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Construction and Use of a Transposon for Identification
of Essential Genes in Mycobacteria

By Sarah D. Riggs

ABSTRACT

The continuing emergence of multi-drug resistant Mycobacterium tuberculosis is
threatening the ability to treat tuberculosis (TB) worldwide. The development of new anti-TB
drugs requires new approaches and new drug targets. In this study, a mariner-based transposon,
TnQuoVadis, was constructed to identify essential genes as potential drug targets. This
transposon has an outward-facing anhydrotetracycline (ATc)-inducible promoter at each end. A
mutant with TnQuoVadis inserted upstream of an essential gene may display normal growth in
the presence of ATc, but exhibit no growth or severely diminished growth in the absence of ATc.
TnQuoVadis was placed onto a vector with a temperature sensitive replication origin for more
efficient mutagenesis of mycobacteria. In a preliminary genetic screen using the model organism
Mycobacterium smegmatis, 13 mutants with ATc-dependent growth were identified.
Identification of the insertion sites by cloning and sequencing indicated that there were nine
genetic loci containing transposon insertions upstream of essential gene candidates in M.
smegmatis. Further analysis of these genes indicated that many were previously known essential
in both M. smegmatis and M. tuberculosis. These results demonstrate that TnQuoVadis and its

delivery system can be utilized for the identification of essential genes in mycobacteria.
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CHAPTER 1

Literature Review



General introduction to the mycobacteria

Mycobacteria are rod-shaped and non-motile bacteria that belong to the phylum
Actinobacteria which include bacteria with high G/C content (Ventura et al., 2007). Due to the
complexity of the mycobacterial cell wall that is rich in waxy lipids, mycobacteria cannot be
effectively Gram-stained (White, 2007). Instead, all mycobacteria are stained by a technique
called acid-fast staining. This is in part due to lengthy chains of mycolic acids, between 60 and
90 carbons long (Gangadharam & Jenkins, 1998), that results in a formidable protective
envelope. Mycolic acids are a class of lipids that are known to form thick hydrophobic layers due
to a complex mixture of branched, long-chain fatty acids (White, 2007; Alahari et al., 2007).
Only a handful of other bacteria are known to have mycolic acids contained in their cell walls;
these bacteria form a monophyletic taxon called the CMN group named after its members:
Corynebacterium, Mycobacterium, and Nocardia (Ventura et al., 2007). Of this select group,
mycobacteria have the longest mycolic acid chains making this property unique to the

Mycobacterium genus (Gangadharam & Jenkins, 1998).

Opportunistic nature of the mycobacteria

Members of the mycobacteria inhabit diverse habitats, many of which live in soil
(Wolinsky & Rynearson, 1968), or aquatic environments (Collins et al., 1984). Many
mycobacteria are typically free-living and feed on dead organic matter (Falkinham et al., 1980),
however, members of the genus are considered to be opportunistic pathogens. Non-tuberculosis
infection may occur from the environment possibly resulting in skin lesions or bacterial
colonization in bodily secretions (Bicmen et al., 2010). There are more than 120 mycobacteria

species known to cause a broad spectrum of disease in humans (Tortoli, 2006). Medically



important species include M. leprae, the causative agent of leprosy, and M. tuberculosis, the
causative agent of tuberculosis. These well known human pathogens are members of the slowly
growing mycobacteria (SGM) group which require more than 7 days to produce visible colonies

on solid media, sometimes requiring weeks (Pfyffer et al., 2003).

The tuberculosis threat

Tuberculosis (TB), a pandemic disease, kills approximately two million people annually
and infects one-third of the world population (WHO Report, 2010). Its causative agent is the
notorious mycobacteria species Mycobacterium tuberculosis. The disease is highly contagious
and especially dangerous to the immune compromised. Due to the lack of an effective vaccine
for adult pulmonary tuberculosis (Fine et al., 1999), antibiotic administration is the main strategy
to combat TB (Guo et al., 2007). The treatment of patients requires a continuous antibiotic
administration for 6-18 months (Frieden et al., 2006) which is further complicated by the
emergence of multidrug-resistant TB strains. There are two classes of drug resistant M.
tuberculosis: multi drug resistant (MDR) strains which are resistant to first-line drug treatments,
and extensively drug resistant (XDR) strains that are resistant to at least three second-line drug
treatments (Alahari et al., 2007). Multi-drug resistant TB strains poses a serious threat to human
health worldwide which compromises health security, challenges the control of infectious
diseases, and jeopardizes health care that significantly increases costs (WHO Report, 2010), thus

there is an urgent need for the development of new anti-TB drugs.



Hindrances to TB research

Part of the difficulty of developing new anti-TB drugs is due to the infectious nature of
M. tuberculosis and its lengthy generation time. A laboratory interested in working with M.
tuberculosis must have access to biosafety level 3 containment as defined by the Centers for
Disease Control and Prevention (CDC). The organism belongs to the SGM group with doubling
times around 24 hours that yields colonies between three and four weeks after incubation
(Hatfull & Jacobs, 2000). An additional challenge to TB research is the lack of tools for efficient
genetic manipulations in mycobacteria. This has become an obstacle for the identification of
essential genes in TB. For these reasons, working directly with M. tuberculosis tends to be
problematic. Instead, much advancement has been made by using related mycobacteria as a
model species and correlating discoveries to M. tuberculosis. One such organism that tends to be

attractive to work with is M. smegmatis.

Model organism M. smegmatis

To overcome some hindrances associated with TB research, strategies may be developed
using the model organism Mycobacterium smegmatis. M. smegmatis is a favored organism due
to being a member of the rapidly growing mycobacteria (RGM) group. RGM species require less
than 7 days to produce visible colonies on solid media (Ade”kambi and Drancourt, 2004). The
average doubling time of M. smegmatis is between three to four hours with visible colonies
forming within two to four days, thus M. smegmatis can be grown easily and quickly as
compared to M. tuberculosis. Another benefit includes the need of only a biosafety level 2
containment as defined by the CDC. Due to the approachability of M. smegmatis research, many

labs have been able to contribute important scientific finds to the community.



M. smegmatis strain mc2155

The fast growing Mycobacterium smegmatis species has been used as a model organism
for mycobacteria studies. However, transforming the species proved to be extremely difficult and
only recently has M. smegmatis been efficiently transformed with plasmid vectors due in part to
the creation of highly transformation efficient strains derived from the M. smegmatis strain mc?6
(Snapper et al., 1990). One such strain named mc?155 is a mutant with the ability to be
transformed with efficiencies that are four to five orders of magnitude greater than the wild type
strain mc?6 (Snapper et al., 1990). After its discovery, mc2155 has helped advance the
understanding of mycobacteria by making development of genetic tools for regulated gene

expression more accessible.

Regulated gene expression in mycobacteria

The first mycobacteria genetic tool developed for use in regulating gene expression was
an inducible promoter that uses the regulatory elements adapted from the acetamidase operon
(Ehrt & Schnappinger, 2006; Wei & Rubin, 2008). Acetamidase allows M. smegmatis to utilize
amides as the sole carbon source. Expression of acetamidase is induced by acetamide (Ehrt &
Schnappinger, 2006) and is regulated by three proteins and four promoters (Roberts et al., 2003)
with two positive regulators and one negative regulator (Ehrt & Schnappinger, 2006).
Unfortunately, controlling gene expression using the acetamidase operon promoter is difficult
due to its complexity and the regulatory mechanism of the system has yet to be completely
understood (Ehrt & Schnappinger, 2006). Despite these shortcomings, it has been successfully

used in a number of mycobacteria research studies and applications such as over-expression of



heterologous proteins, and creation of gene expression vectors and regulation experiments (Ehrt
& Schnappinger, 2006; Parish et al., 2001; Roberts et al., 2003; Triccas et al., 1998).
Recently, a simpler mycobacteria gene expression system was developed from a tetracycline
export system (Fig. 1-1).

The tetracycline (Tet) export system (Fig. 1-1) is controlled by two operator sites (tetO),
a repressor (tetR) and a gene encoding a tetracycline efflux pump (tetA) (Ehrt & Schnappinger,
2006). Tetracycline is capable of inhibiting growth and can freely diffuse across cell membranes
(Argast & Beck, 1984). In order to remove the presence of tetracycline, the cell utilizes the Tet
system to export tetracycline out of the cytoplasm (Ehrt & Schnappinger, 2006). The two tetO
operator sites overlap two promoters that drive the expression of the tetR and tetA genes. These
operator sites are the target of TetR which binds and prevents transcription of both the tetR and
tetA genes (Carroll et al., 2005). When tetracycline is present, it binds to TetR which causes a
conformational change leading to the repressor disassociating from tetO thus initializing
transcription of both tetR and tetA (Carroll et al., 2005) (Fig. 1-1). The TetA protein is inserted
into the cell membrane where it acts as a channel to export tetracycline from the cell. Tet
controlled systems have been modified in many ways and constructed into plasmids to allow for
analysis of essential genes in mycobacteria, most notably M. smegmatis and M. tuberculosis
(Ehrt & Schnappinger, 2006) in which the tetA gene was removed so that genes of interest could
be inserted.

There are a total of three separate tetracycline (Tet) controlled systems (Fig. 1-2) that
have been developed for mycobacteria that differ in repressors and promoters (Ehrt &

Schnappinger, 2006). Tetracycline is an antibiotic that is known to inhibit growth in



Figure 1-1. Tetracycline export system. Tetracycline present in the environment (1) diffuses
across the membrane (2), where it interacts and binds to the TetR repressor protein (3), causing a
conformational change in which TetR displaces from the operator (4). This frees up the promoter
regions for both tetR and tetA allowing transcription which leads to the production of TetR and
TetA protein (5). The TetA proteins are embedded into the membrane (6), which are active
antiport proteins that export tetracycline by passing H+ ions in via the proton motive force (not
shown). Once tetracycline has been fully transported from the inside of the cell, TetR will bind
unhindered to the operators and restrict transcription.



M. smegmatis but all three Tet systems developed can be induced by very low concentrations of
tetracycline that will not inhibit mycobacteria growth. The three systems are as followed: the
TetR(Z)-derived system, and the two TetR(B)-derived systems (Ehrt & Schnappinger, 2006).
TetR(Z) was isolated from Corynebacterium glutamicum, but the system is active in
mycobacteria (Ehrt & Schnappinger, 2006) (Fig. 1-2). The two TetR(B) systems are both Tn10-
derived. They differ in the number of tetO operators used, with one system using one operator
and the other using two (Ehrt & Schnappinger, 2006). They also differ in the organism the
promoter was taken from. The TetR(B)1 promoter controls expression by a modified Bacillus
subtillis xylose promoter and the TetR(B)2 system uses a mycobacterial promoter (Ehrt &
Schnappinger, 2006). The mycobacterial promoter used in TetR(B)2 is a strong promoter that is
a 303bp long DNA fragment taken from M. smegmatis (Kaps et al., 2001). This promoter was
modified by inserting Tet operators upstream and downstream of the -35 region using
oligonucleotide-directed PCR mutagenesis (Ehrt et al., 2005). These Tet systems are particularly
useful in analyzing essential genes in mycobacteria as the Tet promoter containing the operators
can be controlled by tetracycline. Both the acetamidase and the tetracycline-regulated promoters
have been used successfully in gene expression and regulation experiments. This is done by
replacing the wild-type promoters for genes of particular interest with one of the regulated
promoters causing those genes to be transcribed only in the presence of the inducers (Wei &
Rubin, 2008). This method is becoming widely used due to its ability to test for essential genes by
growing strains both in the presence and absence of the inducers, as well as gene function by

depleting the strain of the inducer and looking for phenotypic changes (Wei & Rubin, 2008).
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Figure 1-2. Tet-derived mycobacterial expression systems. Depiction of the three Tet
controlled expression systems that have been developed for mycobacteria. The TetR(Z) derived
system controls expression of the gene of interest from an unidentified promoter containing two
tetO operators. The TetR(B)1 derived system controls expression by a Bacillus subtillis xylose
promoter that had tetO inserted between the -35 and -10 sites. The TetR(B)2 system controls
expression by an adapted M. smegmatis promoter that contains two tetO regions flanking the -35
site. Modified from reference: (Ehrt & Schnappinger, 2006).




Previous attempts at identifying essential genes in mycobacteria

One of the obstacles in the studies of mycobacteria is the lack of tools for efficient
identification of essential genes. The major challenges are growing strains with mutations in
essential genes and mapping these mutations once they are available. These difficulties have
hindered the study of mycobacterial biology and the progress in combating mycobacterial
infections. Methods have been developed in order to address these issues. One such method
relies on large-scale random transposon mutagenesis to locate essential genes (Hutchison et al.,
1999). Transposition causes insertion mutations by introducing large fragments of DNA, thus
disrupting the original sequence. It is understood that when a transposon inserts into a gene
whose expression is essential for the survival of the cell, that cell will fail to grow or even die,
but if a transposon inserts into a non-essential gene, the cell will continue grow. Large numbers
of mutants can be analyzed by identifying transposon insertions in genes via DNA sequencing.
Sequencing produces a collection of insertion sites representing the non-essential genes and
those genes that are not disrupted are potentially the essential genes (Snyder and Champness,
2007). The more mutants that are sequenced, the more accurate the prediction of the essential
genes, and the clearer the final picture becomes. Transposon mutagenesis has been used in this
manner to detect potential essential genes in mycobacteria (Sassetti et al., 2003); however, this
method is not exact. This is a time-consuming and costly practice with no guarantee that the
genes without transposon insertions are essential, which leads to the need for more
experimentation to test the essentiality of the genes.

Another way to identify essential genes is to create temperature-sensitive conditional
mutants by introducing point mutations by chemical mutagenesis (Sambrook and Russell, 2001).

The protein products containing point mutations may function under normal temperatures but
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may not fold correctly with elevated temperatures. Once point mutations are introduced, they are
grown in both permissive (30°C) and non-permissive (37°C) temperatures to identify those that
have the temperature-sensitive mutation. Screening conditional mutants created by chemical
mutagenesis has been used to detect potential essential genes in mycobacteria (Liu and Nikaido,
1999); however, similar to transposon mutagenesis, identifying essential genes by creating
temperature-sensitive mutants is a time-intensive process. To identify the essential genes, vectors
containing fragments of wild-type genomic DNA are introduced into the mutant to attempt to
restore the ability to grow in elevated temperatures. Once a DNA fragment is identified that
yielded a successful restoration, the mutation is mapped by amplifying the genomic region
corresponding to the DNA fragment.

Due to the increasing availability of fully sequenced genomes, comparative genomics has
become a favorable method for identifying putative essential genes. In this method, computer-
aided genome comparisons identify essential genes that have been highly conserved across
multiple species which are compared against well documented model organisms (Mushegian and
Koonin, 1996). Although useful, this method is limited by the availability of sequenced

genomes.

Research objectives

The goal of this project is to construct a transposon and a temperature-sensitive delivery
vector that will allow for the identification of essential genes in the model organism M.
smegmatis quickly and efficiently. Our method uses aspects from all three approaches described
above. 1) We aimed to utilize transposon mutagenesis to randomly insert an engineered

transposon across the M. smegmatis genome. 2) We used a temperature-sensitive suicide plasmid
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to deliver the transposon. 3) We compared the predicted essential regions in M. smegmatis with
homology to regions in M. tuberculosis.
In order to reach our goal, the following specific aims were accomplished:
a. Construction of the transposon and temperature-sensitive delivery vector
b. Testing in M. smegmatis
c. Selection of mutations
d. Isolation and identification of regulated sequences

e. Comparing identified ORFs of M. smegmatis with M. tuberculosis

Rationale of the experimental design

Locating essential genes can prove to be difficult since essential gene disruption results in
cell death. By utilizing a gene regulation system, it is possible to control gene expression by
dictating when the gene is ‘on’ or ‘off”. The rationale was to construct a transposon with
inducible tetO promoters at both ends that drive transcription outwards. When the transposon is
inserted upstream of an essential gene, the mutant will display inducer-dependent growth. That
is, such mutants will grow in the presence of the inducer to allow their isolation and
maintenance. In the absence of the inducer, they will not grow which allows their differentiation
from strains with mutations in non-essential genes. The identification and mapping of these
mutations is relatively straightforward because they are marked by transposon insertions.

The tetracycline regulation system has successfully been used in controlling

mycobacteria gene expression (Blokpoel et al., 2005; Ehrt et al., 2005; Guo et al., 2007) making
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Figure 1-3. Plasmids pUV15tetORm and pMC1s. Plasmid pUV15tetORm contains a M.
smegmatis promoter containing two tetO operators from the TetR(B)2 system, labeled here as
UV15tetO. Plasmid pMC1s (pMV306tetR) is integrative in mycobacteria and contains the tetR
gene, labeled here as tetR(B). Both plasmids from reference: (Ehrt et al., 2005)
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this an ideal system for our purposes due to its simplicity and ease of induction. For
experimentation, we chose plasmids pUV15tetORm and pMCl1s (Ehrt et al., 2005) which carry
the tetR gene and the Tet operators (Fig. 1-3). Plasmid pUV15tetORm contains a modified M.
smegmatis promoter containing two tetO operator sites [TetR(B)2] that was used as the inducible
promoters in the engineered transposon. The integrative plasmid pMC1s was chosen to insert the
tetR gene into M. smegmatis, creating a strain that constitutively expressed TetR. This TetR
protein would be available to bind to the tetO operators contained within the transposon.
Anhydrotetracycline (ATc), an analogue of tetracycline, was used as the inducer instead of
tetracycline due to its relatively reduced toxicity and high affinity for TetR (Ehrt &
Schnappinger, 2006). When present, ATc binds to TetR, causing a conformational change which
displaces TetR from the tetO operators. In our system, if a transposon promoter is regulating an
essential gene, the cell will be viable in the presence of ATc but not in the absence of ATc.

For delivery of the transposon into the TetR M. smegmatis strain, we utilized a vector
with a mycobacterial thermosensitive origin of replication. The most well studied mycobacteria
temperature-sensitive origins of replication were derived from the mycobacteria plasmid
pAL5000 using hydroxylamine to introduce mutations (Guilhot et al., 1992). The pAL5000 M.
fortuitum plasmid is a small 4837bp replicon with five open reading frames (Ranes et al., 1990)
that has been used extensively in mycobacteria research. We chose to modify the mycobacterial
thermosensitive plasmid pMycomar to contain TnQuoVadis for efficient delivery in our parental

strain.
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CHAPTER 2

Construction and Use of a Transposon for Identification
of Essential Genes in Mycobacteria
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INTRODUCTION

Mycobacterium tuberculosis, the causative agent of tuberculosis (TB), is a globally
prominent human pathogen that has been estimated to infect one-third of the world population
and causes approximately 4,600 deaths each day (WHO Report, 2010). Control of TB depends
almost entirely on antibiotic administration due to the lack of an effective vaccine for the
prevention of the disease in adults (Fine et al., 1999). The emergence of multidrug-resistant TB
strains has severely complicated treatment and poses a serious threat to human health worldwide.
With the numbers of new cases of drug-resistant TB increasing at an alarming rate, there is an
urgent need for the development of new anti-TB drugs to prevent the further deterioration of
health security.

One of the obstacles of mycobacteria research is the lack of tools for efficient genetic
manipulations of mycobacteria and for the identification of essential genes. These difficulties
have hindered the study of mycobacterial biology and the progress in combating mycobacterial
infections. Here, we outline our efforts to combine molecular biology and microbial genetics to
develop tools to assist in the systematic identification of essential genes in mycobacteria. Our
basic idea was to construct a transposon with inducible tetO promoters at both ends that drive
transcription outwards (Fig. 2-1). We utilized the Tet-controlled expression system TetR(B)2
(Ehrt et al., 2005) due to its simplicity and ease of induction. When the transposon is inserted
upstream of an essential gene, the mutant will display inducer-dependent growth. That is, such
mutants will grow in the presence of the inducer to allow their isolation and maintenance. In the
absence of the inducer, they will not grow which allows their differentiation from mutants in

non-essential genes (Fig. 2-1).
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We demonstrate here the construction of our transposon, TnQuoVadis, and a vector for
efficient mutagenesis in mycobacteria. A preliminary proof-of-concept experiment indicated that
these new tools are effective for their intended purpose. The hope is that our tool will help to
identify the unique set of essential genes in mycobacteria to facilitate the development of new

anti-TB drugs and a better understanding of mycobacterial biology.
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gene, the TetR protein (shown in yellow) binds to the inducible tetO promoters within the
transposon, thus this gene becomes regulated by the inducer. The inducer anhydrotetracycline
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MATERIALS AND METHODS

Bacterial strains and growth conditions

All strains and plasmids used in this study are listed in Table 2-1. The Escherichia coli
strains DHSaMCR (GibcoBRL) and DH5a/pir (Rubin et al., 1999) were grown and maintained
at 37°C on Miller Luria-Bertani (LB) agar plates or in LB liquid media (Miller, 1972). M.
smegmatis strains were grown and maintained in LB liquid media supplemented with 0.05%
Tween 80 or on LB agar at 30°C, 37°C or 39 °C as specified. All plates contained 1.5% agar and
all liquid cultures were aerated by shaking at 250 rpm on a rotary shaker.

When required for selection, kanamycin (Km) and hygromycin (Hyg) were used at 100
pg/ml, and tetracycline was used at 15 pg/ml for Escherichia coli. Km and Hyg were used at 50
pg/ml and gentamycin (Gm) at 15 pg/ml for selection in M. smegmatis. For induction in M.
smegmatis, an anhydrotetracycline (ATc) concentration of 50 ng/pl was chosen as this
concentration was previously found to be ideal in M. smegmatis TetR induction that utilized

Puvisteto (Ehrt et al., 2005)

Overlapping PCR
All PCR primers, listed in Table 2-2, were designed using PrimerQuest™ software

(http://www.idtdna.com/SCITOOLS/Applications/PrimerQuest/ Default.aspx), and purchased

through Integrated DNA Technologies. The 25 pl PCR reactions consisted of 5x Phusion® HF
buffer (Finnzymes), 200 uM of each dNTP, 0.5 puM of each primer, ~50-200 ng template DNA
and 1U of Phusion® DNA polymerase (Finnzymes). PCR products were purified using the

QiAquick PCR purification kit.
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Table 2-1. M. smegmatis strains and plasmids used in this study.

Strains/Plasmids Genotype Reference
Strains:
E. coli
DH5aMCR Cloning host GibcoBRL
DH5aApir Cloning host, recognizes R6Ky origin Rubin et al., 1999
M. smegmatis
mc2155 Electroporation-proficient mutant of mc?6 Snhapper et al., 1990
VTY123 mc2155 derivative, pSR125 integrated This study
Plasmids:
pMycoMar magellan4 mutagenesis vector, Kan®, Gent® Rubin et al., 1999
pMyrék pMycoMar parent, Amp~® Rubin et al., 1999
pWB300 Cloning vector, Tet® Black, 2005
pMC1s tetR constitutively expressed, Ehrt et al., 2005
integrative at L5 attB, Kan®
pSE100 T4 transcription terminator, Hyg® Guo et al., 2007
pUV15tetORm Inducible mycobacterial promoter (Puyisteto), HYg" Ehrt et al., 2005
pBlueScript KS Cloning vector, Amp® Stratagene
pMelmill lacZ reporter plasmid, Hyg® Ehrt et al., 2005
pZerO-2 Cloning vector, Kan® Invitrogen
pSR114 pWB300 derivative, Xbal-Spel magellan4 This study
fragment from pMyr6k
pSR117 pMelmL1 derivative, AtetR This study
pSR118 pSE100 derivative, Kan® region isolated from pZerO-2  This study
pSR119 pBluescript derivative, Right transposon fragment This study
pSR120 pBluescript derivative, Left transposon fragment This study
pSR121 pSR119 derivative, TnQuoVadis construct This study
pSR122 pBluescript derivative, transposase fragment This study
isolated from pMycoMar
pSR123 pSR121 derivative, TnQuoVadis/transposase construct ~ This study
pSR125 pMC1s derivative, AKan®, HygR region This study
isolated from pSE100
pSR126 pSR117 derivative, AHygR, Kan® region isolated This study
from pZerO-2
pSR129 pMycoMar derivative, TnQuoVadis This study

mutagenesis vector

20



Plasmid construction

Plasmids used in this study are listed in Table 2-1. To construct a plasmid with a T4
transcription termination sequence downstream of a kanamycin (Km) selection region, the 1.2kb
Km selection region was amplified from pZerO-2 with primers pZerO_kanR_F and
pZerO_kanR_R (Table 2-2) resulting in a product in which the reverse primer contained a
Hindl1I restriction site. This fragment was digested with Hindlll and cloned into EcoRV and
Hindlll digested pSE100 (Guo et al., 2007) adjacent to the T4 transcription termination sequence
to generate pSR118.

To construct an integrative vector constitutively expressing TetR to be used with
TnQuoVadis mutagenesis, the Km region was excised from pMC1s by digestion with Nsil and
BspHI and the resulting liner vector was treated with T4 DNA polymerase. The Hyg selection
marker from pSE100 was excised by digestion with BspHI and Smal, treated with T4 DNA
polymerase and cloned into the linerized pMC1s vector backbone to yield pSR125.

In order to analyze TetR activity of the parental strain VTY123, a reporter plasmid
pSR126 was constructed as follows. The TetR region was deleted from reporter plasmid
pMelmil (Ehrt et al., 2005) by Notl digestion and re-ligated to generate pSR117. The
hygromycin (Hyg) region in pSR117 was excised by Sacll digestion and the vector backbone
was treated with T4 DNA polymerase. This prepared the vector to receive the Kan region
amplified from pZerO-2 (Invitrogen) with primers pZerO_kanR_F and pZerO_kanR_R (Table 2-
2) that generated pSR126. This vector was used to analyze the TetR activity of strain VTY123

(data not shown).
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To construct the mycobacteria mutagenesis vector carrying TnQuoVadis, the native
transposon and transposase were removed from pMycoMar by digesting with Scal and BamH|
and the resulting vector backbone was treated with T4 DNA polymerase to prepare it to receive
the TnQuoVadis/transposase cassette from pSR123 (Fig. 2-3B). Plasmid pSR123 was digested
with Sacll and BamHI and treated with T4 DNA polymerase, which yielded an insert containing
the TnQuoVadis/transposase. These digestions prepared the vector and insert with compatible
ends for ligation which yielded pSR129 (Fig. 2-3B).

All plasmid constructs were transformed into DH5SaMCR (GibcoBRL) to increase yield
and harvested. Chemically-competent DH5aMCR cells were prepared by the Inoue Method
(Sambrook & Russell, 2001). All plasmids constructed in this study were confirmed by

restriction digestion and/or DNA sequencing.

Transposon mutagenesis of M. smegmatis

Electro-Competent VTY 123 cells, prepared as previously described (Parish & Brown
2008), were transformed with pSR129 (Fig. 2-3B) using electroporation by applying conditions
as previously described (Hatfull & Jacobs, 2000). After a 4 hour recovery in LB broth at 30°C,
cells were plated on LB medium containing Gm and incubated at 30°C for 4 days which allowed
pSR129 replication. An estimated 88,000 transformants were harvested from plates by scrapping
and were resuspended in liquid LB with 0.05% Tween 80 via syringe (22G1 2) at approximately
1.2x107 cells per ml. A solution of 50% glycerol was added to the cell suspension for a total
concentration of 15% glycerol. 350 pl aliquots of this cell suspension were put into cryogenic
tubes and stored at -80°C for later use in transposon mutagenesis. To identify transposon mutants

in or near essential genes, approximately 1.2x10* cells from the stocks were spread on individual
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agar plates (100mm x 15mm standard petri dish) with LB containing Km and ATc and incubated

for 3 days at 39°C, the non-permissive temperature for myco ts-ori (Guilhot et al., 1992).

TnQuoVadis mutant screening

Mutant colonies obtained at 39°C in the presence of ATc were replica-plated onto plates
with and without ATc using velveteen squares (Scienceware), and grown at 39°C for 2 days. Colonies
displaying ATc-dependent growth were patched consecutively onto plates with and without ATc to verify

the mutant phenotype. Transposon insertion mutants were also tested for gentamycin sensitivity
to ensure the loss of the plasmid. To examine growth by serial dilution with the spot assay,
reproducible ATc-dependent mutants were grown in LB liquid media supplemented with 0.05%
Tween 80 and harvested during the exponential growth phase. Cell suspensions of each mutant
were standardized by measurement at ODggo, and 10 pl of cell suspension measuring an OD of
0.1, 0.01, and 0.001 were spotted on plates with and without ATc. The approximate amount of
cells spotted were 500,000, 50,000 and 5,000 cells respectively. Results were documented after 2

days incubation. The phenotypes of the first 13 are shown in Figure 2-5.

Genomic DNA isolation

Mycobacteria genomic DNA preparation was carried out as previously described
(Parish & Brown, 2008). The site of TnQuoVadis insertion in the identified mutants (Fig. 2-6)
was determined as follows. Genomic DNA was digested with Sacll which does not cut within
the transposon and the resulting fragments were self-ligated. The 20 pl genomic DNA digestion
reactions consisted of 10x Buffer 4 (New England Bioline), 1 pl of Sacll at 20U/ul (New

England Bioline) and ~1ug genomic DNA. The following 25 ul ligation reactions consisted of
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10x ligase buffer (New England Bioline), 0.5 pl T4 DNA ligase (New England Bioline) and 10
pl of the digestion reaction mix. A 5-10 pl volume of the ligation mix was transformed into
DH5aApir which is capable of propagating plasmids with the R6Ky origin. Recovered plasmids
from the transformants, containing TnQuoVadis flanked by genomic DNA from its insertion site,
were purified by the QIAprep protocol and sequenced using primer Mariner_SP_R3 that binds to
the right end of TnQuoVadis (Fig. 2-2). The 10 pl sequencing reaction consisted of 5x BigDye®
sequencing buffer (Applied Biosystems), 1 pl BigDye® reaction mix (Applied Biosystems), 3
MM of the primer, and ~250-500 ng double stranded plasmid template. Cycling parameters were
as follows: 95°C for 1 minute, followed by 30 cycles of 95°C for 15 seconds, 50°C for 15

seconds, and 60°C for 4 minutes.

Bioinformatic analyses

To identify the TnQuoVadis insertion locations, the genomic DNA flanking the
TnQuoVadis insertion sites were individually compared to the complete genome of M.
smegmatis mc?155 using the NCBI BLASTn algorithm to identify matching sequences

(http://www.ncbi.nlm.nih.gov/sutils/genom_table.cgi). In each of the 13 mutants, a matching

sequence with close to 100% identity was identified. The ORFs corresponding to potential
essential genes as well as other nearby genes in the genetic neighborhood were further compared
to the complete genome of M. tuberculosis H37Rv using the NCBI BLASTp (Altschul et al.,

1997) algorithm to identify protein product similarities (Table 2-3) and conserved regions.
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RESULTS

Design of TnQuoVadis

A mariner-based transposon, designated TnQuoVadis (Fig. 2-2), was designed for
mutagenesis of essential genes in mycobacteria. The mariner element was chosen due to its
broad host range and relaxed site specificity (Lampe et al., 1996). The starting template was
magellan4, a mariner-derivative used successfully in mycobacteria (Rubin et al., 1999); this
transposon contained the E. coli R6Ky origin of replication and a kanamycin (Km) resistance
gene. Our major modification was the addition of the Pyyisteto inducible promoters immediately
inside the inverted repeats (IR) (Fig. 2-2); Puvisteto IS an engineered mycobacterial promoter
repressed by TetR-tetO interaction and induced by anhydrotetracycline (ATc) (Ehrt et al., 2005).
The two Pyvisteto are positioned in TnQuoVadis to drive transcription outward from both ends of
the transposon. A minor modification was the insertion of the transcription terminator of gene 32
of phage T4 (T4932T) (Guo et al., 2007; Kaps et al., 2001) after the Km resistance gene to
prevent read-through from the Km promoter (Fig. 2-2). If TnQuoVadis transposes onto the
chromosome of a TetR-expressing mycobacterial host strain, the genes adjacent to the
transposon in either orientation could be regulated by ATc. If the insertion occurs in the
promoter or the 5° end of an essential gene, the transposon mutant may be viable only when ATc

is present in the media.

Construction of TnQuoVadis

For the actual construction of TnQuoVadis, the left and right segments were assembled

separately, followed by their ligation at a Smal site (Fig. 2-2). The fragment on the left of Smal
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Smal HindIIl

Figure 2-2. Features of the TnQuoVadis transposon. Depiction of the 2.8 kb TnQuoVadis
element. TnQuoVadis has the inverted repeats (IRs) and the R6Ky origin from magellen4.
Immediately inside the IRs, depicted as black triangles, are two identical mycobacterial
promoters (Puvisteto), labeled P, that are inducible by the addition of ATc and drive outward
transcription from the transposon. The kanamycin resistance marker is for selection of the
transposon and the transcription terminator, depicted as a black rectangle, prevents read-through
from the kan promoter. The E. coli R6Ky origin of replication facilitates the cloning and
identification of transposon insertions. The Smal and Hindlll site used for constructing the
transposon are indicated. The site for primer Mariner_SP_R3, depicted as a white rectangle, is
used to sequence sites of TnQuoVadis insertion in genomic DNA.
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contains the R6Ky origin whereas the fragment on the right contains the Km gene (Fig. 2-2).
Both fragments also contain the Pyyvisieto promoter which was obtained by PCR using primers
P_F1 and P_R1 (Table 2-2) with the plasmid pUV15tetORm (Ehrt et al., 2005) as the template.

For the assembly of the R6Ky-containing fragment (Fig. 2-2), magellan4 was first
liberated from pMyr6k (Rubin et al., 1999) by Xbal and Spel digestion and cloned into the same
sites in pWB300 (Black, 2005) to generate pSR114. Using pSR114 as a template, a mariner IR
was PCR amplified using primers M13F and 5_P_R1 (Table 2-2). This IR and the Pyvisteto
fragments were joined by overlapping PCR because the 5’ end of 5_P_R1 is complementary with
P_R1. This IR- Pyvisteto fragment was further joined with R6Ky which was PCR amplified using
primers P_F2 and P_R2 (Table 2-2) with pSR114 as the template. The resulting fragment, which
consists of the left half of TnQuoVadis (Fig. 2-2), was digested with Xbal and Smal and cloned
into the same sites in pBluescript KS to generate pSR120 (Table 2-1).

For the assembly of the Km-containing fragment (Fig. 2-2), a Km gene fragment was
PCR amplified from pZerO-2 (Invitrogen) using primers pZErO_kanR_F and pZErO_kanR_R
(Table 2-2). This fragment was cloned into pSE100 (Guo et al., 2007) as described in Material
and Methods, and the resulting plasmid pSR118 contains the Km gene next to T4g32T. The Km-
T4932T fragment was then PCR amplified using primers pZErO_kanR_F and
T4g32_kanRterm_R (Table 2-2). Next, a mariner IR was PCR amplified from pSR114 using
primers M13F and 3_Ptet F2 (Table 2-2). An IR- Pyvisteto fragment was obtained by overlapping
PCR because 3_Ptet_F2 has complementarity with Ptet R1. The Km-T4g32T and the IR-
Puvisteto fragments were then joined by overlapping PCR because part of T4g32_kanRterm_R is
complementary to Ptet_F1. The resulting product, which forms the right half of the transposon

(Fig. 2-2), was cloned into Smal digested pBluescript KS to generate pSR119 (Fig. 2-3A).
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Table 2-2. Oligonucleotides used in this study?®.

Primer name Primer sequence 5°- 3’

P F1 AATATTGGATCGTCGGCACC

P_R1 GGATCGTGCTCATTTCGGGC

M13F CCCAGTCACGACGTTGTAAAACG

M13R AGCGGATAACAATTTCACACAGG

5 P R1 GCCCGAAATGAGCACGATCCTAATATGCATTTAATACTAG
P_F2 GGTGCCGACGATCCAATATTTATATAGTACCAACCTTCAA
P_R2 TCCTCGGTACCGGGCCCGGGATCCCTTAATTAACCCCGAAAA

pZErO_kanR_F
pZErO_kanR_R
T4g32_R

3 P F2
TPase F
TPase R
Mariner_SP_R3

CCGGGCCCGGTACCGAGGACACGTAGAAAGCCAGTCCGCA
GCTAAGCTTGGAACAACACTCAACCCTATCGC
GGTGCCGACGATCCAATATTTAGCAATGCCTCCATGCGAT
GCCCGAAATGAGCACGATCCTTCGACGCGTCAATTCGAGG
TCCCCGCGGCCGTCCAGTCTGGCAG
GCTCTAGATTATTCAACATAGTTCCCT
TGAAGGGAACTATGTTGAAT

 Complimentary regions in relation to P_F1 are underlined, complimentary regions in relation to
P_R1 are bolded. The Hindlll site in pZErO-KanR_R, the Sacll site in TPase_F and the Xbal site
in TPase_R are bolded and italicized.
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The last step in the construction of TnQuoVadis is illustrated in Fig. 2-3A. The left
fragment in pSR120 was excised by Xbal and Smal digestion and cloned into the same sites in
pSR119. This gave rise to pSR121 which now contains the full length TnQuoVadis (Figs. 2-2 &

2-3A).

Construction of the TnQuoVadis delivery vector

Although pSR121 contains the full-length TnQuoVadis transposon, it has no transposase
(TPase) to catalyze transposition. The mariner TPase gene was PCR amplified from pMycoMar
(Rubin et al., 1999) with primers TPase_F and TPase_R (Table 2-2). This fragment was digested
with Sacll and Xbal and cloned into pSR121. The resulting plasmid pSR123 (Fig. 2-3B) has both
TnQuoVadis and the TPase gene. When we transformed pSR123 into M. smegmatis strain
mc?155, we obtained only low numbers of transposon mutants by direct selection of Km
resistance carried by the transposon. For more efficient transposon mutagenesis, we moved the
TnQuoVadis-TPase cassette in pSR123 into a vector with a mycobacterial thermosensitive origin
of replication (myco ts-ori) (Guilhot et al., 1992). To accomplish this, the transposon and TPase
from pMycoMar were replaced by the TnQuoVadis-TPase cassette from pSR123 as described in
Materials and Methods (Fig. 2-3B). The resulting delivery plasmid pSR129 contains
TnQuoVadis, the transposase gene, the myco ts-ori and the gene for gentamycin (Gm) resistance
(Fig. 2-3B). Transformants with pSR129 can be selected by Gm resistance and propagated at

30°C, the permissive temperature for the thermosensitive origin.
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Figure 2-3. Formation of TnQuoVadis and construction of pSR129. (A) The right
transposon segment was blunt cloned into Smal digested pBluescript KS+ generating pSR119.
The left transposon segment was digested with Xbal and Smal and cloned into the same sites in
pSR119 generating pSR121 and forming full length TnQuoVadis. The blue region indicates the
MCS in lacZ. (B) The PCR product containing the transposase was digested with Sacll and Xbal
and cloned into the same sites in pSR121 at the left end of TnQuoVadis forming the
TnQuoVadis-TPase construct. The Sacl and BamHI site on pMycoMar and the Sacll and BamHI
site in pSR121 containing the TnQuoVadis-TPase construct were both digested then blunted with
T4 DNA Polymerase and ligated to generate pSR129. pSR129 is a mycobacteria thermosensitive

(ts) delivery vector which replicates in M. smegmatis at 30°C but not at 39°C. Gentamycin (Gm)
is used for selection and screening purposes when necessary.
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Construction of a TetR-expressing M. smegmatis strain for TnQuoVadis transposon
mutagenesis

In order to use TnQuoVadis to mutagenize essential genes, it was necessary to
construct a mycobacterial strain that constitutively expresses TetR to regulate the Pyvisieto
promoters in the transposon. Plasmid pMC1s (Guo et al., 2007), which integrates at the phage L5
attachment site, was previously constructed to express TetR in mycobacteria from a constitutive
promoter. This plasmid, however, contains the same Km selection marker as the transposon. We
replaced the Km resistance gene on pMC1s with a hygromycin (Hyg) resistance gene as
described in Materials and Methods. The resulting plasmid, pSR125, was introduced by
electroporation into the M. smegmatis strain mc®155 (Snapper et al., 1990) to construct the TetR-

expressing strain VTY123.

Screening for mutants with ATc-dependent growth

The general screening procedures for mutants with transposons regulating potentially
essential genes are shown in Fig. 2-4. We first prepared stocks of VTY123 transformants with
pSR129 as described in Materials and Methods. These transformants were selected for Gm
resistance at 30°C. After 4 days of incubation, an estimated 88,000 transformants were harvested
from the plates and resuspended in LB with 0.05% Tween 80 at approximately 1.2x10’ cells per
ml. This cell suspension was aliquoted and stored at -80°C for later use.

To identify transposon mutants in or near essential genes, approximately 1.2x10” cells
from the stock were spread on individual agar plates (100mm x 15mm standard petri dish) with

LB containing Km and ATc. After 3 days of incubation at 39°C, the non-permissive temperature
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Transformed VTY123 with transposon delivery vector pSR129

‘ 4 days at 30°C with Gm

Pooled transformants into media, received ~1.2x107 cells per ml. Aliquots were
stored at -80°C for further use

4

~1.2x10* cells from stocks were spread on LB containing ATc

.' 3 days at 39°C with Km

Colonies were patched on plates with and without ATc

‘ 2 days at 39°C with Km

Colonies that grew in the presence of ATc but not in the absence were
patched to plates with and without ATc

4

Colonies with reproducible ATc-dependence were patched
to plates with and without ATc and Gm +ATc

3

Colonies with reproducible ATc-dependence with lack of growth
on Gm+ATc plates were purified

4

Mutants were further examined for their growth phenotype by serial dilutions

Figure 2-4. Mutant screening protocol. Depiction displaying the protocol for preparing and
screening transposon insertion mutations.
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for myco ts-ori (Guilhot et al., 1992), these colonies were patched onto plates with and without
ATc. Approximately 150-300 colonies typically appeared per plate. We selected those that
displayed relatively normal growth with ATc but no or diminished growth without ATc for
further examination. Colonies selected were found to be sensitive to Gm, indicating the loss of
the delivery plasmid and the chromosomal transposition of TnQuoVadis. In our first attempt with
approximately 5,200 colonies, 13 transposon insertion mutants were found to have reproducible
ATc-dependent growth during subsequent patching. The growth of these mutants was further
examined by serial dilutions using the spot assay with and without ATc in comparison with WT
(Fig. 2-5) as described in Material and Methods. As shown in Fig. 2-5, VTY201 and VTY204
have a moderate ATc-dependency while VTY205 displayed a weak growth deficiency without
ATc. In contrast, the other 10 strains have a strong ATc-dependency; they grew very little in the
absence of ATc with relatively normal growth when ATc was present in the growth media.

Over 200,000 transposition mutants have now been screened which yielded a total of 121
conditional ATc-dependent mutants (data not shown). Of these mutants, 20 displayed weak ATc-
dependence, 24 displayed moderate ATc-dependence, and 77 displayed a strong dependence

upon ATc for growth on LB agar.

Identification of TnQuoVadis insertion locations in mutants

The transposons with flanking genomic regions were cloned from the first 13 mutants
and sequenced (Materials and Methods). The sequences of the genomic regions were used for
BLAST searches against the M. smegmatis mc2155 reference genome sequence (Fleischmann et
al., 2006) to identify the transposon insertion sites. Nine distinct genetic loci, I through IX (Fig.

2-6), were identified by these insertions. All loci except VI, VIII and IX were identified by single
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VTY201 VTY202 VTY203 VTY204 VTY205 VTY206
+ -

+
»
®

s + =
VTY207 VTY208 VTY209 VTY211 VTY212 VTY213
+ = + - + = = - + -
Figure 2-5. ATc-dependent growth of mutants. The varying degrees of growth of the 13
mutants from the first round of screening are shown. For each strain, 10 pl of cell suspension at

OD =0.1, 0.01 and 0.001 were spotted on plates from top to bottom and incubated for 2 days
before documentation. “+” indicates presence of ATc and “~” indicates absence of ATc.
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insertions. Locus VI was identified by two different insertions in VTY206 and VTY209, locus
V111 by the exact same insertions in VTY208 and VTY213, and locus 1X by three different
insertions in VTY202, VTY210, and VTY212 (Fig. 2-6).

The position of transposon insertions and the genomic context of the nine genetic loci
(Fig. 2-6 and Table 2-3) were analyzed for candidates of essential genes identified by these M.
smegmatis mutants. MSMEG_0028 is the only candidate from locus I (Fig. 2-6). It is annotated
as PknB based on its homology to the known essential gene with the same name in M.
tuberculosis (Fernandez et al., 2006). The candidate from locus Il is MSMEG_2580 (Fig. 2-6); it
is annotated as IspG which is involved in the synthesis of isoprenoid, a key precursor for mycolic
acid (Brown et al., 2010). MSMEG_2581 is likely not in the same operon with ispG because it is
about 100 basepairs (bps) downstream. For locus I1l, MSMEG_4495-4493 are likely in the same
operon with MSMEG_4496; among these, MSMEG _4493 encodes the 16S rRNA-binding
GTPase Era which has essential functions in E. coli (Zhang & Inouye, 2002). Era is involved in
many cellular processes and is known to be universally found in all bacteria except some
eubacteria (Caldon and March, 2003). Locus IV identified a gene cluster important for
peptidoglycan synthesis: MSMEG_4902 encodes a putative B-lactamase, for example, and
MSMEG_4903 encodes the Murl racemase which converts L-glutamate to D-glutamate, an
essential component of peptidoglycan (Sengupta and Nagaraja., 2008). The insertion at locus V
occurred upstream of a potential five-gene operon (Fig. 2-6); prfA (MSMEG_4950) and hemK
(MSMEG_4949), which are suspected to be essential in M. tuberculosis (Sassetti et al., 2003),
are among these genes. The insertions at locus VI were in an intergenic region and the potential
essential genes are among MSMEG_5220-5222 in one direction and MSMEG_5223 in the other;

interestingly, while MSMEG_5223 is a predicted gene of unknown function, the protein product
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I 0029 0028 0030 0031 500bp

II

111 4492 44930 4494 4495 1496 4497

IV 49007 4899 4901 4902 49031~ 4904 4905

Figure 2-6. TnQuoVadis insertion sites. Depiction of the identified genetic loci. Blue triangles
indicate site of transposon insertions. Red arrows indicate potential essential genes. Each gene is
numbered according to the mc®155 reference genome. * next to a blue triangle indicates two
identical transposon insertions. (I) Mutant strain VTY211, (11) Mutant strain VTY204, (111)
Mutant strain VTY201, (IV) Mutant strain VTY205, (V) Mutant strain VTY203, (V1) Mutant
strains VTY206 and VTY209, (VII) Mutant strain VTY207, (V1) Mutant strains VTY208 and
VTY213, (IX) Mutant strains VTY202, VTY210, and VTY212,
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of MSMEG_5222 is homologous to Era at locus I1l. It is also possible that MSMEG_5219,
which is possibly essential in M. tuberculosis (Sassetti et al., 2003), is affected by the transposon
insertions at locus V1. The insertion at locus V11 was also in an intergenic region and it identified
MSMEG_5769-5771 which encode genes of unknown function, and MSMEG_5773 which
encodes a fatty acid desaturase that is suspected to be essential in M. tuberculosis (Sassetti et al.,
2003). The two identical insertions at locus VIII occurred upstream of a potential three-gene
ABC transporter operon (Fig. 2-6) which included an ATP-binding protein (MSMEG_6366) and
a glycosyl transferase (MSMEG_6367), both of which are suspected to be essential in M.
tuberculosis (Sassetti et al., 2003). The three insertions at locus IX clustered in MSMEG_6901
and the potential essential genes are among MSMEG_6898, 6899 and 6902 along with
MSMEG_6895 which encodes the 30S ribosomal protein S18 found to be essential in E. coli
(Bubunenko et al., 2007). Interestingly, M. smegmatis mutants that contain knockouts in
MSMEG_6900 which encodes a penicillin-binding protein and E. coli mutants with knockouts in
the gene corresponding to MSMEG_6897, which encodes the 30S ribosomal protein S6, are both
known to be viable however grow extremely slowly in liquid media (Billman-Jacobe et al., 1999;
Bubunenko et al., 2007).

The nine M. smegmatis genetic loci (Fig. 2-6 and Table 2-3) identified by these mutants
showed varying degrees of conservation in M. tuberculosis. The gene orders at loci I, 1l and V
are strictly conserved in M. tuberculosis. For locus I, both the sequence and order for
MSMEG_0028 (PknB) and MSMEG_0029 (PknA) are conserved and the conservation extended
beyond these two genes in both directions (Wolfe et al., 2010). This is also the case for locus 11l
in which MSMEG_4493 (Era) and genes in both directions (MSMEG_4492 and MSMEG_4494-

4497) are
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Table 2-3. Annotation of TnQuoVadis insertions.

Locus® Annotation® TB H37Rv identity (locus)® Reference®
| Serine-threonine protein kinase 70% identity to PknB (Rv0014c) Fernandez et al.,
2006

1l ispG - isoprenoid synthesis 91% identity to IspG (Rv2868c) Brown et al., 2010

11 GTP-binding protein Era 83% identity to Era (Rv2364c) Sassetti et al., 2003

v murl - glutamate racemase 86% identity to Murl (Rv1338) Sengupta and

Nagaraja., 2008

\Y prfA - peptide chain release factor 1; 84% identity to PrfA (Rv1299) Sassetti et al., 2003
modfication methylase, HemK family 64% identity to probable HemK (Rv1300) Sassetti et al., 2003
protein

VI GTP-dependent nucleic acid-binding 86% identity to EngD (Rv1112) Teplyakov et al.,
protein EngD; 2003
riboflavin biosynthesis RibD domain- 26% identity to RibG (Rv1409) Sassetti et al., 2003
containing protein

VIl fatty acid desaturase 82% identity to DesAl (Rv0824c) Sassetti et al., 2003

VI ABC transporter, O-antigen export system,  88% identity to RfbE (Rv3781) Sassetti et al., 2003
ATP-binding protein
glycosyl transferase 77% identity to L-rhamnosyltransferase Sassetti et al., 2003

(Rv3782)
IX rpsR - 30S ribosomal protein S18 55% identity to RpsR (Rv2055c) Bubunenko et al.,

2007

#1dentified genetic loci in M. smegmatis.

b Name and function of potential essential M. smegmatis genes regulated by TnQuoVadis
insertions.
¢ Protein identity BLAST hits of TB strain H37Rv compared to regulated genes of ATc-
dependent M. smegmatis mutants.
9 References for the potential and known essential TB genes.
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highly conserved (Fleischmann et al., 2002), and for locus V for which the sequence and order
for MSMEG_4947 - 4951 are highly conserved. The gene orders at loci I, IV, and VI were
semi-conserved in M. tuberculosis. For locus 11, the sequence and order for MSMEG_2578, 2579
and MSMEG_2580 (IspG) were highly similar but the surrounding genes were not (Wolfe et al.,
2010; Cole et al., 1998). For locus 1V, the sequence and order for MSMEG_4899, 4901, 4903
(Murl) and MSMEG_4905 were conserved in M. tuberculosis with the surrounding genes not
conserved, as well as for locus VI in which the sequence and order for MSMEG_5222, 5223, and
5224 were conserved. The gene sequences of the remaining loci, VI, VIII and IX, were
conserved in M. tuberculosis but the order and sequences of the surrounding genes were not

conserved.
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DISCUSSION

Here we describe the development and use of a novel transposon that allows for the
identification of essential genes in M. smegmatis. This approach utilizes the TetR(B)2
mycobacterial expression system (Fig. 1-2). Two ATc-inducible promoters were placed facing
outwards at either ends of a mariner transposon (Fig. 2-2). In order to mutagenize potential
essential genes, we constructed a mycobacteria strain that constitutively expresses TetR to
regulate the inducible promoters in the transposon. When the transposon is inserted upstream of
an essential gene (Fig. 2-1), the mutants will only be viable in the presence of ATc, and in the
absence of ATc, they will cease to grow or show significantly diminished growth. This allows
for their easy differentiation from transposon mutants of non-essential genes. The identification
of the regulated genes of these mutants is also straightforward because each mutation is marked
by the transposon insertion. Due to the relatively low transformation of mycobacteria, we used a
temperature-sensitive delivery strategy in which the engineered transposon was inserted into a
thermosensitive plasmid which significantly increased our mutagenesis.

For proof-of-concept, we chose to mutagenize the model species M. smegmatis for ease
of experimentation. The system performed well in the initial testing, producing 13 conditional
ATc-dependent mutants with varying phenotypes (Fig. 2-5). These mutants were classified on
three degrees of ATc-dependency, categorized as either having a weak, moderate or strong
growth deficiency without ATc. The initial 13 screened mutants displayed 1 weak, 2 moderate
and 10 strong ATc-dependent phenotypes when grown on LB agar. This skewed result towards
strong ATc-dependent phenotypes could be due to several reasons. First, the screening technique

had yet to be perfected; strong ATc-dependent phenotypes among a backdrop of thousands are
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the most noticeable and thus the first to be isolated. Second, the nature of the screening protocol
on LB media likely overlooks essential genes necessary for growth in other conditions, thus
more numerous mutants that produce the mild or moderate ATc-dependency may only display
those phenotypes in other growth conditions. Finally, experiments using a mycobacterial codon-
adapted tetR gene may be useful for isolating a greater variety of mutants. The Tet system is
tightly regulated but it still allows for low level basal transcription, making it leaky. Due to the
high G-C content of the mycobacteria, the coding regions display an inherent codon bias. Using
a codon-adapted tetR gene may lead to improved translation which will increase TetR protein in
the cell and thus tighten repression. This strategy has recently been used successfully in
mycobacterial systems (Klotzsche et al., 2009).

From the first trial, we were able to isolate mutants to identify genes necessary for a
variety of mycobacterial cellular biosynthetic pathways (Table 2-3), thus validating our
approach. These TnQuoVadis insertions were upstream of genes that affected the overall
viability of the cell. Many of the identified genes were either known essential or potentially
essential in mycobacteria. For example, two genes were identified to be involved in cell wall
biosynthesis: ispG and murl. The IspG protein, which is required for mycolic acid biosynthesis,
is vital to mycobacteria cells, and Murl, a glutamate racemase, produces a component of
peptidoglycan. Both of these genes are known essential in mycobacteria (Brown et al., 2010;
Sengupta and Nagaraja, 2008). All of the mutants contained transposon insertions that were
either directly upstream of an essential gene or within two genes distance (Fig. 2-6) with the
exceptions of VTY202, VTY210 and VTY212 (locus IX). These mutants were peculiar due to
the fact that the known essential gene (rpsR) was 5 ORFs away from the transposon insertion,

and these genes were not likely in an operon. The more likely essential gene candidates,
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MSMEG_ 6898, 6899 and 6902, are genes of unknown function. It is also possible that
MSMEG_6900 and MSMEG_6897 are under regulation. MSMEG_6900 encodes a penicillin-
binding protein, and although it is non-essential, M. smegmatis mutants defective in this region
grow slowly in liquid media (Billman-Jacobe et al., 1999). Similarly, MSMEG_6897 encodes
the 30S ribosomal protein S6 which is non-essential, but knockouts of the corresponding gene in
E. coli grow extremely slowly in liquid media (Bubunenko et al., 2007). Thus, it is possible that
the combination of both phenotypes led to the isolation of these mutants. The results also
indicated that the screening method is prone to produce multiple mutations in the same regions.
Out of the 13 mutants, there were 9 identified genetic loci with three of the genetic loci sites
containing TnQuoVadis insertions in multiple strains (Fig. 2-6). The phenotype of these mutants
all displayed a strong ATc-dependency, suggesting the apparent bias in the initial screening.
Also, as more mutants are sequenced, identified genetic loci with multiple insertions will
increase.

There is much work to be done. This project pioneered a new approach in identifying
essential genes, leaving multiple avenues open for experimentation. Future work includes but is
not limited to: continuing the identification of essential genes from the currently available
mutants, screening for additional mutants, testing identified genes of unknown function for
essentiality, and characterizing identified essential genes as potential drug targets. The utility of
the transposon could be also explored by identifying other genes of interest (genes encoding
biofilm formation, motility, etc) by selecting for the desired phenotype on agar plates or in liquid
media with and without ATc.

TnQuoVadis and its delivery vector provide a powerful new tool for genome-wide

analysis of mycobacteria. Identifying potential essential genes using this tool is quick and
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inexpensive compared to established methods. Although this system was designed for use in M.
smegmatis, it has the potential to be adapted for other organisms that are permeable to ATc and
can modulate transcription from a modified promoter containing tetO sites. It is understood that
the low basal activity of expression from the tetO promoter may limit the essential genes that can
be identified by TnQuoVadis, thus complete saturation of the M. smegmatis genome may be
difficult using this method. However, adjusting the growth conditions, using a variety of media,

and utilizing a codon-adapted tetR gene may overcome some of these limitations.
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