ABSTRACT

NATASHA LEE
Complementation of Chromosomal Deletions in Mycobacterium tuberculosis
Under the direction of DR. RUSSELL KARLS

Tuberculosis (TB) is an infectious disease caused by Mycobacterium tuberculosis (Mtb).
The World Health Organization estimates that one third of the world's population is latently
infected with Mtb; these individuals have a 10% risk of developing TB. To prevent, diagnose,
and treat TB, it is imperative to understand the mechanisms this pathogen uses to survive in a
host. Defining roles that different Mtb genes play in virulence is typically achieved by
characterizing mutants deleted for targeted gene(s). To ensure that the resulting phenotypes are
associated with the deleted genes, the wild type gene(s) must be re-introduced. This is typically
performed by PCR amplification of the genes and cloning them onto plasmids that can replicate
in Mth. Amplification of large regions of DNA often results in mutations due to the DNA
polymerase used in vitro. The focus of my research has been to complement a 16-kb region of
the Mtb genome. To help define functions of genes within this region, a series of plasmids were
created containing portions of the deleted region obtained from the parent strain of the mutant.
Difficulty with amplifying the entire region led us to pursue an alternate strategy of obtaining
this region from the chromosome using plasmid-mediated recombination. The first step in
developing a plasmid for this purpose was completed. This work is anticipated to allow the
generation of complementation plasmids with a low risk of PCR-induced mutations. The
plasmids generated will aid vaccine research by facilitating studies to identify which Mtb genes

encode virulence factors.
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CHAPTER 1
INTRODUCTION

Mycobacterium tuberculosis is an aerobic bacterium that is the causative agent of the
infectious disease tuberculosis. The bacterium is characterized, due to the high content of
mycolic acids within the cell surface, as an acid-fast bacterium. Mycolic acids make the
bacterium difficult to be identified by Gram staining. Four other mycobacteria are in the M.
tuberculosis complex: M. bovis, M. africanum, M. canetti, and M. microti (van Soolingen et al.
1997). Mycobacterium tuberculosis has a very low infectious dose; less than 10 organisms are
needed to cause infection (Behr et al. 1999). In 2006, 9.2 million people were diagnosed with the
disease and 1.7 million deaths were recorded (Park 2008). The World Health Organization
approximates that one third of the world's population harbors the bacilli as an asymptomatic, or
latent, form and 10% of those infected have the risk of developing the active disease in their
lifetime. If left untreated, the death rate for those infected with the active form of the disease is
greater than 50% (Mayo Clinic 2009).

Tuberculosis is a bacterial infection that most commonly affects the lungs. Humans
typically acquire the infection by inhalation of infectious aerosols. The mycobacteria gain access
to the pulmonary alveoli where they invade and replicate within alveolar macrophages. Once the
host immune system is stimulated, macrophages, fibroblasts, T-lymphocytes, and B-lymphocytes
accumulate around the bacilli and form a structure called a granuloma (Agarwal et al. 2005).
Though the intended function of a granuloma is to blockade the bacilli so that the immune cells

can destroy it, some bacilli are not eliminated. In some instances, the bacilli are thought to enter



a dormant stage within a granuloma, leading to the latent stage of the tuberculosis infection
(Mayo Clinic, 2009). It is possible for a granuloma to break down over time allowing the bacilli
to exit out of the dormant stage and begin replicating. This results in the active stage of the
infection. The granuloma can also lead to caseous necrosis, cell death within the center of the
granuloma (Kaufmann 2002). In addition to infecting the lungs, the bacilli are also capable of
infecting other areas of the body when transported through the bloodstream.

Treatment of both latent and active form of tuberculosis is difficult due to the complex
structure of the cell wall (Narasimh, Acharya, & Goldman 1970). Many antibiotics are slow to
enter into the cell and require long periods of treatment to kill the bacterium due to its slow
growth rate. If the bacilli are persistent against frontline antibiotics such as rifampicin and
isoniazid, additional drugs must be administered. Antibiotic resistance has led to drug-resistant ,
which is growing health concern among immunocompromised patients. Currently, the bacillus
Calmette-Guérin (BCG) vaccine is given in many parts of the world. However, its use is limited
due to its variable effectiveness at preventing pulmonary TB (0-80%; Comstock 1994). Efforts to
create more effective vaccines are in progress and include creating augmented BCG vaccines,
recombinant peptide vaccines, DNA vaccines, genetically-modified vaccinia viruses, and
attenuated M. tuberculosis strains (Oplinger 2004).

Perhaps the most-promising approach is to create live-attenuated M. tuberculosis bacilli
as vaccine. A live-attenuated vaccine is a form of the disease-causing agent with genetic defects.
These defects are ones where specific genes with roles in virulence have been modified or
deleted. Such modifications ideally render the bacteria avirulent, but typically multiple genes

must be modified to severely attenuate the bacteria. Such live-attenuated vaccines are



advantageous because the bacteria retain many surface characteristics for recognition by the host
immune system to elicit a cell-mediated immune response. To create a live-attenuated vaccine
for TB, it is useful to understand the functions of the M. tuberculosis genes involved in
virulence.

In previous studies, a mutant M.tuberculosis strain lacking a functional sigC gene,
encoding sigma factor C, was shown to be attenuated in mice (Sun, et al. 2003) and in guinea
pigs (Karls, et al. 2006). The sigC gene is located within a cluster of genes, some of unknown
function and some with homology to cobalamin biosynthesis genes in other bacteria.
Cobalamins, such as vitamin B,, are known to be cofactors for important metabolic pathways
within a cell (Herbert 1999). Cobalamin biosynthesis genes are also conserved in other
pathogenic strains of mycobacteria. It is hypothesized that the cobalamin biosynthesis cluster is
important for virulence of M. tuberculosis.

A 16-kb region of the M. tuberculosis genome including sigC and several cobalamin
biosynthesis genes was deleted by graduate student Benjamin Grosse-Siestrup in the Karls
laboratory (unpublished data). To help determine the roles of the genes located within the cluster,
the M. tuberculosis mutant lacking the cobalamin biosynthesis region will be complemented with
various plasmids, each containing unique portions of the deleted region. These plasmids will be
used to determine specific gene function and to identify genes that potentially play a role in
virulence of the bacteria. Such information will be useful in the development of a live-attenuated

vaccine to prevent tuberculosis.



CHAPTER 2
MATERIALS AND METHODS

The following methods described have been used to produce multiple plasmids that will
aid in complementation of deleted genes within the M. tuberculosis cobalamin biosynthesis
mutant. Sequences of primers used in PCR reactions are listed in Table 1. Specific features of

plasmids are highlighted in Table 2.

Preparation of pMV306

Plasmid pMV 306, which is able to integrate into the M. tuberculosis genome, enables
single-copy expression of genes inserted on the plasmid (Kong and Kunimoto). Plasmid
pMV306 was prepared to receive insert DNA by digestion with restriction endonucleases HindIII
and Xbal to obtain a 3,962-bp fragment. The DNA from the digestion reaction was cleaned and
purified using the Zymoclean DNA Clean and Concentrator kit (ZymoResearch, Inc.) and eluted
with 10 uLL dH,O. The digested product was then de-phosphorylated with Calf Intestinal
Alkaline Phophatase (“CIAP”). The product was separated on a 1% agarose gel by
electrophoresis, stained with ethidium bromide, visualized by exposure to ultraviolet light, and
compared against DNA size standard ( DNA of bacteriophage A DNA digested with BStEII) to
determine the band size and concentration. The concentration of the
pMV306/HindIll/Xbal/CIAP product was determined to be 110 ng/uL. The DNA was diluted to

a final concentration of 50 ng/puL.



Construction of pGSblaC

Plasmid pGSblaC was created by inserting the blaC gene from the M. tuberculosis
cobalamin biosynthesis region into the vector pMV306. To obtain the ~1,300-bp blaC fragment,
a Polymerase Chain Reaction (PCR) reaction with primers p1136 and p1135, H37Rv genomic
DNA, and Pfu turbo DNA polymerase was created (see Table 1 for primer sequences). The PCR
parameters used are as follows:

Temperature (°C) 97° ; 97° , 57° , 72° ; 97°, 65° , 72° ; 72° ; 4°

Time (min:sec) 4:00 ; 0:30 , 0:30 , 0:25 ; 0:30, 0:30, 0:25 ; 3:00; hold

2 cycles 23 cycles
The PCR product was purified using the Zymoclean DNA Clean and Concentrator kit and eluted
twice with 9 uLL dH,O. The product was digested with HindIII and Xbal and purified with the
Zymoclean DNA Clean and Concentrator kit and eluted twice with 5 uLL dH,0. The
concentration of the fragment was first determined by A-BStEIl DNA comparison, but on the gel,
the band was brighter than the standards. As this is outside the linear range, the DNA
concentration was then determined using a spectrometer measuring absorbance at 260 nm and
calculated to be 278 ng/uL. A ligation reaction was then prepared to insert the blaC fragment
into the prepared vector, pMV306/HindIIl/Xbal/CIAP. To ligate blaC into pMV306, 50 ng of the
vector was mixed with 18 ng of the blaC fragment along with 2 pLL 10X ligase buffer and 0.5 uL
T4 DNA ligase enzyme (NEB) for a final volume of 20 pL. The ligation reaction was incubated

at room temperature for ~12 minutes before being transformed. The ligated DNA was then



transformed into TAM1 chemically-competent E. coli cells. The cells were plated on Luria-
Bertaini (LB) agar plates supplemented with 50 pug/mL of kanamycin. Colonies that grew on the
plates expressed kanamycin resistance. Four candidates (A, B, C, D) were selected from the
transformation plates and streaked for isolation. An individual isolated colony for each of the
four candidates was grown in 5 mL LB broth containing 50 pg/mL kanamycin. The plasmid was
extracted from the E. coli cells using a QIAprep Spin Miniprep kit and the DNA was eluted with
50 uL dH,0. The plasmid DNA was then digested with Agel to screen for insertion of the blaC
gene. The digested products were observed following 1% agarose gel electrophoresis, staining
for 5 minutes in ethidium bromide (25 pl of a 10 mg/ml stock diluted into 100 ml dH,0),
destaining for 5 minutes in dH,0, exposure to ultraviolet light, and image capture on an Alpha
Imager. Proper insertion of the blaC fragment should yield 4310- bp and 851-bp bands.
Candidate D displayed this pattern and was grown n 100 mL LB broth with 100 pL of a 50
mg/mL kanamycin stock. The DNA was extracted and purified with a QIAgen Midiprep kit and
eluted with 1 mL dH,O for a final concentration of 48 ng/uL. A BamHI digest was performed to
confirm the plasmid. Candidate D exhibited the correct BamHI digestion band pattern, 3574 bp
and 1816 bp. Candidate D was sent to Genewiz, Inc for DNA sequencing. No mutations were

detected in the inserted fragment.

Construction of pGSblaC-sigC

The plasmid pGSblaC-sigC was created by inserting a 1795-bp fragment, which

contained the genes blaC and sigC of the M.tuberculosis genome, into the vector pMV306. To



obtain the blaC-sigC fragment, primers p1134 and “HindII1-92downsigC” were used in a PCR

reaction with the following cycle with a 50°- 60° temperature gradient:

Temperature (°C) 97° ; 97° ,50°-60°, 72° ; 97°, 66° , 72° ; 7T72° ; 4°

Time (min:sec) 4:00 ; 0:30 , 0:30 , 0:26 ; 0:30, 0:30, 0:26 ; 3:00; o

2 cycles 23 cycles
After observing the results from the temperature gradient, the fragment was amplified by running
another PCR reaction with the following cycle:
Temperature (°C) 97° ; 97° , 58.5°, 72° ; 97°, 66° , 72° ; 72° ; 4°

Time (min:sec) 4:00 ; 0:30 , 0:30 , 0:26 ; 0:30, 0:30, 0:26 ; 3:00; oo

2 cycles 23 cycles
The DNA product was visualized as described previously. The product was purified using a
Zymoclean DNA Clean and Concentrator and eluted twice with 9 pL. dH,O. The purified product
was then digested with HindIII and Xbal. The digested DNA was separated on a 1% agarose gel
and the concentration was determined by comparing the fragment DNA to A-BStEIl DNA
standards. The final concentration of the fragment was estimated to be 35 ng/uL. A ligation
reaction was prepared to insert the blaC-sigC fragment into the pMV306 vector. To ligate blaC-
sigC into pMV306, 50 ng of pMV306HindIll/Xbal/CIAP was mixed with 22 ng of the blaC-sigC
fragment along with 2 pL 5X Ligase buffer and 0.5 pL T4 DNA ligase enzyme (Invitrogen) for a
final volume of 20 pL. The ligated DNA transformed into TAM1 chemically-competent E.coli
cells. The cells were plated on LB agar plates supplemented with 50 pg/mL of kanamycin. Four

different candidates (A, B, C, D) were streaked for isolation on fresh plates. Two candidates (C,



D) from the isolation plates were grown in 5 mL LB + 50pg/mL kanamycin. The plasmid was
extracted from the E. coli cells using a QIAprep Spin Miniprep kit; the DNA was eluted with 50
puL dH,O. The plasmid DNA was then digested with BamHI to screen for insertion of the blaC-
sigC fragment. The digested products were observed on a 1% agarose gel. Proper insertion of the
blaC-sigC fragment should yield 3579-bp and 2180-bp bands. Candidate D exhibited the correct
banding pattern and the plasmid was amplified in 150 mL LB broth with 50 pg/ mL kanamycin.
The DNA was extracted and purified with a QIA Midiprep kit (Qiagen, Inc.) and eluted with 600
puL dH»O for a final concentration of 91 ng/uL and sent to Genewiz, Inc for DNA sequencing.
The sequence files showed that there was a mutation within the fragment. Due to this mutation,
the procedure for construction was repeated and a final candidate was sent to be sequenced. No

mutations were noted on the second candidate sequenced.

Construction of pGScob

The plasmid pGScob should contain the entire cobalamin region and is intended for
complementation of the 16-kb cobalamin deletion mutant of M. tuberculosis. The plasmid should
contain 4 different fragments comprising the cobalamin deletion region and flanking regulatory
sequences: fragment 1 (2463 bp), fragment 2 (5941 bp), fragment 3 (7831 bp), and fragment 4
(2945 bp). Fragment 1, 2 and 3 were already contained within plasmid pGScob123. However,
pGScob123 did not contain gene int, which encodes for the gene for the L5 att/int region to
enable the plasmid to integrate into the M. tuberculosis genome.

To create pGScob, a DNA fragment containing cob regions 1, 2, and 3 was generated by

digesting plasmid pGScob123with Avril and Xbal. Fragment 123, 15,867bp in size, was excised



following 1% agarose gel electrophoresis and purified from the gel using an Invitrogen Gel
purification kit. The DNA was eluted with 50 uLL TE buffer at 65°C. The final concentration of
fragment123 was 40 ng/uL. Fragment 4 was obtained by PCR of M. tuberculosis genomic DNA
with primers p1166 and p1167 and the following cycling conditions:

Temperature (°C) 97° ; 97° , 56°, 72° ; 97°, 65° , 72° ; 72° ; 4°

Time (min:sec) 3:00 ; 0:30 ., 0:30 , 0:45 ; 0:30, 0:30, 0:45 ; 5:00 ; oo

2 cycles 23 cycles

Following electrophoresis, a band of the correct size, 2945 bp, for fragment 4 was detected and
the PCR product was purified with the Zymoclean DNA Clean and Concentrator kit and eluted
twice with 13 uL dH,0. Fragment 4 was then digested with Avrll, dephosphorylated with CIAP,
purified with the Zymoclean DNA Clean and Concentrator kit, and eluted twice with 10 uLL
dH,O. Fragment 4/AvrIl/CIAP was then digested with HindIII. The concentration of fragment 4
was determined by comparing the DNA to A-BStEIl DNA standards. Efforts to transform the
ligation products of fragment 123 and fragment 4 were unsuccessful; likely due to the large size
of the fragment 123 (15,867bp). Construction of pGScob was terminated and another method for

complementation was discussed.

Sequence determination of pMB351

The plasmid pMB351 was created by another laboratory (Beggs, et al. 1995), but the
entire sequence of this plasmid was not published. This plasmid may be useful for
complementation studies because it uses the LR7 origin which is different than the pAL5000

origin that is routinely used for maintaining plasmids in M. tuberculosis. Various portions of the



plasmid were sequenced using primers p1205, p1206, p1211, and p1219 (see Table 1 for primer
sequences), some of which were designed as a result of primer walking (designed from
sequencing results generated to learn the sequence of an adjacent region). The final sequence of

the plasmid, including the kan gene, was determined.

Construction of pAR7-Pjcz

Plasmid pAR7-Pj,z is being created to insert the lacZ promoter from the E. coli lac
operon into the plasmid pAR7 such that the promoter can drive expression of the sacB gene.
Plasmid pAR7 was created by Akanksha Rajeurs, another undergraduate in the lab, and was
digested with Pmel. The DNA product was purified using a Zymoclean DNA Clean and
Concentrator and eluted twice with 8 pL dH,O. The plasmid was de-phosphorylated with CIAP.
The concentration of the plasmid was determined by comparing the plasmid DNA to a 1-kb
DNA ladder on a 1% agarose gel. The concentration of pAR7 was 269 ng/uL. To obtain the lacZ
promoter, plasmid pUC19spf was digested with Pvull and HindIII. The digested DNA was
purified using a Zymoclean DNA Clean and Concentrator kit and eluted twice with 18 pL of
65°C dH,0. The digested DNA product was observed by staining a 3% low-melting-temperature
agarose gel with SYBR safe dye and exposed to black light. The correct band size representing
the lacZ fragment (179 bp) was extracted from the gel. The DNA was purified using an
Invitrogen Gel Extraction kit and eluted twice with 8 uL. dH,O. T4 DNA polymerase (NEB) and
deoxynucleotides were then added to the lacZ promoter fragment to create blunt ends. The DNA
product was purified using a Zymoclean DNA Clean and Concentrator kit and eluted twice with

8 uL dH,O. The concentration was determined by comparing the DNA product against a 1-kb

10



DNA ladder. The final concentration of the fragment was 8.4 ng/uL. A ligation reaction was
prepared to insert the lacZ promoter fragment into the Pmel site of pAR7. For ligation, 50 ng of
the vector was mixed with 1 ng of the lacZ promoter fragment and 5 pLL 5X Ligase buffer and 1
ul T4 DNA ligase enzyme (Invitrogen). The ligation reaction was incubated at 4°C overnight.
The reaction was then cleaned with the Zymoclean DNA Clean and Concentrator kit and eluted
twice with 6 uL dH,0. The ~10 puL of DNA recovered was then digested with Pmel to ensure
that the only plasmids with inserts remained circular. A portion (3 pL) of digested DNA was
then transformed into TAMI1 chemically-competent E. coli cells. The cells were plated on LB
agar plates supplemented with 200 pg/mL hygromycin. Multiple colonies from the plates were
selected to be screened for proper insertion of the lacZ promoter fragment. These candidates
were grown in 5 mL LB broth with 200 pg/ml hygromycin to amplify the plasmid DNA. The
DNA was extracted and purified with a QIAgen Miniprep kit and eluted in 50 uL dH,O. The
plasmid DNAs were then digested with Asel and Notl to determine the orientation of the lacZ
promoter fragment. The digested products were observed on a 3% agarose gel stained with
ethidium bromide. Proper insertion of the fragment should yield the following banding pattern:
5223 bp, 1597 bp, 1566 bp, and 50 bp. The 50-bp band is diagnostic for the promoter being in
the correct orientation. A correct candidate was selected and efforts are in progress to sequence

the pAR7-Py,cz plasmid for confirmation.
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CHAPTER 3
RESULTS AND DISUSSION

The objective of this project was to develop plasmids that will aid in complementation of
gene within a 16-kb genomic region deleted in a M. tuberculosis cobalamin biosynthesis cluster
mutant (Figure 1). By re-introducing a plasmid that contains a specific gene or gene cluster into
the mutant bacterium, it may be possible to restore the wild-type phenotype and identify genes
that are associated with that phenotype.

The plasmids that will be used for complementation (pGSblaC, pGSblaC-sigC) were
designed by inserting a specific gene or gene cluster into the vector pMV306 (Figure 2). The
vector pMV306 is a desirable vector to use for complementation because it contains many
important features. The vector contains an int gene, which encodes the mycobacteriophage L5
integrase and attP site. The integrase enzyme catalyzes the insertion of the plasmid into the M.
tuberculosis chromosome at the attB site. The pMV306 vector also contains an aph gene which
encodes for the enzyme aminophosphohydrolase; this enzyme confers resistance to the
aminoglycoside antibiotic kanamycin. Plasmid pMV306 also contains an origin of replication for
E. coli which allows the plasmid to replicate in E. coli. Varying regions of the cobalamin
biosynthesis region were inserted into unique HindIII and Xbal restriction sites of plasmid
pMV306.

Several plasmids containing different portions of the cobalamin biosynthesis region were

constructed (Figure 3). The plasmids pGSblaC and pGSblaC-sigC were created by inserting the
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blaC gene and blaC-sigC gene cluster, respectively, into the pMV306 vector (Figure 3). The
insert DNAs were obtained through PCR of M. tuberculosis genomic DNA. Both fragments were
digested with Xbal and HindIII and ligated with the pMV306 vector previously digested with the
same enzymes and de-phosphylated. The most likely insertions would either be a single insertion
or three inserts ligated together. Proper insertion of the blaC region or the blaC-sigC region was
confirmed by restriction analysis following digestion with BamHI. Once a plasmid with the
correct banding pattern was obtained, it was amplified and sent for DNA sequencing. During the
sequence analysis of a pGSblaC-sigC candidate, a single-nucleotide mutation was observed in
the sequence file. This mutation was likely PCR induced. In addition to pGSblaC and pGSblaC-
sigC, two additional plasmids were constructed by another lab member and will be used for
complementation. Plasmid pGScobK-Rv2077a contains the downstream-most portion (CObK-
Rv2077a) of the deleted region. The plasmid pGS1551sigC+ (“pGSsigC”) contains the sigC
gene. In the future, these plasmids can individually be inserted into the M. tuberculosis
cobalamin biosynthesis mutant to determine if the blaC gene (gene encoding for the enzyme
beta-lactamase), the blaC-sigC cluster (cluster containing beta-lactamase and an alternate sigma
factor), or the sigC gene are sufficient to restore resistance to beta-lactam antibiotics or
production of SigC (See Figure 3).

The plasmid pGScob was designed with the intention of complementing the entire 16-kb
deleted region with a 19-kb region that includes the deleted region and an additional ~3 kb of
flanking DNA that may provide regulatory signals. The entire complementing region was
designed to be obtained from four separate PCR reactions from M. tuberculosis genomic DNA to

generate fragments 1, 2, 3, and 4. Fragments 1, 2, and 3 were ligated together in a plasmid named
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pGScob123 which was created by graduate student Benjamin Grosse-Siestrup. This plasmid does
not contain the bacteriophage LS5 att/int region necessary for integration of the plasmid into the
M. tuberculosis genome. Efforts were undertaken to extract the cob123 region containing cob
fragments 1, 2, and 3 from plasmid pGScob123 and insert it, with fragment 4 into the pMV306
vector. Obtaining the cob123 fragment and fragment 4 did not produce any difficulties.
However, the difficulty in creating the pGScob plasmid was in ligation of the two fragments with
the pMV306 vector and in obtaining successful recombinants following transformation of E.

coli. Presumably the desired plasmid, which should have been ~23 kb in length, was too large to
be successfully transformed. It is know that transformation efficiency decreases with plasmid
size.

Due to the unsuccessful cloning attempts to create the plasmid containing the entire
cobalamin biosynthesis region and because PCR-induced mutations increase with the length of
PCR product generated, another approach was undertaken to obtain the Rv2059c-cobK region by
recombining it onto an episomal plasmid by homologous recombination. The requirements for
the recombination system are i) origins for replication in both M. tuberculosis and E. coli, ii) an
antibiotic resistance gene (hyg) to select for transformants receiving the plasmid, iii) a counter-
selectable gene (sacB) that will function in E. coli, and iv) regions of homology that flank the
gene or genes to be recombined onto the plasmid. Plasmid pAR?7 is being used as the starting
point for creating the recombination vector (Figure 4). Plasmid pAR7 has an origin of replication
for E. coli (oriE), and origin of replication for M. tuberculosis (oriM), resistance genes for
hygromycin (hyg) and kanamycin (kan), the gfp gene (encoding production of green fluorescent

protein) and the counterselectable gene sacB under control of the mycobacterial Hsp60 promoter.
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The sacB gene encodes enzyme levansucrase that converts sucrose into a toxic polymer that kills
bacteria expressing the gene in the presence of sucrose. Plasmid pAR7 will receive several
modifications to produce plasmid pNL1 (Figure 4). First, the E. coli lacZ promoter (Pjacz) will be
inserted upstream of the sacB gene so that this gene can be expressed in E. coli. As described in
the methods, the lacZ promoter fragment was isolated from plasmid pUC19spf as a Pvull/
blunted HindIIl fragment. The fragment was ligated into pAR7 digested with Pmel. Following
transformation of E. coli TAM1 cells, candidates were screened for plasmids having the lacZ
promoter oriented in the same direction as sacB. Candidates were screened by digestion with
Asel and NotlI (Figure 5). Based on the available sequence for pAR7, the following band sizes are
expected when pAR?7 is digested with both enzymes: 5099 bp, 1597 bp, and 1566 bp.
Unexpectedly, four bands were detected instead of three (Figure 5). The 5099 bp band is present,
but instead of having two bands in the 1566 to 1597 range, only one band of that size appears
along with bands of ~1200 and ~350 bp. Therefore, it appears that the plasmid has an unknown
restriction site that cleaves either the 1566 bp or 1597 bp band. As the insertion site for the lacZ
promoter is within the 5099-bp band, these enzymes can still be diagnostic for determining the
orientation of the promoter fragment. In the desired orientation, the lacZ fragment increases the
5099-bp band to 5223 bp and produces a second band of 50 bp. Candidate #6 appears to produce
the 50-bp band (Figure 5). If the insert went in the opposite orientation, then larger band would
be 5143 bp and the smaller band 130 bp. Candidate #3 appears to produce the 130-bp band
(Figure 5). Therefore, candidate #6 was sent for DNA sequencing to confirm the orientation and

the absence of mutations.
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After the promoter fragment is confirmed in the correct orientation, the next step will be
to insert the M. tuberculosis Rv2059 genomic region into the NotI site located upstream of the
Hsp60 promoter and the M. tuberculosis cobK genomic region into the BstZ171 site located
downstream of the sacB gene (Figure 5). Introduction of these regions will provide homologous
DNA sequences to enable recombination between the plasmid and the genome upon
transformation of plasmid pNL1 into wild type M. tuberculosis.

The steps to obtain plasmids containing the entire M. tuberculosis genomic region from
Rv2059 to cobK are as follows: First plasmid pNLI1 is introduced into strain M. bovis BCG,
which has similar genomic sequences in this region as those in wild type M. tuberculosis.
Transformants will be obtained by plating on Middlebrook 7H10 agar supplemented with
OADC, hygromycin, and kanamycin. Transformants will be streaked for isolation on fresh 7H10
OADC plates containing both antibiotics. Isolated colonies will then be cultured in Middlebrook
7HO broth supplemented with OADC until stationary phase is reached. In bacteria in which the
genomic DNA and the plasmid DNA undergo recombination in both regions of identity, the
plasmid will now contain the chromosomal DNA and the chromosome will contain the sacB
gene. Specifically, in pNL1 the homologous DNA that is upstream of the Hsp60 promoter and
downstream of the sacB gene corresponds to the Rv2059 gene and the cobK gene on the M.
tuberculosis chromosome, respectively. If recombination between pNL1 and the M. tuberculosis
chromosome is successful, the recombined pNL1 will contain the region between Rv2059 and
cobK. Plasmid DNA will then be isolated from all transformants. The DNA will then be
transformed into E. coli TAMI cells and plated on LB agar containing hygromycin and 10%

sucrose. If recombination has occurred successfully in BCG, then E. coli transformants that lack
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a functional sacB gene should grow. Two types of transformants without functional sacB genes
are expected. First are those we want: E. coli receiving plasmids which have previously
undergone recombination in BCG in the Rv2059 and cobK regions between the plasmid and the
chromosome resulting in exchange of the intervening regions (as these will have lost the sacB
gene and should survive growth on the sucrose-containing medium). Second are E. coli
transformants that received plasmid with spontaneous mutations within the sacB gene (as these
mutations would not make functional levansucrase and would not convert sucrose to a toxic
product). To screen transformants for those containing plasmids that have exchanged the sacB
gene for the Rv2059-cobK region, colony PCR will be used. Primers to amplify the sigC gene
will be used, as the sigC gene should only be present in transformants that have the Rv2059-
cobK region.

Once the plasmid is obtained, it can be used in complementation studies. To evaluate
complementation of the entire 16-kb cobalamin biosynthesis mutant, the kanamycin resistance
gene will need to be removed to enable this plasmid to be transformed into the M. tuberculosis
cobalamin biosynthesis mutant along with integrating plasmid pGScobK-Rv2077a.

Because the expected recombination frequency to obtain recombination in both the
Rv2059 region and the cobK region is approximately one in a million bacteria, a plasmid
encoding the recombinase gene recA could be used to increase the recombination frequency
necessary in BCG to obtain pNL1 recombinants receiving the Rv2059-cobK region. For this to
be possible, a plasmid with a different origin of replication than used in pNL1 is needed. Plasmid
pMB351 has the pLR7 origin of replication that is different than the pAL5000 origin of

replication in pNL1. Plasmid pMB351 also contains a kan gene encoding resistance to
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kanamycin and an origin of replication site for E. coli, oriE. Plasmid pMB351 was created and
described by another laboratory (Beggs, et al. 1995). Only the pLR7 origin sequence was
published along with a drawing of the plasmid. To use this plasmid, we began by digesting the
plasmid with restriction enzymes, but obtained unexpected banding patterns, suggesting that the
published plasmid map may be incorrect. Therefore, we decided to sequence the plasmid. Based
upon the published drawing of pMB351, the kan gene was located upstream of oriE and
downstream of the pLR7 origin. The sequencing results for the primers p1205 and p1206 showed
that the two primers read into each other rather than reading into an unknown gene. This proved
that the kan gene was not in the location described by the authors. A second sequencing reaction
using primer p1211 was used to read into the oriE region away from the LR7 region. This
sequencing result showed a region that was not homologous to the oriE region downstream from
a region that showed homology to the LR7 region. Because the sequencing result did not show
any homology to the oriE region, a third sequencing reaction was needed to locate the end of the
kan gene. The third sequencing reaction utilized the primer p1219 and read from the kan gene
into the oriE region. This sequencing result showed a region that was not homologous to either
the pLR7 origin or to the region upstream of oriE. After a BLAST search with both sequencing
results from p1219 and p1211, the kan gene showed a 97% match to a region of a kanamycin
resistance gene in plasmid pSCR1001. Using the four sequencing reactions, the full sequence of
the kan gene as well as the full sequence of the pMB351 plasmid was determined. A drawing of
the revised plasmid map for pMB351 is shown in Figure 6. The complete genomic sequence is

shown in Figure 7.
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Future Studies

The plasmids pGSblaC, pGSblaC-sigC, pGScobK-Rv2077a, and pNL1 will be used to
determine which gene and/or genes are important in restoring the wild-type phenotype of the M.
tuberculosis cobalamin biosynthesis deletion mutant. The deleted portion contains many genes
and each plasmid contains a unique region of the deleted portion, allowing the role and
importance of the gene in relation to virulence easier to observe. This can be done by
transforming the mutant with one of the plasmids and observing to see if the mutant phenotype is
restored to that observed in a nonmutated strain. Such phenotypic analyses will likely include
examination of virulence in infection studies. Because the deleted region contains several genes,
utilizing plasmids that contain specific portions of the deleted region will be able to narrow down

the cluster into specific genes that play a role associated with each phenotype.

As described above, efforts to create the pNL1 plasmid for recombination are still in
progress. Remaining steps are the insertion of the Rv2059 and cobK regions into pNL1. If use of
pNL1 does not lead to recombinants containing the Rv2059-cobK region, then a pMB351
derivative will be created that expresses the recA gene from a strong promoter in BCG. Because
plasmid pMB351 also encodes resistance to kanamycin, the kanamycin resistance gene in pNL1
will need to be removed to enable both plasmids to be transformed into BCG at the same time.
This should increase the recombination frequency and increase the number of plasmids in the
pool extracted from BCG, which should increase the frequency of E. coli transformants that have

obtained these sacB-deleted plasmids.
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The plasmids generated in this project will be useful in defining the gene functions within
the cobalamin biosynthesis region. The incorrect published plasmid map for pMB351 may
explain why this plasmid was not used in any other publication since this plasmid was described.
Now that we have determined the complete sequence for the plasmid, our laboratory and others

will now be able to confidently use this plasmid to express genes in mycobacteria.
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Table 1: PCR Primers Utilized

Primer Name Primer Sequence (5° — 3°)
P1129 GTCAAGCTTCGGTGAAGACCTATCGGTC
P1134 GTGTCTAGACCGATCCCGTGTCGCTCG
P1135 GTGTCTAGATCGGGTGCGGGTACAAC
P1136 GTGAAGCTTGACGTGGACGGATGTGATCG
P1166 TATAAGCTTGGTGAGCGTGCAGGTTTCG
P1167 CCAGCAGAGGTTCGACGGTGCA
P1205 CACGTTAAGGGATTTTGGTCATGAG
P1206 CCCTTCTAAACGCCCATCG
P1211 CTGACCGTCAAGTCAAGATCC
P1219 CAGGAGCAAGGTGAGATGAC

HindII1-92downsigC

CGCAAGCTTCGGTGGTCATGATAGC

Table 2: Plasmids and Relevant Features

Plasmid Name Important/Revelant Features
pAR7 oriE, oriM, Pygpe05acB, Prsgfp mut-2, hyg, kan (vector
template for pNL1)
pAR7Pi,cz Plasmid created from pAR7 by insertion of Pj,.z promoter
upstream of sacB
pMB351 oriE, LR7 ori, kan
pMV306 oriE, aph, int,
pNLI Plasmid to be created from pAR7 by insertion of Pjacz
promoter upstream of sacB, and 500-bp regions of homology
to Rv2059 and cobK of
pUCI19spf Source of Pj5cz fragment for pNL1
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Figure 1: Cobalamin Biosynthesis Region of M. tuberculosis: The cobalamin deletion
mutation removed genes CObN through Rv2075c¢ (boxed region). The arrows indicate open
reading frames (ORFs) and their orientation. ORFs predicted to encode cobalamin biosynthesis
enzymes are shown (red arrows). The sigC gene with two possible translational start sites are
shown (black arrows). The beta-lactamase gene (blaC) is shown in blue. Genes of unknown

function are shown in green. The RD9 region present in M. tuberculosis, but absent in M. bovis
BCQG, is circled in red.
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Figure 2: Plasmid pMV306: The basic vector used for complementation in M. tuberculosis is
plasmid pMV306. This vector contains an int region which encodes the mycobacteriophage L5
integrase and attP site. The integrase enzyme catalyzes the insertion of the plasmid into the M.
tuberculosis chromosome at the attB site. The vector pMV306 also encodes the amino-phospho-
hydrolase gene (aph) which confers resistance to kanamycin. The presence of an origin of
replication for E. coli (oriE) allows the plasmid to replicate in E. coli. Unique restriction sites
used in this project for insertion of genes in pMV306 are shown.
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Figure 3: Construction of complementation plasmids: Plasmids generated contain different
portions of the cobalamin biosynthetic cluster:

1. pGSsigC contains the ~560-bp sigC gene and the 400-bp region upstream of sigC.

2. pGSblaC contains the 1.4-kb blaC gene and the 400-bp region upstream of blaC. The blaC
fragment was digested with Xbal and HindIII and ligated into vector pMV306 digested with the
same enzymes.

3. pGScobK-2077a contains the ~6.8 kb region between the cObK gene and the Rv2077a gene.
This fragment was digested with Xbal and HindlIII and ligated into vector pMV306 digested with
the same enzymes.

4. pGSblaC-sigC contains a ~1.8 kb region which includes the blaC and the sigC gene. This
fragment was digested with Xbal and HindIII and ligated into vector pMV306 digested with the
same enzymes.
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Figure 4: Recovery of the Rv2059-cobK region from M. tuberculosis by homologous

recombination: Plasmid pAR7 contains the following features: an origin for replicating in
mycobacteria (0riM), an origin for replication in E. coli (oriE), kan and hyg genes that confer
resistance to antibiotics kanamycin and hygromycin, respectively; the gfp mut-2 gene that
encodes for green florescent protein under control of the mycobacteriophage LS5 promoter, and
the mycobacterial Hsp60 promoter controlling expression of sacB. Efforts are in progress to
create pNL1. First, the E. coli promoter (Py,cz) will be inserted upstream of the sacB gene.
Second, ~500-bp regions of Rv2059c and cobK will be inserted such that they flank the sacB
gene. The sacB gene encodes enzyme levan sucrase, which converts sucrose to a toxic product.

25



pARTAsel/Notl (4uL)

=
|
=]
T
-
(=
=
=
(L]
w0
=
=
o
=X
oo

cand. #3 (4ul)

1 kb ladder (3uL)
BstEll ladder (3uL)
cand. # (4ul)
cand. #3 (4ul)

1 kb ladder (3uL)

BstEll ladder {3ul)
cand. # (dul)

Figure 5: Screening transformants for insertion of Pz into the Pmel site of pAR7. Plasmid
pAR7 and plasmid DNA isolated from transformants were digested with Asel and Notl and
resolved on a 3% agarose gel. The DNA loaded onto the gel is indicated beneath each lane. The
sizes of the lower molecular weight DNA standards are indicated. The expected bands for the
pAR7 are 5099 bp, 1597 bp, and 1566 bp. The third band that correlates to approximately 300 bp
in all three lanes may be due to a secondary restriction site that was not noted in the pAR7
sequence file. The expected banding pattern for a plasmid receiving the lacZ promoter oriented
in the same direction as sacB in pAR7 is 5223 bp, 1597 bp, 1566 bp, and 50 bp, with the 50 bp
band being diagnostic. Digestion of candidate #6 produced the 50-bp band. Digestion of a pAR7
having the lacZ promoter in the opposite orientation should produce a 130-bp band, which is
evident in candidate #3.
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Figure 6: Plasmid drawing of pMB351 resulting from assembling DNA sequencing reads:
Shown is plasmid pMB351 with the correct orientation and location of the kan gene. The
plasmid contains an origin of replication for E.coli (oriE), an origin of replication for M.
tuberculosis (LR70ri), and a gene which confers resistance to kanamycin (kan).
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ATTATTGAAG
TAATAACTTC
AAAAGTGCCA
TTTTCACGGT
GACGGTGAAA
CTGCCACTTT
GTGTTGGCGG
CACAACCGCC
GAGAAAATAC
CTCTTTTATG
GGGGGATGTG
CCCCCTACAC
TCGACTCTAG
AGCTGAGATC
TACGAGCCGG
ATGCTCGGCC
CCTGTCGTGC
GGACAGCACG
TCGGTCGTTC
AGCCAGCAAG
AAGGCCAGCA
TTCCGGTCGT
TCAGAGGTGG
AGTCTCCACC
TACCTGTCCG
ATGGACAGGC
GTGTGCACGA
CACACGTGCT
AGCCACTGGT
TCGGTGACCA
GGTATCTGCG
CCATAGACGC
GCAAGCAGCA
CGTTCGTCGT
GATTTTGGTC
CTAAAACCAG
TAGAAGGGCT
ATCTTCCCGA
CAGGCGGAAT
GTCCGCCTTA
GATGCAGGCC
CTACGTCCGG
CACCACACAA
GTGGTGTGTT
GGGTGGGTGC
CCCACCCACG
GGCGCTGCGC
CCGCGACGCG
CGGTGTGATG
GCCACACTAC
TCTCAGGGCC
AGAGTCCCGG
CTGGTTGAGG
GACCAACTCC
GGGTGAGCGC
CCCACTCGCG
GGGTAGTAAC
CCCATCATTG
CAGCCGGTGG
GTCGGCCACC
CGCAGGACTT
GCGTCCTGAA
TGGGCCGGCA
ACCCGGCCGT
GGGGCGCACG
CCCCGCGTGC
ACGGGGCCGA
TGCCCCGGCT
GCTGTAGACG
CGACATCTGC
GTGAGACCTG
CACTCTGGAC
GGGGTGGGCG
CCCCACCCGC
GCGGTGGAAT
CGCCACCTTA
GAAGGCGATG
CTTCCGCTAC
AACGCTATGT
TTGCGATACA
CGCCATGGGT
GCGGTACCCA
ATCCTGATCG
TAGGACTAGC
AGCCGCCGCA

CATTTATCAG
GTAAATAGTC
CCTGACGTCT
GGACTGCAGA
ACCTCTGACA
TGGAGACTGT
GTGTCGGGGC
CACAGCCCCG
CGCATCAGGC
GCGTAGTCCG
CTGCAAGGCG
GACGTTCCGC
AGGATCCCCG
TCCTAGGGGC
AAGCATAAAG
TTCGTATTTC
CAGCTGCATT
GTCGACGTAA
GGCTGCGGCG
CCGACGCCGC
AAAGGCCAGG
TTTCCGGTCC
CGAAACCCGA
GCTTTGGGCT
CCTTTCTCCC
GGAAAGAGGG
ACCCCCCGTT
TGGGGGGCAA
AACAGGATTA
TTGTCCTAAT
CTCTGCTGAA
GAGACGACTT
GATTACGCGC
CTAATGCGCG
ATGAGATTAT
TACTCTAATA
GGGGGCCGCT
CCCCCGGCGA
GGGATCACGA
CCCTAGTGCT
CCTTCGAAAT
GGAAGCTTTA
GCGGTCCGAG
CGCCAGGCTC
ATTGGCGGGC
TAACCGCCCG
TGTCGCGCGG
ACAGCGCGCC
TCGCACTCTC
AGCGTGAGAG
GTGCCAAGCC
CACGGTTCGG
TCGCGCGGGG
AGCGCGCCCC
GCCAGGTCTT
CGGTCCAGAA
CACGTCCTGA
GTGCAGGACT
TCGTGCAGTG
AGCACGTCAC
CGGTGGCCAC
GCCACCGGTG
GTCCCGTCCG
CAGGGCAGGC
TCCGTGTCAT
AGGCACAGTA
GCTCGAGGAC
CGAGCTCCTG
GGTGCACCCG
CCACGTGGGC
ACCGTCAAGT
TGGCAGTTCA
AAGAACTCCA
TTCTTGAGGT
CGAAATCTCG
GCTTTAGAGC
CGCTGCGAAT
GCGACGCTTA
CCTGATAGCG
GGACTATCGC
CACGACGAGA
GTGCTGCTCT
ACAAGACCGG
TGTTCTGGCC
TTGCATCAGC

GGTTATTGTC
CCAATAACAG
AAGAAACCAT
TTCTTTGGTA
CATGCAGCTC
GTACGTCGAG
TGGCTTAACT
ACCGAATTGA
GCCATTCGCC
CGGTAAGCGG
ATTAAGTTGG
TAATTCAACC
GGTACCGAGC
CCATGGCTCG
TGTAAAGCCT
ACATTTCGGA
AATGAATCGG
TTACTTAGCC
AGCGGTATCA
TCGCCATAGT
AACCGTAAAA
TTGGCATTTT
CAGGACTATA
GTCCTGATAT
TTCGGGAAGC
AAGCCCTTCG
CAGCCCGACC
GTCGGGCTGG
GCAGAGCGAG
CGTCTCGCTC
GCCAGTTACC
CGGTCAATGG
AGAAAAAAAG
TCTTTTTTTC
CAAAAAGGAT
GTTTTTCCTA
CAGGTGCGGG
GTCCACGCCC
GCGAGCAGCA
CGCTCGTCGT
GGCGAGCTGT
CCGCTCGACA
TGTTCCGGCC
ACAAGGCCGG
TAGCGGCGCG
ATCGCCGCGC
CCGCGAGGGC
GGCGCTCCCG
GGCGCGGCGC
CCGCGCCGCG
AGGATCGCCC
TCCTAGCGGG
TCCAGCCGGC
AGGTCGGCCG
GGCCAGGGCC
CCGGTCCCGG
CGGACGTGTT
GCCTGCACAA
CCCACACGCT
GGGTGTGCGA
ACCGAGCAGC
TGGCTCGTCG
GTGGCGTAGT
CACCGCATCA
AGCGCAGGTC
TCGCGTCCAG
GATGGCCGCC
CTACCGGCGG
CGGTAGGCGG
GCCATCCGCC
CAAGATCCCT
GTTCTAGGGA
GCATGAGATC
CGTACTCTAG
TGATGGCAGG
ACTACCGTCC
CGGGAGCGGC
GCCCTCGCCG
GTCCGCCACA
CAGGCGGTGT
TCCTCGCCGT
AGGAGCGGCA
CTTCCATCCG
GAAGGTAGGC
CATGATGGAT

TCATGAGCGG
AGTACTCGCC
TATTATCATG
ATAATAGTAC
CCGGAGACGG
GGCCTCTGCC
ATGCGGCATC
TACGCCGTAG
ATTCAGGCTG
TAAGTCCGAC
GTAACGCCAG
CATTGCGGTC
TCGAATTCGT
AGCTTAAGCA
GGGGTGCCTA
CCCCACGGAT
CCAACGCGCG
GGTTGCGCGC
GCTCACTCAA
CGAGTGAGTT
AGGCCGCGTT
TCCGGCGCAA
AAGATACCAG
TTCTATGGTC
GTGGCGCTTT
CACCGCGAAA
GCTGCGCCTT
CGACGCGGAA
GTATGTAGGC
CATACATCCG
TTCGGAAAAA
AAGCCTTTTT
GATCTCAAGA
CTAGAGTTCT
CTTCACCTAG
GAAGTGGATC
AAAGACACGT
TTTCTGTGCA
GCCGCAGCAG
CGGCGTCGTC
TGACATGCGC
ACTGTACGCG
TGACTCGTCC
ACTGAGCAGG
GGGTGCGGGC
CCCACGCCCG
GGCGAACGCT
CCGCTTGCGA
AGTTGTTCGT
TCAACAAGCA
CGAGCAGCCC
GCTCGTCGGG
GGCGGCCGGC
CCGCCGGCCG
AGCCCGTAGC
TCGGGCATCG
GATCCCTTAC
CTAGGGAATG
GGCCCAGCCG
CCGGGTCGGC
CGGAGCACCG
GCCTCGTGGC
CGGCATAGCG
GCCGTATCGC
GTAGGCCACC
CATCCGGTGG
GCGATCGTCC
CGCTAGCAGG
GCGGCAGTTT
CGCCGTCAAA
TCGGGGAAGT
AGCCCCTTCA
CCCGCGCTGG
GGGCGCGACC
TTGGGCGTCG
AACCCGCAGC
GATACCGTAA
CTATGGCATT
CCCAGCCGGC
GGGTCGGCCG
CGGGCATGCG
GCCCGTACGC
AGTACGTGCT
TCATGCACGA
ACTTTCTCGG

pMB351
(4919 bp)

ATACATATTT
TATGTATAAA
ACATTAACCT
TGTAATTGGA
TCACAGCTTG
AGTGTCGAAC
AGAGCAGATT
TCTCGTCTAA
CGCAACTGTT
GCGTTGACAA
GGTTTTCCCA
CCAAAAGGGT
AATCATGGTC
TTAGTACCAG
ATGAGTGAGC
TACTCACTCG
GGGAGAGGCG
CCCTCTCCGC
AGGCGGTAAT
TCCGCCATTA
GCTGGCGTTT
CGACCGCAAA
GCGTTTCCCC
CGCAAAGGGG
CTCATAGCTC
GAGTATCGAG
ATCCGGTAAC
TAGGCCATTG
GGTGCTACAG
CCACGATGTC
GAGTTGGTAG
CTCAACCATC
AGATCCTTTG
TCTAGGAAAC
ATCCTTTTAA
TAGGAAAATT
CATAGCGGGG
GTATCGCCCC
CGCCTCCTCC
GCGGAGGAGG
GCGCGGACAC
CGCGCCTGTG
TCCGAGGGGA
AGGCTCCCCT
GCGTTCGATG
CGCAAGCTAC
TCAGCACGGC
AGTCGTGCCG
TGGCGGCGCG
ACCGCCGCGC
GATCGGCTTG
CTAGCCGAAC
GCGGCAAGTA
CGCCGTTCAT
CATCGGGGCG
GTAGCCCCGC
GGGACCACTT
CCCTGGTGAA
CGGCCGCGAT
GCCGGCGCTA
TGCTGGCGCG
ACGACCGCGC
AGCGCGGGCC
TCGCGCCCGG
GGAACGGTCC
CCTTGCCAGG
GGCAGTTGGC
CCGTCAACCG
TTGGGTTTCT
AACCCAAAGA
CGAAACCCTC
GCTTTGGGAG
AGGATCATCC
TCCTAGTAGG
CTTGGTCGGT
GAACCAGCCA
AGCACGAGGA
TCGTGCTCCT
CACAGTCGAT
GTGTCAGCTA
CGCCTTGAGC
GCGGAACTCG
CGCTCGATGC
GCGAGCTACG
CAGGAGCAAG

28

GAATGTATTT
CTTACATAAA
ATAAAAATAG
TATTTTTATC
TCTGTAAGCG
AGACATTCGC
GTACTGAGAG
CATGACTCTC
GGGAAGGGCG
CCCTTCCCGC
GTCACGACGT
CAGTGCTGCA
ATAGCTGTTT
TATCGACAAA
TAACTCACAT
ATTGAGTGTA
GTTTGCGTAT
CAAACGCATA
ACGGTTATCC
TGCCAATAGG
TTCCATAGGC
AAGGTATCCG
CTGGAAGCTC
GACCTTCGAG
ACGCTGTAGG
TGCGACATCC
TATCGTCTTG
ATAGCAGAAC
AGTTCTTGAA
TCAAGAACTT
CTCTTGATCC
GAGAACTAGG
ATCTTTTCTA
TAGAAAAGAT
GCTACCCGGG
CGATGGGCCC
CTGCGTGAGT
GACGCACTCA
ATCGTCGAAA
TAGCAGCTTT
GGATGGCGGG
CCTACCGCCC
AGGCGCCGGG
TCCGCGGCCC
AGCGCGTCGA
TCGCGCAGCT
CGGGACCAGA
GCCCTGGTCT
GGCTTGGGCT
CCGAACCCGA
TGCGGGGTGT
ACGCCCCACA
TGGCTGCCCA
ACCGACGGGT
TGCGCGGCGC
ACGCGCCGCG
CGTGGATGGG
GCACCTACCC
CCCCAACCCG
GGGGTTGGGC
CTGGATGGTG
GACCTACCAC
TCAGCGATGC
AGTCGCTACG
ACTGGGCCCA
TGACCCGGGT
CGCCAACAAG
GCGGTTGTTC
GAAACGCCAC
CTTTGCGGTG
GGTGCCAGCC
CCACGGTCGG
AGCCGGCGTC
TCGGCCGCAG
CATTTCGAAC
GTAAAGCTTG
AGCGGTCAGC
TCGCCAGTCG
GAATCCAGAA
CTTAGGTCTT
CTGGCGAACA
GACCGCTTGT
GATGTTTCGC
CTACAAAGCG
GTGAGATGAC

AGAAAAATAA
TCTTTTTATT
GCGTATCACG
CGCATAGTGC
GATGCCGGGA
CTACGGCCCT
TGCACCATAT
ACGTGGTATA
ATCGGTGCGG
TAGCCACGCC
TGTAAAACGA
ACATTTTGCT
CCTGTGTGAA
GGACACACTT
TAATTGCGTT
ATTAACGCAA
TGGGCGCTCT
ACCCGCGAGA
ACAGAATCAG
TGTCTTAGTC
TCCGCcccee
AGGCGGGGGG
CCTCGTGCGC
GGAGCACGCG
TATCTCAGTT
ATAGAGTCAA
AGTCCAACCC
TCAGGTTGGG
GTGGTGGCCT
CACCACCGGA
GGCAAACAAA
CCGTTTGTTT
CGGGGTCTGA
GCCCCAGACT
GGGGGCAGAC
CCCCCGTCTG
TCGTGCGGCC
AGCACGCCGG
GATTACCGAG
CTAATGGCTC
TGGCGAGCAA
ACCGCTCGTT
CCGTGGTGGC
GGCACCACCG
TGCGTGCTTG
ACGCACGAAC
CTGTGCGGCC
GACACGCCGG
TCGCGGGCCT
AGCGCCCGGA
CGGGGATCCA
GCCCCTAGGT
GGCGGTGGGA
CCGCCACCCT
GCTGCGCCGC
CGACGCGGCG
GTGACAGCAC
CACTGTCGTG
CCAGGAGGCG
GGTCCTCCGC
CGCACGTCGT
GCGTGCAGCA
GCAGCAGCGC
CGTCGTCGCG
CCGCTGGGTG
GGCGACCCAC
GCTTGAGCGC
CGAACTCGCG
GGTGCGCGCC
CCACGCGCGG
GGGGGTTTCG
CCCCCAAAGC
CCGGAAAACG
GGCCTTTTGC
CCCAGAGTCC
GGGTCTCAGG
CCATTCGCCG
GGTAAGCGGC
AAGCGGCCAT
TTCGCCGGTA
GTTCGGCTGG
CAAGCCGACC
TTGGTGGTCG
AACCACCAGC
AGGAGATCCT

ACAAATAGGG
TGTTTATCCC
AGGCCCTTTC
TCCGGGAAAG
GCAGACAAGC
CGTCTGTTCG
GCGGTGTGAA
CGCCACACTT
GCCTCTTCGC
CGGAGAAGCG
CGGCCAGTGC
GCCGGTCACG
ATTGTTATCC
TAACAATAGG
GCGCTCACTG
CGCGAGTGAC
TCCGCTTCCT
AGGCGAAGGA
GGGATAACGC
CCCTATTGCG
TGACGAGCAT
ACTGCTCGTA
TCTCCTGTTC
AGAGGACAAG
CGGTGTAGGT
GCCACATCCA
GGTAAGACAC
CCATTCTGTG
AACTACGGCT
TTGATGCCGA
CCACCGCTGG
GGTGGCGACC
CGCTCAGTGG
GCGAGTCACC
AGACAGGGGC
TCTGTCCCCG
AGGTTCCGGT
TCCAAGGCCA
TCAACACGAT
AGTTGTGCTA
GTGGCGCTGG
CACCGCGACC
GCATGGTTGG
CGTACCAACC
CTCGGCGGCA
GAGCCGCCGT
TGGGCCGCGG
ACCCGGCGCC
CGTCGAGGGC
GCAGCTCCCG
GTGACCTACA
CACTGGATGT
CTGTGCCGGT
GACACGGCCA
GGTTGCCGGC
CCAACGGCCG
GCTTTGAACC
CGAAACTTGG
AGGCGTTCGA
TCCGCAAGCT
AGCCGGTGTC
TCGGCCACAG
GCGCCGGCTG
CGCGGCCGAC
CCGGTCCAGC
GGCCAGGTCG
GTGGGCCGGT
CACCCGGCCA
CTCTGGAACC
GAGACCTTGG
CCGTTTATTC
GGCAAATAAG
ATTCCGAAGC
TAAGGCTTCG
CGCTCAGAAG
GCGAGTCTTC
CCAAGCTCTT
GGTTCGAGAA
TTTCCACCAT
AAAGGTGGTA
CGCGAGCCCC
GCGCTCGGGG
AATGGGCAGG
TTACCCGTCC
GCCCCGGCAC

GTTCCGCGCA
CAAGGCGCGT
GTCTCGCGCG
CAGAGCGCGC
CCGTCAGGGC
GGCAGTCCCG
ATACCGCACA
TATGGCGTGT
TATTACGCCA
ATAATGCGGT
CAAGCTTGCA
GTTCGAACGT
GCTCACAATT
CGAGTGTTAA
CCCGCTTTCC
GGGCGAAAGG
CGCTCACTGA
GCGAGTGACT
AGGAAAGAAC
TCCTTTCTTG
CACAAAAATC
GTGTTTTTAG
CGACCCTGCC
GCTGGGACGG
CGTTCGCTCC
GCAAGCGAGG
GACTTATCGC
CTGAATAGCG
ACACTAGAAG
TGTGATCTTC
TAGCGGTGGT
ATCGCCACCA
AACGAAAACT
TTGCTTTTGA
GTTGTGCGCC
CAACACGCGG
GACGATCCAG
CTGCTAGGTC
CACAACGGGC
GTGTTGCCCG
GCGGCGCGGC
CGCCGCGCCG
CGTGTGGTGG
GCACACCACC
GCTTGCGCAG
CGAACGCGTC
CCCGGCCGGC
GGGCCGGCCG
AGCCGGTCGC
TCGGCCAGCG
CCGAGCCAGT
GGCTCGGTCA
GACACCATGG
CTGTGGTACC
GCCGGTACGG
CGGCCATGCC
TTGTGGATGA
AACACCTACT
TGCGGGTGCG
ACGCCCACGC
GGTGGCCAGC
CCACCGGTCG
ATTTGGTTGG
TAAACCAACC
ACGGCACGCC
TGCCGTGCGG
GCGGGCCGTC
CGCCCGGCAG
TGATACGGGT
ACTATGCCCA
AGCTGGGGGG
TCGACCCCCC
CCAACCTTTC
GGTTGGAAAG
AACTCGTCAA
TTGAGCAGTT
CAGCAATATC
GTCGTTATAG
GATATTCGGC
CTATAAGCCG
TGATGCTCTT
ACTACGAGAA
TAGCCGGATC
ATCGGCCTAG
TTCGCCCAAT

CATTTCCCCG
GTAAAGGGGC
TTTCGGTGAT
AAAGCCACTA
GCGTCAGCGG
CGCAGTCGCC
GATGCGTAAG
CTACGCATTC
GCTGGCGAAA
CGACCGCTTT
TGCCTGCAGG
ACGGACGTCC
CCACACAACA
GGTGTGTTGT
AGTCGGGAAA
TCAGCCCTTT
CTCGCTGCGC
GAGCGACGCG
ATGTGAGCAA
TACACTCGTT
GACGCTCAAG
CTGCGAGTTC
GCTTACCGGA
CGAATGGCCT
AAGCTGGGCT
TTCGACCCGA
CACTGGCAGC
GTGACCGTCG
GACAGTATTT
CTGTCATAAA
TTTTTTGTTT
AAAAAACAAA
CACGTTAAGG
GTGCAATTCC
GATGGGCGTT
CTACCCGCAA
GACAGCACGG
CTGTCGTGCC
AAACACGGGG
TTTGTGCCCC
GGATCGCAAC
CCTAGCGTTG
CGTCGGCGGT
GCAGCCGCCA
TTCGGCGCTG
AAGCCGCGAC
CAGATGTGCG
GTCTACACGC
TCGGCAAGAT
AGCCGTTCTA
CGGTGATGAG
GCCACTACTC
GGGGGCCTGC
CCCCCGGACG
CGACGGTTGC
GCTGCCAACG
CGCGGTTGAG
GCGCCAACTC
TTGTCGGCCA
AACAGCCGGT
CGCTCGTTGC
GCGAGCAACG
CACCCATGTG
GTGGGTACAC
CGCGTAGGGC
GCGCATCCCG
CCGCGCCGCG
GGCGCGGCGC
ATGCGCTACC
TACGCGATGG
GATCCTCTAG
CTAGGAGATC
ATAGAAGGCG
TATCTTCCGC
GAAGGCGATA
CTTCCGCTAT
ACGGGTAGCC
TGCCCATCGG
AAGCAGGCAT
TTCGTCCGTA
CGTCCAGATC
GCAGGTCTAG
AAGCGTATGC
TTCGCATACG
AGCAGCCAGT



TCGGCGGCGT AACGTAGTCG GTACTACCTA TGAAAGAGCC GTCCTCGTTC CACTCTACTG TCCTCTAGGA CGGGGCCGTG AAGCGGGTTA TCGTCGGTCA

4301 CCCTTCCCGC TTCAGTGACA ACGTCGAGCA CAGCTGCGCA AGGAACGCCC GTCGTGGCCA GCCACGATAG CCGCGCTGCC TCGTCCTGCA GTTCATTCAG
GGGAAGGGCG AAGTCACTGT TGCAGCTCGT GTCGACGCGT TCCTTGCGGG CAGCACCGGT CGGTGCTATC GGCGCGACGG AGCAGGACGT CAAGTAAGTC
4401 GGCACCGGAC AGGTCGGTCT TGACAAAAAG AACCGGGCGC CCCTGCGCTG ACAGCCGGAA CACGGCGGCA TCAGAGCAGC CGATTGTCTG TTGTGCCCAG
CCGTGGCCTG TCCAGCCAGA ACTGTTTTTC TTGGCCCGCG GGGACGCGAC TGTCGGCCTT GTGCCGCCGT AGTCTCGTCG GCTAACAGAC AACACGGGTC
4501 TCATAGCCGA ATAGCCTCTC CACCCAAGCG GCCGGAGAAC CTGCGTGCAA TCCATCTTGT TCAATCATGC GAAACGATCC TCATCCTGTC TCTTGATCAG
AGTATCGGCT TATCGGAGAG GTGGGTTCGC CGGCCTCTTG GACGCACGTT AGGTAGAACA AGTTAGTACG CTTTGCTAGG AGTAGGACAG AGAACTAGTC
4601 ATCTTGATCC CCTGCGCCAT CAGATCCTTG GCGGCAAGAA AGCCATCCAG TTTACTTTGC AGGGCTTCCC AACCTTACCA GAGGGCGCCC CAGCTGGCAA
TAGAACTAGG GGACGCGGTA GTCTAGGAAC CGCCGTTCTT TCGGTAGGTC AAATGAAACG TCCCGAAGGG TTGGAATGGT CTCCCGCGGG GTCGACCGTT
4701 TTCCGGTTCG CTTGCTGTCC ATAAAACCGC CCAGTCTAGC TATCGCCATG TAAGCCCACT GCAAGCTACC TGCTTTCTCT TTGCGCTTGC GTTTTCCCTT
AAGGCCAAGC GAACGACAGG TATTTTGGCG GGTCAGATCG ATAGCGGTAC ATTCGGGTGA CGTTCGATGG ACGAAAGAGA AACGCGAACG CAAAAGGGAA
4801 GTCCAGATAG CCCAGTAGCT GACATTCATC CGGGGTCAGC ACCGTTTCTG CGGACTGGCT TTCTACGTGT TCCGCTTCCT TTAGCAGCCC TTGCGCCCTG
CAGGTCTATC GGGTCATCGA CTGTAAGTAG GCCCCAGTCG TGGCAAAGAC GCCTGACCGA AAGATGCACA AGGCGAAGGA AATCGTCGGG AACGCGGGAC
4901 AGTGCTTGCG GCAGCGTGA

TCACGAACGC CGTCGCACT

Figure 7: Complete sequence of pMB351: Below is the complete sequence of pMB351. The
full sequence was determined using primers p1205, p1206, p1211 and p1219 (see Table 1 for
primer sequences). The three features of pMB351 (see Figure 6) are color-coded as follows: the
oriE is labeled in green, the LR7 Ori is labeled in gold, and the kan gene is labeled in red.
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