sulfur clusters, hemes, or
flavins in the near ultraviolet range (300 to 600 nm) (Kelly & Price, 2000). CD spectrum
in the far UV is derived from the protein amide backbone, which is sensitive to the
secondary structure (Josephet al., 2001). Different structural elements have characteristic

CD spectra. a-helical proteins have minima at 222 nm and 208 nm and a maximum at
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195 nm. pB-pleated sheets have a minimum at 218 nm and a maximum at 195 nm

(Greenfield, 2006).
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Figure 21. Far-UV CD spectrum of the Rv1590 collected at 25 °C.

The far-UV CD spectrum of holo-rubredoxins is characterized by a double
minimum at 204 nm and 227 nm (Buchko et al., 2011). The 204 nm band is due to a
combination of random coil and polyproline type Il (PPII) structure, while the 225 nm band

results from a combination of b-sheet and the excited state-induced CD transitions
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aromatic residues clustered together within the protein's core. CD spectrum of Rv1590
(Figure 21) is characterized by two negative bands at 226 and 200 nm. The band at 200
nm is due to random coils which may also be attributed to the protein existing in unfolded

state at the specific experimental conditions.

Ellipticity (mdeg)

20 30 40 50 60 70 80 90
Temperature (°C)

Figure 22. The CD thermal plot for Rv1590 was obtained by measuring the ellipticity at

226 nm between 25 °C and 90 °C.

Rubredoxins are very stable proteins. RubB from M. tuberculosis is stable up to
85° C (Buchko et al., 2011), and rubredoxin from Pyrococcus furiosus has a melting
temperature of 144 °C (LeMaster et al., 2004). Rv1590 was unstable right from 25° C
(Figure 22). The observed low stability may be due to the protein existing in unfolded or

unstructured state at the experimental conditions. The absence of metal ion in the active
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site as the metal is lost during the cleavage of the fusion protein may be another plausible
explanation for the low stability if the metal is needed for the protein’s stability. Thermal
denaturation of cobalt and iron substituted Rv1590 gave similar thermal stability results.
However, the metal substituted Rv1590 in this project may not be used as a reference
because metal analysis was not done to confirm that the protein was fully loaded with the

metal.

Sodium Dithionite Reduction
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Figure 23. UV-visible electronic spectrum of anaerobic reduction of Rv1590 by sodium

dithionite.
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Sodium dithionite (Na2S204) solution contains SO2", which acts as a reductant.
Electron carriers such as metalloproteins are reduced by the radical SO2" through

successive one-electron transfer reactions (Mayhew & Massey, 1973) as shown below.

SO+ P — SO+ P

P and P-are the protein's oxidized and reduced forms. Oxidized Rv1590 was converted
to the reduced form using sodium dithionite as the reductant in an anaerobic environment.
The reduction of Rv1590 was monitored by observing the loss of the 410 nm peak

absorbance (Figure 23).

Redox Potential

The reduction potential (Em) measures the thermodynamic tendency of a redox
center to accept or donate an electron(s) and is traditionally expressed relative to the
Standard Hydrogen Electrode (SHE) defined with Em = 0 mV. In a reaction involving two
redox centers, the center with the lowest Em value will serve as the electron donor,
whereas the center with the more positive Em value will act as the electron acceptor. The
reduction potentials of homologous proteins with the same prosthetic group can vary by
hundreds of millivolts even though the redox sites are highly similar (T. E. Meyer et al.,
1983; Moura et al., 1979). The electrostatic environment, hydrogen bonding of the redox
center, and the degree of solvation are the main determinants of the reduction potential

(Gamiz-Hernandez et al., 2009; Stillman, 2007).
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Figure 24. The UV-visible electronic spectrum of anaerobic determination of the redox

potential of Rv1590 using sodium dithionite and methylene blue

The reduction potential of Rv1590 was determined using methylene blue, which
served as a reference dye of known redox potential, and sodium dithionite as a reductant.
The dye should have a redox potential of 30 mV within the redox potential of the protein.
Also, the spectral absorbance of the dye and protein should have no interference with
each other. Methylene blue has a redox potential of -4 mV at pH 7.5 (Clark et al., 1925)
and its maximum absorption band at 665 nm does not interfere with the protein's
absorption band at 410 nm. The anaerobic protein-dye mixture was reduced with sodium
dithionite stepwise, and reductions of the dye and protein were monitored at 410 and 665

nm, respectively (Figure 24).
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Figure 25. A plot of log(oxidized/reduced) protein versus log(oxidized/reduced) dye.

After each addition of reductant, the ratio of (oxidized/reduced) dye and
(oxidized/reduced) protein was determined using the wavelengths fro each component

(410 nm and 665 nm for the protein and dye, respectively).
oxidized/reduced = (A - Amin) / (Amax — A)

where Amax is the absorbance of the oxidized form, Amin is the absorbance of the reduced
form and A is the absorbance of each spectrum. The Nernst concentrations for the protein
(x) and dye (y) were calculated as shown below. RT/nF is equal to 12.5 for dye and 25
for protein; (R = the gas constant (8.314 J K -*mol?); T = the temperature (25 °C), F =
Faraday’s constant (96,485 J V - mol); n = number of electrons for reduction of the

protein (1 electron) and dye (2 electrons).
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x=25In ((A - Amin) / (Amax - A))

y= 1251n ((A - Amin) / (Amax - A))

A plot of y versus x gives a straight line with y intercept equal to the shift in midpoint

potential between the protein and the dye (Maklashina & Cecchini, 2020) .

Em (protein) = Em (dye) — y-intercept

Em (protein) = -4 — (—26.228) = +22.2 Mv

Rubredoxins from different organisms have different redox potentials ranging from
- 100 to +100 mV (vs. SHE) (- 300 to — 100 mV vs. Ag/AgCl) (Gilep et al., 2022) and the
redox potential of RubB from Mycobacterium tuberculosis has been determined to be —
264 mV vs. Ag/AgCI (-67 mV vs SHE) (Sushko et al., 2021). To accurately calculate the
redox potential, the protein and dye should have close redox potentials, and the protein
and dye reductions should occur at the same rate. However, in this case, the protein was
completely reduced before the dye indicating that the difference in their redox potentials
does not fall within the recommended 30 mV and the value calculated (+22.2 mV) is an

approximation.
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CHAPTER 4: CONCLUSION

Bioinformatics analysis showed that the Rv1590 gene is conserved in
actinobacteria, and sequence analysis of 100 homologs of the protein encoded by this
gene identified 21 residues conserved. The protein is considered a rubredoxin with three
cysteines and one histidine acting as metal ligands. Sequence alignment with rubredoxins
having solved crystal structures identified key conserved residues, including hydrophobic
residues and the three cysteines. The hydrophobic residues form a hydrophobic core that
maintains the protein structure and stability. AlphaFold predicts the structure of the protein
to belong to the rubredoxin fold with an antiparallel beta-sheet composed of three beta

strands.

The Rv1590 gene was expressed in E. coli, and the protein encoded by this gene
was purified with the SUMO tag. The purified tagged protein had an intense brown color
due to the ferric ion confirmed by UV-vis spectroscopy absorption band at 410 nm.
However, after cleavage of the SUMO tag, the protein becomes colors due to the loss of
ferric ions, indicating that the protein may be unstable on its own. Within the native
organism, it may exist bound to other proteins such as Rv1591. Attempts to reconstitute
the apoprotein with ferric ions were unsuccessful. However, cobalt and ferrous ion were

incorporated into the protein though the amount of inserted ions was not determined.

The CD spectroscopy showed high content of random coils in the protein’s
secondary structure. Random coils/ unfolded protein may be due to low stability at the
experimental temperature (25 °C), unfavorable buffer conditions or the absence of metal
ion in the active site. Therefore, he temperature at which the protein is stable and fully

folded should be determined and the secondary structure experiment done with the metal-
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bound protein atfavorable buffer conditions. Rv1590 was confirmed to be redox active,
and the redox potential estimated to be +22.2 mV. However, a more accurate

determination of the protein’s redox potential is needed.
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