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ABSTRACT OF THE THESIS
Identification and Characterization of Mycobacterium tuberculosis VapC50 Toxin
by JILLIAN NICOLE CORTESE
Thesis Director:

Dr. Nancy Ann Woychik

Tuberculosis is a major health concern for a large portion of the world’s
population, despite its reputation as an ancient disease. One of the main concerns is the
development of latent tuberculosis, where Mycobacterium tuberculosis remains dormant
for months or years before being reactivated. Among all bacteria studied thus far, M.
tuberculosis has the most toxin-antitoxin (TA) systems, with 88 discovered so far, 50 of
which are VapBC systems. It is thought that these TA systems may aid the bacteria in
establishing and/or maintaining M. tuberculosis cells in this nonreplicating persistent
state characteristic of latent tuberculosis. TA systems have been shown to respond to
various stressors that bacteria may encounter, including hypoxia, host immune responses,
and nutrient starvation. VapBC, which is a type II TA system, is composed of an
unstable antitoxin protein, VapB, that binds to the stable PIN domain-containing VapC
toxin protein and blocks its activity. The goals of this M.S. research project were to
isolate, characterize and identify the RNA target of one M. tuberculosis VapC toxin,
VapC50. To this end, we first discovered that the annotated VapC50 gene was incorrect,
and instead identified and cloned the correct VapC50 toxin. Expression of VapC50 in
Escherichia coli resulted in growth inhibition, however, expression Mycobacterium

smegmatis did not inhibit growth. Purification of recombinant VapC50 protein proved to



be a difficult task and was only successful after the third trial, when the protein was
expressed at 30°C instead of 37°C. Since most of the analysis of VapC toxins published
highlight their tRNA cleaving ability, purified VapC50 was used to conduct a tRNA
cleavage assay with all 45 tRNAs in M. tuberculosis. None of the 45 tRNAs were

cleaved by VapC50, suggesting that this toxin may instead have a novel physiological

role in this pathogen.
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Introduction

Tuberculosis and Latency

Tuberculosis, which is the result of a Mycobacterium tuberculosis
infection, is an important topic of research for scientists and health care workers as the
bacteria has developed resistance to current methods of treatment. In 2013, about 1.5
million people died from and around 9 million people developed a M. tuberculosis
infection. Although there are drugs to treat the disease, the bacteria have evolved and
adapted to treatments so that there is now multidrug resistant (MDR), extensively
resistant (XDR), and more recently, completely drug resistant strains (Lee et al. 2015).
Besides becoming increasingly harder to treat, tuberculosis is also able to develop a latent
infection that can persist for years, and later on can be reactivated when the immune
system becomes compromised. Added to the threat that M. tuberculosis poses to the
world is the fact that about 90% of people infected end up developing latent tuberculosis,
which is estimated to be one third of the world’s population (World Health Organization
Global Tuberculosis Report 2016). When in a latent state, the bacteria are able to survive
inside a cluster of macrophages (Min et al. 2012), called a granuloma, in the lung.
Granulomas are created by the immune system, hence the macrophages, to sequester the
infection and limit the growth of M. tuberculosis, but granulomas actually become a
survival niche for the bacteria to remain in a dormant state until they can be reactivated
(Cruz and Woychik 2016).

Currently, a six month course of various antibiotics is the standard treatment for
patients that test positive for tuberculosis. After a successful round of antibiotics, there is

a 3-10% chance of disease relapse 12-24 months post treatment and evidence has been



discovered indicating that the causative bacteria may still be present in lung tissue long
after treatment was deemed successful (Malherbe et al. 2016). During the infection state,
there are some subpopulations of M. tuberculosis that slowly replicate and are naturally
tolerant to all current anti-tuberculosis drugs, which can lead to development of viable,
persistent, and non-culturable bacteria. In the case of non-culturable bacteria, testing for
the presence of M. tuberculosis would come back negative, indicating that there are no
bacteria present, but if the sample was tested for mRNA transcripts instead, results could
come back positive. Since mRNA in M. tuberculosis has a very short half life, detection
of mRNA transcripts would indicate that there are transcriptionally active bacteria
present in these culture-negative samples. Results from this article indicate that even
after six months of successful antibiotic treatment has been completed, evidence of
potentially active M. tuberculosis, based on presence of mRNA transcripts, remains
(Malherbe et al. 2016). Thus, the discovery of new and alternative treatment options

remains an important global health priority.

Toxin-Antitoxin Systems
In order to survive in during latent tuberculosis, bacteria must be able to withstand
stressors, which is reportedly a possible role for the toxin-antitoxin (TA) systems in M.
tuberculosis (Cruz and Woychik 2016). TA systems are made of a stable toxin and an
unstable antitoxin, which prevents toxicity of the toxin, and were first discovered in a
plasmid of Escherichia coli, where it conferred stability to the host bacteria (Lee et al.
2015). These TA systems were thought to function as factors that could protect plasmids

with a low copy number in bacteria from segregational loss during cell division. In the



event that the daughter cells were incorrectly segregated during cell division, one of these
daughter cells will not contain the plasmid, but instead only contain the toxin and
antitoxin. Since the antitoxin is unstable, it requires continuous transcription, but without
the plasmid, no new antitoxin can be produced, so when the antitoxin is degraded, the
toxin will be free to exert its effects and kill the cell (Arcus et al. 2005). It is only the
daughter cell containing the plasmid that will be able to survive because the plasmid
contains the genes necessary to produce the antitoxin needed to block the activity of the
toxin (Lee and Lee 2016).

TA systems are present in almost all free-living bacteria. They are harbored in
individual autoregulated operons with the antitoxin gene upstream of the toxin gene and a
palindromic sequence in the promoter (Yamaguchi and Inouye 2011). The TA genes
present on a plasmid are often transferred horizontally to other plasmids, allowing them
to aid in the spread of virulence factors and antibiotic resistance in pathogenic bacteria
(Lee and Lee 2016). Possible roles for TA systems include the formation of biofilm,
multidrug tolerance, and arrest of growth under stress conditions (Lee et al. 2015), with
reported interaction of some of these systems in the general stress response in bacteria,
which is known to allow bacteria to survive stress from the environment and starvation
(Wang et al. 2011).

Currently, there are five different functional categories of TA systems (designated
Type I-V), which differ only in the way the antitoxin inhibits the toxicity of the toxin,
with type II being the most common. Type I TA systems have the antitoxin acting as an
antisense RNA that binds to the mRNA of the toxin, while the type Il systems have a

protein antitoxin that forms a stable complex with the protein toxin when stressors are not



present. In the case of Type III TA systems, antitoxin RNA binds directly to the toxin
protein, while in type V systems, the protein antitoxin cleaves the toxin mRNA in order
to prevent it from being synthesized (Hayes and Kedzierska 2014). Lastly, type IV TA
systems have both antitoxin and toxin as proteins, but in contrast to type II, they have the
same target, so instead of binding to each other, they compete for the same target (Sala et

al. 2014).

VapBC Toxin-Antitoxin Systems

It is believed that pathogenic bacteria contain more TA systems than their non-
pathogenic relatives, which is actually true for M. tuberculosis (Bertram et al. 2014).
Several TA systems in M. tuberculosis have been reported to be found in genomic
islands, indicating that they may have been acquired more recently in the bacteria’s
history (Ramage et al. 2009). Compared to other members of the mycobacteria family,
which have only a couple of TA systems, M. tuberculosis has 88 systems (Lee et al.
2015), 50 of which are VapBC Type Il systems (Sala et al. 2014), while the faster
growing, nonpathogenic M. smegmatis only has 3 TA systems, one of which is a VapBC
(Frampton et al. 2012). VapBC TA systems are characterized by the antitoxin, VapB,
and the toxin, VapC, which has a PIN domain, where the toxin and antitoxin bind each
other under normal conditions, but under stress the antitoxin separates from the toxin and
is degraded by proteases. PIN domains are small proteins about 130 amino acids in
length and have four conserved acidic residues, which possibly help make up the active
site of the toxin (Lee et al. 2015). All VapC toxins have a PIN domain belonging to the

pilT N-terminal domain family, which is composed of four conserved residues that form



an o/p/a sandwich structure. Although these toxins share a conserved PIN domain, the
sequence identity between different toxins is actually surprisingly low (Lee and Lee
2016). Besides the four conserved acidic residues, all of the PIN domains in M.
tuberculosis have a fifth serine or threonine residue that helps coordinate divalent cations,
such as Mg”", at the active site (Cruz and Woychik 2016). All bacteria that contain TA
systems with PIN domains, such as VapBC, appear to share a tendency for slow growth
and dormancy, which is interesting considering the fact that M. tuberculosis cause latent
infections most of the time, where they arrest cell growth, and are known to grow very
slowly in a laboratory setting. This fact may help explain why M. tuberculosis has 50
VapBC TA systems, to help maintain slow growth during latency, while M. smegmatis,
which is a fast grower in comparison, only has one VapBC TA system (Arcus et al.
2005). The antitoxin, VapB, inhibits the activity of the toxin through its C-terminal tail
and is able to regulate the TA operon transcription though its DNA binding domain at the
N-terminal (Winther and Gerdes 2012). Vap stands for virulence associated protein
(Cruz and Woychik 2016), and these VapBC loci are tightly associated with
pathogenicity and virulence factors in the genome, which may allow them to contribute to

the pathogenic success of M. tuberculosis (Lee et al. 2015).

Mpycobacterium tuberculosis VapC Toxins
Due to the relatively large number of VapBC TA systems in Mycobacterium
tuberculosis, more than any other bacteria, it is believed that these systems play an
important role in latency, based on experimental evidence and the assumption that

bacterial genomes only contain what is essential to their survival. When stress conditions



normally encountered during the infection process were artificially stimulated, such as
IFN-y-stimulated macrophages and hypoxia, several of the VapBC TA systems were
found to be induced, including VapBC3, VapBC7, VapBCl11, VapBCl15, 25, and
VapB(C47 (Sala et al. 2014). Three VapBC TA systems, VapBC49, VapBC3, and
VapBC31, were also found to be up-regulated in persistent, or drug-tolerant bacteria
(Sala et al. 2014). In a nutrient starved model, an elevated extracellular concentration of
VapC4, VapC13, VapC5, VapC19, VapC27, VapC22, VapC39, VapC37, VapC41,
VapC44, and Vap(C38 was discovered (Sala et al. 2014). Each of these discoveries
provides more evidence for the potential role of VapC toxins in the establishment and/or
maintenance of a M. tuberculosis latent infection (Sala et al. 2014).

Although the molecular targets of most of the VapC toxins in M. tuberculosis are
unknown, the VapC toxins of Leptospira interrogans and Shigella flexneri are known to
inhibit global translation by site-specifically cleaving initiator tRNAs in the anticodon
loop (Winther et al. 2016). All of the M. tuberculosis VapC toxins studied to date have
been endoribonucleases, but their cleavage targets vary and in contrast to other TA
systems with this activity, VapC toxins appear to require both structure and sequence
specificity to recognize their target. VapC4 of M. tuberculosis recognizes and cleaves
discrete tRNAs in this bacteria at the anticodon stem loop (Cruz and Woychik 2016),
while VapC20 was shown to cleave 23S rRNA at the Sarcin-Ricin loop (Bertram et al.
2014). Recently, the targets of 12 M. tuberculosis VapC toxins, previously unknown,
were identified through deep sequencing and UV-crosslinking. Out of these 12 VapC
toxins, 11 were discovered to cleave specific tRNAs, while the other VapC toxin was

found to have Sarcin-Ricin loop cleavage activity. These experiments were conducted in



M. smegmatis, the standard laboratory substitute for M. tuberculosis, and showed that
each VapC was very specific for its target tRNAs, with some VapCs targeting multiple
tRNAs and some VapCs only targeting a single tRNA. It was also discovered that some
VapCs share the same tRNA targets with each other, which indicates that there may be
some redundancy in the genome. In terms of specific molecular targets, VapC4 cleaves
tRNAY** VapC11 cleaves tRNA™", tRNA""" and tRNA“™'°, VapC28 and VapC30
cleave both tRNA>® and tRNA%"*® VapC29 and VapC37 both cleave tRNA™,
VapC15 and VapC23 both cleave tRNA™", VapC25 VapC33, and VapC39 all cleave
tRNA"™’ and VapC26 was found to cleave 23S rRNA in the Sarcin-Ricin loop (Winther
etal. 2016). Although it appears that 12 of the characterized VapC toxins cleave specific
tRNAs and two seem to cleave 23S rRNA in the Sarcin-Ricin loop (Winther et al. 2016),
the impact that these cleavages have on the growth and functionality of M. tuberculosis
are not known. Nevertheless, there are more than 30 uncharacterized M. tuberculosis
VapC toxins. Since there are an unusually high number of VapBC systems, a full

understanding of their activity could provide crucial insights into latent tuberculosis.

Ni**-NTA Protein Purification
Although VapC toxins are natively produced in Mycobacterium tuberculosis, E.
coli 1s utilized as part of the laboratory expression system to express and purify VapC
toxins. E. coli is commonly chosen for recombinant protein expression because it is
relatively easy to manipulate and grows very quickly in inexpensive media, compared to
M. tuberculosis, which is a BSL3-level pathogen that is slow growing and requires

containment. Since VapC toxins are foreign to E. coli, they must be inserted into a



plasmid with a controllable transcriptional promoter, allowing for induction of expression
when needed (Schendel 1998). A plasmid containing a histidine tag, or six consecutive
Histidine residues, can be manipulated so that this tag is present on the N-terminus or C-
terminus of the VapC toxin that was inserted. With the presence of this His tag on one
end of the gene, VapC toxins can be purified using resin composed of nickel ions (Ni*")
immobilized by nitrilotriacetic acid (NTA) that has been covalently attached to the ions.
Histidine has the ability to mediate the binding of proteins to the immobilized nickel ion,
because as an amino acid, it can act as an electron donor on the protein’s surface to
reversibly bind to the metal ion. Nickel is commonly chosen as the metal ion for
Histidine tags because nickel ions, along with copper ions, have the greatest affinity for
binding to histidine. NTA is able to form a very stable complex with Ni*" by binding to
four of its coordination sites, leaving two sites available for the electron donor groups on
protein surfaces to bind to. Once bound, the histidine tag can be dissociated from the
Ni*"-NTA resin by displacing the tag through increasing concentrations of imidazole or
eluting the histidine tag by adding buffers of decreasing pH. Since the protein is bound
to the histidine tag, when the bond between the tag and the resin is broken, the protein

will be removed from the resin also, allowing it to be purified (Petty 1996).



Materials and Methods

Oligonucleotide Design

The DNA sequence for VapC50 and VapB50 was obtained from the TubercuList
database (http://tuberculist.epfl.ch) by searching for the toxin’s corresponding
identification number, Rv3749¢ and Rv3750c, respectively, as designated by Sala et al.
(2014). This sequence was manipulated using DNA Strider, where an opening reading
frame map was created and the sequence was translated with six open reading frames.
Initially, the VapC50 sequence seemed a bit uncharacteristic compared to other VapC
toxins because of its unusually long length of 510 base pairs, while other toxins are
normally between 300-400 base pairs. Also, the length of the antitoxin, VapB is usually
longer than the toxin, but in this case, the toxin is supposedly 510 base pairs long and the
antitoxin was 393 base pairs in length. Another unusual feature of this toxin sequence
was its relative position to the antitoxin, because normally the VapC gene will begin
shortly after the VapB gene ends, but in this case there is a gap of almost 100 base pairs
between both genes. Based on these peculiarities, the sequence of the VapC50 toxin with
the translated six open reading frames was closely examined to see if there maybe
another potential toxin sequence present that may better fit the usual VapC
characteristics. Upon examination, another potential toxin sequence was discovered
closer to the end of VapB50, after a 12 base pair gap, with a shorter base pair length of
309. Taking this into account, this newly discovered potential gene was termed Short
Putative VapC50 and the previously designated VapC50 was now termed Long Putative

VapC50 (Figure 1).
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The best way to determine which of these potential sequences is the best
candidate for the real VapC50 toxin is by comparing their sequences to known toxins
through the sequence alignment function on DNA Strider. VapC toxins are characterized
by a distinct PIN domain, which is usually composed of strictly conserved Aspartic Acid
(D) and Glutamic Acid (E) residues. With the exception of this PIN domain, VapC
toxins do not usually share much sequence similarity, so when comparing the sequence
alignment of two VapC toxins, it is most important to look for D and E residues that
match up. In order to determine which of the two VapC toxin candidate genes—Putative
Large VapC50 or the Short Putative VapC50—encodes the actual VapC50 toxin, both
proteins were individually aligned with either VapC37 or VapC49, known toxins. We
performed the alignments with either strict or loose mismatch and gap penalties to
determine which VapC50 candidate was correct. The sequence that best matched both of
the known toxins will be considered the true VapC50 toxin sequence and will be used to

design the oligonucleotides for the rest of the experiment.

Oligonucleotides were designed to be used as primers to amplify either
VapBC50+Promoter or VapC50 Nde I Hind III sequences and were ordered from
Integrated DNA Technologies (IDT). The easiest way to access VapC50 is by first
conducting a PCR reaction, followed by cloning, of VapBC50+Promoter from the
template DNA of the whole Mycobacterium tuberculosis genome and then using this
cloned DNA as a template to amplify VapC50 by itself. Therefore, it was necessary to
design primers for amplifying VapBC50+Promoter with restriction enzyme sites in order
to clone the VapC50 gene into certain plasmids. The VapC50 primers were designed

with a N-terminus and C-terminus restriction enzyme site. These oligonucleotides
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arrived in a dried form and since the desired storage concentration is 200 uM, based on
the included data sheet, a certain amount of TE buffer was added to the tube and pipetted
up and down to mix. At this concentration the oligonucleotides could be stored at -20°C,
but a working stock must first be created by mixing 5 uL of the 200 uM oligonucleotides
and 45 uL of TE buffer. Until they are needed for Polymerase Chain Reactions (PCR) to
amplify specific DNA sequences, these working stocks were stored in the -20°C freezer.
The easiest way to access VapC50 is by first conducting a PCR reaction, followed by
cloning, of VapBC50+Promoter from the template DNA of the whole Mycobacterium
tuberculosis genome and then using this cloned DNA as a template to amplity VapC50

by itself.

Short Putative VapC50

5’ atgccgttccccgtagtactggacgegtgegtgctegtgecacaccegetggttgatgeectgttge
ggttcgetgacgagggceacctatcggectetgtggtcggaggacatectggecgagacteggeg
aaccatggtcgaccgcectcaacatcagecaccgaacgggcetgactaccgeattegetttcgggtac
aacgacctcatcgccgecatgaacaaccattacaaagatcgacatgtgetagetgecageggtecg
agagcgcgeggaggtgatagtcacgacaaacctcaageacttcectga 3’

Long Putative VapC50

5’ atgccctgttgeggttcgetgacgagggcacctatcggectetgtggtcggaggacatee
tggeecgagactcggegaaccatggtegaccgectcaacatcagecaccgaacgggetgact

accgcattcgcetttcgggtacaacgacctcatcgecgecatgaacaaccattacaaagat
cgacatgtgctagetgcageggtccgagagegegeggaggtgatagtcacgacaaacctc
aagcacttccctgatgacgcgcetaaagecctatcagatcaaagcetttgcatccegacgac
tttctcctcgatcagttggatttgtacgaagaggceaacgaaagceagtgatectecgggatg
gtcgacgcectacatcgacccgecgttcacgecgeacagectgetagatgegetgggegag
caggtcccacagttcgecgetaaggeacggegtetgttcecegtececggatcgecattegge
ctcggegtectgeteccattcgatcaatag 3’

Figure 1: Short and Long Putative VapC50 Sequences: DNA sequences of the Long
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Putative VapC50 obtained from TubercuList for Rv3749c¢ and the Short Putative VapC50
discovered on an open reading frame map created from the Long Putative VapC50 DNA

sequence in DNA Strider.

Oligonucleotide Name Sequence
Forward VapBC50 + 5" CCG GTT TCC AGC TCT GAT CAG CTG GTG C 3
Promoter
Reverse VapC50 5 AGC GCG TCA TCA GGG AAG TGC TTG AGG 3’

Forward VapC50 w/ Nde I

site 5’ CAT ATG CCG TTC CCC GTA GTA CTG GACGC 3’

Reverse VapC50 w/ Hind III 5> AAG CTT AGC GCG TCA TCA GGG AAG TGC TTG
site AGG 3’

Table 1: Oligonucleotide Sequences: The name and sequence for all of the

oligonucleotides designed to be used as primers in the Polymerase Chain Reactions.

Cloning into pCR 2.1 Vector

Oligonucleotides for VapBC50 + promoter were amplified via PCR using Q5
Polymerase (New England Biolabs) and M. tuberculosis DNA (a generous gift of the
Husson laboratory, Boston Children’s Hospital) as the template. In order to verify that
the oligonucleotides are not contaminated, two reactions were run, one with the
oligonucleotides and M. tuberculosis DNA and one with only the oligonucleotides. Once

the reaction was complete, the reactions were run on a 0.8% agarose gel at 150 volts for




13

about 20 minutes, or until the samples (i.e. dye front) had run half way down the gel. The
gel was analyzed using an ultraviolet light camera to make sure that a DNA band of the
desired length was amplified. Using the QIAquick Gel Extraction Kit (Qiagen), the DNA
from the band of the correct length was cut out of the gel, melted, and extracted. Since
QS5 Polymerase was used for the initial PCR reaction, in order to proceed with this DNA,
3’ A overhangs must be added to the extracted DNA using Taq Polymerase and dATPs.
VapBC50 + promoter DNA with the 3’ A overhangs were then incubated with
Expresslink T4 DNA Ligase and pCR 2.1 vector, from a TA Cloning Kit, for 15 minutes
at room temperature. The ligated DNA was then heat shocked to transform into Mach T1
E. coli competent cells, which were plated on M9 Glucose Kanamycin plates and
incubated at 37°C overnight. Colonies that grew overnight on the plate were selected and
grown in a M9 Glucose Kanamycin (50 mM) liquid media overnight at 37°C in a rotating
incubator. DNA was isolated from the liquid culture using QIAprep Spin Miniprep Kit
(Qiagen) and tested for a DNA insert by conducting a test restriction digest with EcoRI
HF in a 37°C water bath for one hour. The reaction was then run on a 0.8% agarose gel
at 150 volts and analyzed under ultraviolet light to visualize the DNA. Colonies of
VapBC50 + promoter that were successfully cloned into pCR 2.1 (ThermoFisher) will
resolve as two bands on the gel, one the size of the vector and one the size of the inserted
DNA. Restriction enzyme digested colonies were sent for sequencing to Genewiz USA
to confirm that the correct sequence was cloned into the pCR 2.1 vector. Cell stocks in
7% DMSO were made of Mach T1 colonies (ThermoFisher) with VapBC50+ promoter
correctly cloned into pCR 2.1, using 1 mL of liquid culture and 75.2 uL of DMSO, stored

in a -80°C freezer.
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Oligonucleotides for VapC50 Nde I Hind III were amplified via PCR using Taq
Polymerase and using VapBC50 + promoter pCR 2.1 as the template. Once the reaction
was complete, the reactions were resolved on a 0.8% agarose gel at 150 volts for about 20
minutes, or until the samples had run half way down the gel. The gel was analyzed using
an ultraviolet light camera to make sure that a DNA band of the desired length was
amplified. Using the QIAquick Gel Extraction Kit as described above. VapC50 Nde I
Hind III DNA was incubated with Expresslink T4 DNA Ligase and pCR 2.1 vector, from
a TA Cloning Kit, for 15 minutes at room temperature. The ligated DNA was then
transformed into Mach T1 competent cells, which were plated on M9 Glucose
Kanamycin plates and incubated at 37°C overnight. Colonies that grew overnight on the
plate were selected and grown in a M9 Glucose Kanamycin liquid media overnight at
37°C in a rotating incubator. DNA was isolated from the liquid culture using the
QIAprep Spin Miniprep Kit and tested for a DNA insert by conducting a test cut with
Nde I and Hind III in a 37°C water bath for one hour. The reaction was then run on a
0.8% Agarose Gel at 150 volts and analyzed under ultraviolet light to visualize the DNA.
Colonies of VapC50 Nde I Hind III that were successfully cloned into pCR 2.1 will show
two bands on the gel, one the size of the vector and one the size of the DNA inserted.
Restriction enzyme digested colonies were sent for sequencing to Genewiz USA to
confirm that the correct sequence was cloned into the pCR 2.1 vector. Cell stocks (7%
DMSO) were made of Mach T1 colonies with VapBC50+ promoter correctly cloned into

pCR 2.1 and stored in a -80°C freezer.
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Cloning into pMC1s Nde I Hind III Vector

A pMCls vector, with antibiotic resistance to Kanamycin and anhydrotetracycline
(ATc) inducible, that was mutated to have Nde I and Hind III sites was restriction
enzyme digested with Nde I and Hind III and dephosphorylated with Calf Intestinal
Alkaline Phophastase (CIP) before being run a 0.8% agarose Gel at 150 volts for 20
minutes and having the correct size band gel extracted. pMCl1s Nde I Hind III was
ligated with VapC50 Nde I Hind III using T4 DNA Ligase and incubated for one hour at
room temperature. The ligated DNA was then heat shocked to transform into Mach T1
E. coli competent cells, which were plated on M9 Glucose Kanamycin plates and
incubated at 37°C overnight. Colonies that grew overnight on the plate were selected and
grown in a M9 Glucose Kanamycin liquid media overnight at 37°C in a rotating
incubator. DNA was isolated from the liquid culture using QIAprep Spin Miniprep Kit
and tested for a DNA insert by conducting a test cut with Nde I and Hind III in a 37°C
water bath for one hour. The reaction was then run on a 0.8% Agarose Gel at 150 volts
and analyzed under ultraviolet light to visualize the DNA. Colonies of VapC50 Nde |
Hind III that were successfully cloned into pMC1s Nde I Hind III will show two bands on
the gel, one the size of the vector and one the size of the DNA inserted. Restriction
enzyme digested colonies were sent for sequencing to Genewiz USA to confirm that the
correct sequence was cloned into the pMC1s Nde I hind III vector. Cell stocks (7%
DMSO) were made of Mach T1 colonies with VapC50 Nde I Hind III correctly cloned

into pMCls Nde I Hind III and stored in a -80°C freezer.
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Mpycobacterium smegmatis Growth Curve

VapC50 Nde I Hind III pMCl1s was transformed into MC155 M. smegmatis
competent cells by electroporation of the DNA into competent cells at 2.5 kVolts,
transferring into 1 mL of 7H9 media and incubated in a 37°C rotating incubator for three
hours. The transformation was plated on 7H9 plates and incubated in a 37°C incubator
for two to three days, or until large, irregular colonies appear on the plate. Colonies were
selected and inoculated into 50 mL of 7H9 overnight in a 37°C shaking incubator. The
next day the 50 mL culture was split into two 25 mL cultures, one induced and one non-
induced. One of the cultures was induced with 25mM ATC, 1 uL of 100ug/mL stock/10
mlL, after it had its optical density of 0.1-0.2 at 600 nm. Once one of the cultures has
been induced, the optical density of both cultures were checked on the spectrophotometer
every hour for at least six hours, using 7H9 media as the blank. Between each time point
the two cultures were kept in the 37°C shaking incubator. The cultures were left in the
incubator overnight after the six-hour time point and had their optical density checked the
next day, just to check that the culture was still in the stationary phase. This protocol for
developing a growth curve in M. smegmatis was completed four times for VapC50 Nde |
Hind III pMCls. Optical density data was plotted on a graph comparing induced and
non-induced culture’s growth along with the standard deviation amongst the four growth

curves.
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Cloning into pET28a Vector

The pET28a vector (Novagen/EMD Millipore), with antibiotic resistance to
Kanamycin and IPTG inducible, utilized was enzyme digested with Nde I and Hind II1
and dephosphorylated with CIP before resolving on a 0.8% agarose gel at 150 volts for
20 minutes and excision and purification of the correct size band. VapC50 Nde I Hind III
pCR 2.1 was restriction enzyme digested with Nde I and Hind III for one hour in a 37°C
water bath and then run on a 0.8% agarose gel for about 20 minutes at 150 volts. The
correct size DNA band, as seen by ultraviolet light, was excised and gel extracted using
the QIAquick Gel Extraction Kit. pET28a Nde I Hind III was ligated with VapC50 Nde I
Hind III using T4 DNA Ligase and incubated for one hour at room temperature. The
ligated DNA was then transformed into Mach T1 competent cells, which were plated on
M09 Glucose Kanamycin plates and incubated at 37°C overnight. Colonies that grew
overnight on the plate were selected and grown in a M9 Glucose Kanamycin liquid media
overnight at 37°C in a rotating incubator. DNA was isolated from the liquid culture using
the QIAprep Spin Miniprep Kit and tested for a DNA insert by restriction digestion with
Nde I and Hind III in a 37°C water bath for one hour. The reaction was then run on a
0.8% agarose gel at 150 volts and analyzed under ultraviolet light to visualize the DNA.
Colonies of VapC50 Ndel Hind III that were successfully cloned into pET28a will show
two bands on the gel, one the size of the vector and one the size of the DNA inserted.
Restriction enzyme digested colonies were sent for sequencing to Genewiz USA to
confirm that the correct sequence was cloned into the pET28a vector. Cell stocks (7%
DMSO) were made of Mach T1 colonies with VapC50 Nde I Hind III correctly cloned

into pET28a and stored in a -80°C freezer.
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Protein Expression

In order to express VapC50, VapC50 Nde I Hind III pET28a was transformed into
BL21 E. coli competent cells using the heat shock transformation protocol for E. coli
cells. After being plated on M9 Glucose Kanamycin plates and incubated in a 37°C
incubator overnight, one colony was selected and grown overnight in a M9 Glucose
Kanamycin liquid media in a rotating 37°C incubator overnight. The next day the optical
density at 600 nm of the overnight culture was taken and since the doubling time of E.
coli 1s about 30 minutes, the culture should be diluted for more accurate measurements.
This overnight culture was then diluted to an optical density of 0.05-0.1 in 50 mL of M9
Glycerol Kanamycin media in a 250 mL Erlenmeyer flask. After incubating in a 37°C
shaker until the optical density is 0.4-0.5, the culture was split into two 25 mL cultures,
one which was non-induced as a control and upon reaching an optical density of 0.5-0.4,
one culture was induced by adding Isopropyl B-D-1-thiogalactopyranoside
(IPTG) to a concentration of 1 mM to induce pET28a expression. Once induced, both
250 mL Erlenmeyer flasks were returned to the 37°C shaking incubator and removed
every hour, for about five hours, to have their optical density taken. At each time point, 1
mL from the non-induced and induced cultures were spun at maximum speed in a micro-
centrifuge for one minute before having the supernatant removed. Equal amounts of TE
Buffer and 2x Laemmli Buffer, with 80 pL/1 mL of -(2-) mercaptoethanol mixed in,
were added to the cultures to re-suspend the pellet, in an amount normalized to the cell

density, x(uL) =optical density x 50, before being stored in a -20°C freezer until needed.

The expressed samples were then analyzed on an 17.5% SDS-PAGE gel, in order

to compare the protein expression in the non-induced and induced samples over time.
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Once the gel was poured and solidified, the samples were heated to 95°C for five minutes
and then centrifuged at max speed for one minute. In the meantime, the gel was attached
to the gel box and the gel box was filled with 1 x TGS buffer, with 2.5 uL of PageRuler
Prestained ladder added to the first well after being heated to 95°C also. After being
centrifuged, 10 pul of the supernatant of each sample was added to separate wells in the
gel and any wells still empty were filled with some 2x Laemmli Buffer, with 5% B-(2-)
mercaptoethanol mixed in. This gel was then run for about two hours at 220 volts and
periodically checked to make sure the samples reached the bottom of the gel, but did not
run off into the buffer. Next, the gel was removed from the gel box and the glass plates
incasing the gel and placed in a Tupperware container, where it was covered with
Coomassie blue stain (0.1% Coomassie blue in 50% methanol and 10% acetic acid) and
placed on a shaker overnight. The next day the stain was poured out and the gel was
covered with destain stock solution (in 40% methanol and 10% acetic acid) and put back
on the shaker, where it was checked repeatedly and given new destain stock solution until
the bands on the gel became clearly visible. After being rinsed with diH,O, the gel was
covered with 10% glycerol and left on the shaker for 10 minutes. Finally, the gel was
placed between two wet pieces of cellophane and placed in an air dryer (Biorad) on set on
max. When dry the excess cellophane was cut off and the dried gel stored for future

reference.

When performing protein expression studies with toxins, a fresh transformation
must be always used, so once the best time point for protein induction was determined
from the test induction SDS-PAGE, VapC50 Nde I Hind III pET28a was transformed

again into BL21 competent cells. After being plated on M9 Glucose Kanamycin plates
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and incubated in a 37°C incubator overnight, one colony was selected and grown
overnight in 50 mL of M9 Glucose Kanamycin liquid media in a shaking 37°C incubator
overnight. The next day the optical density at 600 nm of the overnight culture was taken
with a spectrophotometer and since the doubling time of E. coli is about 30 minutes, the
culture should be diluted for more accurate measurements. This overnight culture was
then diluted to an ODggp of 0.05-0.1 in 300 mL of M9 Glycerol Kanamycin media in two
1 L Erlenmeyer flasks. After incubating in a 37°C shaker until the ODgop was 0.4-0.5,
one culture was induced by the addition of 0.25 mM IPTG and placed back on the
shaking 37°C incubator until the designated time point. The culture was transferred into
200 mL centrifuge tubes and spun for 10 minutes at 4°C and 1400 rpm, followed by
removal of the supernatant. Pellets were left in the centrifuge tubes and stored in the -

20°C freezer until they were needed for protein purification.

Protein Purification

The cell pellets prepared and frozen in from protein expression were removed
from the freezer and left at room temperature for about 15 minutes to thaw. While the
cell pellets are thawing, Lysis Buffer I, Wash Buffer I-11I, and Elution Buffer needed for
protein purification were prepared from stock solutions. Thawed cell pellets were re-
suspended in 25 mL of Lysis Buffer I by vortexing and combined into a sterile 50 mL
centrifuge tube, and from this point, needed to be kept on ice, in order to prevent
denaturation of the protein. Next, 5 mL of 10% Triton X-100 and 3 mL of 10 mg/mL
Lysozyme were added to the re-suspended pellet and incubated on ice for 30 minutes. At
this point, the cells were lysed by sonication, using an amplitude of 30% and a pulse

cycle of 10 seconds on, 10 seconds off for three minutes. Lysed cells were then
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transferred to a 40 mL Sepcor centrifuge tube and centrifuged for 10 minutes at 15,000
rpm and 4°C, with a second water filled centrifuge tube calibrated to balance the lysed
cells. The supernatant, or ‘cleared lysate’, was then transferred into a sterile 50 mL
centrifuge tube, with 20 pL placed in a 1.5 mL microfuge tube containing 20 pL of 2x
Laemmli buffer + 80 uL/1 mL of B-(2-) mercaptoethanol, which was stored in the -20°C
freezer. While the cell pellet was stored at -20°C, 1 mL of 1 M Imidazole and 19 mL of
Lysis Buffer [ were added to the ‘cleared lysate’, along with 1 mL of 50% Ni-NTA slurry
in a uniform suspension, which was transferred with another 1 mL of Lysis Buffer 1.
This solution was mixed on a rotary shaker for one hour in a 4°C cold room and then
began a cycle of centrifuging, washing, and mixing, which was performed three times.
Once the one-hour mixing was completed, the mixture was spun at 1,000 rpm for three
minutes in a tabletop centrifuge, had the supernatant discarded, was given 50 mL of
Wash Buffer I, pH 8, and placed on rotary shaker for 10 minutes in the 4°C cold room,
after which the cycle was completed two more times, beginning with the three-minute
centrifuge step. After centrifuging the mixture but before the supernatant was discarded,
20 uL of the supernatant, for each cycle, was placed in a 1.5 mL microfuge tube
containing 20 pL of 2x Laemmli buffer + 80 pL/1 mL of 3-(2-) mercaptoethanol, which

was stored in the -20°C freezer.

With the completion of three cycles of centrifuging, washing, and mixing, the rest
of the purification process was completed in the 4°C cold room, unless otherwise noted.
The buffer and Ni-NTA bead mixture was pipetted into a chromatography column and
the flowthrough was collected in sterile 50 mL centrifuge tube, which was then pipetted

into the column, but this time the flowthrough was collected in a waste tray. Twice, 25
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mL of Wash Buffer I, pH 8, was pipetted down the sides of the column slowly, in order
to prevent disturbing the beads at the bottom, and was drained completely from the
column into the waste tray before more liquid was added. Next, 25 mL of Wash Buffer
I1, pH 8, was slowly pipetted down the side of the chromatography column twice and
then allowed to drain completely from the column. For Wash Buffer III, pH 8, 7.5 mL
was pipetted twice down the side of the column slowly and drained completely into the
waste tray. Lastly, 15 mL of Elution Buffer was pipetted down the column slowly in 2.6
mL increments, but this time the flowthrough was collected in a sterile 15 mL centrifuge
tube. During the addition of each type of buffer and the flowthrough in the beginning, a
small drop of the liquid draining from the column was collected in a 1.5 mL tube and had
an equal amount of of 2x Laemmli buffer + 80 uL/1 mL of B-(2-) mercaptoethanol added.
Each sample was stored in the -20°C freezer until it was ready to be analyzed on an SDS-

PAGE gel.

Since the protein was now eluted from the Ni-NTA beads, 10 mL of the 15 mL
eluted was added to a dialysis membrane, which was pre-soaked in 1x Dialysis Buffer for
two minutes. Dialysis Buffer was diluted from 10x stock, which is composed of 12g
Tris-Cl, 158.7g NaH,PO4-H,0, and ddH,0, bringing the volume to one liter after the pH
was set to 8 with 10M NaOH. The protein was added to the membrane with a 21g needle
and 10 mL syringe into one of the four slots on the membrane, which was marked for
reference. In order to properly add the protein into the membrane, 10 mL of protein was
taken from the 15 mL centrifuge tube, released into the membrane, and the excess air was
removed with the syringe so that the protein covered the whole membrane. This

membrane was then soaked in two liters of 1x Dialysis Buffer overnight on a stirrer set to



23

speed three in the 4°C cold room. The next day, the membrane was placed in one liter of
fresh 1x Dialysis Buffer on a stirrer set to speed three in the 4°C cold room for 30
minutes to one hour, after which it was placed in one liter of fresh 1x Dialysis Buffer
with the same conditions. Once the dialysis process was complete, the membrane was
removed from the 1x Dialysis Buffer and a fresh 21g needle and 10 mL syringe were
used to push a small amount of air into the membrane and then extract the 10 mL of
protein through the same hole it was added through. About 4 mL of the protein was
added to a 10 mL test tube with a membrane built in, the concentrator, and the rest of the
protein was stored at 4°C in the meantime. The weight of the concentrator was calibrated
to the weight of a water filled test tube, both of which were placed in a 4°C Beckman
centrifuge at max speed for 20 minutes. After the 20 minutes were over, the concentrator
was checked to see if there was any protein still above the membrane and if so the protein
was centrifuged for another 20 minutes under the same conditions. Once there is no more
protein above the membrane in the concentrator, 20 uL of the flowthrough was placed in
a 1.5 mL microfuge tube containing 20 pL of 2x Laemmli buffer + 80 pL/1 mL of 3-(2-)
mercaptoethanol, which was stored in the -20°C freezer, while the rest of the flowthrough
was discarded. Next, the rest of the protein in the syringe was added to the concentrator
and the protein was centrifuged, with same settings, in 20 minute intervals until there was
only about 250-300 pL of protein left in the membrane. A 20 puL sample of the
concentrated protein was placed in a 1.5 mL microfuge tube containing 20 pL of 2x
Laemmli buffer + 80 uL/1 mL of B-(2-) mercaptoethanol, which was stored in the -20°C
freezer and the flowthrough was discarded. The rest of the protein was then either kept at

4°C 1n the fridge or the Beckman centrifuge until the Bradford Assay was completely set
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up.

A Bradford Assay was used to provide a relative quantification of the protein
purified by comparing its optical density, as part of a special program in a nanodrop, to
the optical density of known concentrations of protein. The protein used to set up the
concentration standards was BGG, 1.41 mg/mL, which was initially thawed after being
taken out of the -20°C freezer. In order to set up known concentrations, a 1:5 dilution of
Biorad Assay Reagent was prepared, by having 3 mL of Biorad Protein Assay Reagent
and 12 mL of ddH,O mixed together gently until the liquid turned from blue to brown,

which was then filtered through Whatman paper.

Standard | BGG Stock (uL) | Bradford Assay Reagent (uL) | Concentration (mg/mL)
1 2 998 0.141
2 4 996 0.282
3 8 992 0.564
4 16 984 1.128
5 20 980 1.41

Table 2: Bradford Assay Protein Concentration Standards: The amount of BGG
stock and Bradford Assay Reagent used to make each of the five standards a specific

protein concentration.

Once the protein concentration standards were set up based on the table above and
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20 uL of the protein was mixed with 980 uL of the Bradford reagent, they were left to sit
in cuvettes for a few minutes at room temperature and the Protein Bradford program was
opened on the nanodrop. Optical density measurements were taken at 595 nm for this
assay and directions were followed on the nanodrop to set up the protein concentration
standard curve, which included blanking with the filtered and diluted Bradford Reagent,
inputting the concentrations for each standard and measuring the optical density three
times, and making sure the slope of the standard curve was linear. With the standards set
up, the optical density of the purified protein was measured three times and based on
where this optical density lined up on the standard curve with the standards, the nanodrop
computed a concentration for the purified protein. To the known amount of purified
protein that is leftover from the concentrating process, molecular biology grade glycerol
for was added to 15% and pipetted up and down to mix with the protein. Into RNA-free
tubes, the glycerol and purified protein mixture was split into 20 pL aliquots, which were
stored in the -80°C for future use. Next, the molecular mass of the protein and the
measured concentration from the nanodrop Protein Bradford program were utilized to
convert the protein’s concentration from mg/mL into uM, which was written on the
purified protein aliquots before they were placed in the freezer. Finally, the samples
taken during various points in the purification process were run on an SDS-PAGE,
following the same protocol described previously, in order to make sure the desired

protein was actually purified.
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tRNA Cleavage Assay

Since there are 45 tRNAs in Mycobacterium tuberculosis, there were 90 total
reactions set up, 45 reactions were the negative control, which did not receive any of the
purified protein, and 45 reactions which received the purified protein. The negative
control reactions were composed of 1 pL tRNA (2 pm/uL), 1 uL tRNA Cleavage Buffer,
1 uL 50 % glycerol, and 7 pL DEPC H,O. For all reactions, the glycerol component was
diluted to 50% glycerol using DEPC H,0O. Cleavage reactions that received the purified
protein were composed of 1 uL tRNA (2 pm/uL), 2.76 uL of 9.05 pm/uL purified protein
(totaling 25pm), 1 uL tRNA Cleavage Buffer, 1 uL 50 % glycerol, and 4.24 uyLL DEPC
H,0. All of the reactions were placed into RNA-free tubes with filter tips and incubated
for three hours in a 37°C incubator, after which 10 uLL of RNA loading dye #2 (47.5%
Formamide, 0.01% SDS, 0.01% bromophenol blue, 0.005% Xylene Cyanol, and 0.5mM
EDTA) was added to each reaction before they were stored in the -20°C freezer. tRNA
Cleavage Assay reactions were analyzed on a Urea PAGE gel, which was composed of
25 mL 9% Urea PAGE Stock, 170 pL 10% ammonium persulfate, and 17 uL. TEMED
and solidified between glass plates in the same manner as for SDS-PAGE. The tRNA
cleavage assay reactions were heated to 95°C for five minutes and centrifuged for one
minute at max speed in a tabletop centrifuge, while 1x TBE running buffer was poured
over into the gel box holding the gel. GeneRuler UltraLow (Thermo Scientific) was used
as the ladder for these gels and was diluted 1:2 in RNA loading dye #2 before 3 pL of the
dilution was added to the the first well. For each reaction, 10 uL was added to separate
wells in the gel and RNA loading dye #2 was added to any empty wells before the gel

was run at 220 volts for about 90 minutes, or until the dye front reached the bottom of the
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gel. The gel was then removed from the gel box and glass plates and placed in a
Tupperware container, where it was soaked in 100 mL 1x TBE buffer and 10 pL SYBR
Gold for 10 minutes on a shaker. A picture of the gel was then taken with UV light and

printed out, at which point the gel was discarded and the liquid was poured into a waste

filtration apparatus.

tRNA Number tRNA Isotype Designation
1 Isoleucine (Ile) (RN Anel or (RN AGAT
2 Alanine (Ala) (RN AAlaz or tRNATGC
3 Leucine (Leu) RN ALeu3 or tRNACAG
4 Tyrosine (Tyr) RNA " or tRNA"
5 Threonine (Thr) RN AThr5 or (RN AGGT
6 Methionine (Met) RN AM°t6 or (RN ACAT
7 Tryptophan (Trp) RNA™ or (RNAC
8 Glutamic Acid (Glu) RNAT™ or tRNATC
9 Aspartic Acid (Asp) RNA or RNATTC
10 Phenylalanine (Phe) RNAT o (RNAC
11 Alanine (Ala) (RN AAla“ or (RN ACGC
12 Leucine (Leu) RN ALeulz or tRNATAA




13 Leucine (Leu) {RN AL°“13 or (RN ATAG
14 Proline (Pro) RN AP“’” or (RN AGGG
15 Leucine (Leu) RN AL°u15 or (RN AGAG
16 Glycine (Gly) RNA™" or (RNA™C
17 Arginine (Arg) RNAME or (RNACT
18 Histidine (His) RNAT or RNATTE
19 Lysine (Lys) RNA™Y or RNASTT
20 Glycine (Gly) RNA" or RNACC
21 Cysteine (Cys) RN ACYS21 or (RN AGCA
22 Valine (Val) RN AVa122 or tRNAGAC
23 Proline (Pro) (RN APr°23 or (RN ACGG
24 Serine (Ser) RNAZ or RNAT
25 Serine (Ser) (RN Aser25 or (RN ATGA
26 Serine (Ser) (RN Aser% or (RN AGCT
27 Arginine (Arg) (RN AArg27 or (RN AACG
28 Serine (Ser) (RN ASerZS or (RN ACGA
29 Threonine (Thr) RNA™ or RNAS

28



30 Methionine (Met) RN AMeBO or (RN ACAT
31 Alanine (Ala) (RN AA‘a31 or (RN AGGC
32 Glutamine (Gln) RN AG1n32 or tRNACTG
33 Glutamic acid (Glu) (RN A01“33 or (RN ACTC
34 Valine (Val) RNA T or RNATAC
35 Proline (Pro) (RN APr°35 or (RN ATGG
36 Asparagine (Asn) (RN AAS“36 or (RN AGTT
37 Methionine (Met) RN AMem or (RN ACAT
38 Valine (Val) (RN AVaBS or (RN ATAC
39 Leucine (Leu) RNA™ or RNA
40 Arginine (Arg) {RN AArg“O or (RN ACCG
41 Glutamine (Gln) RN AGln41 or tRNATTG
42 Arginine (Arg) RNAE o RNAST
43 Lysine (Lys) (RN ALYS43 or (RN ATTT
44 Threonine (Thr) (RN AThr““ or (RN ATGT
45 Glycine (Gly) RNA o RNAC

29
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Table 3: Mycobacterium tuberculosis tRNAs: All of the 45 tRNAs in M. tuberculosis
with their number and tRNA isotype identified as both the three letter abbreviation and
the full name. Also included is the isoacceptor and anticodon designation for each of the
45 tRNAs. Numbering derived from the Lowe Laboratory tRNA Database

(http://lowelab.ucsc.edu/GtRNAdb/Myco tube H37Rv/Myco tube H37Rv-structs.html)

Cloning into Protein Test Protgln
: Expression &
pET28a — Induction — .
Extraction
Concentrate Dialvsis Ni-NTA Protein
Protein — y — Purification
Bradford Assay Aliquot Protein tRNA Cleavage
— — Assay

Figure 2: Protein Purification Experimental Design Schematic: A diagram depicting

the stepwise progression of the experimental design in an easy to read format.
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Results

Long Putative VapC50 vs. Short Putative VapC50

VapC toxins are characterized by a distinct PIN domain, which is usually
composed of strictly conserved Aspartic Acid (D) and Glutamic Acid (E) residues.
Besides this PIN domain, VapC toxins do not usually share much sequence similarity, so
when comparing the sequence alignment of two VapC toxins, it is most important to look
for D and E residues that match up. In order to determine whether the Putative Large
VapC50 or the Short Putative VapC50 is the correct sequence for VapC50, both options
had their sequence aligned with either VapC37 or VapC49, known toxins, and under
larger or smaller mismatch and gap penalties. When the Large Putative VapC50
sequence was aligned with VapC37 under larger penalties, there only appeared to be one
D and E residue that matched between both sequences (Figure 3). Even with a very high
degree of gaps (the first 125 amino acids of Putative Large VapC50 did not align with
Vap(C37 at all), the overall % identity was extremely low (8%). This data suggested that
the Large Putative VapC50 was not related to VapC37. In order to be considered a
conserved residue, these same residues should match the VapC49 sequence in the same
positions with few or no gaps in the aligned sequences. Next, when the Large Putative
VapC50 sequence was aligned with VapC49 under large penalties (Figure 4), there was a
D and E residue that matched, but these residues were not in the same position as the
ones that had matched to VapC37 and there was another D residue that matched for this
pairing, which was not seen for VapC37. There was a very high level of gapping even
with a strict gap penalty was in place and overall % identity was extremely low (6%).

This data suggested that the Large Putative VapC50 was not related to VapC49 either.
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Method: Diagonals (BLOSUMG2}
Layout: Standard
Block Length ¢: 6-aa
Mismatch penalty: Larger (3}
Gap penalty: Larger (3}
Display: BLOSUMG2
. 20 . 48 . 60 . 20 . 108 . 128
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. 148 160
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VapC37 1 ====HKIVDRNVLLVRVNTTSEHHKP SLRHLDGRLSGRDRVGFRNVPLL HFVRLHTKVGLFPRPLPRERH\TOV===RDuLR R====P==SHVLVNP TVRHAD ILARMLTYYO= To==ANL 105
‘.
Large VapC50 166 p-------mmmommmmmmmoo e Fo e pa 176
F 0qQ
VhpC37 186 =YNDAHLAALAYEHRAS | VSYDSDFGRFEGYRUDO=PPALL 144
. 128 . 140
% ldentity = 7.9 (23/291) ¥ Homology = 8.8 (8/291) % Total = 7.9 {23/291)

Figure 3:

Sequence Alignment of Large Putative VapC50 and VapC37 with Large

Penalties: Alignment of the sequences for the Large Putative VapC50 and VapC37 with

large mismatch and gap penalties. Highlighted in yellow are a D or E residue that

appears to match on both sequences when they were aligned.

Method : Diagonals (BLOSUMG2)
Layout : Standard
Block Length < 6-aa
Mismatch penalty: Larger (3)
Gap penalty: Larger {3}
Display: BLOSUME2
.
VapC49 1 =YP----L-=YYFDI A FYKLLTTmmmm = m = m oo e T 19
L s A T E T
Large VapC50 1 M=PCCGSLTR====AP | GLCGRATSUPRLGEPUSTASTSAPNG===L=TTAFAFGYNDL | ARNNNHYKORHYLARAYRERAEY | YT THLKHFPDDALKPYQ | KALHPDOFLLDOLDLYEEATKAY 116
. 20 . 48 . 60 . 20 . 160 .
20 . 48 . 60 . 20 .
VapC49 20 LA--SALWD DAAL AL YPEVRAAL DLTESELADAERDWEDFHARTRPYELTATVEQHAGHLARAHAL 98
G A DA L AL
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Figure 4:

Sequence Alignment of Large Putative VapC50 and VapC49 with Large

Penalties: Alignment of the sequences for the Large Putative VapC50 and VapC49 with

large mismatch and gap penalties. Highlighted in yellow are two D residues and an E

residue that appears to match on both sequences when they were aligned.

When the Large Putative VapC50 sequence was aligned with VapC37 under

smaller penalties, there only appeared to be two D residues and one E residue that
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matched between both sequences (Figure 5), but in order to be considered a conserved
residue, these same residues should match the VapC49 sequence in the same positions
under the same conditions. Unfortunately, when the Large Putative VapC50 sequence
was aligned with VapC49 under small penalties (Figure 6), there was a D and E residue
that matched, but these residues were not in the same position as the ones that had
matched to VapC37 and there was not another D residue that matched for this pairing,
which was seen for VapC37. Based on these results, the Large Putative VapC50
sequence does not appear to share a PIN domain with other VapC toxins, indicating that
it may not be the correct VapC50 sequence. Ultimately, the decision for the true VapC50
sequence will depend on what the sequence alignment results for the Short Putative

VapC50 sequence are, only with both sets of results can a true decision be made.

Method: Diagonals (BLOSUMG2)
Lagout: Standard

Block Length <: 3-aa

Mismatch penalty: Smaller (1)

Gap penalty: Smaller (1)

Display: BLOSUNG2
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Vapc37 1 M====K|VDANYLLYAYNT=TSEHHKPSLRULDGALSG=ADRYGFAWYPLLAFYRLATKYGLFPRPLPREAA | TOYADUL=AAP=SA=YLYNPTVRH=AD ILARNL=TY=VGTGA=NL==V===N 187
. 20 . 40 . 60 . 88 . 106

. 148 . 168 .
Large VapC50 126 DPPFTPHSLLDALGEQYPOFAAKARRLFPSGSPFOLGYLLPFDO* 170
0 H L AL ¥ + +
VapC37 1es8 D====AH==LARL==AVEHRAS | VSYDSOFGRFEGYRHDOPPALL 144
. 120 . 148

% ldentity = 21.8 (37/170) % Homology = 5.3 (9/178) % Total = 27.1 (46/179)

Figure 5: Sequence Alignment of Large Putative VapC50 and VapC37 with Small
Penalties: Alignment of the sequences for the Large Putative VapC50 and VapC37 with
small mismatch and gap penalties. Highlighted in yellow are two D residues and one E

residue that appears to match on both sequences when they were aligned.
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Hethod: Diagonals (BLOSUMGZ)
Layout : Standard

Elock Length ¢:  3-aa

Hismatch penalty: Smaller (1)

Gap penultg: Smaller {1}
Display BLOSUMEZ
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% ldentity = 23.4 (48/171) % Homology = 3.5 (6/171) % Total = 26.9 (46/171)

Figure 6: Sequence Alignment of Large Putative VapC50 and VapC49 with Small
Penalties: Alignment of the sequences for the Large Putative VapC50 and VapC49 with
small mismatch and gap penalties. Highlighted in yellow are a D and E residue that

appears to match on both sequences when they were aligned.

When the Short Putative VapC50 sequence was aligned with VapC37 under
larger penalties, there appeared to be two D residues and two E residues that matched
between both sequences (Figure 7), but in order to be considered a conserved residue,
these same residues should match the VapC49 sequence in the same positions under the
same conditions. Unfortunately, when the Short Putative VapC50 sequence was aligned
with VapC49 under large penalties (Figure 8), there was a D and E residue that matched,
but these residues were not in the same position as the ones that had matched to VapC37
and there was not another D or E residue that matched for this pairing, which were seen
for VapC37. Based on these results, the Short Putative VapC50 sequence does not
appear to share a PIN domain with other VapC toxins, suggesting that it may not be the

correct VapC50 sequence either.
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Block Length =: 6-aa

Mismatch penalty: Larger (3)

Gap penalty: Larger (3)
Display: BLOSUM62
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% Identity = 9.3 (21/225) % Homology = 0.0 (0/225) % Total = 9.3 (21/225)

Figure 7: Sequence Alignment of Short Putative VapC50 and VapC37 with Large
Penalties: Alignment of the sequences for the Short Putative VapC50 and VapC37 with
large mismatch and gap penalties. All arrows point to one of the two D residues or one

of the two E residues that appear to match on both sequences when they were aligned.

Method: Diagonals (BLOSUNG2)
Layout: Sta
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Display: BLOSUMB2
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98 LRGADAVHLA==SALAYGOPGLYYAYHDRRLHTGAHA==RGC==RYAPAOLDP 145
VapC49 108 . 120 . 148
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Figure 8: Sequence Alignment of Short Putative VapC50 and VapC49 with Large
Penalties: Alignment of the sequences for the Short Putative VapC50 and VapC49 with
large mismatch and gap penalties. Highlighted in yellow are two D residues and one E

residue that appears to match on both sequences when they were aligned.

However, when the Short Putative VapC50 sequence was aligned with VapC37
under smaller penalties, there appeared to be five D residues that matched up when both
sequences were aligned (Figure 9), but in order to be considered a conserved residue,

these same residues should match the VapC49 sequence in the same positions under the
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same conditions. Sequence alignment of Short Putative VapC50 and VapC49 with small
penalties showed the matching of four D residues between both sequences (Figure 10).
Surprisingly, when comparing the sequence alignment of Short Putative VapC50 with
VapC37 and Vap(C37, there were four residues that matched both with respect to amino
acid and position. These common matches, D at position 26, D at position 48, D at
position 58, and S at position 83, relative to the numbering of the Short Putative VapC50
sequence, are considered to be part of the conserved PIN domain. In addition to these
four residues, there are also a few other amino acids that are common in the sequence
alignment of the Short Putative VapC50 with VapC37 and VapC49, but are not part of
the residues that make up the PIN domain, V, A, L, and L. This is expected since VapC
family members do share some sequence similarity beyond the PIN domain. In fact, the
Short Putative VapC50 is clearly related to both VapC37 and VapC49 since they share an
overall similarity of 33% and 29%, respectively. Therefore, based on these results, the we
conclude that the Short Putative VapC50 sequence is the real VapC50 toxin sequence,
and the Large Putative VapC50 was incorrectly annotated in TubercuList. From this
point on, when mentioning VapC50, it is the Short Putative VapC50 that is being referred

to.

Next, we PCR amplified and cloned the correct VapC50 into a TA-cloning vector.
Utilizing the VapC50 sequence, oligonucleotides were designed for Forward
VapBC50+Promoter, Reverse VapC50, Forward VapC50 with Nde I, and Reverse

VapC50 with Hind III for future PCR reactions (Table 1).
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Layout: Standard

Block Length $:  3-aa

Mismatch penalty: Smaller (1)
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Figure 9: Sequence Alignment of Short Putative VapC50 and VapC37 with Small
Penalties: Alignment of the sequences for the Short Putative VapC50 and VapC37 with
small mismatch and gap penalties. Highlighted in orange are three D residues and one S
residue that appears to be a part of the conserved PIN domain and is seen in the sequence
alignment with VapC49 in the same position number on the Short Putative VapC50
sequence, marked in bold below the highlight. Yellow highlights indicate possible PIN

domain conserved residues that are not seen in the sequence alignment with VapC49.
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Block Length ¢:  3-aa

Hismatch penalty: Smaller (1)
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Figure 10: Sequence Alignment of Short Putative VapC50 and VapC49 with Small
Penalties: Alignment of the sequences for the Short Putative VapC50 and VapC49 with
small mismatch and gap penalties. Highlighted in orange are three D residues and one S
residue that appears to be a part of the conserved PIN domain and is seen in the sequence
alignment with VapC37 in the same position number on the Short Putative VapC50
sequence, marked in bold below the highlight. Yellow highlights indicate possible PIN

domain conserved residues that are not seen in the sequence alignment with VapC37.
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Figure 11: Evolutionary Tree of M. tuberculosis VapCs: This tree was made by
comparing the sequence similarities of all 50 VapCs, including the correct VapC50

sequence, in M. tuberculosis. The orange highlight indicates the correct, or adjusted,
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VapC50 sequence and the yellow highlights indicate the two VapCs utilized for the
sequence alignments, VapC37 and VapC49. The phylogenic tree was created by V.

Barth.
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Figure 12: VapBC50+Promoter Cloning Into pCR 2.1: A. Agarose Gel analysis of
VapBC50+Promoter PCR reaction and the negative control PCR reaction, which did not
contain the template DNA. The DNA band with the square around it fits the correct
length of VapBC50+Promoter, so it was cut out. B. Agarose Gel Analysis of
VapBC50+Promoter pCR 2.1 Mach T1 Colonies 1-4 restriction enzyme digested with
Nde I and Hind III. There was an appropriate length second band for colonies 1, 2, 3, and
5, indicating that these colonies were successfully cleaved. The band with the black and
red cross placed over it was from a separate reaction that was run on this gel, but has no

connection the the data being depicted.

In order to utilize the VapC50 toxin in any experiments, the appropriate sequence
for this gene must be cloned into a plasmid. The easiest way to access this gene is by
first conducting a PCR reaction, followed by cloning, of VapBC50+Promoter from the
template DNA of the whole M. tuberculosis genome and then using this cloned DNA as a
template to amplify VapC50. We amplified VapBC plus upstream DNA that included
the promoter sequence in case we wanted to study operon regulation in the future. A
band with the correct base pair length for VapBC50+Promoter was cut out of the agarose
gel following PCR, suggesting that the PCR reaction amplified the correct sequence
(Figure 12 A). The DNA from this band was extracted and cloned into pCR 2.1,
followed by digestion with Nde I and Hind III, which would indicate a successful cloning
if two bands showed up on the gel, one that is length of the cut plasmid minus the cloned
DNA and one that is the length of the DNA being cloned. In Figure 12 B, all but colony
4 appear to be successfully digested by the restriction enzyme, indicated by the distinct

second band of the appropriate length of the desired DNA sequence. DNA from one of
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the VapBC50+Promoter pCR 2.1 Mach T1 colonies was sent for sequencing and the

results indicated that this colony contained the correct sequence for VapBC50+Promoter.

Cloning VapC50 Nde I Hind III Into pCR 2.1

A VapC50
Negative Nde I
Control Hind III
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2,000 |
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B 1 2 3 4
(bp) 10,000

4,000
2,000
1,000
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Figure 13: VapC50 Nde I Hind III Cloning Into pCR 2.1: A. Agarose gel analysis of
VapC50 Nde I Hind III PCR reaction and the negative control PCR reaction, which did
not contain the template DNA. The DNA band with the square around it fits the correct
length of VapC50 Nde I Hind III, so it was cut out. B. Agarose Gel Analysis of VapC50
Nde I Hind IIT pCR 2.1 Mach T1 Colonies 1-4 restriction enzyme digested with Nde |
and Hind III. Square indicates faint second band for colony 4 and question mark

indicates possible second band for colony 2.
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Control Hind III 1 23 4 56 7 8

(bp) 2,000 ©

Figure 14: VapC50 Nde I Hind III Cloning Into pCR 2.1 at Lower Annealing
Temperature: A. Agarose Gel analysis of VapC50 Nde I Hind III PCR reaction, with
50°C annealing temperature, and the negative control PCR reaction, which did not
contain the template DNA. The DNA band with the square around it fits the correct
length of VapC50 Nde I Hind III, so it was cut out. B. Agarose Gel Analysis of VapC50
Nde I Hind IIT pCR 2.1 Mach T1 Colonies 1-8 restriction enzyme digested with Nde I
and Hind III. There were second bands of the correct length of VapC50 Nde I Hind I1I

for colonies 2, 4, 5, and 5.

A band with the correct base pair length for VapC50 Nde I Hind III was excised
from the agarose gel following PCR, suggesting that the PCR reaction worked (Figure 13
A). The DNA from this band was extracted and cloned into pCR 2.1, followed by
digestion with Nde I and Hind III, which would indicate a successful cloning if two bands
showed up on the gel, one that is length of the cut plasmid minus the cloned DNA and
one that is the length of the DNA being cloned. In Figure 13 B, VapC50 Nde I Hind I1I

pCR 2.1 Mach T1 colony 4 appears to have a second faint band, which is boxed, and
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there is a possible very faint second band for colony 2, which is underlined and marked
with a question mark. When VapC50 Nde I Hind III pCR 2.1 Mach T1 colony 4 was sent
for sequencing, it was discovered that the VapC50 gene was correctly cloned into the
plasmid, but while Hind I1I was present, there was no Nde I restriction site. Knowing
that one of the restriction enzyme sites was missing, PCR was conducted again, but this
time, instead of using the annealing temperature suggested by IDT (which did not
account for the added restriction site which does not anneal to the template during early
PCR steps), the annealing temperature was lowered to 50°C. This lower annealing
temperature, while giving a mixture of DNA sequences as a result, would be more likely
to correctly amplify the desired sequence. The agarose gel that was subsequently ran
showed multiple DNA bands, as was expected, and a band the correct length of the
VapC50 Nde I Hind III DNA was extracted (Figure 14 A). When this DNA was cloned,
restriction enzyme digested with Nde I and Hind III, and run on another agarose gel, four
out of the eight colonies selected showed a second band (Figure 14 B). VapC50 Nde |
Hind III pCR 2.1 Mach T1 colonies 4 and 6 were sent for sequencing and both colonies
had the correct sequence for the VapC50 gene and contained both of the restriction

enzyme sites in the correct places.
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VapC50 Is Not Toxic in Mycobacterium smegmatis MC155
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Figure 15: VapC50 Nde I Hind III Cloning Into pMCl1s: Agarose Gel Analysis of
VapC50 Nde I Hind III pMC1s Mach T1 Colonies 1-4 restriction enzyme digested with
Nde I and Hind III. There were second bands of the correct length of VapC50 Nde I

Hind III for all four colonies.

Next, we sought to clone the VapC50 toxin gene into an ATc inducible plasmid
for expression in Mycobacterium smegmatis. The VapC50 Nde I Hind III fragment was
ligated to a Nde I Hind III digested pMC1s plasmid, transformed into Mach T1, grown
overnight, and four transformants were restriction enzyme digested with Nde I and Hind
II1. All four transformants contained the correct size DNA insert (Figure 15), colony 3
was sent for sequencing. The sequencing results confirmed that VapC50 Nde I Hind III
was correctly cloned into the pMCls plasmid, and DNA from this colony was then
transformed into Mycobacterium smegmatis mc*155, followed by the creation of four
different growth curves. It is important to conduct more than one growth curve with

toxins because of the possibility of suppressors masking the potential toxic effects of the
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toxin. Only one growth curve needs to indicate that the toxin is toxic to the viability of
M. smegmatis for the toxin to be considered as having a toxic effect on the growth of the
bacteria. All four growth curves show a similar pattern of growth, where the Non-
Induced and Induced cultures grew almost at the same rate for the whole six-hour time
span. In order to get a more complete understanding of the effect of VapC50 on the
growth of M. smegmatis, all of the time points from all four growth curves were averaged
and the standard deviation for each time point of Non-Induced and Induced was
calculated. All of this data was graphed in Figure 16, which shows that the growth
pattern between Non-Induced and Induced is very similar, indicating that VapC50 does
not exert a toxic effect on the growth of M. smegmatis. If VapC50 was toxic, there would
be a noticeable difference in the growth of the Non-Induced and Induced cultures, with
the Non-Induced culture following a typical growth pattern and the Induced culture
growing and sharply dying off or growing very slowly from the beginning, depending on

its degree of toxicity.
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VapC50 Growth Curve
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Figure 16: VapC50 Growth Curve Average: Growth Curve depicting the average OD
values at each time point for the Non-Induced and ATC Induced VapC50 cultures and the
standard deviations for each time point from each culture. Both cultures exhibit a similar

growth pattern, indicating that VapC50 does not cause toxicity.
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VapC50 Protein Test Induction at 37°C
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Figure 17: VapC50 Nde I Hind III Cloning Into pET28a: Agarose gel analysis of
VapC50 Nde I Hind III pET28a Mach T1 Colonies 1-8 restriction enzyme digested with
Nde I and Hind III. There were faint second bands of the correct length of VapC50 Nde |

Hind III for all six colonies, with colony five having a slightly darker band.

VapC50 Nde I Hind III from one of the correctly sequenced colonies and cut out
of pCR 2.1 was ligated with a Nde I Hind III digested pET28a plasmid, transformed into
Mach T1, grown overnight, had six colonies selected, and restriction enzyme digested
with Nde I and Hind III. These test cut colony DNA were run on an Agarose Gel, which
showed a faint second band for all six of the colonies (red arrow), with colony 5 having
the most distinct band compared to the other colonies (Figure 17). Colony 5 DNA was
sent for sequencing and it was confirmed to have the correct VapC50 Nde I Hind I11
sequence in the pET28a plasmid, which is used for protein expression, due to the

presence of a Histidine Tag. The OD was taken every hour for both the Non-Induced and
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Induced cultures in order to make sure that the protein was being expressed, which is
shown by slow and decreased growth of the Induced culture compared to the Non-
Induced culture (Figure 18). Time points were not taken after four and a half hours due
to the growth plateau for both cultures between four and four and a half hours. A growth
plateau indicates that the protein has been fully expressed so there is no need to take any
more samples for SDS-PAGE analysis since the time points already taken will provide

enough information for the best time point of protein expression induction.

Culture samples collected at each time point for both the Non-Induced and
Induced cultures were subjected to SDS-PAGE to detect the relative expression of
proteins. In Figure 19, there was no difference in the expression profile for the Non-
Induced culture across each time point, which makes sense since this culture did not
receive IPTG to induce protein expression. On the other hand, there was a distinct
difference in the protein expression profile for the Induced culture when compared to the
Non-Induced culture, migrating at ~13.5-14 kDa, consistent with the predicted molecular
mass for VapC50 of 12 kDa plus the 1 kDa Histidine tag. The abundance of this
predicted VapC50 gradually increases and peaked at four and a half hours. Based on the
similar protein band size and the distinct separation of growth profiles at three hours on
the graph, it was determined that three hours was the best time for protein expression

induction.
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VapC50 Test Induction
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Figure 18: VapC50 Test Induction at 37°C Data: Graph depicting the test induction of
VapC50 protein expression through the optical density (OD) of Non-Induced and IPTG
Induced cultures over a time span of four and a half hours. The OD of the induced

culture decreases as VapC50 expression increases.
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Figure 19: VapC50 Protein Test Induction at 37°C Gel: SDS-PAGE analysis of
VapC50 Non-Induced and IPTG Induced protein samples over a time span of four and a
half hours. Equal volumes of ODg-normalized samples were loaded per lane. Details of
the sample preparation and gel loading are described in the Materials and Methods

section entitled “Protein Expression”, pg. 18.
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VapC50 Protein Purification Trial 1
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Figure 20: VapC50 Protein Purification Trial 1: SDS-PAGE analysis of samples taken
during the protein purification process. If the purification was successful, we would

expect the 13.5 kDa product to be visible in the Elution lane. However, VapC50 protein
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bands only appear in the Cleared Lysate, Supernatant, and very faintly in the Wash I
sample. Complete descriptions of the sample contents in each lane are described in the

Materials and Methods section entitled “Protein Purification”, pg. 20.

Concentration (mg/mL) Average OD
Standard 1 0.141 0.061
Standard 2 0.282 0.146
Standard 3 0.564 0.317
Standard 4 1.128 0.660
Standard 5 1.41 0.771
VapC50 0.023 0.001

Table 4: Bradford Assay for Protein Purification Trial 1: Measurements obtained for
VapC50, after concentrating, based on the Bradford Assay Standards. VapC50 values are

significantly below the values for the lowest standard.

VapC50 Nde I Hind I1I pET28a Mach T1 Colony 5 DNA was transformed into
BL21 competent cells, induced with IPTG, expressed for three hours, and collected
following protocol. These cell pellets were purified following the Ni-NTA Protein
Purification Protocol (Materials and Methods) and samples obtained throughout the
process were analyzed by SDS-PAGE to see if VapC50 was recovered. If protein was
expressed and recovered, it should be present in the Cleared Lysate, Supernatant, Wash I,
Wash I, Elution, and Concentrated VapC50 samples, not in the other samples due to the
nature of the purification process. On the gel, VapC50 can be seen in the Cleared Lysate

and Supernatant, but only very faintly in Wash I and not at all in Wash II, Elution, or
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Concentrated samples (Figure 20). Therefore, it is apparent that VapC50 was not
purified in Trial 1, especially when the Bradford Assay results are included (Table 4).
The average OD and the concentration measured for VapC50 is very small, nowhere near
the lowest standard values for the Bradford Assay. When the column from the
purification process, which is supposed to catch the beads and allow the protein to elute
through, was checked afterwards, there was a very small amount of beads present. With
this in mind, it makes sense that the VapC50 band got very faint after the Supernatant,
was not present in Wash II, and was not eluted out. A lot of beads must have been lost
after centrifugation, when the supernatant is discarded, for Wash I, and more were
subsequently lost for Wash II, which means there was very little or none VapC50 to be
purified and measured by the Bradford Assay. Therefore, instead of pouring the
supernatant out and possibly disturbing the beads enough for them to be discarded with
the supernatant, for Trial 2, the supernatant will be carefully pipetted out and enough

liquid above the beads will be left so that they are not disturbed.



VapCS50 Protein Purification Trial 2

o

S =
> 8
- 8
) <
o E
8§ o
L &
O wm

Concentrated Flowthrough
Concentrated VapC50

Wash II
Flowthrough
Wash I Column
Wash II Column
Wash III Column
Elution

Wash I

(kDa) 170
130
100
70

55
40

35
25

15

10

Figure 21: VapC50 Protein Purification Trial 2: SDS-PAGE analysis of samples
taken during the protein purification process. VapC50 protein bands only appear in the

Cleared Lysate, Supernatant, and faintly in the Wash I sample.
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Concentration (mg/mL) Average OD
1 2 1 2
Standard 1 0.141 0.141 0.190 0.144
Standard 2 0.282 0.282 0.286 0.160
Standard 3 0.564 0.564 0.654 0.474
Standard 4 1.128 1.128 0.989 1.008
Standard 5 1.41 1.41 0.945 0.971
VapC50 *0.254 0.077 0.002 0.036

Table 5: Bradford Assay for Protein Purification Trial 2: Measurements obtained for
VapC50, before (1) and after (2) concentrating, based on the Bradford Assay Standards.
VapC50 values are way below the values for the lowest standard and the the asterisk

indicates a likely machine error in measurement.

In VapC50 Protein Purification Trial 2, the sample was carefully handled during
supernatant discarding and resulted in almost all of the beads that were started with being
deposited into the column, which means that the chance of purifying the protein was
dramatically increased. Despite this correction of an error made during Trial 1, the SDS
PAGE gel looked almost the same as the previous one, the only difference was that the
Wash I band was darker (Figure 21). However, the protein concentration was very low
(Table 5). Logic would indicate that the concentration and OD should both go up after
being concentrated, but since the results for the concentration contradict this, it was
assumed that the first concentration value was a machine measuring error. Since the
Bradford Assay results showed such low values that did not even reach the lowest
standard value and since the SDS Page Gel did not show the presence of a purified

protein band, it was decided that VapC50 was not purified in Trial 2 either.
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VapC50 is Present in The Pellet
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Figure 22: VapC50 Protein Purification Sample Analysis: SDS-PAGE analysis
followed by Coomassie Blue staining of VapC50 Pellet Undiluted, Diluted 1:2, Diluted
1:5, Diluted 1:10, Diluted 1:100, and Column 1 and 2 Beads. VapC50 bands only

showed up for all of the pellet samples, undiluted and diluted, not for the column bead

samples.
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After two unsuccessful attempts to purify VapC50, several other options were
considered to attempt to purify this seemingly difficult protein. The first and easiest
thing to check was if the protein is even in the extracted pellet and if it was present in the
beads trapped in the column. A VapC50 pellet from the centrifuging step after sonication
in Trial 2 was removed from the -20°C freezer and thawed at room temperature. With a
sterile applicator stick, a small chunk of this thawed pellet was placed in a microfuge tube
and re-suspended with 50 uL of 2x Laemmli buffer. Calculated to a volume of 50 uL a
portion of undiluted re-suspended pellet was added to a new microfuge tube and diluted
1:2 with 2x Laemmli buffer. Following this dilution, the pellet was then diluted 1:5,
1:10, and 1:100 in a similar manner and then prepped like previous samples for SDS-
PAGE analysis. Using a clean metal scrapper, a small clump a beads were removed from
the column from Trial 1 and Trial 2, placed in a clean microfuge tube, and given an equal
volume of 2x Laemmli buffer and visualized by SDS-PAGE and Coomassie staining. All
of these samples contained large quantities of the ~14 kDa band corresponding to
VapC50, even at a dilution of 1:100, indicating that the expressed VapC50 protein is
insoluble and predominantly in the pellet, likely because it accumulated in inclusion
bodies in E. coli cells upon overexpression (Figure 22). Consistent with our two
unsuccessful purification attempts, samples taken from the beads in the Ni-NTA columns
contained no detectable protein, which means that there was no soluble VapC50 available
to bind to the beads. There was precedent for the tendency of VapC proteins to become
insoluble when expressed at high levels in E. coli. Earlier expression and purification of
other M. tuberculosis VapC toxins by other laboratory members demonstrated that it is

common for VapC proteins to be heavily present in the pellet, with only a small portion
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of that protein soluble and available for purification. However, this small amount was
sufficient for the small scale experiments we use. This inability of VapC50 to bind could
be attributable to not enough of the protein is being solubilized or some innate folding of
the protein that is blocking the Histidine tag from being accessible to the Ni-NTA beads.
In order to purify VapC50, some alterations to the usual Protein Purification protocol

were going to need to be made.

VapC50 Protein Expression at 30°C
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Figure 23: VapC50 Protein Expression at 30°C: SDS-PAGE analysis of VapC50
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Non-Induced and IPTG Induced samples expressed at 30°C and taken at zero and four
hours. There were two flasks of IPTG Induced VapC50, accounting for the two four-

hour lanes on the gel.

While many options were being considered, such as designing oligonucleotides to
place the Histidine tag on the C-terminus instead of N-terminus and possible having to
purify under denaturing conditions, it was suggested that expressing the protein under a
lower temperature might help improve the solubility. Another lab member had had better
purification results with a tricky protein when they expressed the protein in culture at
30°C instead of 37°C. Since there is warm room set to 30°C and easily accessible, it was
decided to express the protein under these conditions and then attempt to purify before
any further measures were taken. VapC50 was expressed following the same protocol as
previously described, but this time the only difference was in the temperature the
experiment was conducted at. Even though it is unlikely that the protein will not be
expressed at 30°C, just to make sure, a Non-Induced culture was set up too and samples
were taken at time of induction and at four hours, when the protein was collected. These
samples were analyzed by SDS-PAGE followed by Coomassie Blue staining and while
more faint then at 37°C, the VapC50 band was present in both four hour Induced samples
and not in any of the Non-Induced samples (Figure 23). High levels of VapC50 could
result in solubility problems, so having less protein expressed might prove beneficial in

increasing the solubility of the protein, allowing more protein to be purified.
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VapCS50 Protein Purification Trial 3
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Figure 24: VapC50 Protein Purification Trial 3: SDS-PAGE analysis of samples taken
during the protein purification process. VapC50 protein bands appear in the Cleared
Lysate, Supernatant, Wash I, Wash I waste, faintly in Elution, and the Concentrated

VapC50 samples. The two arrows point to the two bands indicating that VapC50 was
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actually purified this time, due to its presence in the Elution and Concentrated VapC50

samples.

Concentration (mg/mL) Average OD
1 2 1 2
Standard 1 0.141 0.141 0.063 0.075
Standard 2 0.282 0.282 0.139 0.139
Standard 3 0.564 0.564 0.262 0.266
Standard 4 1.128 1.128 0.549 0.513
Standard 5 1.41 1.41 0.747 0.775
VapC50 0.066 0.106 0.016 0.040

Table 6: Bradford Assay for Protein Purification Trial 3: Measurements obtained for
VapC50, before (1) and after (2) concentrating, based on the Bradford Assay Standards.
VapC50 values are still below the values for the lowest standard, but the highest values

obtained from any of the trials and much closer to Standard 1.

The pellet collected from protein expression at 30°C was purified following the
same protocol detailed above, except for a few alterations. Our laboratory purchased a
new and very efficient mechanical cell lysing machine, the Precellys Evolution. Unlike
the other two trials, this time the protein could be seen in the elution and concentrated
VapC50 samples, marked by the two arrows on the gel, indicating that the protein was
actually purified (Figure 24). Also supportive of the actual purification of VapC50 is the
Bradford Assay results, which increased after the concentration step and are the highest
values obtained from all of the trials (Table 6). While still below the lowest standard for
the Bradford Assay, these values come the closest to that standard and this is the only

trial in which the VapC50 band actually showed up in the purified samples. Based on the
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measured concentration of 0.106 mg/mL from the Bradford Assay and the sequence
determined mass of 12 kDa + 1 kDa tag, the actual concentration of purified VapC50 was
calculated to be 10 pM/uL. While still smaller than the desired yield, there is still

enough protein to work with, so Protein Purification Trial 3 was deemed successful.

VapC50 Does Not Cleave Any of The 45 Mycobacterium tuberculosis tRNAs
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- fRNA Leu3
- tRNA Tyr4
- tRNA Thr5
- tRNA Met6
- tRNA Trp7
- tRNA Glu8
- tRNA Asp9
- tRNA Phel0
- tRNA Alall
-tRNA Leul2
-tRNA Leul3
- tRNA Prol4
tRNA Leul5
- tRNA Glyl6

300 bp
200 bp

150 bp

%

50bp
35 bp

200

15bp
10bp

Figure 25: tRNA Cleavage Assay of tRNAs 1-16: Urea PAGE Gel analysis of the
tRNA Cleavage Assay of M. tuberculosis tRNAs 1-16. There does not appear to be any
toxin-specific cleavage bands for the reactions with VapC50, indicating that this toxin is

unlikely to be cleaving tRNAs 1-16.
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Figure 26: tRNA Cleavage Assay of tRNAs 17-31: Urea Page Gel analysis of the tRNA
Cleavage Assay of Mycobacterium tuberculosis tRNAs 17-31. There does not appear to
be any toxin-specific cleavage bands for the reactions with VapC50, indicating that this

toxin is unlikely to be cleaving tRNAs 17-31.
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Figure 27: tRNA Cleavage Assay of tRNAs 32-45: Urea Page Gel analysis of the tRNA
Cleavage Assay of Mycobacterium tuberculosis tRNAs 32-45. There does not appear to
be any toxin-specific cleavage bands for the reactions with VapC50, indicating that this
toxin is unlikely to be cleaving tRNAs 32-45. The band closest to the ladder is due to a
loading error and the two small bands seen for tRNA 32 Gln are present for both the

negative control and the VapC50 reaction, so these bands are not from tRNA cleavage.

Since a good portion of the published data on VapC toxins has implicated their
role in preferentially cleaving specific tRNAs in of M. tuberculosis, conducting a tRNA
cleavage assay with the newly purified VapC50 was considered a logical next step.

Negative Control reactions, which did not contain the toxin, and reactions with VapC50
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for each of the 45 tRNAs in of M. tuberculosis were run on a Urea PAGE gel to check for
possible VapC50 induced tRNA cleavage. If there were cleavage of a tRNA by VapC50,
there would be a distinct small base pair length second band in that lane under the band
for the tRNA. This second band would only be present in the reactions conducted with
VapC50 present and not in the negative control reactions, because there would be nothing
present to cleave the tRNA. Out of all of the Urea PAGE gels, it is only in Figure 27 that
a possible distinct small base pair length second band is seen for the tRNAS™?,
Unfortunately, this band is not a cleavage product since it is present in both the negative
control reaction and the VapC50 inclusive reaction for this tRNA. For tRNAs 1-16
(Figure 25), some of the tRNA bands are very light or do not even show up at all, such as
for tRNA 5 Threonine, which is probably due to human error, loading error, or not
enough tRNA added to the reaction. For the most part the tRNAs in Figure 26 all appear
on the gel, but again there are no secondary bands present, which together with the other
gels indicates that VapC50 does not cleave any tRNAs in this experiment. It is possible
that there is no cleavage appearing on the gel because the yield of purified VapC50 was
low, but this would not make sense since enough VapC50 was added to the appropriate
reactions so that there was 25pM present, which is more than enough protein to induce

cleavage based on previous experiments. Therefore, until further experiments are

conducted, VapC50 does not appear to cleave any of the 45 tRNAs in M. tuberculosis.
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Discussion

The discovery that the sequence believed to be VapC50 was actually not VapC50
was an unexpected finding. This annotation error was confirmed because the incorrectly
annotated VapC50 gene/protein showed several irregularities: it was in the wrong
genome position (too distant from the antitoxin gene), was much larger than other M.
tuberculosis VapC toxins and lacked the PIN domain essential for catalysis of the RNA
cleavage reaction. Unless one where to closely exam the sequence and analyze, one
might not realize that the supposedly correct sequence is in fact wrong, a mistake that
could lead to experiments with the wrong. It is important to learn from this discovery
that information presented in journals and by other scientists should not automatically be
assumed to be correct, since mistakes happen and sometimes details are missed or not
closely examined. Keeping this in mind, it was important to present all the pieces of the
experiment, no matter how simple they may seem, and carefully examine them to make
sure that every part was conducted as correctly as possible and that the results are

presented accurately.

Despite the fact that all four of the VapC50 growth curves in Mycobacterium
smegmatis indicated that VapC50 is not toxic, meaning it does not cause growth arrest, it
1s important to remember that M. smegmatis is not the natural bacterium for this toxin,
but is as close as one can get without utilizing a BSL 3 laboratory. The growth curves
were conducted in M. smegmatis and not in E. coli because as a member of the same
Mycobacterium tamily, M. smegmatis is evolutionarily closer to Mycobacterium
tuberculosis than E. coli is. A recent article by Winther et al. (2016) mentioned that out

of 12 different VapCs tested, the majority of them showed weak or no inhibition of
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growth when grown in M. smegmatis. Although a few of these non-toxic VapCs showed
no protein expression 60 minutes after induction, the majority of the VapCs tested did
show a detectable level of protein expression after 60 minutes. It is possible that the
functions of these expressed VapCs are not involved in inhibiting cell growth or that the
VapC proteins are not functional in M. smegmatis, due to the absence of their cellular
target (Winther et al. 2016). This notion is very interesting considering that in M.
smegmatis VapC50 showed no growth arrest, but when the protein was expressed, there
was a detectable level of protein 60 minutes after induction, coinciding with the growth
inhibition. Thus, VapC50 appears to cause toxicity in E. coli. Therefore, it is possible
that although VapC50 does not exhibit a toxic effect on the growth of M. smegmatis, as

with E. coli, it may also inhibit growth of M. tuberculosis.

The major road block toward characterization of the RNA target(s) of VapC50
was the purification of recombinant toxin, which proved to be tricky and arduous.
Thankfully it only took three trials to purify the protein and obtain enough for tRNA
cleavage analysis. We believe the success of the third expression/purification experiment

was due to the expression of the protein at a lower temperature, 30°C instead of 37°C.

Since the majority of functional analyses on VapC toxins published thus far have
indicated the role of VapC in selectively cleaving specific tRNAs in Mycobacterium
tuberculosis, assaying for tRNA cleavage activity was the next logical step to analyze the
purified VapC50. Based on the results of the tRNA cleavage assays, it appears that
VapC50 does not cleave any of the 45 tRNAs in M. tuberculosis. Although this is true it
is not known if a second trial of this protocol would yield the same or different results,

but it is very possible that VapC50 might have another role to play. The only other



68

published function of VapCs in M. tuberculosis is cleaving the 23S rRNA in the Sarcin-
Ricin loop. However, perturbation of this highly evolutionarily conserved, functionally
critical RNA domain is always lethal. Since we did not observe toxicity when VapC50
was expressed in M. smegmatis, we can safely conclude that this toxin does not target the
Sarcin-Ricin loop. It is also possible that VapC50 might have a yet to be discovered
function—perhaps cleaving mRNAs at specific secondary structures—since most VapC
toxins are know to require both a specific consensus sequence within a precise structural
context. Alternate functions for VapC toxins beyond tRNA and Sarcin-Ricin loop
cleavage is plausible since there are over 30 VapCs in M. tuberculosis that have not yet
had their function identified. The precise role of VapC50 will be determined in follow-
on experiments in the Woychik laboratory. Knowledge of the functions of all 50 VapCs
in M. tuberculosis could prove crucial in understanding the molecular aspects of latent
tuberculosis and provide a means for dealing with such an important global health

concern.
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