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Abstract

Mycobacterium tuberculosis presented with environmental host assaults dhatage its
DNA during infection. Tubercle bacilli possess matisms to protect against moststresses
iImposed by the host, including genotoxic stressweéi@r, tolerance of DNA lesions that
have escaped the normal repair processes requm@sfunction of specialist DNA
polymerases that can introduce mutations duringstesion synthesis (replication by-pass),
thus leading to damage-induced mutagenesis. Mytetiac employ a novel DNA
polymerase, DnaE2, for DNA damage tolerance andced mutagenesis. DnaE2 belongs to
the C-family of DNA polymerases, which are knowrréplicate DNA with high fidelity, and
has been implicated in virulence and the emergeofcaifampicin resistance ofV.
tuberculosis in vivo In this study, DnaE2 was shown to function ia $ame pathway as two
accessory proteins, ImuB and ImuA’, for damager#oiee and induced mutagenesis in
mycobacteria. In this system, DnaE2 performs thé&mperase function in translesion
synthesis whereas ImuB is a cryptic Y-family DNA\yoerase that lacks critical active site
residues. It contains @clamp binding motif that allows interaction withetp-clamp and
presumably enables DnaE2 and ImuA’ to access tiieeagion fork. ImuB has a C-terminal
region extending from th@-clamp binding motif which contains disordered cewi that
allow the interaction with other proteins and igportant for function. ImuA’ is also essential
for damage tolerance and induced mutagenesis sufuitction remains unknown. This
protein is structurally similar té&scherichia coliRecA protein in the N-terminus and the
middle domain, but it has a distinct C-terminustth@s shown to be important for the
interaction with ImuB. The essential replicativefdinily polymerase, DnaE1l, was shown to
be upregulated in response to DNA damage and vgasshlown to interact with ImuB. To
explore the possibility that other proteins areoimed in this pathway, ImuB was C-
terminally tagged for use as bait in pull-down expents in M. smegmatis However,
introduction of the tag disrupted ImuB functionrther reinforcing the importance of the C-
terminal region of ImuB for the function of thisgbein, presumably via protein-protein
interactions. In contrast, a variant of ImuA’ whialas N-terminally tagged was shown to
retain functionality; however, experiments using frotein as a bait for pull-down proved to
be unsuccessful. Proteomic analysis of wild tipesmegmatisadnaE2deletion mutant and
complemented derivative was carried out on cel@s&d to the same conditions as used in
the pull-down assay. Base excision repair (BER)@onents were identified in this analysis,
but did not detect ImuB and ImuA’, suggesting ttiet levels of expression of these proteins

were comparatively lower under the conditions esesulting in failure of the pull-down



experiment. Finally, numerous attempts were madexpress and purify recombinant forms
of ImuB and ImuA’ inE. coli for use in structural studies. Both proteins wexpressed in
the soluble and insoluble fractions; however thele of soluble protein were low, and as a

result, purified protein preparations could nobb¢éained.



Declaration

| declare that this thesis is my own unaided wdtrks being submitted for the degree
Doctor of Philosophy at the University of the Witeesrand, Johannesburg. It has not

submitted for any degree or examinatiolany other universit

% J 15 May 213
Nc;tvxci -0

Duduzile Edith Ndwandw Date




Dedication

This work is dedicated to my late fatHeerrick Lindani Ndwandwe who passed on to be
with the Lord on the Bof November 2010. He was a proud father and haayal been there

for me, always supported and encouraged me to @uaad fulfill my dreams. | am most
certain that he will be my guardian angel watchovgr me. May his soul rest in peace-
Ndwandwe Mkhatshwa, Nxumalo, Zwide KalLanga, Sotlbsed Sdinana Samaphisi,
Kabanhle.........

| also dedicate my work to my so@kuhle Amile Mshumi. | have missed out of your first

year of growing up of your life and this has made tam appreciate life even more and | hope
that one day you when you read this document ydu wmderstand and appreciate the
sacrifices | had to make to achieve my goals st yba can be proud of me being you

mother.



Acknowledgements

| am forever grateful for the financial supportdve received from the National Research
Foundation (NRF), Mellon Postgraduate Mentoring €ded and the University of the
Witwatersrand. | also wish to acknowledge the feiltg funding agencies that have enabled
me to execute my duties of the project; NationahlHelLaboratory Service (NHLS) Research
Trust Project awarded to Dr. Warner as a ReseaestelDpment Grant at the initiation of the
study; the South African Tuberculosis and AIDS Tinag (SATBAT) programme
(NIH/FICLU2RTWO007370/3), which has facilitated tHending of part of the project
enabling the data to be published in a peer-revdg@aernal; the Columbia University-South
African Fogarty AIDS and TB Training & Research gramme (AITRP), and KwaZulu
Natal Research Institute for TB and HIV (KRITH)weh award which enabled me to travel to
the United States of America (US) to learn valuabtehniques that have contributed to the

study.

Special thanks to my immediate supervigwofessor Valerie Mizrahi who gave me an
opportunity to be her student. When | first walketb the laboratory, | was intimidated by
Val's passion towards science which in turn dritresssuccess of the lab. Val, you took me in
like a child and mothered me and believed in me¢ kheave the potential to succeed in this
field. More than that, through your guidance anchtoeng | have learnt that success does
not come overnight and that experiments don’'t abvawrk one’s your favor but through
patience there are lessons to be learnt in orderoe forward. You have instilled me with
specialized skills in making me a better scierdmning from a background where | did not
even know the existence of science as a field baliwhays questioned everything. | am
eternally grateful to you for having shown me thatdestiny is far to be reached.

My deepest gratitude to my co-supervisbr. Digby Warner, thank you for being
supportive and always helpful. Digby, you have baerabsolutely extraordinary teacher and
have always been courageous even when experingtnbtiwork but you have known what

to say to keep me highly motivated.

To my co-supervisoDr. Bavesh Kang a special thank you for all the financial suppanr
motivation you gave me when times were hard. Magiartantly | have learnt to be true to
myself and understand that my best is all thatemaih achieving my goals.

To the MMRU team then and now, thank you for aluysupport and faith in me. | will

forever be part of the MMRU as we have made gomhdiships along the way learnt a lot

Vi



from each other’'s personal lives. To the CBTBR grothank you for your patience and
friendships that we have made. You have made nidifeea mentor to the lab when | was

also in a journey of finding myself. | am mosttgfal to Mrs. Fiona Peachyfor helping me

| would like to thankDr. Sarah Fortune (Assistant Professor of Immunology and Infectious
Disease at Harvard University, School of Public IHled8oston, MA) for hosting me in your
laboratory. You are the kindest person | met amchgs willing to lend a helping hand. To
the entire Fortune lab thank you for all your sup@nd welcoming me from Africa with
warm hearts. Of particular importance is the fr@mgd | have made witRRupal Shahwe
connected instantly and we were able to talk abaufersonal lives other than the research.

| will treasure our friendship and hope that weéhamother opportunity to meet again.

| am most grateful té\lejandra Garces andMicheal Chase(Harvard University, Fortune
lab) for processing peptide samples and assistitigthe statistical analysis of the raw data.
Thank you toDr. Davis Sarracino (ThermoScientific Center) for allowing the use o

Mass Spectrometer.

| would like to thankDr. Stoyan Stoychev(CSIR Biosciences, CSIR Pretoria) for running
the Peptide Mass Fingerprinting to enable the ifleation of proteins.

To my special husbar@andisile Mshumi thank you for all your support and understanding
of my studies. | am forever grateful for the sace$ you have made for us and for being my
pillar of strength. To my mothdrettie Mhlanga, | don’t know what | could have done
without you, you always knew what to say in ordelift my spirit when | felt down and kept
me going. Words cannot describe the unconditiooaé land support you gave me as a
studying mother. You took on a huge responsibditjooking after my soi®kuhle Mshumi

so that | can achieve and fulfill my goals. | wolddever be thankful to you for that and hope
that | have made you proud. Finally, to my babgtlher Thabani Ndwandwe | see myself

In you encouraging me to excel.

Vil



Publication from this thesis

Warner, D. F., D. E. Ndwandwe, G. L. Abrahams, B. DKana, E. E. Machowski, C.
Venclovas, and V. Mizrahi. Essential roles for imuA'- and imuB-encoded acogstactors
in DnaE2-dependent mutagenesis in Mycobacteriurartubosis. Proc Natl Acad Sci U S A
107:13093-8.

viii



Table of Contents

Abstract

Declaration

Dedication

Acknowledgements

Publication from the study

Table of Content

List of Figures

List of Tables

Chapter 1

1. Introduction

1.1The current state of TB control

1.1.1 Approaches to TB drug discovery

1.1.2 TB drugs and their mode of action agaiMsttuberculosis
1.2 M. tuberculosigncounters variable microenvironments during hdsttion
1.2.1 Evidence for genotoxic stress during host infection
1.2.2 A role of DNA repair inM. tuberculosigpathogenesis
1.3DNA damage tolerance

1.3.1 Structural insight into Error-prone and Error-fiesion Bypass...
1.4Mechanism of the SOS response

1.5Importance of tolerance mechanisms

1.6 Emergence of drug resistant mutants through adaptat
1.7 SOS response in Mycobacteria

1.8 Working hypothesis

1.9 Aims and Objectives

Chapter 2

2. Materials and methods

2.1 Bacterial strains, plasmids and culture conditions
2.1.1 Bacterial growth conditions

2.2 General DNA manipulations

2.2.1 DNA Extraction

2.2.2 DNA manipulations

2.2.3 Agarose gel electrophoresis

Vi

viii

Xii

XV

11
12
3 1
15
16
17
19
20

21
21
25
26
26
28
29



2.2.4 DNA fragment recovery from agarose gels and quaatibn

2.2.5 Transformation of bacteria

2.2.6 Polymerase Chain Reaction (PCR)

2.2.7 DNA Sequencing

2.3 Construction of vectors for interaction studies

2.3.1 Construction of vectors for yeast two hybrid system

2.3.2 Construction of vectors expressing tagged prot@npull-down assay
2.3.3 Construction of complementing vectors expressiondated MsImuA'’
2.3.4 Construction of complementing vectors expressingdated MsimuB

2.4 Construction of vectors for protein expression

2.5Yeast two hybrid (Y2H) analysis

2.6 DNA damage-induced mutagenesis assay

2.7DNA damage sensitive assays

2.8 Protein extraction, quantification and detection

2.8.1 Protein extraction fronM. smegmatis

2.8.2 Protein analysis by SDS-PAGE and Western blotting

2.8.3 Expression and purification of recombinant ImuB &mdA’ in Escherichia coli

2.9 Proteomic analysis d¥l. smegmatistrains using mass spectroscopy
Chapter 3

3. Results

3.1Bioinformatic analysis of DnaE2 accessory factorgyB and ImuA’
3.1.1 Prediction of ImuB and ImuA’ structures

3.2Interaction analysis of the proteins involved ia hnaE2-dependent

induced mutagenesis pathway

3.2.1 Confirmation of pair-wise interactions between Dn&iNuB, ImuA’, and

DnaE2 by yeast two-hybrid analysis (Y2H)

3.2.2 Thep-clamp binding motif is required for interactionlafuB with thep-clamp

3.2.3 Y2H suggests the ability of ImuB to self-interact

3.2.4 Assessment of the possibility that other proteilay fme involved in this
pathway

3.2.5 Mapping of interaction domains of ImuB and ImuA’

3.2.5.1ldentification of the interaction domain of ImuB

3.2.5.2ldentification of interaction domain of ImuA'’

29

29

31
3
32
32

2

33

35

35

36
37
36

38

37

37

38

43
43
48

51
53
54

55
57
57
62

40

50



3.3 Analysis ofimuA’-imuBdnaE2cassette oM. smegmatis

3.3.1 Analysis of the DnaE2-dependent mutagenic pathwdy.ismegmatis

65
67

3.3.2 ImuB and ImuA’ are required for DnaE2-dependentaganesis itM. smegmatit8

3.3.3 Analysis of truncated ImuB

3.3.4 Analysis of truncated ImuA’

3.4Identification of other proteins involved in DnaB2pendent
damage-induced mutagenesis indvhegmatis

3.4.1 Introduction of a tag on the C-terminus of MsimuB

3.4.2 Introduction of a tag on the N-terminus of MsimuB

3.4.3 Introduction of a tag on the N-terminus of MsImuA’

3.5Pull-down analysis of N-terminally tagged ImuA’ M. smegmatis

3.6 Proteomic analysis of M. smegmatis wild typelnaE2andAdnaE2:.dnaE2
strains after exposure to DNA damaging conditions

3.7 Heterologous expression BE. tuberculosidmuA’ and ImuB

3.7.1 Small scale expression of ImuA’ and ImuB

3.7.2 Large scale protein expression and purificatioMBP-ImuB and MBP-ImuA’

Chapter 4

4. Discussion

4.1 The DnaE2-dependent mycobacterial mutasome shamesdnal similarity
to Pol Vmediated DNA repair

4.2 Distinguishing features of the mycobacterial mutaso

4.3Insight into the DnaE2 mutagenic pathway

4.4 Heterologous expression of DnaE2 accessory protemsA’ and ImuB

5. Appendices

6. References

69
70

72
72
47
76
78

80

82

82

84

88

88
90
92
94
96
100

Xi



List of Figures

Figure 1: An SOS-inducible mutagenic gene cassette 19
Figure 3.1: DnaE2-dependent mutageneshM.ituberculosis 43
Figure 3.2: Multiple sequence alignment of ImuB lndmgues compared to Y family
polymerase from bacteria 44
Figure 3.3: Sequence alignment of ImuA proteins garad taE. coli RecA protein 47
Figure 3.4: ImuB shares structural similarity witHamily polymerase from

S. SolfataricuPpos 48
Figure 3.5: ImuB has extensive disorder in the i@iteal region 49
Figure 3.6: ImuA’ is structurally similar t. coliRecA 50

Figure 3.7: Diagrammatic representation of theqple of the Yeast-two hybrid

Analysis 51
Figure 3.8: Confirmation of pair-wise protein-proténteractions 52
Figure 3.9: Confirmation of th@binding motif of ImuB 54
Figure 3.10: ImuB has the ability to self interact 55

Figure 3.11: The involvement of DnaELl in the Dnal€pendent mutagenic pathway 56
Figure 3.12: Schematic representation of the sumwmiathe Y2H data 57
Figure 3.13: Sequence alignment indicating thetjposwhere artificial stop codons were
introduced 58
Figure 3.14: Deletion of the C-terminal extensibtnouB eliminated interaction with other
proteins but not DnaN 60
Figure 3.15: Deletion of the putatiiebinding motif as well as the C-terminal extension
abrogated interaction with all interacting partners 61

Figure 3.16: Removal of the little finger domaimoinhe thumb domain abrogated

interactions with all tested proteins 62
Figure 3.17: ImuA’ proteins aligned indicating pamas of artificial truncations 65
Figure 3.18: The C-terminal region of ImuA’ istazal for the interaction with ImuB 63
Figure 3.18: Summary of the protein-protein intémacs inferred fromY?2H analyses 65
Figure 3.19: Analysis d¥I. smegmatisnutagenic cassette component interactions 66

Figure 3.20: DnaE2 is essential for damage toleramel induced mutagenesisvin
smegmatis 67
Figure 3.21: Deletion of the C-terminal region wfuB phenocopies thi®imuB

Phenotype 69

Xii



Figure 3.22: The C-terminal region of ImuA'’ is ardl for damage tolerance and induced
mutagenesis 71
Figure 3.23: Schematic representation of the TAHRraoduced on the C-terminus of
MsimuB 72
Figure 3.24: Introduction of a FLAG-tag on the @atenus of ImuB impairs protein

Function 73
Figure 3.25: Schematic representation of the 3xFltagsintroduced on the N-terminus of
MsImuB 74
Figure 3.26: Introduction of a tag on the N-ternsirmfi ImuB impaired protein function 75
Figure 3.27: Schematic representation of the 3xFltagsintroduced on the N-terminus

of MsImuA’ 76
Figure 3.28: The function of ImuA’ with an N-ternain3x FLAG tag was maintained 77
Figure 3.29: Tagged ImuA’ was not detected on SB&P and western blotting

Analysis 78
Figure 3.30: Schematic presentation of the trapst@vels of ImuA’ and ImuB pre-

and post UV radiation iM. tuberculosis 79
Figure 3.31: Identification of proteins known toUg@regulated in response to

UV radiation 81

Figure 3.32: Small-scale expression of MBP-ImuB BMP-ImuA’ indicate expression

in both insoluble and insoluble fractions 83
Figure 3.33: Affinity purification of MBP-ImuB 85
Figure 3.34: Affinity purification of MBP-ImuA’ 86

Figure 3.35: Representation of the SDS-PAGE gdi MIBP-ImuB eluted from

Q-Sepharose column. 87

Xiii



List of Tables
Table 2.1: Strains used in the study

Table 2.2: Plasmids used in the study

Table 2.3: Primers used to introduce artificiartséad stop codons into theuB
andimuA’ ORFs

Table 2.4: Incorporation of a 3XFLAG sequence @aNhkterminus of

MsImuA’ and MsimuB

Table 2.5: List of primers for expressionlofuB, ImuA’ and C-terminally

truncatedmuBin E. coli

22

22

33

34

36

Xiv



Chapter 1

1. Introduction

Tuberculosis (TB) was declared a global health gerery by the World Health Organization
(WHO) in 1993 yet continues to claim around 2 roillilives per annum. One-third of the
world’s population is infected with the causativgeat, Mycobacterium tuberculosisan
obligate human pathogen. The TB burden is the BigimeAsia and Africa with India and
China accounting for almost 40 % of the world’s Té&ses. The African region has 24 % of
the world’s cases and the highest rates of caskdeath per capita. South Africa is included
amongst the countries with the highest world’s sagedrug resistant TBWHO, 2012)
There were 9.4 million new TB cases in 2009, ofckhB.3 million were women, and 1.1
million were in people co-infected with HIV (Barset al, 2009; Russelét al, 2010; WHO,
2010; Yanget al, 2007). Adding to this burden is the increasingeegance and spread of
multi-drug (MDR) and extensively drug resistant (XD strains resistant to the major
frontline and second-line anti-TB agents (Barry &amhard, 2010; Dyest al, 2002;
Sacchettiniet al, 2008). This pandemic is particularly alarming wimme considers that TB

IS a curable disease.

WHO introduced the Directly Observed Therapy - $l@ourse (DOTS) program in 1995,
and it has been implemented worldwide (WHO, 2008)is strategy is cost-effective,
requiring the use of a combination therapy conmmistf an intense two-month treatment
phase with the first-line drugs isoniazid (INH)fampicin (RIF), ethambutol (EMB), and
pyrazinamide (PZA), followed by a four-month confation phase of INH and RIF (WHO,
2009). It is estimated that nearly seven milliore$é have been saved compared with the pre-
DOTS era, with high cure rates having been achi@vedost countries worldwide; the result
Is that the global incidence of TB has been in stiegline since early 2000s (Zunga al,
2012a). However, the emergence and spread ofassistrains oM. tuberculosisposes a
threat to global TB control. Drug-resistant TB istean-made problem resulting primarily
from patient non-compliance to the extended chearafty (Zumlaet al, 2012a). MDR-TB
defined as resistance to INH and RIF is treatalille RZA, ethionamide, cycloserine, any of
the injectable aminoglycosides (kanamycin, amikaamm capreomycin) and the
fluoroquinolones (ciprofloxacin and ofloxacin) (WHQO009).This treatment is expensive,
can last for up to two years and can be toxic teepts (Dyeet al, 2002). This exacerbates

non-compliance, and can lead to the emergence d® Xtains (Naidoo, 2007). XDR-TB,



which is defined as resistance to INH and RIF @ldkiroquinolone and any of the second-
line injectable agents, is virtually untreatabléheTemergence of strains bf. tuberculosis

that are resistant to a multiplicity of drugs widltiferent mechanisms of action provides a
cogent example of the capacity of the organism dapa to, and overcome, the harsh

conditions encountered during infection (Ehrt & 8appinger, 2009; Ramakrishnan, 2012).

According to the most recent WHO report, the Mileimm Development Goals (MDG) target
to halt and reverse the TB epidemic by 2015 ha=adir been achieved. New cases of TB
have been falling for several years and fell aat of 2.2 % between 2010 and 2011;
moreover, the TB mortality rate has decreased 41n2e <1990 indicating that the world is
on track to achieve the global target of a 50 %uctdn by 2015. Even though the fight
against TB seems promising, the global burden ofdéiBains enormous. In 2011, there were
an estimated 8.7 million new cases of TB, of wHiG86 were co-infected with HIV, and 1.4
million people died from TB, including almost onelllmn deaths among HIV-negative
individuals and 430 000 among people infected WAtN. Global progress also conceals
major regional variations and disparities, with &facan and European regions not on track
to halve the levels of mortality by 2015 (WHO, 2012 This situation demands the
development of new tools to control TB, includingvel anti-tubercular agents which might
eradicate the infection caused by drug-susceptdohel drug-resistant strains d¥l.
tuberculosis However, the reality is that resistance may dgvéb any new anti-tubercular
drug. In 2009, the first report of totally drug-stant (TDR) strains came out of Iran
(Velayati et al, 2009); however, there are studies that seemggest that TDR was a pre-
existing form of XDR-TB (Miglioriet al, 2012). With most of these drug-resistant strains
genotyped as members of the Beijing, Haarlem andl &#er families (Velayatet al,
2009), the TB epidemic has become even more algrgiven that members of the Beijing
super-family have also been associated with ineckasility to cause and spread disease, as
well as with co-infection with HIV (Cawst al, 2006; Hanekonet al, 2007; Johnsoet al,
2009).

1.1 The current state of TB control

As part of a global effort to eradicate TB, the WH&s implemented a program known as the
“Global Plan to Stop TB 2006-2015", which aims @dlucing the 1990 prevalence of TB by
50% by the year 2015 and the eventual eradicafitineodisease by 2050 (WHO, 2006). The

program has the following targets: i) expanding angroving the DOTS program so that



supervised standardised treatment and effectiveg adnanagement is implemented; ii)
increasing TB/HIV collaborations, preventing andnaging drug resistari¥l. tuberculosis
strains and addressing the poor socio-economic iwvomsl of the most vulnerable
populations; iii) strengthening the primary heattire sector; iv) engaging all communities
(TB patients, care providers as well as the affectmmmunities) to endorse the
implementation and adherence of International Stedsdof Tuberculosis Care (ISTC); and
v) promoting the development of novel and moreatife TB diagnostic tools as well as
therapies (WHO, 2006). All of these are points thatprogram seeks to achieve; however, a
longer treatment course would lead to patient mmmgliance and development of drug
resistance, underscoring the need for the developofeshorter drug regimens, as suggested
(Salomonet al, 2006). The Global Plan to Stop TB 2011-2015 fertbeeks to improve on
the following: i) laboratory strengthening-included a major component; ii) fundamental
research and operational research; iii) stratagiméworks to set out each major component
of the plan in a clear and consistent format; igjtordate epidemiological projections; v)
updated targets for TB care and for research améloj@ment; vi) and updated funding
requirements. With no new antibiotics introducedtfee treatment of TB since the discovery
of rifampicin in 1967, a number of programs haveerdly been implemented for the
discovery and development of new TB drugs in otdeachieve the Global Plan to Stop TB

(Russellet al, 2010). Importantly, research plays a key rolefforts to eradicate the disease.

1.1.1 Approaches to TB drug discovery

As in other areas of anti-microbial drug discovérgmichhane, 2011; Payret al, 2007,
Raviglioneet al, 2012; Sarkeet al, 2012), the discovery of novel anti-mycobactedialgs
have been carried out using two approaches: pheicotys. target-led. The phenotypic
approach is based on the screening of small-maditarbries for compounds with the ability
to kill mycobacteria using whole-cell screening agss Mutants that are resistant to the
compound are then used to identify the moleculgetzaof the compound by means of whole-
genome sequencing. This approach has been quitessiial, leading to the discovery of
TMC207 (Bedaquiline) (Andriest al, 2005); the novel nitroimidazole derivatives, P248
and OPC-67683 (Delamanid), which are in early-statjeical development for drug-
resistant and drug-susceptible TB (Bagly al, 2004; Matsumotcet al, 2006), and the
benzothiazinone, BTZ-043 (Cole & Riccardi, 2011;Kdiov et al, 2009; Pascat al, 2010;
Sala & Hartkoorn, 2011). Both bedaquiline and tiieormidazoles show promising activity

against non-replicating organisms. However, linotatof whole-cell screens is that it has

3



produced only a small number of potential hits witloderate potency (Robertsen al,
2012).

The second approach, which is target-led, is basedhe identification of biochemical
functions (usually enzymatic) that are essentialgfowth and survival of the organism, and
the subsequent use of high-throughput biochemicatesns to identify small-molecule
inhibitors of the target’s function (Crunkhorn, 2)1Dover & Coxon, 2011; Zumlat al,
2012b). The major challenge with this approachéet the potential hits that have potency
against an essential enzyme may not efficientlyeprate the mycobacterial cell envelope.
The other limitation is that the assumption th&tbrtion of an individual metabolic reaction
will cause cell death may not be a complete desonipf the mode of action of an effective
anti-bacterial agent (Dick & Young, 2011). Bacteatad activity may occur as a result of the
downstream consequences of initial drug-targetracteon which result in toxic molecules
that act as true effector molecules (Dick & You8@11). For this reason, the identification
of novel antimicrobials requires that both appr@sclshould be used to mitigate the
limitations of each approach (Abrahaetsal, 2012). From these approaches, a number of
lead compounds with novel modes of action have besovered in recent years (Lougheed
et al, 2009). In addition to these agents developedifspalty for TB, four drugs developed
for other conditions are being re-purposed for BBI{d & Koul, 2012; Koulet al, 2011; Ma

et al, 2010).

1.1.2 TB drugs and their mode of action againgtl. tuberculosis

The complete genome sequenceMf tuberculosis(Calver et al., 2010has enabled the
identification of essential proteins as novel té&sger drug development. The success of the
target-based approach relies on the quality oftéinget as well as the level of validation
(Chen & Du, 2007; Warner & Mizrahi, 2012). Only awf validated targets have been
revealed to date. RpsA is a putative target for dlekefirst-line TB drug, PZA. PZA has
constituted a key component of the short-coursefiyeregimen since the 1980s without its
cellular target being known until very recently.eThbosomal subunit, RpsA, was found to
be a target of pyrazinoic acid — the active fornmh# pro-drug PZARpsA is a vital protein
involved in protein translation and the ribosomersm process of trans-translation (i
al., 2011). This target may thus provide a rationale fordhgvity of PZA and might help to
explain the treatment-shortening activity of PZAal@ & Koul, 2012; Scorpio & Zhang,

1996; Shiet al, 2011). Arabinosyltransferase, a key componenyraezin arabinogalactan



synthesis, is the target of ethambutol (EMB) (Telet al, 1997). Combination therapy is
used for the treatment of MDR-TB using the aminoglides, kanamycin and amikacin,
together with the cyclic peptide, capreomycin. Aaglycosides target the 16S rRNA
whereas capreomycin targets rRNA methyltransfel(@#espie, 2002; Johanseet al,
2006). TherpoB-encoded3-subunit of RNA polymerase has been shown to beatyet of
rifampicin (Telentiet al, 1993). Fluoroquinolones have been shown to tdbjéA gyrase.
Isoniazid (INH) targets the InhA protein (Vilcheee al, 2006). Ethionamide is similar to
iIsoniazid in that it is a pro-drug that requiresivation to form an adduct with NAD that
subsequently inhibits the NADH-dependent enoyl{@eyrier protein) reductase InhA
(Hazbonet al, 2006). Streptomycin targets thaesL-encoded S12 ribosomal protein and p-
amino salicyclic acid targets the folate pathwahdkrabortyet al, 2012; Gillespie, 2002;
Rengarajaret al, 2004). The nitroimidazoles , PA-824 and OPC-67688 pro-drugs that
require activation by a deazaflavin (cofactou,ofF dependent nitroreductase, Ddn
(Manjunathaet al, 2009; Manjunatha&t al, 2006; Matsumotet al, 2006). More recently,
the promising drug, bedaquiline, which is activaiagt drug-susceptible and drug-resistant
M. tuberculosis targets ATP synthase (Andriegt al, 2005; Manjunathaet al, 2006;
Sackstedeet al, 2012) which the bacteria uses to generate en@gld & Koul, 2010;
Hurdleet al, 2011).

New TB drugs, at various stages of clinical develept include rifapentine (a member of the
rifamycin drug class) and the fluoroquinolonesjftgatdacin and moxifloxacin (Bald & Koul,
2012; Koul et al, 2011), as well as linezolid (Kobt al, 2012; Sotgiuet al, 2012).
Rifapentine, a bacterial RNA polymerase inhibitehjch is more effective than rifampicin
vitro and has a longer serum half-life, would be anlidg@acement candidate for rifampicin
for use in the treatment of drug-susceptible TBisTdrug is currently in Phase Il clinical
trials to assess if it could be given once or twisekly as a replacement for the daily intake
of the first-line antibiotic rifampicin (Ma&t al, 2010; Sacchettiret al, 2008). Linezolid is a
member of the oxazolidinones which are compoundslimd to the 50S ribosomal subunit
inhibiting the subsequent formation of the 70S sioe, thereby effectively inhibiting
protein synthesis (Barry & Blanchard, 2010; staal, 2010).

Although linezolid, which is currently in phase dlinical trials, is associated with high
toxicity levels, this drug has been successfullgdusff-label for the treatment of MDR- and
XDR-TB (Barry & Blanchard, 2010; Leet al, 2012; Maet al, 2010; Sacchettinet al,

2008). Gatifloxacin and moxifloxacin, which tardgleé bacterial DNA gyrase, have proven to
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be more effective than the current second-line slraffoxacin and ciprofloxacin in the
treatment of TB. Currently, phase lll clinical taaare underway to ascertain whether these
drugs can be used to shorten first-line therapy toonths by replacement of ethambutol or
isoniazid (Barry & Blanchard, 2010; Diacen al, 2012a; Maet al, 2010; Sacchettiret al,
2008).

There are six new compounds, specifically iderdifier TB treatment, that are currently in
clinical development. Three of these are in Phadmical trials. The first, PNU-100480 is an
oxazolidinone that exhibits greater activity tharekolid againsM. tuberculosian a murine
model (Fordet al, 2001; Maet al, 2010; Pinoret al, 2010; Sacchettinet al, 2008). The
second drug AZD-5847, also an oxazolidinone, isvacigainst drug-resistant forms Idf.
tuberculosis(Ma et al, 2010); and SQ-109 on the other hand, is an etlegiamine that
interacts synergistically with isoniazid and rifaicip againstM. tuberculosisin a murine
model (Barry & Blanchard, 2010; Met al, 2010; Sacchettinet al, 2008). SQ-109 targets
MmpL3, which is a mycolic acid transporter requifed incorporation of mycolic acid into
the cell wall ofM. tuberculosigGrzegorzewiczt al, 2012; Tahlaret al, 2012). The other
new drugs, namely, bedaquiline and delamanid, ameitly in Phase Il trials (Diacost al,
2012b; Gleret al, 2012). Bedaquiline has shown great efficacy ajasusceptible and
resistantM. tuberculosisstrains bothn vitro andin vivo (Anantharaman & Aravind, 2003;
Barry & Blanchard, 2010; Diacoat al, 2012a; Maet al, 2010; Sacchettinet al, 2008;
Tasneeret al, 2011).

PA-824 and OPC-67683 are nitrofuranylamides, wiB0367683 referred to as a delamanid
that have potent activity again®. tuberculosis.Both drugs are pro-drugs that require
enzymatic reduction to generate active forms (Mabal, 2010; Matsumotceet al, 2006;
Singhet al, 2008).There is substantial cross-resistance between th@sagents, implying
that they have a similar if not identical mechar{snof action (Hurdlest al, 2011). Both
agents have activity in the mouse model, althoughC®7683 may be more potent
(Matsumotoet al, 2006). When added to rifampin and pyrazinamidbee PA824 or OPC-
67683 allows shortening of TB treatment in the neoomdel to 3—4 months (Tasneetnal,
2008). This indicates the potential to reduce ittne theeded to develop new anti-tuberculosis
regimens (Diacomet al, 2012a). It is important to note that bedaquilmexifloxacin and the
nitroimidazoles, which target replicating and neplicating bacilli, have also enabled the
development and validation of various vitro models for testing the efficacy of new TB

drugs under stressful conditions encountered withm host (Choet al, 2006; Ehrt &
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Schnappinger, 2009; Ramakrishnan, 2012); for exampider conditions of hypoxia in the
presence and absence of reactive nitrogen inteatesd{Barry & Blanchard, 2010; Hussain
et al, 2009; Maet al, 2010; Sacchettiret al, 2008). Even though there are promising drugs
currently in various stages of clinical developmehere is concern that drug resistance

might subvert any new chemotherapeutic regimen.

1.2 M. tuberculosisencounters variable microenvironments during hosinfection

M. tuberculosidacilli are inhaled into the lungs inside the hurhast where they experience
a variety of stresses from the host immune syshkeside the host, the bacilli amaternalized
by alveolar macrophages which should kill the baatéPeyronet al, 2008). The interaction
of the bacilli and the receptors of the immune scefsults in an intracellular signaling
cascade that culminates in a proinflammatory respofvan Crevelet al, 2002).
Mycobacteria have evolve strategies that can trigggnals that dampen or modulate the
innate immune response indicating that killing bé tbacterium depends on the intrinsic
microbicidal capacity of the host phagocytes andulence factors of the ingested
mycobacteria (Ahmad, 2011). The alveolar macropfiggeduce inflammatory cytokines
and chemokines that serve as a signal for infectimus allowing migration of monocytes,
neutrophils and lymphocytes to the focal site déation resulting in granuloma formation
(Peyronet al, 2008). During this time, the bacilli resist thactericidal mechanisms of the
macrophage by preventing phagosome-lysosome fuamhcontinue to multiply inside the
macrophage ultimately causing macrophage necrbBesreleased bacteria are also engulfed
by another macrophage and the whole process isategheln healthy individuals, the
interplay betweerM. tuberculosisand host cellular and adaptive immune cells resilt
asymptomatic infection as granulomas sepakateéuberculosiscells from the surrounding
tissue, and the mycobacteria become latent (Steetarl, 2003). The ability ofM.
tuberculosisto interact and manipulate host immune functiohews latent infection to
continue. Traditionally, it was thought that grasmabs were protective against TB, however
recent evidence indicates thislt tuberculosismay actually recruit immune cells to form
granulomas, wherein the bacilli are able to persist protected environment until conditions
are favorable for reactivation and disseminationa® & Ramakrishnan, 2009;
Ramakrishnan, 2012). Granuloma formation walls & tubercle bacilli, providing a

variable microenvironment.



Latent TB infection is associated with the formatiof at least two types of tuberculous
granuloma (Barnet al, 2009; Linet al, 2009). The classic caseous granuloma are composed
of epithelial macrophage, neutrophils, and othemume cells surrounded by fibroblasts
where the centre of the caseous necrotic regidrypsxic with M. tuberculosisresiding in
the hypoxic centre (Barrgt al, 2009; Viaet al, 2008). The other kind of granuloma seen in
latent TB infection is fibrotic lesion composed akh exclusively of fibroblasts that contain
very few macrophages. However, it is not clear WaeM. tuberculosisis located inside
macrophage or in the fibrotic area in the lesiohrfrad, 2011). Within the macrophages it
has been believed that latency is propagated hyentutdeprivation, hypoxia, nitric oxide,
carbon monoxide and acid pH (Ghosthal, 2009; Kumaret al, 2008; Rustackt al, 2009;
Ulrichs & Kaufmann, 2006) .

1.2.1 Evidence for genotoxic stress during host ie€tion

During infection, the bacilli are subjected to damaby exogenous and endogenously
generated oxidants and radicals such as reactigeaxand reactive nitrogen intermediates
(ROI and RNI, respectively) that are toxic to thhmgen (Darwin & Nathan, 2005). ROI
and RNI can damage lipids, protein and nucleic sacfdies & Cadenas, 1985; Sies &
Mehlhorn, 1986). The activated macrophages expt@ss enzymes, phagocyte oxidase
(NOX2/gp9F"™) and inducible nitric oxide synthase (iNOS), whiphoduce increased
quantities of ROI and RNI that constitute the majwessor oM. tuberculosis in vivgEhrt

& Schnappinger, 2009). Upon phagocytosis, NOX2 sittassembles into an enzymatically
active enzyme complex that transfers electronssadtee membrane from cytosolic NADPH
to molecular oxygen. This produces superoxide an{@), which dismutate into hydrogen
peroxide (HO;) and generate toxic hydroxyl radicals (Bedard &a8e, 2007). The toxic
effects imposed by the immune system can be linfifedhechanisms such as reducing the
expression of the INOS in the host, thus allowimg bacilli to minimize the damaging effects
of INOS in vivo (Darwin & Nathan, 2005; Ehret al, 2001; MacMickinget al, 1997).
Induction of high amounts of INOS usually occuramoxidative environment, and thus high
levels of nitric oxide (NO) have the opportunity teact with superoxide leading to
peroxynitrite formation and cell toxicity. Theseoperties may define the roles of INOS in
host immunity, enabling its participation in antiemobial and anti-tumor activities as part of
the oxidative burst of macrophages (Celeal, 2012; Mungrueet al, 2002). Anin vitro
study utilized mildly acidified nitrite, a physiadeal source of NO, to screen fdoA.

tuberculosis mutants with an impaired ability to survive thendaying effects of this
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environment (Cheet al, 2006; Ehrt & Schnappinger, 2009; Ramakrishnari,220Among
the mutants identified in the screen, two carriagtations in the nucleotide excision repair
(NER) geneuvrB, which resulted in profound sensitivity to aciddi nitrite which mimics
the environment within the host (Ramakrishnan, 2052udies prior to this indicated that a
recA mutant of Mycobacterium bovidacillus Calmette-Guerin (BCG) had no detectable
phenotype in a mouse model for up to 80 days pdsttion (Sandeet al, 2001) whereas a
dnaE2 mutation attenuatetl. tuberculosisin wild type C57BL/6 mice but did not affect
bacterial load until late in the infection suggegtithat mycobacteria have the ability to
employ tolerance mechanisms in order to withstdrel dngoing DNA damaging effects
imposed by the environment (Boshdadt al, 2003). RecA plays a role in DNA damage
response by promoting autocleave of the LexA regamreprotein that regulate expression of
SOS response protein whereas DnaE2 has been shdweniivolved in mycobacterial SOS
response by performing translesion synthesis (Bbstioal, 2003; Warneret al, 2010).
Thus, althoughrecA and dnaE2 mutants had increased susceptibility to DNA damggi
agentsin vitro, they had distinct phenotypes in the mouse. Thdicates that there is
interplay between DNA repair/ damage tolerance tpktys a role in survival and

pathogenesis iNl. tuberculosis
1.2.2 A role for DNA repair in M. tuberculosispathogenesis

DNA repair plays a fundamental role in maintenaotgenome stability in order to remain
fit and able to establish an infection, grow andsgs within a hostM. tuberculosisontains

all DNA repair mechanisms found in other bacten@ept the mismatch repair (MMR)
mechanism which plays a key role in post replicatmismatch repair. This finding is
interesting since it suggests that the fidelityregblication is compromised or there exists an
alternative mechanism(s) to correct replicationorsrr(Mizrahi & Andersen, 1998)M.
tuberculosishas adapted to the lack of MMR by utilizing othepair systems in which the
UvrD1 protein of the nucleotide excision repair R)Esystem functions in the processing of

mismatches by homologous recombination (Guthégial, 2009).

NER was first identified as a pathway that rep&dA lesions such as thymine dimers
resulting from exposure to UV radiation. DNA damageh as abasic sites, DNA cross-links,
strand breaks and deaminated bases generated byaRDBNI and are also substrates for
NER. In human mycobacteria isolated from macropbagel lung samples, genes involved
in NER pathway were shown to be upregulated (Grafadhark-Curtiss, 1999; Rachmaat



al., 2006). Recently, 8. tuberculosianutant deficient in UvrA was reported to be sewnsit
various DNA damaging agents (Rosgial, 2011) and another key member of the NER
system — the UvrB protein — was shown to be immbrtar bacterial survival botin vitro
andin vivo (Darwin & Nathan, 2005; Kurthkoti & Varshney, 2Q1Mycobacteria possess
most of the conserved proteins that participateaise excision repair (BER) pathway except
for RecJ, reinforcing the importance of excisiopaie pathways which the cell can use to
prevent unwanted mutations by removing the vasontgjof DNA damage imposed by the
host environment (Kurthkoti & Varshney, 2011; Miar& Andersen, 1998; Prammananan
al., 2012). A number of studies have been don#irsmegmatigo show that the lack of
these repair processes renders the cell sensiivgenotoxic stresses modelled on that
encountered b¥l. tuberculosign the host (Cordonet al, 2011; Dicket al, 1998; Duttaet

al., 2010; Gornaet al, 2010; Lim & Dick, 2001; Nyka, 1974; Wayne & Hayd$96).

The toxic effects of the host can also be overctopehe use of recombination and end-
joining repair processes which are able to repaibte-stranded breaks in the chromosome
to ensure bacillary viability. Amongst other ba@emycobacteria have been shown to
utilize the non-homologous end joining (NHEJ) padlywvhich was originally thought to be
limited to eukaryotes (Gonet al, 2005; Welleret al, 2002). A recent study has reported the
unexpected identification of an active single-straannealing (SSA) pathway M.
smegmatis¢o repair chromosomal double-strand breaks (D$Baptaet al, 2011). SSA is a
RecA-independent mechanism which requires LigDgraponent of the NHEJ system. Prior
to this study, DSB repair was catalysed by two madms, homologous recombination
(HR) and non-homologous end-joining pathways (NHHEJR is generally an error-free
processes since it utilizes the non-damaged sdteymatid to direct repair whereas in
bacteria including mycobacteria, a remarkably carhparsion of NHEJ is utilized in which
all of the required activities are performed byyotwo proteins, a Ku homodimer and the
multifunctional ligase/polymerase/nuclease LigD I{®@et al, 2004). TheM. tuberculosis
genome also contains a number of other predictgabdis whose potential role in NHEJ
processes is unclear (Aniukvat al, 2008). The organism has LigA which is an esskntia
replicative ligase (Gongt al, 2005). Moreover, recent data have shown thatr2-IRe
NAD-dependent deacetylase functionally interactdwu during NHEJ (Liet al, 2011),

suggesting that multiple interacting componentshinigediate NHEJ activity and function.

In addition to the threat posed to genome integbyA lesions which hinder the function of

RNA polymerase can have detrimental consequenceseflular homeostasis and survival.
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Stalling of RNA polymerase triggers the transcaptcouple repair (TCR) pathway which is
an important subclass of NER that ensures thatedgtiranscribed genes are repaired more
rapidly than inactive regions of the genome. Intéa& includingM. tuberculosis TCR is
mediated by themfd (mutation frequencydecline)-encoded protein (Prabled al, 2011)
which is a homologue of the eukaryotic transcriptiepair coupling factor (TCRF). IN.
tuberculosis Mfd does not recognize DNA damage directly, lbubtigh its interaction with
the N-terminus of the RNA polymera$esubunit (Westbladeet al, 2010) it initiates a
cascade of events which ensures the removal ddtélled RNA polymerase from the site of

damage and recruitment of the NER components ézitie necessary repair.
1.3 DNA damage tolerance

Despite the existing repair mechanisms, some DNg#ofes persist in the genome and
compromise survival of the organism. Bacteria havelved mechanisms that are able to
overcome the detrimental effects of the unrepdlBid\ lesions, but with the consequence of
generating mutations. Such mechanisms utilize apeed translesion synthesis (TLS)
polymerases that replicate past lesions (Yang & dlgate, 2007). The classical specialized
DNA polymerases that belong to the Y family of pubrase are structurally distinct from
normal replicative polymerases in that they areabép of accommodating and replicating
across lesions in DNA that obstruct progress by tlmemal replicative polymerase
(Anderssoret al, 2010; Yang & Woodgate, 2007), and thus perfornmgsortant function in
maintaining bacterial viability. It is important twte that not all TLS polymerases are error-
prone because some have the ability to maintaim taglication fidelity by incorporating the
nucleotide that normally pairs with the undamaged|eotide when replicating across a
cognate lesion (Anderssea al, 2010). While these polymerases can display haghity of
replication across cognate lesions, their replicafidelity across non-cognate lesions or on
undamaged templates is often reduced (Yang & Wdedd07). For this reason, TLS
function is often associated with mutagenesis (Asgtmet al, 2010). This is a phenomenon
well studied inEscherichia coli where TLS polymerases form part of the SOS respon
which up-regulates more than 40 genes following Diédnage (Erillet al, 2006; Tippinet

al., 2004). InE. coli, the polymerases that are involved in the SOSoresp are DNA
polymerase Il, IV and VM. tuberculosishas homologues of the Pol IV-type Y family
polymerases, but these are not to induced in regpmDNA damage (Boshodt al, 2003;
Brookset al, 2001; Kaneet al, 2010). Instead, a C-family polymerase, DnaE2 stasvn to
be up-regulated in response to DNA damage (Boskbfél, 2003; Kanaet al, 2010).
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Importantly, DnaE2 belongs to the C-family of DNAlpmerases, which includes replicative

polymerase, DnaEl.

It is worth mentioning that damage tolerance meisgmas can result in error-free or error-
prone repair. Irk. coli, Polymerase Il is also used for TLS across aldasions when SOS is
turned on in the absence of induction of the Grole&t shock proteins (Tessmanal,
1992), while error-prone polymerase V is respomsifur error-free acetylaminofluorene
(AAF) adduct bypass (Napolitaret al, 2000). Polymerasg a B-family polymerase from
mammalian cells is able to incorporate efficiertiho A nucleotides opposite a TT (6-4)
photoproductn vitro, resulting in error-free bypass of the lesion, imifunction is dependent
on the presence of Revl protein in a two-polymerasmchanism (Goodman, 2002;
Rechkoblitet al, 2002). Polymerasécooperates with Revl to accomplish TLS past abasic
site, with polymeras€ extending from the mispaired C opposite the abagE Revl
exhibits a second property in addition to deoxybytransferase activity by acting in
combination with polymerasé to achieve error-free bypass. Revl protein is firss
recognized Y-family member which acts as a deoxgigittansferase that incorporates
dCMP opposite abasic sites in yeast and humans €Lial, 1999; Nelsonet al, 1996).
Another example of error-free bypass is that peréat by the Y-family polymerasein vitro
and in mammalian cells. This polymerase is ableyfmass bulky lesions linked to the amino
group of guanine that resides in the B-DNA minavaye. The capability of this polymerase
has been demostrated to bypass adducts caused byvannmental carcinogenic agent
benzof]pyrene (BR]P) present in tobacco smoke, automobile exhaudt aroked foods
(Lior-Hoffmann et al, 2012; Phillips, 1983) in an error-free manner gHget al, 2003;
Rechkoblitet al, 2002; Zhanget al, 2000; Zhanget al, 2002).

1.3.1 Structural insight into Error-prone and Error -free lesion Bypass

The structure of the polymerase can determine vehettparticular polymerase will replicate
DNA in an error-free manner by performing highlcaate and processive DNA replication
together with the exonuclease activity to enhanegligation fidelity. Alternatively,
replication can occur in an error prone fashionthwiow processivity and lacking
exonuclease activity. Several crystal structuregrobr-prone Y-family DNA polymerases
have been solved from which valuable insights thigir mode of action can be drawn. A
crystal structure of the N-terminal region thatlinies the active site dbaccharomyces

cerevisiaepol n has been determined and apart from containingotleeall shape of DNA
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polymerase, it contained a novel polymerase-assatidomain (PAD), which mimics an
extra set of fingers with the palm domain nearlgesimposable with that of the high-fidelity
polymerases. The PAD domain is also referred tihadittle finger domain that contains the
B-clamp binding domain. The O helices believed toirbportant for fidelity checking are
absent in pohm (Marx & Summerer, 2002). Further insight into erpoone was gained
through the crystal structure 8tilfolobus solfataricuB2 DNA polymerase IV (Dpo4) which
can bypasgis-syn CPD lesions efficiently and thus, with respectToS, the enzymatic
properties of Dpo4 are similar to that of the eyk#ic poln (Ling et al, 2001). The Dpo4
structure was successfully obtained in ternary dergs with the DNA primer template and
either a canonical or non-canonical incoming nusi® triphosphate showing a familiar
shape of a half open right hand found in severairperases. Dpo4 contains a little finger
domain in addition to the finger, palm, and thunanains. Again, the palm domain of Dpo4
Is similar to high fidelity DNA polymerases witmfijer and thumb domains of both pohnd
Dpo4 unusually small and O helices absent (Manug&erer, 2002).

Apart from the structural features of the polymegrathat perform DNA replication, the site
of adducts in the DNA is also a determinant of wkeit will be repaired in an error-free or
error-prone way. NMR solution studies have shovat the BR]P-dG adduct resides in the
B-DNA minor groove, directing the 5’ in-coming neotide along the modified strand (Lior-
Hoffmann et al, 2012). While minor groove lesions are bypassedriyneerror-free by
polymerase, lesions residing on the major groove side tenchtose the polymerase to stall
(Jiaet al, 2008; Rechkobliet al, 2002; Sherreet al, 2012).

1.4 Mechanism of the SOS response

During normal growth, SOS genes are negatively ledgd by the LexA repressor protein
which binds to a 20-bp consensus sequence (thelf®®)Sin the operator region of those
genes under SOS regulation. Some SOS genes aress@@reven in the repressed state,
depending on the affinity of LexA for the corresgdorg SOS box (Smith & Walker, 1998).
Activation of the SOS genes occurs after DNA dambygethe accumulation of single-
stranded DNA (ssDNA) regions generated at repbeefiorks, where the DNA polymerase is
blocked. RecA forms a filament around these ssDBidians in an ATP-dependent manner,
and becomes activated. The activated form of Retéracts with the LexA repressor to
facilitate LexA self-cleavage, thus de-repressing genes in the SOS regulon (Smith &
Walker, 1998).
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Once the pool of LexA decreases, repression o5@& genes goes down according to the
level of LexA affinity for the SOS boxes. Operattiiat bind LexA weakly are the first to be
fully expressed. In this way, LexA can sequentiabfivate different mechanisms of repair.
In E. coli, genes possessing a weak SOS box (sutdxAsrecA uvrA, uvrB, anduvrD) are
fully induced in response even to weak SOS-indutiegtments. Thus, the first SOS repair
mechanism to be induced is NER, ensuring highityleepair of DNA damage without

commitment to a full-blown SOS response (Smith &lk&g 1998).

If, however, NER alone is not sufficient to repthe damage, the LexA concentration is
further reduced, so the expression of genes witingér LexA boxes (such asllA umuD
umuC- these are expressed late) is induced. SulA iishdell division by binding to FtsZ,
the initiating protein in this process (Chenhal, 2012; Cordellet al, 2003; Trusceet al,
1998). This causes filamentation, and the inducttdncomponents of polymerase V,
UmuD,C, which can result in mutagenic repair. As a tesfithese properties, some genes
may be partially induced in response to endogeneusls of DNA damage, while other
genes appear to be induced only when high or pensi®NA damage is present in the cell
(Patelet al, 2010; Smith & Walker, 1998). Research has shdwan the SOS pathway may
be essential to the acquisition of bacterial mateti which lead to resistance to some
antibiotic drugs (Cirzt al, 2005; Cirz & Romesberg, 2007). In these studiss,increased
rate of mutation was shown to be dependent on tiwitg of the three SOS DNA

polymerases: Pol Il, Pol IV and Pol V.

Genome integrity is crucial to the survival andpgagation of the organism, and therefore,
there is a balance between DNA repair and damabpabtwe pathways. DNA repair
pathways ensure error-free repair whereas damégamnce mechanisms allow selection of a
bacterial population that is able to withstand tisnaging effects, sometimes generating
genetic diversity. The interplay between these spmpforces in turn impacts the relative
fitness of the organism. The inferred importanceDdfA repair for pathogenesis suggests
some pathway components as potential targets fal mmtibacterials. In theory, compounds
could be designed to target repair componentsifumag in essential repair and maintenance
pathways or those providing environment-dependaniatje tolerance mechanisms (Gtz
al., 2005; Cirz & Romesberg, 2007; Warner, 2010). phecess of replication, repair and

recombination favours the maintenance of genombilisfawhereas adaptive mutation,
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which results from low fidelity damage tolerancencfuel the evolution of pathogenic
bacteria includindM. tuberculosigMcGuireet al, 2012).

1.5 Importance of tolerance mechanisms

Genome stability is important for propagation andintenance of bacterial population;
however, the environmental factors also play a folegenome diversity and selection.
Introduction of mutations in the genome allows segb® of a population that has inherited
those mutations to enable survival in that paracdnvironment. In many bacteria, drug
resistance determinants are carried on mobile geakeiments. In contrast, the emergence of
drug resistance M. tuberculosisis associated exclusively with point mutations and
chromosomal re-arrangements (Musséral, 1996; Musseret al, 1999; Sandgremt al,
2009), a feature that is thought to result in paom the ecological isolation oM.
tuberculosisduring host infection (Gillespie, 2002; Gillespi¢ al, 2002). There are also
non-heritable tolerance mechanisms that do notimr@gacquisition of mutations in the
genome in order to withstand environmental effeStech mechanisms include the ability to
form biofilms (Donlan & Costerton, 2002), permedébibarriers (Nikaido, 1994; Nikaido,
2001) and persister formation (Dat al, 2010). Of particular importance in the case of TB
iIs the emergence of drug resistant strains whichcate the astonishing ability d¥l.
tuberculosisto survive in the presence of the antitubercutags and also pose a challenge

for completely eradicating the disease using chkarapy.

The appearance of antimicrobial resistance is a&witeible consequence of the selective
pressure imposed by antimicrobial therapy (@iral, 2005) resulting in spontaneous genetic
mutations which confers resistance to a drug, tddging evolution. This Darwinian
principle of selection underlies the applicationaaimbination therapyM. tuberculosisis
subjected to harsh environmental conditions dumirigction, as well as antibiotic treatment
in patients, once diagnosed. If the antibiotics raoe appropriately delivered into the target
site and not managed appropriately, they creataibalethal concentration that has the
potential to select for the gradual evolution cfiseance through the sequential acquisition of
resistance-determining mutations. A potentialtstya to counter the adaptive evolution of
M. tuberculosisduring host infection — including the developmeaftdrug resistance —

involves targeting mutagenic pathways underlyirgekiolution of drug resistance.
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1.6 Emergence of drug resistant mutants through agsation

Stationary-phase and stress-induced mutagenebiacterial adaptation has been associated
with the emergence of drug-resistant strains ohggenic bacteria (Phillips, 1987), and
might be of particular relevance to the generatbrantibiotic and other stress resistance
mutations inM. tuberculosiswithin the hostile environment (Gutackatral, 2002a; Gutacker
et al, 2002b; Ramaswamy & Musser, 1998). Mutation inegalhmay be detrimental to a cell
as it might decrease the fitness of the organismedberg et al, 2002). This was
demonstrated in competition experiments betwgewoli mutants lacking any of the TLS
polymerases and wild-type cells: the cells lackthg TLS polymerase suffer a severe
reduction in fitness in stationary phase suggestitay TLS polymerases are essential to
prevent the appearance of adaptive mutations dypimodpnged stationary phase where
cytotoxic alkylation damage accumulates (Andersstaal, 2010; Bjedowet al, 2007; Yeiser

et al, 2002).

TLS polymerases typically have low fidelity wherplieating non-cognate DNA and are
therefore under tight regulation. However, they e readily available at the stalled
replication fork to prevent obstruction of replicex, and hence, are often induced in response
to DNA damage as part of an SOS response (Goodd@2; Yang & Woodgate, 2007).
Notably, Y-family polymerases do not usually haxeraiclease activity, with the exception
of the B-family polymerase that has exonucleasesict Furthermore, while replicative
polymerases utilize a mechanism that ensures ¢dyase pairing at the active site, Y-family
DNA polymerases have flexible active sites thainpebypass of distorting lesions with a
consequent loss of fidelity (Buntingt al, 2003; Napolitancet al, 2000; Wagnetret al,
1999). The C-family polymerases are primarily baateeplicative enzymes. A well-studied
polymerase belonging to this group is DNA Polymerdis It functions as a holoenzyme
comprisinga. (polymerase)s and6 subunits. DNA polymerase Il holoenzyme is therary
enzyme complex involved in prokaryotic DNA replice The complex has high
processivity (i.e. the number of nucleotides adoedbinding event) and, ia. coli, functions

in conjunction with four other DNA polymerases (PdPol II, Pol IV, and Pol V). Being the
primary holoenzyme responsible for replication, bBlA Pol Il holoenzyme also has
proofreading capabilities that corrects replicatmistakes by means of exonuclease activity
working in a 3-5" direction. DNA Pol lll is a component of the reggime, which is located

at the replication fork.
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The replisome is composed of a hexameric DnaB dsichat encircles the lagging strand
and uses ATP to translocate along single-strand RIN@ separate the parental duplex. The
clamp loader pentamer contains at leasttwabunits which have C-terminal extensions that
protrude from the top of the clamp loader with eatthe C-terminal extensions binding to a
DnaB helicase subunit. In addition, to these corepts) there are two Pol Ill cores
comprising thea subunit which possess the polymerase activity,stlseibunit which has
3'—>5' exonuclease activity, and thesubunit which stimulates proofreading by theubunit.
The twot subunits act to dimerize the two core enzymesthagewith oney unit of the
clamp loader for the lagging strand Okazaki fragisethus helping the twf subunits to
form a unit and bind to DNA. The assembly contagniihe clamp loader and two molecules
of Pol Ill binds aB-clamp to form a holoenzyme. Twosubunits act as sliding DNA clamps
that keep the polymerase bound to the DNA. TheRwidll functions in the leading strand
and the other in the lagging strand, with the laggtrand requiring synthesis of RNA primer
templates by primase interacting with DnaB (Gearges al, 2010; Langston & O'Donnell,
2006). Two distinct Pol llls are required for syedgis with PolC serving as the polymerase
for leading strand synthesis, and DnaE synthesizivgy lagging strand in the Gram+
organism,Bacillus subtilis(Kelman & O'Donnell, 1995; Olsoat al, 1995; Sanderst al,
2010). The polymerases, either belonging to themiily or C family, require interactions
with thep clamp to access template DNA. This allows effit®mitching between replication
and repair modes for efficient lesion by-pass @erget al, 2005; Langston & O'Donnell,
2006).

1.7 SOS response in Mycobacteria

Although an SOS response has been identified irobaateria (Daviet al, 2002; Durbach
et al, 1997), it is unusual in that none of the predictefamily polymerases is included in
the damage response regulon (Boslebfél, 2003; Kanaet al, 2010; Smolletet al, 2012).
Instead, Boshofét al (Boshoffet al, 2003) showed that the only DNA polymerase that wa
induced in transcriptome analysis ®. tuberculosisafter exposure to various DNA
damaging agents was DnaE2. Subsequent to that, dludhE1 was also shown to be up-
regulated in response to DNA damage (Wamteal, 2010). Although thé. tuberculosis
genome contains two genes encoding the catalyfisubunit of DNA Pol Ill, the encoded
proteins, DnaE1l and DnaE2, are not functional mdteves (Boshoffet al, 2003). DnaE1l
provides replicative polymerase activity and DnaE2part of the SOS response .

tuberculosis(Tippin et al, 2004). The involvement of a C-family polymeraseai bacterial
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DNA damage response was novel and defined a cleastint feature of the SOS response
operating inM. tuberculosis and M. smegmatiBoshoff et al, 2003; Kanaet al, 2010;
Smollettet al, 2012; Warneet al, 2010). Subsequent to the study by Boshoff e28l03)
several other groups identified an association éetw DnaE2-type C-family DNA
polymerases and two other proteins, termed ImuA ifiducible muagenesis) and ImuB
(Abella et al, 2004; Erill et al, 2006; Galhardaet al, 2005). In particular, these authors
observed that bacterial genomes containing a Dig? DNA polymerase always encode
an ImuB orthologue (Figure) Bnd, further, that the ImuA-ImuB-DnaE?2 triad —eoftpresent
in these genomes as an SOS-inducible gene cassattgght represent the functional
equivalent of the mutagenic DNA polymerase V (emcbdoy umuDQ, most well
characterised i. coli (Galhardoet al, 2005; Kooritset al, 2007). Included witldnaE2in
the mycobacterial SOS response is an operon ergaiprotein of unknown function,
Rv3395c, and its partner, Rv3394c (Figure 1). Theresting feature of Rv3395c is that its
orthologues are limited to Actinobacterial genomesluding M. tuberculosis.Because
Rv3394c, Rv3395c and DnaE2 are DNA damage induiteduggests that they might

function in the same pathway.
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24.7 kb B LexA binding site (SOS box)
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M. tuberculosis iv3395c Rv3394c dnaE2 (Rv3370c)
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Caulobacter crescentus imuA  imuB dnak2?

B -y 0000 —

Pseudomonas putida lexA2 imuA  imuB dnakE2
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Figure 1. An SOS-inducible mutagenic gene cassettdhe M. tuberculosisgenome encodes
principal components of a DNA damage-inducible ediss DnaE2 and Rv3394c, separated by ~25kb.
Orthologues of Rv3395c are found only in Actinoleaiett genomes.

Rv3394c was designated the founder member of tmBIisubfamily of Y-polymerases
because of its predictgdbinding motif (Dalrympleet al.,2003). The3-clamp modulates the
recruitment to the replication fork of many protimvolved in various steps of DNA
replication, recombination, and repair, with thereat model holding that these processivity
factors function as molecular “tool-belts” (PagesF&chs, 2002) to attach replicative and
TLS polymerases to the primer-template junctioernciiangeably without disruption of the
core assembly. It has been shown by bioinformatadyesis that DnaE2 does not hav§-a
binding motif and Tippin et al (2004) suggestedt tbaaE2 may require other proteins in
order to access the replication fork. The abseh@adentifiablef-clamp binding motif in

DnaE2 poses an important question as to how itssesethe replication fork.
1.8 Working hypothesis

Previous work from the MMRU identified the DNA dag®inducible C-family DNA
polymerase, DnaE2, and which was subsequently aameld in virulence and the emergence
of rifampicin in M. tuberculosis in vivdBoshoff et al., 2003). However, a fundamental
guestion at the time pertained to the ability ofaB& to access the DNA replication fork
given the apparent absence of a predicted clangriggrmotif in the mutagenic polymerase.
Therefore, the failure to identify a putatifebinding motif suggested the operation of a novel
mutagenic mechanism. Subsequently, the two hypo#igiroteins, Rv3394c (ImuB) and
Rv3395c (ImuA’) were shown to function as esserdessory factors in DnaE2-mediated
mutagenesis. Specifically, disruption of either gg@liminates damage-induced mutagenesis,

and rendered the mutant strains hypersensitive NA Ddamaging agents, thereby

19



recapitulating precisely thelnaE2 deletion phenotype. Rv3395c encodes a protein of
unknown function restricted to Actinomycetes; inntrast, Rv3394c is an orthologue of
ImuB-type proteins (implicated in DNA repair and tagenesis in other organisms) and, like
ImuB, possesses a predictpaetlamp binding motif. This is significant since raises the
possibility that Rv3394c might function as moleculadaptor, directly mediating the
interaction of DnaE2 with template DNA. These dastablished a working model in which
all three proteins — Rv3394c, Rv3395¢c and DnaE2ustnnteract in order for DnaE2 to
access the replication fork. However, the naturéhef interaction, as well as the specific
residues required for interaction were unknown,\koitild be critical to the design of novel

compounds to disrupt complex formation.
1.9 Aims and Obijectives

The aim of this study was to define key functioaald structural characteristics of the

replication complex responsible for DNA damage-icetll mutagenesis M. tuberculosis
To achieve the aim the following objectives weresped:

X To elucidate, by targeted (genetic) disruption obt@in-binding domains, the
functional interactions that are essential for D2walépendent mutagenesis;

XS To identify other proteins involved in DnaE2-depentimutagenesis

o To express and purify sufficient quantities of ImaBd ImuA’ protein to enable
subsequent crystallization and structural analysis.

X To use proteomics as a tool to examine the rol®mdE2 in other pathways

under conditions of normal growth or genotoxic séreonditions
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Chapter 2

2. Materials and Methods

All general procedures and DNA manipulations wesrfgrmed according to standard
protocols (Sambrook, 2001; Sambrook, 1989). Alltwihg and molecular biological

manipulations of mycobacterial were performed adicgy to published methods (Larsen,
2000; Parish & Stoker, 2000; Snapgmral, 1990). The composition of culture media and

solutions are detailed in the Appendix.
2.1. Bacterial strains, plasmids and culture condibns

All bacterial strains and cloning vectors usedhis tstudy are listed in Tables 2.1 and 2.2.
Glycerol stocks of bacterial strains were prepare83.3% glycerol (V/V) and stored at -
70°C.
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Table 2.1: Strains used in the study

Strain Description Reference/
Source
Yeast
AH109 HIS3, ADEZ2, lacZ, MELtontaining reporter genes for screening Clontech

protein interactions

M. smegmatis

mc“155 High frequency transformation mutantM. smegmat mc’6; ATCC (Snappeet al,
706 1990)
AdnaE2:aph dnaE2knockout mutant of nf¢55; Knf* (Boshoffet al,
2003)
AdnaE2:aph attB:dnaE2 dnaE2:aph complemented witdnaE2atattB site; KntHyg" (Boshoffet al,
2003)
AimuA’ imuA’ deletion mutant of n“15& (Warne et al,
2010)
AImuA attB’::imuA’ AimuA’ complemented with fi-lengthimuA’ at attB site; Kn™ (Warne et al,
2010)
AImuA attB’:: imuAN"AC AimuA’ complemented withnuA™""C allele atattB site; Knt This study

AimuB

imuB deletion mutant of nfé55

(Warneret al,
2010)

AimuB attB’::imuB

AimuB complemented with full-lengtimuB atattB site; KnT

(Warneret al,
2010)

AimuB attB’:: imuBN=X"AC

N3XFLAG
E

AimuE complemented witimu allele atattB site; K™

This stud

AimuA’-imuB

imuA’-imuB double knockout mutant of 55

(Warneret al,
2010)

AIMuUA’-imuB attB’::imuA’-imuB

AimuA-imuB complemented with fu-lengthimuA™-imuE at attB site;
Km~

(Warne et al,
2010)

22



AImMuA’-imuB attB’ ::imuA’-

AimuA-imuBcomplemented witimuA’-imuB-"* allele atattB site;

(Warneret al,

imuB©*°® Km" 2010)
AimuA’-imuB attB’::imuA’-imuB “™ AimFi{A’—imuB complemented witimuA-imuB-"=" " allele atattB site; | Dr. D. Warner
FLAG
Km
E. coli
DH5a E. coli strain used for transformation and propagatiopla$mids Laboratory stock
BL21 (DE3) E. colistrain used for heterologous expressioMotuberculosis Laboratory stock

proteins.

Table 2.2: Plasmids used in the study

Plasmid Description Source
PAINT E. col-Mycobacteriur integrating shuttle vector; K~ Ap" Laboratory
stock
pPAMSIMUA M. smegrrg{atii;muA’ complementation vector — pAINT carrying full-lehddl. smegmatis Dr. D. Warner
imuA; Km
pAMSIMUAB M. smegmatis imuAmuB complementation vector — pMC1r carrying full-leimi. Dr. D. Warner
smegmatis imuAmuB, Km®
PAINT1620stop 1 | M. %megmat imu2’ complementation vect— pAINT carrying containing truncateimuA™; | This stud
Km
pGADT7 Y2H vector to produce AD fusions, GAL4(7-881) AD, LEU2, HA epitope tag; £* Clontect
pGBKT7 Y2H vector to produce BD fusions, GAL«147) DNA-BD, TRP1, -MY C epitope tag; Ki" | Clontecl
pGADDnaE1 PGADT7 containin¢M. tuberculosi dnaE’ ORF fused to GAL4 AD, A" Dr. G.
Abrahams
pGADDnaE2 PGADT7 containingVl. tuberculosis dnaE®RF fused to GAL4 AD, Ap Dr. G.
Abrahams
pGADDnaN pGADT7 containingVl. tuberculosisinaNORF fused to GAL4 AD, Ap Dr. G.
Abrahams
pGADImMuA ' pGADT7 containin¢M. tuberculosi imuA’ ORF fused to GAL4 AD, AT Dr. G.
Abrahams
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pGADImuB PGADT7 containin¢M. tuberculosi imuE ORF fused to GAL4 AD, AT Dr. G.
Abrahams
pGADImuB stopl pGADTR7 containingmuB with 168 amino acids truncated on the C-termimusefl to GAL4 | This study
AD, Ap
pGADImuBstop 2 | pGADT7 containingmuB C-terminally truncated from thgclamp binding motif fused to | This study
GAL4 AD, Ap®
pGADImuBstop 3 pGADTR7 containingdmuE C-terminally truncated from the lie finger domain fused to GAL | This stud
AD, Ap
pGADImuBstop 4 pG@DT? containingmuB C-terminally truncated from the thumb domain fuse&AL4 AD, | This study
Ap
pGADImuBstop 5 pG@DT? containingmuB C-terminally truncated from the thumb domain fuse&AL4 AD, | This study
Ap
pGADImuBstart 1 | pGADT?7 containing the -terminal region of ImuB fused to GAL4 AD, This stud'
pGBDImMuA’ PGBKT7 containin¢M. tuberculosi ImuA’ ORF fused to GAL4 BD, KI° Dr. G.
Abrahams
pGBDIMuA'’ startl | pGBKT7 containingmuA’ truncated on the N-terminal domain ORF fused td. &BD, Km" | This study
pGBDIMUA’ start2 | pGBKT7 containincdmuA’ truncated on the -terminal domain ORF fused to GAL4 BD, I" | This stud:
pGBDImMuA’ PGBKT7 containing +terminally truncated truncatdmuA’ fused to GAL4 BD, Kr® This stud'
pMalc2 E. coli expression vector containing maltose binding proteg; A" New Englanc
Biolabs
pMall3 pMalc2 containing full-lengttM. tuberculosis ImuBN-terminally fused to Maltose binding | This study
protein tag, AP
pMall4 pMalc2 containing full-lengti\. tuberculosidmuA’ N-terminally fused to Maltose binding | This study
protein
pMall3stop 1 pMalc2 containing -terminally truncatedmuE N-terminally fused to Maltose bindir This stud'

protein, AR
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2.1.1 Bacterial growth conditions

Escherichia colistrains

E. coli cells containing plasmids were grown in Luria-Bert(LB) broth supplemented with
appropriate selective agent at 37°C overnight, witiporous shaking (Labcon Shaking
Incubator) or at 30°C in a New Brunswick Scientifimmova 400 shaker. For selection on
solid media,E. coli strains containing plasmids were grown on Luriagt&d agar (LA)
containing appropriate selective agent at 37°Crmigét in an Incotherm Labotec Incubator
or 48 h at 30°C in a Heraeus Instrument Incub&ocoli cells carrying plasmids greater than

8 kb in size were grown at 30°C standing to lintétsnid rearrangement.

Selection agents used for strains carrying plasmieie as follows: 100 pg/ml ampicillin
(Ap), 200 pg/ml hygromycin (Hyg), and 50 pg/ml kemeain (Km). For confirmation of
disruption of thelacZo. cassette during cloning or identification of andocontaining the
lacZa cassette, 40 pug/ml of 5-bromo-4-chloro-3-inddlydralactoside (X-gal) and 4pg/ml of

its substrate isoprop@-D-thiogalactopyranoside (IPTG) were added to thevgronedium.

Mycobacterial strains

Unless otherwise indicatetd). smegmatistrains were grown in Middlebrook 7H9 medium
supplemented with 0.05% Tween 80 or on Middlebrodk10 solid medium both
supplemented with glucose salt (0.085% NaCl, 0.8%age) and 0.5% glycerol.

The selection agents used for strains carryingmi@swere as follows: 50 pg/ml Hyg and 20
ng/ml Km. Resistant mutants were selected on Midiek 7H10 solid medium
supplemented with Oleate-albumin-dextrose-catgl@#edC), 0.5% glycerol and rifampicin
(Rif) 200 pg/ml.

Yeast strains

Saccharomyces cerevisiagrains, unless otherwise stated, were grown in Yi®D broth
(0.1% Yeast extract, 0.2% Peptone and 0.2% Gluomsen YPD agar (0.15% agar) both

supplemented with 0.003% adenine.

Selection of strains carrying plasmids was on malisynthetic drop-out (SD) media with
leucine and tryptophan excluded. Drop-out mediun®q{C% Yeast nitrogen base without

amino acids, 2 % Glucose, 2 % Bacto agar and 0.d2of-out mix) is used for the selection
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of plasmids based on the use of auxotrophic mwtaains which cannot grow without a
specific media component. Transformation with asplid containing the gene required for
growth in the absence of the specific componenblesathe transformant to grow on a

medium lacking the required component, allowingdelection.
2.2 General DNA manipulations
2.2.1 DNA Extraction

E. colimini plasmid preparation

An individual bacterial colony was inoculated intoml of LB containing the appropriate
selective agent in a 2-ml Eppendorf tube, which wedibated at 37°C with agitation
overnight. The cells were harvested by centrifigatit room temperature for 1 min. The
supernatant was decanted and the pellet re-susph&m@@ pl of Solution | (50 mM glucose,
25 mM Tris hydrochloride, 10 mM ethylenediaminedatretic acid (EDTA), pH 8.0) by
vortexing. Then, 160ul of Solution Il (0.2 M sodiumwdroxide, 1% Sodium dodecyl sulphate
(SDS)) was added to the cell suspension and mixedydntle inversion of the tube.
Thereafter, 120 pl of Solution Il (5M potassiumetate, 11.5 % glacial acetic acid) was
added and the mixture shaken vigorously and ceged (13200 rpm; 16 100gkat room
temperature for 10 min to remove cellular debrise Bupernatant was collected into a new
sterile Eppendorf tube and isopropanol (220 pl) wdded. The precipitation process was
allowed to continue at room temperature for 5 mefoke the DNA was harvested by
centrifugation at a speed of 13200 rpm at room tatpre for 10 min. The pellet was
washed with 150 ul ethanol and vacuum-dried fon20 (SpeedVac, Savant, Farmingdale,
NY, USA). The DNA was then re-suspended in 50 pbkiahile distilled water containing
freshly boiled ribonuclease (RNase) (1 ul of 20miy/ A small aliquot was analyzed on an

agarose gel.

E. colibulk plasmid preparation

A single colony was used to inoculate 100 ml of &B8pplemented with the appropriate
selective agent for maintenance of the plasmid. dilire was grown with gentle agitation
at 37°C for overnight. The cells were transferm itwo 50-ml Falcon tubes and harvested
by centrifugation at 4500 rpm (3900g) in a Beckman Coutler Allegra X-22 (4250 rotor)
centrifuge for 10 min. The cell pellets were resmsped in 1 ml of Solution | and to the

suspension, 2 ml of Solution Il was added folloviegdgently inverting the tubes for mixing.
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To the mixture, 1.5 ml of Solution Il was addeddashaken vigorously and then 900 ul
aliquots transferred into ten 1.5-ml Eppendorf tib&ell debris was removed by
centrifugation at 13200 rpm (16 160g) in an Eppendorf Centrifuge 5415 D with standard
rotor F-45-24-11(Eppendorf, Hamburg, Germany) fd fnin. The supernatant was
transferred to a fresh, sterile 1.5 ml Eppenddoetand 3 pul RNaseA (10 mg/ml stock) was
added to each tube, followed by incubation at 423€1 h. To each tube, 700 pl of
Isopropanol was added followed by centrifugatiom f® min at 13200 rpm at room
temperature to precipitate the DNA. The supernatess decanted and the DNA pellet
washed with 500 pl of ice-cold 70 % ethanol. The Di#m each tube was resuspended in
100 pl sterile distilled water (sdB) and the DNA from five tubes pooled together to a
volume of 500 pl to which was added 50 pl of 5.3ddlium chloride (pH 5.2) and 700 ul of
phenol.chloroform (1:1). The mixture was centrifdgaet room temperature for 10 min at
13200 rpm and the top aqueous layer transferredantlean Eppendorf tube. A volume of
350 ul of chloroform:isoamyl alcohol (24:1) was addto the aqueous solution and the
mixture centrifuged for 10 min at room temperatdree aqueous layer was transferred to a
clean Eppendorf tube to which was added 1 ml ofcmld 100 % ethanol. The tube was
inverted for mixing and kept at -20°C for 30 min 2d h before centrifugation at room
temperature for 25 min. DNA pellet was washed witBo ethanol and vacuum-dried with a
Speed-Vac. The DNA was resuspended in 50-200 pdddébO and quantified using a
NanoDrop ND-1000 Spectrophotometer (Thermo Scieht#ccording to the manufacturer’s

instructions.

Chromosomal DNA extraction from mycobacteria

Mycobacterial chromosomal DNA was isolated usingadified cetyltrimethylammonium
bromide (CTAB; ICN Biomedicals, Aurora, Ohio) meth¢Larsen, 2000; Warnest al,
2010). Briefly, mycobacterial cells were harvesteudl re-suspended in 500 of TE buffer
(10 mM Tris hydrochloride pH 8.0; 1 mM EDTA). Thells were heat-killed at 65°C for 10
min for M. smegmatisharvested by centrifugation (13200 rpm (16 @) for 5 min and re-
suspended in 500l of TE buffer. To this was added %0 lysozyme (10 mg/ml) and the
reaction incubated at 37°C overnightu/Q0 % SDS and @l of proteinase K (10 mg/ml)
was then added and the mixture incubated at 65°€ o 100ul of a 5 M solution of sodium
chloride and 8Qul of pre-warmed CTAB/NaCl mix (10 % CTAB made in7OM sodium

chloride) was added to the sample and incubatéd’a for a further 10 min. An equal
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volume of chloroform:isoamyl alcohol (24:1) was addto remove residual proteins.
Subsequent to centrifugation (13200 rpm for 10 rtine) aqueous phase containing the DNA
was precipitated by addition of 1/20volume of 5.3M sodium acetate (pH 5.2) and 2.5 x
volumes of 100 % ethanol, and incubation at -2G3C1f h. The DNA was then pelleted by
centrifugation (13200 rpm for 20 min), washed witl-cold 70% ethanol, dried in a vacuum

centrifuge and resuspended in s@H
2.2.2 DNA manipulations

Restriction enzyme digestion

Enzymes were obtained from Fermentas, Boehringennleim, New England Biolabs
(NEB), Amersham or Roche Applied Science and usecording to manufacturer’'s
instructions. Plasmid DNA of up to 5 pg was digdstea 20 ul reaction volume for 1-24 h.
Digested samples were incubated at the recommetedepgerature for maximal enzyme
activity for at least 4 h. For double digestions,agpropriate buffer in which both restriction
enzymes showed suitable activity was selected,notbe the digestions were performed
sequentially starting with the enzyme that reqtheelower pH buffer. DNA fragments were

then separated on agarose gels by electrophoBesssection 2.2.3).

Phoshorylation of DNA

Phosphorylation of blunt-ended PCR products to kendéibation with de-phosphorylated
vector was performed for 30 min at 37°C using poglaecotide kinase (Roche Applied
Science), as per the manufacturer’s instructioeadions were stopped by separation on an

agarose gel.

Dephosphorylation of 5’ ends of plasmid DNA

Following plasmid digestion, the 5-phosphate ofekrized vector DNA was removed by
treatment with Antarctic Alkaline Phosphatase (Nemgland Biolabs) to prevent vector re-
ligation. Dephosphorylation reactions were carmed for 1-12 h at 37°C, after which the
enzyme was heat inactivated for 20 min at 65°C. DIMA was cleaned by using the
Nucleospin kit (Macherey-Nagel) as per manufactsirenstructions. Briefly, the de-

phosphorylated DNA was loaded onto a Nucleospinrmal and washed. The DNA was then

eluted using pre-warmed sgBl. The DNA was quantified either on agarose gels by
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comparison to DNA molecular weight markers or usiag NanoDrop ND-1000

Spectrophotometer (Thermo Scientific).

Ligation reactions

DNA ligations were performed using either the Rask'™ ligation kit (Epicentre®
Biotechnologies) or T4 DNA Ligase (Roche Appliedebce), as per instructions from the
manufacturer. The ligation reactions were then usedransformation intd. coli DH5a

cells (See section 2.2.5).
2.2.3 Agarose gel electrophoresis

Standard gel electrophoretic techniques were useskparate DNA fragments (Sambrook,
1989). For the separation of high molecular welgNA fragments, 0.8 -1 % agarose gels,
prepared in 1XxTAE buffer (1 mM EDTA, 40 mM Tris-déiceacid, pH 8.5) were used. For
low molecular weight DNA fragments aflkb, 2 % agarose gels were used. All gels
contained 0.ug/ml ethidium bromide and the DNA samples were éabdith a tracking dye
(0.025 % bromophenol blue in 30% glycerol). LamibA molecular weight markers (lll,
IV and V; Roche Applied Science) were used to asfd¥A fragment sizes. The agarose
gels were electrophoresed between 80 — 100 V inm-®b Cell GT mini-gel horizontal
submarine unit (Bio-Rad) and visualized under UyAti using the G:Box (Syngene) gel

documentation system.
2.2.4 DNA fragment recovery from agarose gels and qutification

The required DNA fragment was excised from theagel purified using the Nucleospin kit
(Macherey-Nagel) as per manufacturer’s instructi@reefly, the excised gel fragment was
melted in a binding buffer by incubation at 60°Qldmaded onto a Nucleospin column, and
washed. The DNA was then eluted using pre-warmed@dThe DNA was quantified either
on agarose gels by comparison to DNA molecular itaeigarkers or using a NanoDrop ND-

1000 Spectrophotometer (Thermo Scientific).
2.2.5 Transformation of bacteria

Chemical transformation d&. coli

Chemically competert. coliDH5a cells were used for transformation of plasmidse €alls

were prepared by rubidium chloride treatment, dowic. A 1-ml aliquot of a stationary
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phase overnight culture was inoculated in 100 mLBfand grown to an Ofgo of 0.48 -
0.55. The cells were chilled on ice for 15 min drastvested by centrifugation at 4500 rpm
(3900x% g) for 5 min at 4°C). The pellets were re-suspendezD ml of transformation buffer
(Tfb) | solution (30 mM potassium acetate; 100 mibidium chloride; 10 mM calcium
chloride; 50 mM manganese chloride; 15% v/v glyceptl 5.8), and chilled on ice for 15
min. The cells were harvested by centrifugatiod=i0 rpm for 5 min at 4°C), re-suspended
in 2 ml Tfb 1l solution (10 mM MOPS; 75 mM calciuamloride; 10 mM rubidium chloride;
15 % glycerol; pH 6.5) and 5Q0 aliquots were flash-frozen in ethanol and staaieeB0°C

until further use.

For transformationst:. coli DH50 competent cells were thawed on ice and f00f cells
used per transformation. Up tadlof plasmid DNA was incubated with the cells oae for
1h, heat-shocked for 90 s at 42°C and chilled erfac 2 min. Four volumes of<xdY (0.16
% Bactotryptone, 0.10 % Bacto yeast extract an8%.8odium chloride) medium was added
to rescue the cells at 37°C for 1 h. These wereglan LA media containing the appropriate

antibiotics, and incubated for 1 - 2 days at 37°C.

Electroporation intdVlycobacterium smegmatis

M. smegmatiselectroporations were carried out as previouslycdlesd (Larsen, 2000).
Briefly, 1 ml of a stationary-phadd. smegmatisulture was inoculated in 100 ml of LB
containing 0.05% Tween 80 and grown to ang§dlof 0.4 - 0.7. The cells were harvested by
centrifugation at 3500 rpm (20060g) for 10 min at 4°C) and the pellet washed threwes by
gentle re-suspension in 10 ml of ice-cold 10% glgtbefore collection by centrifugation at
3500 rpm for 10 min at 4°C. The pellet was re-sndpd in 1 ml of ice-cold 10% glycerol
and cells used immediately. Up tqu§ of plasmid DNA was added to 400 M. smegmatis
competent cells. The mixture was transferred to2acth electroporation cuvette and pulsed
using the following settings: 2.5 kV, 26 and 100@2. The cells were rescued immediately
with 1 ml of 2xTY for at least 5 h at 37°C beforatmg on Middlebrook 7H10 media
supplemented with appropriate antibiotics. Thegdawvere and incubated for 3 - 7 days at
37°C before scoring CFUs.

Lithium acetate-mediated yeast transformation

A single colony from YPD agar plate or freezer ktowas inoculated into YPD broth and

vigorously vortexed to disperse the clumps follovisdincubated at 30°C with shaking for
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48 h. 1 ml of the culture was inoculated into 50¥RID broth and incubated at 30°C for 16—
18 h with shaking at 250 rpm until the culture fezat stationary phase (@fg> 1.5). A 30-
ml aliquot of the culture was transferred to aKlasntaining 300 ml YPD broth and the
resulting culture (Oky =0.2-0.3) was incubated at 30°C with shaking fdn & reach an
ODeoo of 0.4-0.6. Cells were transferred into six 504ibes and centrifuged at 2278 rpm
(1000 x g) for 5 min at room temperature. The supernatant dissarded and the pellets in
each tube re-suspended in 25 ml gdHThe re-suspended cells were pooled into threml50
tubes to a final volume of 50 ml and centrifuged @0 xg for 5 min at room temperature.
The supernatant was decanted and pellets re-susphendl.5 ml freshly prepared, sterile
1xTE/1xLiAc solution (10 mM Tris-hydrochloride, INNEDTA, pH 8.0 plus 0.1 M lithium
acetate, pH 7.5).

Plasmid DNA (0.1 ug) and 0.1 mg of herring testasier DNA (Invitrogen) were added to a
fresh 1.5 ml tube and mixed thoroughly. iDOf competent yeast cells were added to the
tube containing DNA and the sample was mixed byexing. To this tube, 600 ul of sterile
PEG/LIAc solution (40% Polyethylene glycol 3350, &M Tris-hydrochloride, 1 mM
EDTA, pH 8.0 plus 0.1 M lithium acetate, pH 7.5)sasdded and mixed by vortexing at high
speed for 10 sec followed by incubation at 30°C3@min with shaking at 200 rpm. Seventy
ul of dimethyl sulfoxide (DMSO) was added and mixbyg gently inversion and the
suspension was heat-shocked for 15 min at 42°C ¢héled on ice for 1-2 min. The cells
were centrifuged for 5 s at 13200 rpm (16 ¥Qf) at room temperature and 500 ul TE buffer
(10 mM Tris-hydrochloride, 1 mM EDTA, pH 8.0) wadlded once the supernatant was
removed. The suspension was plated on synthetma@lno (SD) agar to select for the desired

transformants and the plates incubated at 30°G-fodays.
2.2.6 Polymerase Chain Reaction (PCR)

All preliminary and screening PCRs were performsdhg the Roche FastStart kit (Roche
Applied Science), while for the amplification ofagfments required for cloning, Phusion
High-Fidelity DNA polymerase (Finnzymes) was us€de reactions were performed as per
the manufacturer’'s instructions. For reactions gisthe Roche FastStart Taq DNA
polymerase, 20-5@l reactions were set up containing: 1x reactionfdsufup to 50 ng
plasmid or 200 ng genomic DNA (gDNA), 2QM of each dNTP, 0.5-1.@M of each
primer, 1.5 mM magnesium chloride, 1x GC-rich solutand 2U per 5@l reaction of the

DNA polymerase. DNA amplification was performed ngsi the following cycling
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parameters: denaturation at 94°C for 5 min; folldveg 30 cycles of denaturation at 94°C for
60s, annealing for 30 s at 60°C and extension 4 7@ 60 s; with a final extension at 72°C
for 7 min. For reactions using the Phusion Highekitgd DNA polymerase (Finnzymes), 20—
50 ul reactions were set up to contain: 1x reactiorfdsufup to 50 ng plasmid or 200 ng
genomic DNA (gDNA), 20QuM each dNTP, 0..M each primer, 3% DMSO and 0.02l/
of the DNA polymerase. DNA amplification was thegrfjormed using the following cycling
parameters: denaturation at 98°C for 30 s; followe®5-35 cycles of denaturation at 98°C
for 10 s, annealing for 30 s, and extension at TG0 s/kb; with a final extension at 72°C
for 7 min. For each amplification reaction, threenttol reactions (a no DNA control
reaction; a reaction containing only the forwardmar and another containing only the
reverse primer) were used to elucidate the presehgenomic contamination and/or non-
specific DNA amplification if present. All PCRs veemperformed using a MyCyclét

thermal cycler (Bio-Rad) with oligonucleotide primebtained from Ingaba Biotech Ltd.
2.2.7 DNA Sequencing

DNA sequencing was outsourced to either IngabaeBlotltd (South Africa) or the Central
Analytical Facilities-DNA Sequencing Unit of Stelleosch University, and was performed
using the Big Dye terminator v3.1 Cycle Sequendirigand Bioline Half Dye Mix. The
EditSeq and SegMa modules of the Lasergene 99 suite of software (BNAR, Inc.,

Madison, Wisconsin, USA.) were used to analysesdtiencing data.
2.3 Construction of vectors for interaction studies
2.3.1 Construction of vectors for yeast two hybridgystem

Genes of interest were cloned in-fusion with adtv@AD) and binding (BD) domains of the
GALA4 transcription regulator (Kanet al, 2010; Warneet al, 2010). Artificial start and stop
codons were introduced intmuB andimuA’ to generate truncated proteins on the N- or C-

terminus, respectively.

For imuB, primers in Table 2.3 were used to PCR amplify thmcated versions using
PGADImuB as a template. The resulting PCR productstained 5’Ndd and 3’ EcaRl
restriction sites for cloning into pGADT7. FamuA’, primers in Table 2.3 were used to
amplify the truncated version using pGBKImuA’ asP&R template and resulting PCR
products cloned into pGBKT7 using the flanking Ndd and 3’ EcoR restriction sites,

respectively. Correct clones were confirmed byrigsbn analysis and sequencing.
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Table 2.3: Primers used to introduce artificial stat and stop codons into thelmuB and
ImuA’ ORFs®

Primer Name Primer sequence

ImuB-Ndel-Forward 5-ATAAAACATATG ATGGCCTCCGCTCGC-3
ImuB-EcoRI-Reverse 5-ATAGAATTC TCATTCGTAGCTTCCCAC-3’
ImuB-Start-1-forward 5'-ATAAAACATATG ATGCTCGGTGAACAGGACAGG CTT-3
ImuB-Stop-1-Reverse 5-ATAGAATTC TCAGCCCCATAGCGGCAACTGCAAGCCT-3
ImuB-Stop-2-Reverse 5-ATAGAATTC TCACGATGCGGACACCGTCTCCACCGCCT-3
ImuB-Stop-3-Reverse 5-ATAGAATTC TCATTCCGGTTCGCCGCGGGCGAACCG-3
ImuB-Stop-4-Reverse 5-ATAGAATTC TCATCGGCTCGGTGGCAAGTTGGCGGA-3
ImuB-Stop-5-Reverse 5'- ATAGAATTC TCACGACAGAAACCGCGCATCGCCT-3
ImuA’-Ndel-Forward S-ATAAAACATATG ACTGCGGCCTTCGCCT-3'
ImuA’-EcoRI-Reverse S-ATAGAATTC TCACCGTCCACGCCCGTT-3
ImuA’-Start1-Forward 5'-ATAAAACATATG TCCGGGGGGCCCAGC-3

ImuA’-Start 2-Forward 5-ATAAAACATATG TTCCCCCCGGGGGACGGTG-3
ImuA’-Stop 1-Reverse 5-ATAGAATTC TCAGCCGTCGGTGACCAGCA-3’

®Restriction sites are underlined.

2.3.2 Construction of vectors expressing tagged proteiner pull-down assay

Incorporation of a Tandem Affinity Purification (FA tag into MslmuB

MsImuB was C-terminally tagged with a His-FLAG TA&y by Dr. Digby Warner. Briefly,
a His-FLAG tag was introduced in the 3’ endimiuB followed by a stop codon which was
carried in pAINTPCRcomp plasmid to enable clonrighe upstream region containing the

SOS box and the gene encoding MsImuA’ into the dempnting vector, pMCpAINT.

Incorporation of 3XFLAG sequence onto the N-termintiMsimuB

The gene encoding MsimuB protein was PCR amplifiech plasmid pAMSIMUAB using

the primers listed in Table 2.2. The FLAG sequewas incorporated at the 5-end of the
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gene by nested PCR. Briefly, the first round of P@Rs performed using primers
3xflagl622F1 and 1622R to incorporate half of th&\& sequence on the 5 end and an
Ac®5lI restriction site at the 3’ end MSMEG_1622resulting in a PCR product of 1605 bp.
The PCR product from the first round was used tsrgolate with primers 3xflagl1622F2 and
1622R to incorporate the entire sequence of theG-ltdg, including the start codon, and
resulting in an amplicon of 1650 bp. An upstreagiar of 770 bp which includes the SOS
box was amplified from plasmid pAINTPCRcomp usirge tprimers 1620FAc®65I and
1620R, with the forward primer incorporating Andb5I restriction site. The PCR products
were digested witlhca51 and ligated into pAINT on the same restrictamie. Correct clones
were screened by restriction digestion witba5l. Only the clones that gave an insert of
2375 bp were chosen for further restriction analyand sequencing to confirm that the

Methionine-3 FLAG sequence was correctly fused on the 5’ enchaB gene.

Table 2.4: Incorporation of a 3XFLAG sequence on t N-terminus of MsImuA'’

MsimuB?

Primer Name Primer sequence

1620F1Acc65I 5'- ATAGGTACCTCGAGCAATCGAACATACAT-3’

1620R 5'-GTCTAACCGCCCACCGCACGT-3

1622R 5'-ATAAAAGGTACC TCACTCATAGGCACC-3

3x flag1622F1 5'-GATAAAGATTATAAGGATGACGACGATAAACCCGAGGGTT
CCCGGGTGCT-3

3x flag1622F2 5'- ATGGATTATAAGGATGACGACGATAAAGATTATAAGGAT

3x flag 1620F1

3x flag 1620F2

1620R

1620FAcc65I

GACGACGATAAAGATTATAAGGATGA-3

5'-ACGACGATAAAGATTATAAGGATGACGACGATAAACCCAC
AGCTGCGGCTGACCTTGATG-3

5'-ATGGATTATAAGGATGACGACGATAAAGATTATAAGGATGA
CGACGATAAAGATTATAAG-3

5'-ATAGGTACCGTCTAACCGCCCACCGCACGT-3

5'-ATAGGTACCGCTTCAGGTCAGAGGTTTCG-3

®Restriction site underlined
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Incorporation of 3XFLAG sequence onto the N-terminfiMsImuA'’

The full-lengthimuA’ gene together with the upstream region that irmates the SOS box
was PCR amplified from plasmid pAINTPCRcomp using dligonucleotides listed in Table
2.4. The FLAG sequence was incorporated at thené'af the genes by nested PCR. Briefly,
the first round of PCR was performed using pring@f$agl620F1 and 1620R to incorporate
half of the FLAG sequence on the 5’ end and\adb5I restriction site at the 3’ end whuA’
gene resulting in PCR product of 744 bp. The PCRIpet from the first round was used as a
template with primers 3xflagl620F2 and 1620R taoiporate the entire sequence of the
FLAG-tag including the start codon resulting inamplicon of 784 bp. An upstream region
of 770 bp which includes the SOS box was amplifiemn pAINTPCRcomp using the
primers 1620F1Acc65] and 1620R, with the forwardmpr incorporating anAcdb5l
restriction site. The PCR products were digestdd Ac651 and inserted into th&c®d5I site

in pAINT. Correct clones were screened by resoictligestion withPAca51. Only the clones
that gave an insert of 1554 bp were chosen fohdéurtestriction analysis and sequencing to
confirm that the 3xFLAG sequence was fused withgiee.

2.3.3 Construction of complementing vectors expressing tmcated MsImuA'’

An artificial stop codon was introduced intoMsImudt amino acid position 480 to truncate
the C-terminal unstructured region. PCR was empmgoysing primers 1620FAcc65I (5'-
atagggtacacttcaggtcagaggtttcg-3’) and 1620StoplAps718IR (5'-
ataggtacatacccgtcggtcaccag-3’) with restriction sites indoand pAINTPCRcomp plasmid
(Table 2.2) as a template. The PCR product was thigasted withAcd5!1 (or the
iIsoschizomerAsp/18l) and cloned in thé&c®5I site of the pAINT vector. Clones were

confirmed by restriction analysis and sequencing.

2.3.4 Construction of complementing vectors expressing tmcated MsImuB

A C-terminally truncated version of ImuB was genedaby Dr. D. Warner in a PCR reaction
that effectively removed the 168 amino acid C-taahiregion immediately after the
predictedp-clamp binding motif. The truncated allele was €dnnto the complementing
vector, pMCpAINT (Warneet al, 2010).
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2.4 Construction of vectors for protein expression

Escherichia coliexpression vectors

The imuB and imuA’ open reading frames were PCR amplified from plasiidA
(pGADImuB and pGADImMuA’) using the oligonucleotidéisted in Table 2.5 The ORFs
were cloned into th&caRl site of the expression vector pMalc2. The C-teahregion of
ImuB immediately after the predict@eclamp binding motif>*QLPLWG*®° was removed by
introduction of a stop codonlmuB with the C-terminus was PCR amplified using
oligonucleotides in Table 2.5 which flanked the P@®Bduct withEcoRlI restriction site and

cloned into thé€ecaRl site of the expression vector pMalc2.

Table 2.5: List of primers for expression of ImuB,ImuA’ and C-terminally truncated

ImuB in E. coli®

Primer Name Primer sequence

ImuB EcoRI-F 5-ATAAAAGAATTC ATGATGGCCTCCGCTCGCGTG-3

ImuA’ EcoRI-F 5-ATAAAAGAATT CATGACTGCGGCCTTCGCCTCC
GAC-3’

ImuB-Stop-1-Reverse 5- ATAGAATTCTCAGCCCCATAGCGGCAACTG
CAAGCCT-3

ImuA’- EcoRI-Reverse 5-ATAGAATTC TCACCGTCCACGCCCGTT-3

ImuB- EcoRI-Reverse 5-ATA GAATTC TCATTC GTA GCT TCC CAC-3

®Restriction sites underlined

2.5 Yeast two hybrid (Y2H) analysis

Protein-protein interactions were assessed usm@tntech Matchmaker® Y2H system as
per the manufacturer’s instructions. Briefly, steaicarrying plasmid to be assessed were
grown in SD-LT broth to an Ofg, of 0.2 then spotted on different SD media withréasing
stringency to identify interacting partners. ImuBséd to GAL4 binding domain (BD)
resulted in auto activation on low-stringency gtHowhedium; therefore, all interactions
involving ImuB were analyzed from experiments atiig an ImuB GAL4 activation domain
(AD) fusion construct only. All other proteins weodoned as both BD and AD GAL4

fusions.
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2.6 DNA damage-induced mutagenesis assay

UV-induced mutation frequencies were determinediescribed previously (Boshoét al,
2003; Warneret al, 2010). Briefly, M. smegmatisultures were grown to mid-log phase
(ODeggo 0.4 -0.6) in 40 ml of 7H9 broth. An aliquot of 1l mas sampled which served as the
untreated control, and was serially diluted fortipp The remaining 39-ml culture was
centrifuged at 4500 rpm (3900g) at room temperature for 10 min and re-suspenalé&dml

of 7H9 broth. The suspension was transferred it@oles empty Petri dishes and treated with
UV at 250 mJ/cth using a UV Stratalinker 1800 (Stratagene). Theatéw cells were
transferred into a flask and fresh 7H9 broth adwed0 ml to recover at 37°C with 1 ml of
culture was sampled at 4.5 h and 24 h post-UVrreat. The sampled culture was serially
diluted, and 10 to 10’ dilutions were plated on 7H10 agar plates and4G# the undiluted
culture plated on 7H10 OADC medium supplementedh @20 pg/ml Rif. Colony forming
units (CFUs) were scored after incubation at 378€ 3-5 days. The frequency of RIif
resistance (R was calculated as described (Waraeal, 2010).

2.7 DNA damage sensitivity assays

This assay was performed in parallel with the DNa&m@ge-induced mutagenesis assay
(Section 2.6. The culture was sampled before U¥ttnent and ten-fold serial dilutions (up
to 10°) were spotted on 7H10 medium supplemented witferdifit concentrations of
mitomycin C (MMC). The plates were incubated at@7&r 3-5 days and images of the
plates taken using GelDoc under white light (G-Box)

2.8 Protein extraction, quantification and detectio
2.8.1 Protein extraction fromM. smegmatis

M. smegmatistrains expressing epitope-tagged proteins wese/rgiin 100-ml cultures to

mid log-phase (OB, 0.4-0.6) and split into two equal 50-ml culturduroes. One aliquot

was exposed to UV irradiation as described in seci.7, and after irradiation, was allowed
to recover for 1 h, whereas the other aliquot weesduas an untreated control. Cells were
harvested by centrifugation at 4500 rpm (390¢) for 15 min and re-suspended in 5 ml of
7H9 broth. The suspension was transferred interdesPetri dish and treated with UV at 250
mJ/cnf using UV Stratalinker 1800 (Stratagene). Bothtthated cells and untreated control

were incubated at 37°C with shaking for 1 h. Thetho@ of Papavinasasundaram and
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colleagues(Papavinasasundarairal, 2001) was adopted for protein extraction with onin

modifications (Bhowmiket al, 1987), as follows.

Cells were collected by centrifugation and washleicbe times in Z buffer without -

mercaptoethanol (60 mM disodium hydrogen phospl#tenM sodium phosphate, 10 mM
potassium chloride, 1 mM magnesium sulfate) thesuspended in 350 ul of*Zbuffer

supplemented with complete mini protease inhibttocktail (Roche). The cells were lysed
three times for 45 s at speed 6 using the Savasipifegp FP120 ribolyser, with 5 min
intervals between pulses while cooling cells on i€er whole-cell fractions, SDS-PAGE
loading dye was added directly to the lysed celld loiled at 95°C for 20 min. For soluble
fractions, the cells were centrifuged for 20 mimam temperature (13200 rpm; 16 160)

and supernatant (soluble fraction) collected inresh tube and to the pellet SDS-PAGE
loading dye added for insoluble fraction. The proteoncentration of each sample was

quantified using the Bradford Protein Assay asmanufacture’s instruction (Bio-Rad).
2.8.2 Protein analysis by SDS-PAGE and Western bkntg

Equal amounts of protein from the soluble insolulbéetions (described in Section 2.8.1)
were resolved on two 10% SDS-PAGE gels. One gelstaiaed with Coomassie brilliant

blue stain (R250) to visualize protein, and theeathproteins transferred to a PVDF
(Amersham) or nitrocellulose membrane (Thermo Sifien The membrane was incubated
with the anti-FLAG M2 antibody (Sigma) and FLAG-tggl proteins were detected using the

ProteoQwest" chemiluminescent Western blotting kit (Sigma).
2.8.3 Expression and purification of recombinant InuB and ImuA’ in Escherichia coli

Small-scale analysis of protein expression

E. coliBL21 (DE3) strains carrying vectors for expresssbmecombinant ImuB, ImuA’ and
ImuBstopl were inoculated in 10 ml of LB broth slgmpented with appropriate antibiotics
for plasmid maintenance. Cells were allowed to gtovan ORQg, of 0.5-0.7 at 37°C with
vigorous shaking (Labcon Shaking Incubator). IP#W&s added to a final concentration of
0.5 mM, and the cultures incubated at 30°C in a Beamswick Scientific Innova 400 shaker
for a further 3-5 hours. To obtain a whole-celkctran, an aliquot of 100 pl was transferred
into a tube and centrifuged to collect the cellse Tells were re-suspended in SDS-PAGE
loading dye and stored at -20°C until needed. Ttaioba soluble fraction, cells were
harvested from 2 ml of culture by centrifugationn(ih at 13200 rpm; 16 100g). The cells
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were re-suspended in 500 pl of column buffer (20 fid-hydrochloride, pH 7.5, 200 mM
sodium chloride, 1 mM EDTA) and lysed by sonicati@oniprep 150 High Intensity
Ultrosonic Processor, MSE, UK) with 15 s pulsesasated by 15 s intervals while cooling
on ice. Sonication was continued until the celld kampletely lysed. The lysate was then
centrifuged for 20 minutes at 4°C to collect thé debris. The supernatant, containing the
soluble protein fraction, was transferred into @sfr tube, and the pellet was retained for
analysis of the insoluble protein fraction. The @amtration of the protein in the soluble

fraction was determined by Bradford assay.

Equal amounts of protein from the soluble and wisl@ fractions of the samples were
resolved on 10% SDS-PAGE gels and proteins analgseid Section 2.8.2 except that the
fusion proteins were probed with anti-MBP primantibody. Fusion protein was detected

using the SuperSignal West Pico substrate (Thermrengfic).

Large-scale protein expression and purification

E. coli BL21 (DE3) strains carrying vectors for expressobmecombinant ImuB and ImuA'’
were inoculated into 10 ml of LB broth supplementeth appropriate antibiotics for plasmid
maintenance. The strains were allowed to grow agbktrat 37°C with shaking on a Labcon
Shaking incubator. Five ml of the overnight cultuvas used to inoculate 1 L of LB broth
and incubated to grow to an @pof 0.5-0.7 at 37°C with shaking. Protein exprassi@s
induced by addition of IPTG to a final concentrataf 0.5 mM and incubated at 30°C for 3-5
hours. Cells were collected by centrifugation a@@@$pm for 30 min in a Beckman Coulter
Allegra X-22 (4250 rotor) centrifuge and re-suspmhdin 1 ml of column buffer
supplemented with complete mini protease inhiltmrktail (Roche). Cell lysis was achieved
by sonication, as described above. The lysate \eadied by centrifugation for 20 min at
4°C and the supernatant was collected and stordéCafor not more than 1 day prior to

purification.

The lysate was loaded onto a 5 ml packed amylogav(England Biolabs) column pre-
equilibrated with column buffer at 4°C. Flow-thrdugvas collected and unbound protein
washed with & column volumes of column buffer. Protein was eduie 500 pl fractions
with elution buffer (20 mM Tris-hydrochloride, pH5/ 200 mM sodium chloride, 1 mM
EDTA, and 10 mM maltose) and protein concentratietermined by monitoring absorbance
at 280 nm (using a NanoDrop) to plot an elutiorfifgo Samples from all fractions were run

on 10% SDS-PAGE gel to assess the purity of théeproPeak fractions were pooled and
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dialysed against low salt column buffer (20 mM Imglrochloride, pH 7.5, 50 mM sodium
chloride, 1 mM EDTA) using a dialysis tubing wittb kDa molecular weight cut-off. The
dialysed protein was concentrated on Millipore @ricators with a molecular weight cut-off

of 50 kDa as per manufacturer’s instruction.

A small-scale experiment was initially done to deti@e the sodium chloride concentration
at which fusion protein can elute from a Q-Sephammsdumn. Briefly, 5Qul of Q-Sepharose
resin in a round-bottomed Eppendorf tube was prelibcated with the dialysis buffer (20
mM  Tris-hydrochloride, pH 7.5, 50 mM sodium chlejd 1 mM EDTA
ethylenediaminetetraacetic acid). Two pl of conedatl protein extract, prepared as
described above, was added and allowed to bindefor 2 h. The bound resin was washed
with the same buffer five times, followed by cefgation at 100 rpm for 1 min. The
supernatant was collected and the bound proteiteclby sequential addition of column
buffer containing sodium chloride at a concentratianging from 200 mM to 3 M. From
this analysis, a Q-Sepharose column of 2 ml packsid pre-equilibrated with dialysis buffer
was loaded with concentrated protein at 4 °C. Rlomsugh was collected and washed with
5% column volumes. Bound protein was eluted witmear salt gradient (0.5M - 1M NaCl)
and fractions of 500 pul collected. All fractions nweanalysed by monitoring absorbance at
280nm and by gel electrophoresis on 10% SDS-PAGE ge

2.9 Proteomic analysis oM. smegmatisstrains by mass spectrometry

This work was done at Harvard University, SchooPablic Health. Preparation of peptides
were done as followdvl.smegmatistrains were inoculated into 5 ml 7H9 broth ardvetd

to grow at 37°C with shaking until they reachedistary phase (O of 1.8-2.0). The
overnight culture was used to inoculate 100 mlt® Broth and incubated until they reached
mid-log phase (OB} 0.4-0.6). The cells were divided into two equairBlDaliquots where
one was treated with UV as in Section 2.6 and abbto recover for 1 hour. Both treated and
untreated cells were washed three times in NSatiimmal media (100 mM Bis-Tris-
hydrochloride, 5 mM potassium chloride, 7.5 mM amimo sulphate, 0.5 mM potassium
hydrogen sulphate, 1 mM potassium dihydrogen ofibephate, 10 mM magnesium
chloride, 38 mM glycerol, pH 7.0) without Tween 8Barceset al, 2010). The pellet of
washed cells was inoculated in the NSalt minimatlion® and incubated overnight at 37°C.
The cells were collected by centrifugation (132@@y 16 100x g for 10 min) and re-
suspended in 350 pl of protein extraction buffér M Tris-hydrochloride, pH 7.5, 5 mM
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EDTA) supplemented with complete mini protease bitbr cocktail (Roche). The
suspension was transferred into lysing matrix Besund lysed on a Savant Fastprep FP120
ribolyser for 3x (45 s at 6.5 m/s) with 5 min cogjion ice between pulses. After lysis, 2x
tricine loading buffer (Invitrogen) was added taleaample and mixed and boiled at 95°C
for 30 min.

For mass spectrometric analyses, samples were asegpaon a 10-20% Tricine gel
(Invitrogen), 45 min at 100 V. Gels were destaingdrnight by the addition of 50% ethanol
and 7% acetic acid, and then allowed to hydratd foiin deionized water. Gels were stained
with SimplyBlue Safe Stain (Invitrogen) for 45 mimaged, and sliced horizontally into

fragments of equal size based on the molecularnvengrkers.

In-gel reduction, alkylation and digestion was pearied after destaining and rinsing the gel
sections with two washes of 50% ethanol and 7% @aeetd, followed by two alternating
washes with 50 mM ammonium bicarbonate and acetenitAfter removal of the last
acetonitrile wash, 100l of sequencing grade trypsin (Promega,Madison, Wé$ added to
each gel slice at a concentration of @&ml in 50 mM ammonium bicarbonate/10%
acetonitrile solution. The gel slices were allowedwell for 30 min on ice, after which the
tubes were incubated at 37°C for 24 h. After ind¢wma 100 ul of 50 mM ammonium
bicarbonate/10% acetonitrile solution was addediaadbation continued for another 24 h.
Peptides were extracted by briefly spinning theetubnd supernatant transferred into clean
Eppendorf tube followed by storage at 4°C. To tbmaining gel slices 10l of 50%
acetonitrile/0.1% formic acid was added and pepteldsacted as above. The extracts were
pooled and frozen at -80°C before lyophilized tgneiss. The dried peptide extracts are

stable at this point and can be stored until needed

Processing of peptides was done by Alejandra Gaviielseal Chase (Fortune Lab) and the
peptide samples ran at ThermoScientific Centre Withassistance of Dr. Davis Sarracino.
Dried peptide extracts were dissolved inid@f 5% acetonitrile, 0.1% formic acid and then
loaded into a 96-well plate (AbGene) for mass gpeottry analysis on a Thermo Fisher
Scientific Orbitrap XL, Thermo Fisher Scientific QFFT or a Thermo Fisher Scientific LCQ
Deca XP Plus, as per manufacturer's instructione(ifo Fisher Scientific, Waltham,
MA).For each run, 1@l of each reconstituted sample was injected wilaaosAutosampler
(Dionex, Sunnyvale, CA) and the separation wasopered on a 7uM x 20 cm column
packed with C18 Magic media (Michrom Biosciencespdrn, CA) running at 250 nl/min

provided from a Surveyor MS pump (Thermo Fishere8itfic) with a flow splitter with a

41



gradient of 5-60 % water 0.1 % formic acid, acetdsiD.1 % formic acid over the course of
120 min. Between each set of samples, standards dronixture of 5 angiotensin peptides
(Michrom Biosciences) were run for 2.5 h to asaertalumn performance and observe any
potential carryover that might have occurred. Thdit@ap XL was run in a top eight
configuration with one MS 60K resolution full scand eight MS/MS scans. The LTQ-FT
was run in a top nine configuration with one MS 20€esolution full scan and nine MS/MS
scans and the LCQ Deca XP Plus was run in a t@donfiguration with one MS full scan
and five MS/MS scans. Dynamic exclusion was set twith a limit of 180 seconds with

early expiration set to 2 full scans.

Peptide identifications were done by Micheal Ch@&setune Lab) using the database search
algorithm, SEQUEST (Thermo Scientific, San Jose).(3yectra were searched against a
composite database contained the predicted opeingerames annotated in the genome of
M. smegmatisnc®155. A reverse database strategy was employeditoats false discovery
rate (FDR) (Elias & Gygi, 2007). Peptides wereefiftd at a 1% FDR and clustered into
proteins using an Occam’s approach, a strategyhymioduced protein identifications with
probabilities of 0.98 or greater in parallel anakysising ProteinProphet (Nesvizhsétial,
2003). Spectral counts were pooled across gelsstind levels of protein expression between

strains compared using an extended G-test (Zkaal 2006).
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Chapter 3

3. Results
3.1 Bioinformatic analysis of DnaE2 accessory faate, ImuB and ImuA’

At the inception of this study, the working mod€&ligure 3.1) was that ImuB serves as a
molecular adaptor, allowing DnaE2 and ImuA’ to ascdhe replication fork via its

interaction with thed-clamp.

DNA damage Induction of dnaE2 imuA

% andimuB
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DnaE2 access the DNA
through ImuB that binds to
the p-clamp

Figure 3.1: DnaE2-dependent mutagenesis iM. tuberculosis According to this model, DNA
damage causes normal replication to stall. In tiinis,leads to the up-regulated expressiodn#E2
imuB andimuA’, which are recruited to the site of the lesionaB® and ImuA’ access the DNA
template by interacting with ImuB which binds thelamp, and the complex catalyzes translesion
synthesis across the lesion.

As noted in the introduction, the mycobacterialainfly polymerase, DnaE2, was found to
be a DNA damage-inducible DNA polymerase and inapéd in virulence and the
emergence of antibiotic-resistant MTB mutairisvivo (Boshoff et al, 2003). Failure to
identify a B-clamp binding motif in DnaE2 suggests that it ieegi another protein that is
able to interact with thp-clamp to enable access to the replication forkiriduthe course of
this study, DnaE2 was demonstrated by Dr. Warnefutection with two hypothetical
proteins, ImuB and ImuA’ (Warnest al, 2010); since they are hypothetical proteins,rthei
sequences were analysed. As shown in Figure 3B land itsM. smegmatisiomologue
(MSMEG_1622) share significant sequence similamith E. coli DinB, a Y-family

polymerase. However, unlike DinB, the mycobactdriaiB homologues are characterized
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by a C-terminus that extends beyond the 3’ termofaf-clamp binding motif in DinB,;

moreover, ImuB lacks the catalytic residues regufoe polymerase function (Warnet al,

2010).
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Figure 3.2: Multiple sequence alignment of ImuB horalogs compared to Y family polymerase
from bacteria. The proteins were aligned using the PROMALS3D ipldtsequence alignment and
structure server hftp://prodata.swmed.edu/promals3d/promals3d.ptequences in bold green
denotep-clamp binding motifs. Representative sequence® hmmagenta names and are coloured
according to predicted secondary structures (@duklix; blue:p-strand). The first line in each block
indicates conservation indices (8) for those posgiwith a conservation index above 4. Consensus
secondary structure is indicated by"am for a-helix and arnve’ for B-strand. Consensus amino acids
are indicated by the following symbols: conservedin® acid residues, bold uppercase letter;
aliphatic residues, I; aromatic residues, @; hydoiyc residues, h; alcohol residues, o; polar
residues, p; tiny residues, t; small residues, wkybresidues, b; positively charged residues, +;
negatively charged residues, -; charged residues, c

All alignments were generated with PROMALS3D bioimhatic tool (Peiet al, 2008).
Residues shaded grey represents active-site cdabesyhighly conserved among Y family
polymerase (Linget al, 2001). The3-clamp binding motifs were predicted with referenoe
iIdentified consensus motifs (Wijffelst al, 2005): QLSLF-for DinB proteins; -QLGL- or —
LF-for ImuB proteins. The underlined sequences wdeatified previously (Dalrymplest
al., 2001). The annotation of major structural domasnderived from the crystal structure of
the DinB homolog irs. solfataricusDpo4 (Linget al, 2001), and the little finger domain of
E. coli DNA polymerase IV (Buntinget al, 2003). Similarly, mycobacterial ImuA and its

homologues from other bacteria were aligned in a@mmspn toE. coliRecA.
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Figure 3.3: Sequence alignment of ImuA’ proteins ampared to E. coli RecA protein. The
proteins were aligned using the PROMALS3D multipégjuence alignment tool (Pet al, 2008).
Structural domains are drawn in bars as describéteE. coli crystal structure (Story & Steitz, 1992;
Story et al, 1992). The shaded bars and the underlined seguiit: coli represent the position of
the flexible DNA binding loops, L1 and L2, in the&\ M domain.
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ImuA’ from mycobacteria exhibit sequence similaritythe N-terminal and middle domains
of E. coli RecA, with limited similarity in the C-terminal rign (Figure 3.3)E. coli RecA
contains phosphate-binding amino acids in the B-hootif of the M domain but ImuA’ lacks
such residued\. tuberculosidmuA’ has a shorter L1 loop and an L2 that is lendA region
spanning B3R in the predicted ImuA’ M domain contains a numogpositively charged

residues consistent witlthelix formation and DNA binding.

3.1.1 Prediction of ImuB and ImuA’ structures

A homology model generated by a collaborator, P¢@fslovas Venclovas (Laboratory of

Bioinformatics, Institute of Biotechnology, Luthaj predicted the structure of ImuB.

ImuB S. solfataricus Dpo4

S. solfataricus Dpo4

Figure 3.4. ImuB shares structural similarity with Y family polymerase from S. Solfataricus
Dpo4. A. ImuB model is coloured according to protein chaiogression from N (blue) to C-terminus
(red), B ImuB model superimposed onto Dpo4 complexed wihADC. the x-ray structure o8.
Solfataricu®po4 complexed with DNA and incoming nucleotide B2[d: 1jx4), D. Close-up view
of the active site in the palm domain.
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As shown in Figure 3.4, ImuB is structurally simita Y-family polymerase; however, it is
important to note that the C-terminal region extegdrom thep-clamp binding motif is not
depicted in the model. A close-up view of the aetsite confirms the absence of catalytic
amino acids required for DNA polymerase activityhisI suggests that ImuB is a
pseudopolymerase. The absence of the catalytiduesisupports the working model that
ImuB may play a role in allowing DnaE2 and ImuA’ &mcess the replication block in
induced mutagenesis rather than in catalysis afistegion synthesis. The C-terminal
extension of ImuB could not be modelled to any kn@tructures suggesting that it might be
a region with disorder. To test this interpretatid®rof. Ceslovas Venclovas used the
bioinformatic analysis tools such as, DisProt (8ieleret al, 2007), IlUPred (Dosztangt
al., 2005), DisEMBL (Lindinget al, 2003) and DISOPREP (Waet al, 2004) to predict
regions of disorder in ImuB. These methods prediegxtensive disorder in the C-terminus

which includes th@-clamp binding motif and the C-terminal extensibig(re 3.5).

Y polymerase-like region p-clamp motif C-terminal extension

1 b

| 1 |

Figure 3.5: ImuB has extensive disorder in the C-teninal region. The coloured rectangles
represent disordered regions in ImuB predictediffgrént methods: DisProt (purple), IUPred (pink),
DisEMBL (yellow), and DISOPRED (red).

Again using homology modelling, the structure olul was predicted by Prof. Venclovas
usingE. coliRecA as template as these proteins share sigmifssajuence similarity. Figure
3.6 shows that, as predicted from the sequencdasityj ImuA’ is structurally similar to a

RecA protein in the N-terminus and middle domalng,possesses an unrelated C-terminus.
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ImuA E. coli RecA

Figure 3.6: ImuA’ is structurally similar to E. coli RecA. A ImuA’ model is coloured according
to protein chain progression from N (blue) to Griewus (red)B ImuA’ model superimposed ontb.
coli RecAC. the x-ray structure d&. coliRecA (PDB id: 1u94).

The data presented in this section indicate thatBlrns structurally similar to a Y family
polymerase but has a C-terminal extension thas@dered. Moreover, the absence of active
site acid residues characteristic of nucleotidghsfer suggests that the protein is catalytically
non-functional. In turn, this suggests that ImuByriunction as a scaffold protein, consistent
with the presence of a disordered C-terminal regubich might allow interactions with
other proteins. Although it has a distinct C-teratirdomain, the fact that ImuA’ is
structurally similar to RecA protein in the N-temas and the middle domain suggests that
ImuA’ may perform functions similar to that of ResgAich as recruiting polymerase and/or

other proteins to the site of damage (Patell, 2010).

3.2. Interaction analysis of the proteins involvedin the DnaE2-dependent induced

mutagenesis pathway

Yeast two-hybrid (Y2H) analysis (Dolagt al, 1989; Vidal & Legrain, 1999; Walhout &
Vidal, 2001) was employed to explore the possiptiitat protein-protein interactions might
determine the function of the different cassettonents. In this system, genes encoding
proteins of interest are cloned in-frame with th&L@ activation (AD) and binding domain
(BD) plasmids, which are then co-transformed inte teast strain AH109. When the
proteins interact, they bring the two domains (AbdaBD) into close proximity, thus
reconstituting a functional GAL4 transcriptionaltigator which drives expression of the
downstream gene. Restoration of GAL4 function isesbed by reversal of the auxotrophic

phenotype of the host strain during growth on malimedia lacking a specific amino acid or
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acids, as represented in Figure 3.7. For the expeets described below, two reporters used
in the screen werADE2 andHIS3 HIS3 andADE?2 are endogenous yeast genes which are
required for the synthesis of histidine (His) an@r@ine (Ade), respectiveliHIS3 expression
can be scored in a growth-based assay by platragiston media that lack histidine. Very
small levels of expression are required for growahd amounts of expression can be
exquisitely modulated by exposing the yeast str@iimcreasing concentrations of 3-amino-
triazole (3-AT), a competitive inhibitor of the ghact of theHIS3 gene product, HISBrotein
(His3p) (Jounget al, 2000; Kennedy, 2002). Yeast strains that IADE2 form red colonies
after several days of growth on plates lacking aderGraded expression 8BDE2 changes
the colony colour from red to pink to white, giviagcolourimetic readout that is simple to
monitor. The drawback of using tAdE2 andHIS3 reporters is that expression levels cannot
be easily quantified. ThADE2 reporter alone provides strong nutritional setectand the
use ofHIS3reporter reduces the incidence of false posititrass allowing the control of the

stringency of selection (Jamesal, 1996).

GAL4AD

GAL4BD

UAS Gene encoding growth on minimamedia

Figure 3.7: Diagrammatic representation of the prirtiple of the Yeast-two hybrid analysisY2H

Is based on the functional reconstitution of aradhttranscriptional factor that activates reporter
expression. The bait protein is fused to the DNidivig domain (BD) of a GAL4 transcription factor
and the prey protein is fused to the GAL4 activaimomain (AD) of the transcription factor. When
the bait and the prey protein physically interadiew co-expressed in the host, a functional
transcription factor is reconstituted by bringihg BD and AD domains in close proximity to activate
expression of reporter gene by binding to the epstractivation sequence (UAS).

3.2.1 Confirmation of pair-wise interactions betwee DnaN, ImuB, ImuA’, and DnaE2
by yeast two-hybrid analysis (Y2H)

In preliminary studies, the fusion of ImuB to th® Bvas found to result in auto-activation in
the Y2H system, thus yielding a false positive algn the plating assay. In contrast, no

auto-activation was observed when ImuB was clorsednaAD fusion protein. Therefore, in
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all of the interaction analyses described belowBmvas used solely as an AD fusion. Since
auto-activation was not observed with any of thieeptconstructs, all other proteins were
used in Y2H assays in both AD and BD configuratidnsprevious work in our laboratory,
Dr. Garth Abrahams had determined that the optiomacentration of 3-AT required to
restrain background growth on synthetic drop-ou@)(8edium lacking His (Durfeet al,

1993; Kirkman-Correiat al, 1993) was 1.25 mM.
BD PP BD PP

o0 i BD PP
_ _ _ m AD-ImuB and BD-DnaN
m m m m AD-ImuB and BD-ImuA’
m - AD-ImuB and BD-DnaE2
m - AD-ImuB and BD-DnaE2AA
m - - - AD-ImuA’ and BD-DnaE?2
m - - - AD-DnaE2 and BD-ImuA’

SD/-LT SD/-LTH SD/-LTH SD/-LTHA
1.25 mM 3-AT 1.25 mM 3-AT

Figure 3.8: Confirmation of pair-wise protein-protein interactions. PP indicates the specific
protein-protein interaction and BD indicates thgatese control where empty BD plasmid was co-
transformed with the AD-fusion plasmid. Proteinpmssed in-frame with GAL4 are presented as
AD and BD fusions, respectively. Protein interactioare observed on synthetic drop-out (SD)
medium lacking leucine and tryptophan (SD/-LT);dee, tryptophan and histidine (SD/-LTH); and
leucine, tryptophan, histidine and adenine (SD-LTJHiAcreasing the stringency of selection. 3-AT
was added to medium-stringency and high-stringenegtia in order to increase the confidence in the
inferred interaction.

The data in Figure 3.8 indicated that ImuB intesaaith DnaE2, ImuA’ and DnaN. In
addition, DnaN exhibits self-interaction, consisterth the function of the clamp protein as a
homodimer (Neuwald, 2003; Stewaat al, 2001; Stukenbergt al, 1991). From these
results, it appears that ImuA’ does not interadhvidnaE2, and neither ImuA’ nor DnaE2
interact with DnaN. This result is consistent witle working model, since it suggests that
the interaction of ImuB with ImuA’ and DnaE2 migbérve to bring these proteins to the

replication fork through their interaction with tllmaN-encoded3-clamp. In parallel work,
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the catalytic aspartic acid residues of DnaE2 werdated to alanines (Dr. Warner) to
confirm that DnaE2 provides polymerase functione Thutant lacking catalytic residues
eliminated UV-induced mutagenesis and was also rsgpsitive to the genotoxic agent,
mitomycin C (MMC), strongly implicating a directleoof DnaE2 in TLS (Warneet al,
2010). The loss of DnaE2 function as a result ofatmg an acidic active site residue was a
very important result since it provided the firgtedt evidence that the C-family polymerase
was directly involved in TLS. This finding was alsonsistent with the fact that ImuB lacks
critical active site residues required for catayE)NA replication) which would preclude it
from catalyzing TLS. A Y2H construct was thus gerted in which the catalytic residues of
DnaE2 were mutated (Dnaf?) order to investigate the possibility that this tation
affected the ability of DnaEZ2 to interact with ImuiBthis were the case, it would invalidate
the inference that DnaE?2 itself catalyzes TLS. @lag in Figure3.8 show that mutating the
catalytic residues in DnaE2 does not disrupt imtava with ImuB, further supporting the
conclusion that the catalytic residues of DnaE2racpiired for TLS function. Again, these
results were consistent with the idea that ImuBrigkes the means for DnaE2 and ImuA’ to
access DNA template through its interaction with fikclamp. However, the nature of these

interactions remains unknown.
3.2.2 Thep-clamp binding motif is required for interaction of ImuB with the B-clamp

ImuB has a putativ8-clamp binding motif,***QLPLWG>*°, which is located in the C-
terminal region, upstream of the predicted dis@deregion. The presence of this motif
identified ImuB as founder member of the DinB3 fhnaif Y polymerases (Dalrymplet al,
2003). To confirm the role of this motif in the enaction of ImuB with thegl clamp, a
mutated AD-ImuB fusion construct was generated limctv the GIn354 residue in ImuB was
replaced by an alanine. This construct was usedstess the effect of disrupting the

canonicaB-binding motif in ImuB on the inferred interactianth DnaN, DnaE2 and ImuA'.
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AD-ImuB and BD-DnaN

AD-ImuB Q3%4Agnd BD-DnaN

Y O
e

AD-ImuB and BD-DnaE2

AD-ImuB Q3%4Agnd BD-DnaE?2

AD-ImuB and BD-ImuA'

AD-ImuB Q354Agnd BD-ImuA'

SD/-LT SD/-LTH SD/-LTH1.25mM  SD/-LTHA 1.25mM
3-AT 3-AT

Figure 3.9: Confirmation of the p-binding motif of ImuB. PP indicates the protein-protein
interaction and BD indicates the negative contrbere empty BD plasmid was co-transformed with
AD-fusion plasmid. Proteins expressed in-frame V@4 are presented as AD and BD fusions.

As shown in Figure 3.9, this mutation specificadlipolished the interaction with DnaN,
thereby confirming the role if-binding of the first residue in the predicted rhdiotably,

however, this mutation did not affect the interactof ImuB with ImuA’ and DnaE2.

3.2.3 Y2H suggests the ability of ImuB to self-intact

DNA Pol V is composed of two UmuBsubunits and a single UmuC subunit (Bruatkal,
1996; Woodgatest al, 1989). The absence of a Pol V homologue in osyagsipossessing
ImuA-ImuB-DnaE2 suggests that this cassette magesgmt a non-orthologous replacement
for PolV (Jianget al, 2009). In order to explore this possibility fueththe ability of DnaE2,

ImuB and ImuA'’ to self interact was assessed by Y2H
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AD-ImuB and BD-ImuB Ac168

AD-ImuB AC168 gnd BD-ImuBAC168

AD-ImuB and BD-ImuB
AD-DnaE2 and BD-DnaE2
AD-ImuA' and BD-ImuA'

SD/LT SD/LTH SD/LTH1.25mM 3-AT  SD/LTHA 1.25mM 3-AT

Figure 3.10: ImuB has the ability to self interactimuB, DnaE2 and ImuA’ were used in both AD-
and BD-fusions. As a control for BD-ImuB auto-intioa the C-terminal region of ImuB in both AD-
and BD-fusions was eliminated.

As shown in Figure 3.10, only ImuB appears capallself-interaction based on the Y2H
data. As described above (section 3.2.1), the BOBInaonstruct is associated with auto-
activation, the self-interaction observed in Figl@d0 may be as a result of the auto-
activation of the BD-ImuB. In order to rule outghpossibility a deletion of the C-terminal
extension in the BD-fusion was tested againstlémgth AD-ImuB and retained the ability to
self-interact. However, when the C-terminal extensyf ImuB was deleted in both AD- and
BD-fusions eliminated the ability to self-interadthis result also indicates that ImuB self-
interaction occurs via the C-terminal extensiomc8ilmuB appears to be the only cassette
component that interacts with tieclamp, this raises the possibility that ImuB might
function similarly to the two UmuDcomponents which are required to interact with @mu
to give a functional polymerase V i coli (Suttonet al, 2000; Suttoret al, 2001; Sutton &
Walker, 2001).

3.2.4 Assessment of the possibility that other preins may be involved in this pathway

The C-family polymerase, DnaEl, is essential fpticating the mycobacterial genome with
high fidelity (Boshoffet al, 2003). DnaE1 was shown to be up-regulated inoresgpto DNA
damage although it contains no identifiable SOS (W@arneret al, 2010), suggesting that it
might also be involved in this pathway. To inveategthis possibility at the level of protein-
protein interactions, the ability of DnaE1l to binmembers of the mutagenic complex was

assessed by Y2H.
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AD-DnaE1 and BD-ImuB

AD-DnaE1 and BD-DnaE2

AD-DnaE1 and BD-ImuA’

AD-DnaE1 and BD-DnaE1

AD-ImuB and BD-DnaE1

AD-DnaE2 and BD-DnaE1

AD-ImuA' and BD-DnaE1

AD-DnaN and BD-DnaN

AD-DnaE1 and BD-DnaN

AD-DnaN and BD-DnaE1

AD-ImuB @354Agnd BD-DnaE1l

SDILT SD/LTH SD/LTH1.25mM 3-AT SD/LTHA 1.25mM 3-AT

Figure 3.11: The involvement of DnaEl in the DnaE2lependent mutagenic pathway DnaE1l
was tested in both the AD and BD fusions agairesither proteins.

Consistent with its know-binding motif, DnaE1l was able to interact with Dhan both
AD- and BD-fusion configurations (Figure 3.11).drgstingly, these results suggested that
while DnaE1l does not interact with ImuA’ or DnaHERis able to interact with ImuB. The
results also show that disrupting thdinding motif of ImuB by mutating the first resielu
(GIn354Ala) does not interfere with the interactioh DnaE1l, thus indicating that the
interaction of ImuB with DnaE1l does not involve tpdoinding motif. This is surprising
given that DnaE1 can interact with thelamp directly. As represented in Figure 3.12, Bmu
Is able to self-interact and there is a possibiifyinvolvement of DnaELl in this pathway,

however the nature of the interactions requirethé&urinvestigation.
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@ < DnaEl
\H

Figure 3.12: Schematic representation of the summugrof the Y2H data. ImuB enables DnaE2
and ImuA’ to access the DNA template by interactvith the -clamp and is able to self interact.
DnaE1l also interact with ImuB when it can by itsetéract with the-clamp.

3.2.5 Mapping of the interaction domains of ImuB andmuA’
3.2.5.1 Identification of the interaction domain ofimuB

A defined approach was adopted to map the interactomain(s) of ImuB by progressively
truncating ImuB from the C-terminus towards thedwstinus, thus generating a panel of
constructs deficient in specific domains. The tations were created by introducing
artificial start and stop codons depicted in FigBre3. These constructs were then tested in

the Y2H system for interaction with DnaE1, DnaE2al and ImuA'.
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Figure 3.13: Multiple sequence alignment of ImuB hmologues indicating the position inM.
tuberculosisimuB where artificial stop codons were introducedThe red line indicates the position
where stop codons were introduced to sequentiallycate the ImuB protein. The letters in red and
underlined indicate thg-clamp binding motif in mycobacterial ImuB artal solfataricupo4.

In the first construct, an artificial stop codonq® 1) was introduced immediately after flhe

clamp binding motif, creating a truncated proteinickh more closely resembled the DinB-
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type Y-family polymerases d. coliandS. solfataricugFigure 3.13). Elimination of the C-
terminal ImuB region abrogated all interactionshwither proteins, except for tifieclamp
(Figure 3.14). This was a key result, since it sgd that the C-terminal region is necessary
for all protein-protein interactions except the Baf}clamp interaction. Moreover, it

reinforced the inferred role of the QLPLWG motiffrclamp binding.

ImuA'

DnaE2
DnaE1l

DnaE2*AlA

& S Dnan

SD/-LT SD/-LTH SD/-LTH SD/-LTH SD/-LTHA SD/-LTHA
0.5mM 3-AT 1mM 3-AT 0.5mM 3-AT 1mM AT

Figure 3.14: Deletion of the C-terminal extension folmuB eliminated interaction with other
proteins but not DnaN. The interaction of ImuB stop 1 against other prigevas tested with ImuB
stop 1 in the AD domain and the putative interacpartners in the BD domain.

The second construct had all other domains extegptitoth the-clamp binding motif and
the C-terminal extension were deleted. As showFiguaire 3.15, this abolished the interaction
with thednaN-encode@-clamp as well as the interactions with the othetgins. This result
confirmed the identity of thB-binding motif and again suggesting that that titeraction of

ImuB with other proteins is mediated by the exteh@eterminal region.
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PP BD PP BD PP BD PP BD PP BD PP BD
DnaN
ImuA'
DnaE?2
DnaE1l
DnaE2*AlA
SD/-LT SD/-LTH SD/-LTH B/-LTH SD/-LTHA SD/-LTHA
0.5mM 3-AT 1mM 3-AT 0.5mM 3-AT 1mM 3-AT

Figure 3.15: Deletion of the putativep-binding motif as well as the C-terminal extension
abrogated interaction with all interacting partners. The interaction of ImuB stop 2 with other
proteins was tested with ImuB stop 2 as an AD damiagion and the other proteins as BD domain

fusions.

ImuB was then sequentially truncated further towala N-terminus deleting the little finger
domain and into the thumb domains generating tborestructs. As above, the interaction
with these three constructs was assessed agamsother proteins. These extensively

truncated forms of ImuB indicated no interactionthwDnaEl, DnaE2, ImuA’ or the

DnaEZ" mutant (Figure 3.16).
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PP BD PP BD PP BD
DnaN
ImuA
DnaE?2
DnaE1l
DnaE2*AlA
- L - -
DnaN
ImuA
DnaE?2
DnaE1l
DnaE2*AlA

SD/-LTH SD/-LTH SD/-LTH SD/-LTHA SD/-LTHA
0.5mM 3-AT 1mM 3-AT 0.5mM 3-AT 1mM 3-AT

DnaN
ImuA
DnaE?2
DnaE1l
DnaE2*AlA

Figure 3.16: Removal of the little finger domain io the thumb domain abrogated interactions
with all tested proteins. A. Deletion of the little finger domain at positioB2 (Stop 3)B deletion
into the thumb domain at position 176 (Stop 4) @ndeletion into the thumb domain at position 165
(Stop 5) amino acids.

3.2.5.2 Identification of interacting domains of InuA’

A similar approach was used to map the site/dorohimuA’ with ImuB. Constructs were
generated in which specific domains were deletednbyducing artificial start and stop

codons (Figure 3.17).
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Figure 3.17: ImuA’ proteins aligned indicating postions of artificial truncations. ImuA’ was
sequentially deleted from the N-terminus at pos#i@2 (Start 1) and 49 (Start 2). The C-terminal
region deleted at position 160 (Stop 1) thus angadi C-terminal deficient construct.
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The first artificial start codon (start 1) was oduced to remove the N-terminal domain, but
leaving the core and the C-terminal domain intdt¢te second start codon (start 2) was
introduced to remove part of the N-terminus inte ttore domain. The C-terminal domain
was truncated by generating a stop codon (stoped)ing intact N-terminal and core

domains (Figure 3.17).

BD PP BD PP BD

ImuA'start 1

ImuA' start 2

ImuA'stop 1

SD/-LT SD/-LTH SD/-LTH SDLTH SD/-LTHA  SD/-LTHA
0.5mM 3-AT 1mM 3-AT 0.5mM 3-AT 1mM 3-AT

Figure 3.18: The C-terminal region of ImuA’ is critical for the interaction with ImuB.
Interactions of ImuB with ImuA’ truncations weresassed using AD-ImuB and fusions of the ImuA’
constructs with the BD domain.

From the results shown in Figure 3.18, it appdaais the interaction with ImuB occurs in the
C-terminal region of ImuA’. Mapping the interactiolomain of ImuB on the C-terminus of
ImuA’ provides some understanding of the role oftikhin induced mutagenesis in that the
N- and middle domains are similar to RecA and th@@inus responsible for interaction
with ImuB, suggesting a divergent form of a RecAtpm that is required to form a

mycobacterial mutasome through interaction withth@ocomponent of the system.
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A

B-clamp ImuA’ ImuB ImuBAP™WG DnaEl DnaE2 DnaE2AA

N-terminus C-terminus

ImuB QLPLWG . . . . . ° .
ImuBC168 ° ¥ ©° ND X X X
ImuBC® X ¥ ©° ND X X X
ImuBALPLWG ALPLWG ¥ « <« ND . . .
B B-clamp ImuA’ ImuB ImuBAY'WE DnaEl DnaE2 DnaE2AA
IMuA’ N-terminus C-terminus ;.¢ ® ° ° ND ND ND
ImuA’N3t ND ND o o ND ND ND
ImuA’Nee ND ND o ° ND ND ND
ImuA’™ ND ND x ¥ ND ND ND

Figure 3.18: Summary of the protein-protein interadions inferred from Y2H analyses. A.
Interaction of ImuB with other proteins. Full-lehgimuB is able to interact with the other cassette
components, DnaE2 and ImuA’, as well as DnaE1l ae@-clamp. Removal of the 168 amino acid
C-terminal region eliminates the interaction withar proteins except tifeclamp. Deletion of th-
clamp binding motif together with the C-terminusadates all interactions while a single mutation of
the first amino acid of thg-clamp binding motif eliminates the interaction hwihep-clamp but not
the other protein®. Full length ImuA’ interacts with ImuB only, and tating thep-clamp binding
motif does interfere with this interaction. Deletiof the C-terminal region of ImuA’ disrupted the
interaction with ImuB but not the deletion of 31da4il amino acids on the N-terminus of ImuA’. ND
indicates not determined, ¢ indicates interactiomndicates no interaction observed anddicates
interactions where full-length ImuB interacted witbncated alleles.

The data presented in Section 3.2.5 are summainsé&tgure 3.18, indicating that the C-
terminal regions of ImuB and ImuA’ are important fateraction with other proteins and
also confirming the identity of th@clamp binding motif. However, mapping the regiarfs
interactions of the accessory factors using Y2Hsdoa indicate whether these regions are

critical for protein function in the mycobactercalI.
3.3 Analysis of themuA’-imuB/dnaE2 cassette oM. smegmatis

In order to assess the role of the inferred prepeatein interactions in DnaE2 function, a
combination of DNA damage-induced mutagenesis aNé\ [damage survival assays was
applied. In order to survive DNA damage, cells esgplLS which can, in some cases, be
mutagenic. This provides the rationale for assgsboth survival and mutagenesis in cells
exposed to genotoxic agents. The assays were pedoin a model organisry]. smegmatis

which is a rapidly growing non-pathogenic mycobaata. The genomic context of the

ImMuA’-imuB/dnaEZassette is loosely conserved betwikkenuberculosisandM. smegmatis
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In M. smegmatisnc®155,imu/ andimuB are situated 10.8 kb upstreandoaE2whereas in
M. tuberculosisimuA’ andimuB are located ~24.7 kb upstream dfaE2 However, the
encoded proteins are highly conserved (Figure B@ &3), and a LexA-binding site is
located in the promoter regions of upstreamnuiA both in M. tuberculosigDavis et al,

2002) andM. smegmatis

In order to establish whether the interactionsm&d from Y2H analyses ofl. tuberculosis
proteins apply similarly tdVl. smegmatis the Y2H analysis was repeated using hkhe
smegmatigmuA’, ImuB, B-clamp and DnaE2 using both AD and BD domain cosst In
order to distinguish the proteins frawh smegmatigrom those oM. tuberculosisthey are
named MsImuA’, MsimuB, M&-clamp and MsDnaEZ2. In addition, the first catalyegsidue
of the B-clamp binding motif of MsimuB Q354A was mutated ¢onfirm the p-clamp
binding motif.

PP PP BD

AD-MsImuB and BD-MsDnaE2

AD-MsDnaE2 and BD-MsImuB

AD-MsImuB and BD-MsImuA’

AD-MsImuA and BD-MsImuB

AD-MsImuB and BD-MsB-clamp

AD-Msp-clamp and BD-MsIlmuB

AD-MsImuB ?354Aand BD-Msp-clamp

AD-MsB-clamp and BD-MsImuBQ354A

SD/LT SD/LTH SD/LTH SD/LTH SD/LTHA SD/LTHA
0.5mM 1.25 mM 0.5mM 1.25mM
3-AT 3-AT 3-AT 3-AT

Figure 3.19: Analysis ofM. smegmatianutagenic cassette component interactiondMsimuB as an
AD domain fusion showed interaction with MsimuA’,silinaE2 and Msclamp but did not show
interaction with the other protein when used adDadBmain. This is contrary to the BD-ImuB .
tuberculosiswhere auto-activation was observed. In anothestjwihe MsimuB as a BD domain
fusion retained the interaction with Bislamp but at highest stringency, the interactioasw
eliminated. The results also show that mutatindfitise catalytic residue of th@clamp binding motif
abrogates the interaction with tReclamp, recapitulating the observations with Metuberculosis
proteins.
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3.3.1Analysis of the DnaE2-dependent mutagenic pathway iM. smegmatis

In accordance with established methods (Boshatffal, 2003), DNA damage-induced
mutagenesis was determined by measuring the fregueh emergence of rifampicin
resistant (Rff) mutants following DNA damage. Initial analysesravperformed utilizing the
AdnaE2deletion mutant and its complemented derivativdnaE?2 attB.dnaE2constructed
by Dr. H. Boshoff and described previously (Boshetffal, 2003) as controls to validate the
assays. The data presented in Figure 3.20 indicateheAdnaE2leletion mutant is sensitive
to DNA damage and that this phenotype is reversdtia complemented strain, confirming
that DnaE2 is required for DNA damage toleranc®lirsmegmatisThese data also indicate
that theAdnaE2mutant is impaired in the ability to form Rifutants, and the phenotype is

restored to wild type by complementation.

WT

A
AdnaE2 =— 0.02ug/ml
AdnaEZattB::dnaEZ_/
wr —
AdnakE2 ___ 0.04ug/ml
AdnaE2attB::dnaE2
- —
AdnaE2 —— 0.06pg/ml
AdnaE2attB::dnaE2
" —
AdnaE2 =— 0.08ug/ml
AdnaE2attB::dnaE2

_—
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Figure 3.20: DnaE2 is essential for damage toleraa@and induced mutagenesis iM. smegmatis

A. DNA damage tolerance assay of the wild typed®6 (WT), dnaE2 deletion mutant andts
complemented derivativeAdnaE2ttB:dnaE2 following exposure to mitomycin C (MMC). Cells
were grown to mid-log phase and ten-fold dilutiogf®otted on solid medium containing different
concentrations (0.02, 0.04, 0.06 and 0.06 pg/miMMC. B. UV-induced mutation frequency to
rifampicin resistance (Rij. Cells were grown to mid-log phase and irradiatéith UV at 25 J/crh
before being allowed to recover in fresh mediumZ4drh. At 4.5 h and 24 h post irradiation, cells
were sampled and plated on solid medium supplerdenitd Rif (200 pug/ml) and the frequency of
Riff mutants determined as a function of total vialelésc Data are from a representative experiment
performed in triplicate.

3.3.2 ImuB and ImuA’ are required for DnaE2-dependat mutagenesis inM. smegmatis
The data in section 3.2 enabled the identificatidrinteracting domains predicted to be
necessary for DnaE2-dependent damage toleranagge &imockout mutants d¥l. smegmatis
lacking the homologs of ImuB and ImuAAImuA’ andimuB, respectively, as well as the
double knockout mutamtimuA’-AimuB were constructed by Dr. Warner. In parallel with th
study described here, these mutants were useaito thiat deletion of either ImuB or ImuA’
abrogated induced mutagenesis and resulted in $gmpativity ofM. smegmatiso the DNA
damaging agent, MMC, a phenotype that was revdrg@dmplementation with a full-length
copy of the relevant genar(uA or imuB, depending on the deletion allele). This provided
evidence that ImuB and ImuA’ are individually ess#infor DnaE2-dependent mutagenesis,

and informed the experiments described below.
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3.3.3 Analysis of truncated ImuB

Y2H analyses utilizing artificially truncated prate (Figure 3.18) indicated that the C-
terminal extension was critical for interactiongiwihe other cassette components (DnaE2,
ImuA’) as well as DnaE1l. To determine if the C-taras of ImuB is important for function,

a stop codon was introduced in ImuB encoding genemove the 168 amino acids of the
unstructured region immediately after fhxelamp binding motif. This allele was introduced
by complementation at tredtB site in theAimuA'imuB mutant strain. DNA damage induced
mutagenesis and survival was assessed in this.stideleting the C-terminal unstructured
extension of ImuB phenocopies thenuB phenotype in the presence of ImuA’ and DnaE2
(Figure 3.21). This indicates the equal requirenoédmuA’, ImuB and DnaE2 for induced
mutagenesis as well as the importance of the ictieraregion of ImuB to allow interaction
with other protein for function. This result igsificant as it further shows that ImuB is the
adaptor that mediates access of the other pratetamplate DNA through the C-terminal
extension. In combination, these results implyt tha ability of ImuB to interact with other

proteins might be critical for its biological fuinan.

AIMUA’'ImuB A
AIMUuA'imuBattB::imuA'imuB

AImUuA'imuBattB::imuA’imuBAc168.1 0.02pg/ml

AimuA'imuBattB::imuA'imuBAc168-2

AIMUA'IimuB
AIMUuA'imuBattB::imuA'imuB

. . . ) — 0.04pg/ml
AimuA’imuBattB::imuA'imuBAc16s.l

AImuA’'imuBattB::imuA'imuBAc1682
AImuA’imuB
AIMUA’ ImuBattB::imuA'imuB

. . . . — 0.06pg/ml
AImMuA'imuBattB::imuA’imuBAc168.1

AimuA'imuBattB::imuA'imuBAc168-2
AIMUA’'ImuB
AimuA'imuBattB::imuA'imuB

. . . . ~— 0.08ug/ml
AimuA’'imuBattB::imuA’'imuBAc168.1

AImUuA’'imuBattB::imuA’'imuBAc168.2 ]
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Figure 3.21: Deletion of the C-terminal region of iInuB phenocopies theAimuB phenotype. (A)
DNA damage tolerance assay ar8l) UV-induced mutagenesis of the double deletion amiut
(AimuA’-imuB), the complementedimuBatB::imuA’-imuB derivative and two independent clones
in which the complementing allele carried a 3-teraly truncated form ofmuB that gives rise to
with 168 amino acids C-terminal deletion AifiuA'imuBatB::imuA’'imuB“®®* and
AimuA'imuBatB::imuA'imuB'“*®®2 respectively). Data are from a representativeegment
performed in triplicate.

3.3.4 Analysis of truncated ImuA’

The Y2H analysis described in Section 3.2.5 suggeiat the C-terminal region of ImuA’ is
important for the interaction with ImuB. To determaiof the interaction observed by Y2H
was necessary for function M. smegmatisthe consequence of C-terminal truncation of
ImuA’ ImuB on damage tolerance and induced mutagisngas investigated. To do this, a
complementation vector was constructed in whichadtificial stop 1 was introduced to
truncate ImuA’ after the middle domain eliminatitige C-terminus (Figure 3.17). The
ability of this construct to complement an ImuA’leleon mutant was then determined in

both induced mutagenesis and DNA damage tolerassag/s.
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AimuA’attB::
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WT

AimuA’attB::

AimuA’attB::

WT

AimuA’attB::

imuAAC —

imuA’

imuAAC

imuA’

imuAAC —

imuA’

A

0.02ug/ml

0.04pg/ml

0.06pg/ml

0.08ug/ml

AimuA’attB::imuA’

BOh
M45h

M 24h

Frequency of Rif® mutants (X108)

Figure 3.22: The C-terminal region of ImuA’ is essatial for damage tolerance and induced
mutagenesis. (A)DNA damage tolerance assay am) (JV-induced mutagenesis of the wild type
mc*155 (WT), a complemented derivative of thémuA mutant carrying full-length imuA’
(AimuA’attB::imuA’), or a derivative carrying 3’-truncated imuA’ thamcodes a truncated form of
ImuA’ with 44 amino acids deleted from the C-termsn(AimuA’attB::imuA™®). Data are from a
representative experiment performed in triplicate.
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The data indicate that deletion of the C-termiegion of ImuA’ renders the cells sensitive to
DNA damage; moreover, the truncated ImuA’ is unaslesupport induced mutagenesis
(Figure 3.22) and so phenocopies thwiA’ gene deletion mutant (Warnet al, 2010).
These results suggest that the C-terminal regidrisoth ImuB and ImuA’ are critical for
function. Since the protein-protein interactionsntified in this study also map to the C-
termini of ImuB and ImuB, the implication is thatet protein-protein interactions are

essential for function of the split mutagenesisets.

3.4 ldentification of other proteins involved in DraE2-dependent damage tolerance and

induced mutagenesis ifM. smegmatis

The unexpected protein-protein interaction obseyuabetween DnaE1l and ImuB suggested
the possibility that other proteins might be imvedvin DnaE2-dependent damage tolerance.
To explore this possibility further, a pull-downpapach was designed to analyse the proteins
involved in the DNA damage responseMn smegmatisThese methods requires tagging the
protein of interest inside the cell with an epito@ad then subjecting the host cell to
conditions known to induce the protein of interasd interacting partners (Phizicky &
Fields, 1995).

3.4.1 Introduction of a tag on the C-terminus of MémuB

The working model underlying this study proposeat tlmuB serves as a molecular adapter
allowing other proteins to access the damaged sm@NA. Therefore, for the pull-down
experiments, ImuB was tagged on the C-terminus waittHis-FLAG tandem affinity
purification (TAP) tag (Figure 3.23).

505 .
imuA’ imuB His-FLAG-Stop [~

Figure 3.23: Schematic representation of the TAP ta introduced on the C-terminus of
MsimuB. A TAP tag was introduced into the C-terminudvbfsmegmatismuB (MsImuB) in order

to use it asin vivo bait to identify other interacting partners. Thag twas introduced into a
complementing vector in the double mutanmuA’ImuB background. The SOS box denotes the
region in the operator where the LexA protein bitalsontrol expression of down stream genes.

Previous results had established that the ImuBr@tel region is critical for protein-protein
interactions (Figure 3.14) and, in turn, for DNAndage tolerance and induced mutagenesis

(Figure 3.21). In order to evaluate the impactef €-terminal TAP tag on ImuB function,
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the mutant carrying the tagged ImuB protein waglieg in DNA damage tolerance and

induced mutagenesis assays.

AimuA’imuB A
ANimuA’imuBattB::imuA’imuB
AimuA’imuBattB::imuA’imuyBHis-FtAG_1 = 0.02pg/ml
AimuA’imuBattB::imuA’imuBcHis-FLAG_2
AimuA’imuB —
ANimuA’imuBattB::imuA’imuB
AimuA’imuBattB::imuA’imuBis-FLAG_1
= 0.04pg/ml
AimuA’imuBattB::imuA’imuBcHis-FLAG_2
AimuA’'imuB —
ANimuA’imuBattB::imuA’imuB
H 7 o] ’ CHis-FLAG_1
ANimuA’imuBattB::imuA’imuB 0.06pg/ml
AimuA’imuBattB::imuA’imuBcHis-FLAG_2
AimuA’'imuB
AimuA’imuBattB::imuA’imuB
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Figure 3.24: Introduction of a FLAG-tag on the C-teminus of ImuB impairs protein function.

(A) DNA damage tolerance assay amj (JV-induced mutagenesis of the double deletionamit
AImuA’-imuB the complemented strain carrying the full lengimuA’-imuB region
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(AimuBatB::imuA’imuB), and two independent clones carrying the His-FLia& on the C-terminus
of ImuB in the complementing vector AinuA’imuBatB::imuA'imuB™ A1  and

AImuA'imuBatB::imuAimuB™ ™42 respectively). Data are from a representativeegment
performed in triplicate.

The results shown in Figure 3.24 suggested thaintheduction of the TAP tag appeared to
disrupt protein function as complementation wasaotisterved when ImuB was C-terminally
tagged. This result was consistent with the impmeaof the C-terminal region of ImuB and
suggested that the tag might interfere with thétalmf ImuB to interact with other proteins
via its C-terminal region. Based on this result, aternative strategy, involving the N-

terminal labelling of ImuB with a 3xFLAG tag, wadsen adopted.

3.4.2 Introduction of a tag on the N-terminus of MémuB

3x FLAG tag comprising the 3x DYKDDDDK (EinhaugrJungbauer, 2001) sequence was
introduced immediately after the start codon of iisB (Figure 3.25).

SOS BOX imuA’ M-3X FLAG imuB

Figure 3.25: Schematic representation of the 3xFLAGag introduced on the N-terminus of
MsIimuB. A 3xFLAG tag was introduced on the N-terminus oflidsB in order to use it as vivo
bait to identify other interacting partners. Thgged allele was introduced by complementation at
attB site on the chromosome carried on complementaggor pAINT into the single deletion mutant
AimuB. The SOS box denotes the region in the operat@ravithe LexA protein binds to control
expression of down stream genes.

The effect of the 3XFLAG tag on MsImuB function wagain evaluated in DNA damage
tolerance and induced mutagenesis assays. Unftetynaas with the C-terminal tag,
introduction of the tag on the N-terminus also a&ppd to disrupt MsimuB function (Figure
3.26) as shown by the failure of the N-terminadgded form of ImuB to complement the
phenotype of th&AimuA’-imuB mutant when carried on an integration vector viuttictional
(full-length) imuA'.
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Figure 3.26: Introduction of a tag on the N-terminws of ImuB impaired protein function. (A)
DNA damage tolerance assay af) UV-induced mutagenesis of the wild type &5 (WT), the
AimuA’-imuBdeletion mutant, its complemented derivatixenuA’-imuB atB::imuA’-imuB and two
independent clones carrying the 3xFLAG tag on thderWinus of MsimuB AimuA’'imuB
attB::imuA'imuB® %! and AimuBatB::imuA’imuB> %1 respectively) inserted between the
first and second codons of ImuB. Data are frompaasentative experiment performed in triplicate.
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Therefore, adding a tag either on the N- or C-teuwiof M. smegmatismuB renders the
protein non-functional. Therefore, there was naaspbut to select another protein as bait in

the pull-down assay.

3.4.3 Introduction of a tag on the N-terminus of MémuA'’

MsImuA’, the other member of the spihuA-imuB/dnaE2cassette ilM. smegmatiswas
tagged with a 3x FLAG tag preceded by a start coolorthe N-terminus. The tag was
introduced on the N-terminus because the Y2H dathimplicated the C-terminus in the
interaction of ImuA’ with ImuB, and the tagging etpments described above had shown
that a C-terminally tagged form of MsimuB was nmdtional. In order to limit the impact of
the 3xFLAG tag on potential interactions occurramgthe N-terminus, it was separated from
the N-terminus by a spacer of 7 amino acids betwbentag and the second codon. The
construct carrying the 3xXFLAG tag-encoding sequepncethe 5 end ofimuA’ was

introduced into thaimuA’ mutant strain by integration at théB site.

BOX FLAG spacer |

Figure 3.27: Schematic representation of the 3xFLAGag introduced on the N-terminus of
MsImuA’. The tagged allele was introduced by complementaditattB site on the chromosome
carried on complementing vector pAINT into the $ngleletion mutantAimuA’. The SOS box
denotes the region in the operator where the Lenofep binds to control expression of downstream
genes.

The impact of the N-terminal tag on MsImuA’ functivas again evaluated in DNA damage
tolerance and induced mutagenesis assays. In dses, introduction of the tag on the N-
terminus of MsiImuA’ did not disrupt the function tife protein (Figure 3.28) as shown by
the restoration of MMC sensitivity and UV-induceditaigenesis to wild type levels by N-
terminal tagged MsImuA’. Incorporation of the tag @n in-frame fusion with ImuA’ was

confirmed by DNA sequencing.
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Figure 3.28: The function of ImuA’ with an N-terminal 3x FLAG tag was maintained. (A)DNA
damage tolerance assay am) (UV-induced mutagenesis of the wild type 65 (WT), single
deletion mutant AimuA’) and the strain carrying the tagged allele on tRderminus
AimuA’atB::imuA™>FAC preceded by a start codon. Data are from a reptative experiment
performed in triplicate.
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3.5 Pull-down analysis of N-terminally ImuA’ in M. smegmatis

Since the introduction of the tag did not appearatiect MsImuA’ function, the strain
expressing the N-terminally tagged protein wascsetefor pull-down assays with the aim of
identifying other interacting partners of this miot Prior to conducting the pull-down
experiment, a Western blot analysis of the taggedA' was performed to determine
whether the tagged protein could be detected iallaegtract ofM. smegmatisThe tagged
strain was grown to mid-log phase and divided into equal volumes: one of these was
exposed to UV radiation to induce expression ofegemvhile the other was not exposed to
UV and served as an untreated (non-induced) conBoth UV-irradiated and control
samples were allowed to recover in normal media Xfoh, after which proteins were
extracted, and separated by SDS-PAGE. Westerrablidysis using M2 anti-FLAG antibody
as probe was performed (Figure 3.29). The onlyegmmadetected in the western blot was the
49-kDa FLAG-BAP control (Figure 3.29, lane 7). Aotein of the expected size of 34-kDa of
the tagged ImuA’ was not detected in any of theégnoextracts from cultures of the various

strains, with or without UV irradiation.

250 kDa
130 kDa

100 kDa
70 kDa

5kDa
49 kDa

35kDa
25kDa
15/10 kDa

Figure 3.29: Tagged ImuA’ was not detected by wegte blot analysis of whole-cell extracts of
M. smegmatisA. SDS_PAGE of whole-cell extracts of the variougisis.B. Western blot analysis
of the proteins transferred to nitrocellulose meamler and probed with M2 anti-FLAG antibody.
Lane 1, WT, untreated control; lane 2, WT, UV-iieddd; lane 3AimuA’, untreated control; lane 4,
AIMuA’, UV-irradiated; lane 5, AimuA'atB::imuA™ 4 untreated control; lane 6,
AimuA’atB::imuA™ TS UV-irradiated; lane 7, 49-kDa FLAG-BAP controlM denotes the
molecular weight marker.

Failure to detect the protein by western blot cdogdattributed to the level of expression
sinceimuA’ was expressed from its native promoter. Previoukwothe lab (Warneet al,

2010) had established that transcript leveldvoftuberculosis imuAare very low, even
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following UV irradiation, in contrast tomuB which has a much higher basal level of
expression (2% of that ¢figA) and is very significantly induced following DNAathage
(Figure 3.30).

Coomrors—

SOS . .
IMuA ImuB
box
Transcript levels normalized tosigA 140 228 +35

before UV treatment

ﬁ=b

SOS : : .
| IMUA ImuB
box
Transcript levels normalized tosigA 32 +15 18256 1425

6 hours
post UV treatment

Figure 3.30: Schematic presentation of the transagpt levels of ImuA’ and ImuB pre- and post
UV radiation in M. tuberculosis The values below thienuA’ andimuB genes represent normalized
transcript levels of the corresponding genedMintuberculosis and are based on the gRT-PCR
analysis performed by Dr. B. Kana, as reported r(\&aet al, 2010). A value of “100” in this
context corresponds to a transcript level that%s df that ofsigA Therefore, the level amuA’
transcript inM. tuberculosis6 hours after UV irradiation is only 0.3% of tioditsigA

The implication, based on thM. tuberculosisexpression data, is that MsImuA'’ is present at
very low levels inM. smegmatiseven following DNA damage induction, and couldréfore
not be detected by Western blot analysis. Addinghto limitation of detection is that the
3XFLAG sequence incorporated was based on the natigFLAG tag sequence
(DYKDDDDK), whereas the M2 anti-FLAG antibody haedm optimized for the modified
FLAG sequence (DYKDHD) (Hernaret al, 2000). In spite of these limitations, a
preliminary pull-down experiment was nonethelessmapted to ascertain whether tagged
ImuA’ might still allow the identification of itsnteracting proteins. In this experiment, wild

type M. smegmatignd theAimuA'attB:imuA™FAC

mutant were grown to mid-log phase,
split into equal volumes, and then either treatétl WV to induce the SOS response, or left
untreated as a control. Both induced and non-indlecétures were allowed to recover for 1
h. The cells were lysed and protein was extracteldcmantified. Equivalent amounts of total
protein (20 pug/ul) from each sample were loade® &2 anti-FLAG beads and allowed to

bind. After several washes, bound protein was dlbteboiling the beads in the presence of
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SDS-PAGE loading dye SDS-PAGE analysis suggestatidalh sample preparations were
heavily contaminated with antibody, and no sigmific differences were observed between
samples. Nonetheless, bands were excised from ahes |containing eluate from UV-
irradiated samples of the wild type and taggedrstréor Peptide Mass Fingerprinting. The
whole lane of each strain was divided into fiveedi per strain making sure that the dominant
bands were in different gel slices. The PMF analygierformed at the Molecular and
Biomedical Technologies Platform of the CSIR intBra) did not yield any conclusive
results owing to contamination with antibody, whichscured the data (data not shown).

Unfortunately, owing to time limitations, this wodould not be pursued further.

3.6 Proteomic analysis ofM. smegmatiswild type, AdnaE2 and AdnaE2atB::dnaE2
strains after exposure to DNA damaging conditions.

At the inception of this study, DnaE2 was knowrb&responsible for induced mutagenesis
while subsequent data indicate that DnaE2 functwitis two proteins, ImuA’ and ImuB, to
form a mutagenic cassette (Bosheffal, 2003; Warnetet al, 2010). One of the cassette
components, ImuB, was shown to be present undenalagrowth conditions and massively
up-regulated at the transcript level when exposddNA damage imM. tuberculosigfWarner

et al.,2010), whereas with the other components- DnaE2lemd\’- are only moderately
up-regulated. The inability to detect tagged Imud’ Western blot analysis of whole-cell
extracts (Section 3.4) prompted the idea to ingest the presence of the cassette
components by mass spectroscopy (MS) in a label-dfigproach. Wild type, thadnaE2
deletion mutant and th&ednaE2atB::dnaE2complemented strain were used for this analysis
to determine the ability to detect these proteinden the conditions tested. Again, the cells
were grown to mid-log phase and split into two éguéumes, one of which was treated with
UV and the other used as a control. Following recgpwf 1 h, whole-cell fractions of both
samples were prepared for in-gel tryptic digestionrun on LC-MS. Peptide counts of
identified proteins were determined. Only proteitizat have been shown to be
transcriptionally up-regulated in response to DNAmM@&ge by genome-wide expression

analysis (Boshofét al, 2003), are shown in Figure 3.34.

80



80

70 BWT_UV+

60 BWT_UV-
£ [
5 507 B AdnaE2_UV+
(&)
g 40 - B AdnaE2_UV-
2 30 - M AdnaE2attB::dnaE2_UV+
(-9
20 - E AdnaE2attB::dnakE2_UV-

10 A I
0 .

N <~ DR W - T SRR VIR -3
& A N 00\\8 <&

&

Proteins up-regulated in response to DNA damage

Figure 3.31: Identification of proteins known to beup-regulated in response to UV radiation.
Proteins involved in nucleotide excision repairtpnas (NER),UvrA, UvrB, UvrD1 and UvrD2;
Homologous recombination (HR), RecA, RuvA, RuvCdRas known to be involved in DNA repair;
replicative DNA helicase DnaB; single-stranded DN#ding protein ssb protein; possible DNA
repair exonuclease belonging to sbcD family; pydime biosynthesis regulatory protein PyrR; ImuB,;
a protein containing HNH nuclease domain and Lexhendentified. UV + denotes cells treated and
UV- denotes untreated cells. Only proteins thatewpreviously shown to be up-regualated in
response DNA damage are shown (Boskotil, 2003).

The data in Figure 3.31 show that, of the protedentified, the majority are involved in
NER and HR DNA repair pathway processes. The Ssteiprand helicases are required in
replication to unwind the double-stranded DNA amdbind unwound (single-stranded) DNA
during repair and replication. RecA and LexA waternitified in this analysis. These proteins
are the key regulators of the mycobacterial SOfamese. ImuB, another component of the
SOS regulon, was also identified. DnaE2 peptidesevmot detected in the wild type and
complemented strains, and ImuA’ peptides were reteated in any of the strains. In
contrast, ImuB was detected in all strains, withd amithout UV irradiation. These
observations are consistent with expression dak& tuberculosiswhich showed thatmuB

Is expressed at a comparatively high basal lever(@tet al, 2010). Interestingly, however,
the DNA repair proteins that were identified instl@xperiment were not significantly up-

regulated in response to the imposed damage umeleonditions tested.
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3.7 Heterologous expression d¥l. tuberculosisimuA’ and ImuB in E. coli

ImuB and ImuA’ are annotated as hypothetical prateRv3394c¢ and Rv3395c, respectively.
However, the combination of Y2H interaction data,veell as genetic and microbiological
assays, had established a role for these proteite iDNA damage response. This suggested
that structural analysis of these proteins mighthker aid in elucidating their role in DnaE2-

dependent DNA damage tolerance.

3.7.1 Small scale expression of ImuA’ and ImuB

Constructs were generated to enable the expressitie M. tuberculosigroteins a€. coli
recombinants. Genes encoding ImuB and ImuA’ weomed in the pMALc2 expression
vector for N-terminal tagging with a maltose birgliprotein (MBP). The fusion proteins,
MBP-ImuB and MBP-ImuA’ were expressed Bscherichia coliBL21 (DE3) by induction
with IPTG at 30°C. Fusion proteins were identifigsl distinct bands corresponding to the
theoretically determined size of the fusion pradeom SDS-PAGE gels. Further to that, the
identified bands were confirmed by probing the dasiproteins with anti-MBP primary
antibody, and observing bands by chemiluminescemteased through the peroxidise
reaction with the conjugated secondary antibodyofding to theses analyses, both proteins

were present in the soluble and insoluble fractminshole-cell extracts.
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Figure 3.32: Small-scale analysis of MBP-ImuB and MP-ImuA’ indicates expression in
both insoluble and insoluble fractions. AMBP-ImuA’ expression in the insoluble (lane 3)
and soluble fraction (lane 4. MBP-ImuB expression in the insoluble (lane 3) aontuble
(lane 4) fraction (lane 3)C. Protein extract from the empty vector control shayvi
expression of the MBP tag in the insoluble (lanet3) soluble fraction (lane 4). In all gels,
lane 2 is the uninduced control. On the rightadregel are corresponding Western blotting
analyses of the fusion proteins.

The predicted molecular weights of the MBP, MBP-khand MBP-ImuB were 52 kD&83
kDa and115 kDa, respectively. Bands on SDS-PAGE gel spoading to the predicted
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sizes of the fusion proteins were excised for ifieation by PMF. In this method proteins
separated on SDS-PAGE gels are trypsin digestetthangel and the peptide fragments
generated are then identified by determination ofecular masses which are used to search
for protein identity in databases (Thieeleal, 2005). According to this analysis, MBP-ImuB

was confirmed with 95% confidence, but MBP-ImuA’svaot confirmed.

3.7.2 Large scale protein expression and purificatn of MBP-ImuB and MBP-ImuA’

Based on the results from the small-scale expetintenge-scale expression was then carried
out for both recombinants even though the PMF amalyad only confirmed the MBP-ImuB
fusion protein. The fusion proteins were express®th described in Section 3.7.1. Induced
cells were lysed and the corresponding solublditmas were loaded onto an amylose column
for affinity purification chromatography. Thirty tw0.5-mL fractions were collected by
elution with 10 mM maltose in column buffer. Two gliquots of each fraction used to
determine the protein concentration by measurirgpddance at 280 nm. An elution profile

was plotted from the determined concentration.
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Figure 3.33: Affinity purification of MBP-ImuB. A . Elution profile of MBP-ImuB from the
amylose column anB. SDS-PAGE gel of the soluble fractions containing highest concentration
of protein. Lane 1, molecular weight marker; lansduble fraction from lysate of induced cells)da
3, flow-through; and lanes 4-15, eluted fractiods2l

Figure 3.33 indicates that the fusion protein cand io the amylose resin; however, many
contaminating proteins co-eluted with the fusiomtein. Even those fractions that were
enriched for the MBP-ImuB (e.qg., in lane 5 of uig 3.33) were relatively impure. Putative
MBP-ImuA’ recombinant protein purified from the sble fraction of induced cells by
affinity chromatography was similarly associatedhwan excess of contaminating protein
(Figure 3.34). In this case, a dominant band oflomolecular weight (~50 kDa) was present
in both soluble and flow-through fractions as wasdl the eluted fractions. Based on its size,
and apparent binding to the amylose column, thigetoband was thought to be the MBP
protein. This hypothesis was tested by excising photein from the gel and subjecting it to
PMF analysis. This analysis showed that the ~50 wkBsa identified as MBP indicating that
there might be partial degradation of the fusiootgin.
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Figure 3.34: Affinity purification of MBP-ImuA’. A . Elution profile of MBP-ImuA’ from the
amylose column anB. SDS-PAGE gel of the soluble fractions containing highest concentration
of protein. Lane 1 is molecular weight marker, 1&ns the soluble fraction, lane 3 is the flow tingh
fraction and lane 4-15 is eluted fractions 14-24.

Since both MBP-ImuA’ and MBP-ImuB appear to elutéhveontaminating proteins, further
purification was attempted using Q-Sepharose i@mha&xge chromatography was attempted.
The peak fractions were and dialysed against anaolouffer containing 50 mM NacCl, after
which the dialysed protein was concentrated usingicAn ultra centrifugal filters with a
molecular weight cut-off (MWCOQO) of 50kDa In the easf MBP-ImuB, a small-scale
experiment was done to establish the approximateerdration of NaCl required to elute the
protein from Q-Sepharose. Based on this analgs&5 — 1 M NaCl gradient was used to

elute the Q-Sepharose column.

The dialysed fraction was loaded onto Q-Sepharokamn pre-equilibrated with the buffer
used for dialysis. A gradient of NaCl from 500 mMIM concentration was used for elution
after washing the bound protein. Thirty five fracs of 500 ul of eluate were collected and 2

Kl used to determine the protein concentrationdspebance at 280 nm.
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Figure 3.35: Representation of the SD-PAGE gel with MBP-ImuB eluted from Q-Sepharose
column. Thirty five 0.5-ml fractions collected and 20 pl of fractior-9 from the marker were rur

The identification of IMBIImuB in many fractions from the (@Gepharose colum
suggesting that the NaCl gradient used to elutedh@nn was probably too shall (Figure
3.35) Nonetheless, this experiment suggested that xmhagge chromatography using
steeper elution gradient potentiallould be used to purify ME-ImuB. Other systems thi
were attempted were pGEX3X which allowec-terminal fusion with glutathione -
transferase (GST), pET15b and the protein was énirtBoluble fraction which cannot
taken forward for crystallography. C way of overcoming the challenges involved
purifying proteins with disordered regions is tonm/e the disordered region. Th-terminal
region of ImuB extending beyond th-clamp binding motif was removed and this trunc:
version of ImuB expressen the pMalc2 being the system that gave some solplutein
proved to also be unsuccessful as not visible lveasl observed on SI-PAGE (Data no

shown).
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Chapter 4

4. Discussion

4.1 The DnaE2-dependent mycobacterial mutasome shes functional similarities to Pol
\Y

The data presented here have afforded some insighthe DnaE2-dependent mutagenic
pathway in mycobacteria. In particular, these asedyhave established that DnaE2 function
Is dependent on the accessory factors, ImuB and’lnmoth of which are essential for DNA
damage survival and induced mutagenesis (Warhat, 2010). This is consistent with the
observation that DnaE2 generally occurs togetheéh Wwomologs of ImuB in organisms
lacking Pol V (Abellaet al, 2004; Erillet al, 2006; Galhardet al, 2005). In mycobacteria,
ImuB and ImuA’ are in an operon and DnaE2 is lod&é.7 kb upstream of this operon of
which their expression is regulated by LexA indicgtthat they all form part of the SOS
response. These findings therefore suggest a pitagenic cassetnaE2/imuA’'imuB
operating in mycobacteria that may have divergeinfrother organisms (Warnet al,
2010). In many respects, these data presented dratepreviously provide compelling
suggestion of functional analogy wikh coli DNA polymerase V (Boshofét al, 2003). All
three genes of the splihuA-imuB/dnaE2cassette are induced as part of the mycobacterial
SOS response (Bosho#t al, 2003), indicating that the activity of the “myaaiterial

mutasome” might be limited to circumstances ofexte damage.

ImuB shares considerable structural similarity wi¥hfamily DNA polymerases, but
possesses a C-terminal extension containing dissuideegions that are characteristic of
unstructured protein domains (Wright & Dyson, 1998) addition, unlike “true” Y-family
polymerases, ImuB lacks the catalytic residues iredufor polymerase function; instead,
consistent with the involvement of unstructuredioeg in protein-protein interactions
(Dyson & Wright, 2005; Wright & Dyson, 1999), Y2khalyses imply that ImuB plays a key
role — via its extended C terminal domain — in déingbDnaE2 to access the replication fork
for TLS. Interestingly, sequence alignment shoveg tmuB possess the conserved residues,
C66 and P67, identified recently for complex fonmatwith UmuD and RecA (Cafarelét
al., 2013). These residues are located in the N-teinmegion that resembles structural
similarity to Y family polymerase (Ling@t al, 2001). Consistent with the identification of
ImuB from M. tuberculosisas a member of the DinB3-type protein, these uesidare

conserved amongst DinB-like proteins (Cafaretlal, 2013).
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The observation that ImuB has the ability to setéract is reminiscent of the Pol V subunit,
UmuD, which interacts with UmuC to constitute adtional Pol V. UmuD plays a role in
protecting the cell from the deleterious effectstiod error-prone DNA damage response
pathway, a function that is genetically distinarr its role in SOS mutagenesis (Napolitano
et al, 2000; Pages & Fuchs, 2002). Umubogether with UmuC, may act as a primitive
DNA damage checkpoint, as they specifically inhibiNA replication without affecting
transcription or translation when present at hgNels in cells (Murliet al, 2000). UmuD
and UmuC slow the resumption of DNA replicationeafV irradiation and therefore, the
presence of both proteins acts in a non-catalyaomar to delay SOS mutagenesis and give
accurate pathways such as NER time to proceed (@@peet al, 1996; Oppermaret al,
1999). A comparatively high basal leveliofuB transcript was previously observed during
growth of M. tuberculosisunder standarah vitro conditions (Warneet al, 2010). The
massive induction oimuB by DNA damage together with the observation thdtais the
ability to self-interact suggests that ImuB miglat/d a similar function to UmuDwhich is
processed to Umubto constitute an active Pol V to fully engage inSSONA repair. The
finding that ImuB protein was not up-regulated M-UradiatedM. smegmatisells that were
recovered for an hour post-irradiation before proextraction either suggests that the DNA-
damaging conditions used were not sufficient toucsd ImuB or that the damage was
repaired during the recovery period and the ceise=vin the process of recovering at the time
of sampling. The latter explanation is consistenthwhe very tight regulation of TLS
polymerase activity observed kh coli, where the Pol V components are rapidly degraged b
ClpXP when no other mechanisms of survival arelalbld, thus limiting the potential to
introduce mutations as that would compromise thegnity of the genome (Pateit al,
2010).

To further extend this analogy, UmuD has been shimvwshare structural characteristics with
intrinsically disordered proteins (IDPs), which bkasignificantly less secondary or tertiary
structurein vitro than other proteins (Dyson & Wright, 2005; Ollire et al, 2010). The
IDPs often have important biological roles in regidn as they assume precise structures
upon interaction with their binding partners (Dys@nNright, 2005). Structural analysis of
UmuD’, has revealed that it possesses extended shomarthat are disordered from the
unbound C-terminal globular domain (Feremtz al, 2001; Peatet al, 1996). The data
presented here further suggest that ImuB could fumetional analog of UmuD because of

its apparently disordered C-terminal extension Wwhig involved in key protein-protein
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interactions with other components of the mutasohrerefore, ImuB might play a role in
regulating the commitment step to fully engage SOA repair through interaction with

other proteins involved in this pathway via itséZrtinal region.

If DNA damage persists, the Umgplihteracts with the RecA nucleoprotein that stineda
processing to remove the N-terminal domain of Umzddnponents to UmuD’, signaling
commitment to SOS mediated repair by Pol V. UmuB &®dNA-binding domain as well as
a LexA-like domain that undergoes autolytic cleavaythe presence of RecA and ssDNA.
During this process, LexA also undergoes autodigeste-repressing the expression of SOS
regulated proteins committing to full-on SOS resmnThe data presented in this study
demonstrated that ImuB is able to self-interact alsd showed that the introduction of a tag
at the N-terminus of ImuB disrupted its function MNA damage tolerance and induced
mutagenesis. Therefore, a key question that rem@mnbe addressed is whether ImuB

undergoes processing in mycobacteria in order nstttate a functional mutasome.

ImuA’ shares similarity witle. coli RecA specifically in the N-terminal domains thahtain
the two DNA binding sites and the ATP binding regidout this protein lacks the
characteristic C-terminal RecA domain, and instdad a distinct C-terminus. ImuA’ also
lacks the canonical, RecA-like ATP binding motimUA’ also differs significantly from
RecA in the DNA binding loops, L1 and L2 (Figur&.3.suggesting that ImuA’ is unable to
bind DNA in a RecA manner. However, present in pinedicted M domain of ImuA’ is a
region spanning from residues A¥gto Arg**®in M. tuberculosidmuA’ that contains a large
number of positively charged residues and is ptedidco forma-helix and might be a
candidate motif for DNA binding (Warnest al, 2010). The results presented here also
confirm that the C-terminal region of ImuA’ is cial for interaction with ImuB for induced
mutagenesis, and thus serves some kind of regulabte analogous to the C-terminus of
RecA, which serves as autoregulatory role, and vadsdeted, enhances RecA function (Cox,
2007).

4.2 Distinguishing features of the mycobacterial miasome

ImuB was originally identified as founder member tbé DinB3 subfamily of Y family
polymerases, on the basis of a defining-clamp hmdmnotif in the C-terminal region
(Dalrymple et al., 2003). This, together with the absence di-hinding motif in DnaEz2,
suggested that ImuB has the potential to servenaadaptor protein allowing DnaE2 to

access the replication fork. The experimental qatsented here are consistent with the
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identity of the B-binding motif as®>*QLPLWG>® as the Q354A mutation eliminated the
interaction of ImuB with the-clamp in the Y2H system. Interestingly, howeveQrkv
carried out by Dr. Warner showed that the same toutan M. smegmatidmuB had no
impact on the function of the mutasome {Warner,®814; in his parallel study, mutation of
five of the six residues was necessary in orderifuple the function of the mutasome. This
discrepancy is most likely due to the fact that ¥i&H system only provides limited
information on the interaction between two proteimnkich in this case, form part of a larger

protein-protein interaction network in the mycolesil cell.

ImuB comprises an obvious, Y family-like N-terminalgion, and a C-terminal region that
has characteristics of unstructured proteins whach often involved in protein-protein
interactions. The disordered C-terminal extensibimuB suggested by homology modeling
IS consistent with the proposed role of ImuB ashab” protein. This type of structural
arrangement (defined N-terminus and undefined @iters) is not unique, and has been
observed in other mycobacterial proteins. For examprokaryotic ubiquitin-like protein
(Pup) has been shown to interact with mycobactepumteosomal ATPase (Mpa) via the C-

terminal half of Pup which has a disordered redloao et al, 2009).

The data further suggest thet tuberculosis’sresponse to DNA damage is distinct in that
DnaE1l is also able to interact with ImuB, althoufrs replicative polymerase hasfa
binding motif and has been shown to interact vhnftclamp (Kanaet al, 2010). Warneet

al. (Warneret al, 2010) and O’Sullivaret al (O'Sullivanet al, 2008) have shown an
induction of DnaEl after exposure to UV radiationdatreatment to ciprofloxacin,
respectively. The interaction between DnaEl and Bima surprising. One possible
explanation for this observation could simply battthe disordered region of ImuB is highly
promiscuous in terms of protein-protein interactiand that the inferred interaction with
ImuB is a false positive result. However, if these genuine interaction between DnaE1 and
ImuB, this may facilitate polymerase switching tor after TLS has taken place. There is
also emerging evidence of the involvement of rgpiNe polymerases in mutagenic processes
especially the involvement of eukaryotic high fileleplicase Pob. Polé’s involvement in
mutagenic processes was largely shown by sharisglaminits, Pol 31 and Pol32, which are
essential for TLS performed by Pol (Johnsoret al, 2012). This could be explained by a
recent study done in Drosophila that showed shat tlplicative polymerases and TLS

polymerases compete in double strand break refi&@me et al, 2012). In this study, the
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authors showed that TLS polymerases can functiamgluhe initial synthesis stage of
homologous recombination repair and that they caenpgth Polé during the repair process,
and further, that Y-family polymerase, Revl, aotsdordinate the initial recruitment of TLS
polymerasen, thus prevent the replicative polymerase from ngctduring early repair

synthesis (Kanet al, 2012).

4.3 Insight into the DnaE2 mutagenic pathway

Having shown that DnaE1l also interacts with ImuByas plausible that other proteins may
be involved in this pathway. Y2H was a limited teicjue as it allows the assessment of
binary interactions which have been defined byrdsearcher, and so are biased. In order to
confirm the interactions established by Y2H anddntify other interacting partners, a pull-
down assay was attempted. The preferred bait prdtei use in the pull-down assay was
ImuB. The gene encoding MsImuB was therefore taggedhe C-terminus with a tandem
affinity tag. However, it was discovered that thecaduction of the tag disrupted the function
of the protein, as confirmed by the damage toleraamd induced mutagenesis phenotype of a
mutant strain of M. smegmatiscarrying C-terminally tagged ImuB. This observation
accentuated the importance of the C-terminus oBlrand suggested that the tag interfered
with one or more interactions between ImuB and gpinetein/s that are essential for function
of the mutasome. Switching the tag to the N-termimlso resulted in a loss of ImuB
function. The reason for this observation is ungléat could include interference with
processes such as post-translational modificaoalogous to that observed for UmubD.
Studies have shown that there is competition betwwke RecA/ssDNA-mediated and Lon-
mediated degradation of UmuD products (Gonzafeal, 1998; Patekt al, 2010). These
two degradation processes play a vital role bectusdrecA/ssDNA degradation provides
the processed UmuD for TLS whereas the Lon/ClpXgtatiation degrades the protein when
not required by the cell, thus keeping the leveimitagenically active UmuD’ protein at a
minimum. Both degradation mechanisms occur on tkheridinus of UmuD removing 24
amino acids. Introduction of a phleyomycin resisgamprotein (PRP) at the N-terminus of
UmuD indicated that the Lon degradation site idimithe N-terminal region of the protein.
In this study, the wild-type PRP itself was stableen assayed in a wild-type background,
but when fused to UmuD, the PRP-UmuD fusion proteas unstable as it was rapidly
degraded (Gonzaleet al, 1998). Taken together with the idea that ImuB hafunction
similar to UmuD, it is tempting to speculate thatroduction of a tag on the N-terminus of

ImuB may have disrupted posttranslational procegssihit occurs. Therefore, a high priority
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for future work will be to test the hypothesis thiauB undergoes post-translational

modification.

As an alternate strategy for the pull-down expenmdémuA’ was tagged instead. In this
case, N-terminal tagging of ImuA’ did not affecs ifunction. However, the tagged protein
could not be detected by Western blotting using-RIbAG antibody in extracts oM.
smegmatisells that had been exposed to UV irradiationsTmoblem is probably due to the
low level of expression of ImuA’ even after damagduction (Warneet al, 2010), which
would reduce the sensitivity of the pull-down assénfortunately, the one pull-down
experiment that was attempted using this proteins wet successful, with heavy
contamination with antibody being one technicalbpea that could potentially addressed
using a more gentle elution methaag, with free FLAG petide), and low sensitivity bgin

another.

A further challenge with regards to the pull-dowssay is the time at which cells can be
harvested for protein extraction as studie€incoli have shown that the SOS response is
dynamic at a molecular level. Two studies havekdéabat promoter activity of LexA-
repressed promoters as a measure of the dynamite &OS response (Friedmahal,
2005; Shimonket al, 2009). The first monitored promoter activityretA lexAandumuDC
using a low-copy reporter plasmid in which the potens were fused tgfp gene. On the
basis that the rate of accumulation of GFP in &isgbroportional to the rate of transcript
production from the promoter, the authors foundt ttinee response to DNA damage in
individual cells is highly structured: the damagmdll accurately times and synchronizes the
repair process, it allows temporal activation ofimas promoters to efficiently repair the
damage by modulation of the level LexA represstiis Therefore limits the response level,

thereby avoiding damage response that is too higardy stages (Friedmaat al, 2005).

The second study also looked at promoter activitieoA and concluded that predicting the
dynamics of regulatory systems suggests a stochasther than deterministic process
(Shimoniet al, 2009). Harvesting the cells at 1 h post DNA dagnags taken from a study
that identified the pattern of RecA expression iycaobacteria as a measure of induction of
the SOS response {Papavinasasundaram, 2001 #XP#}is| study the authors have shown
that in M. smegmatighere are detectacle levels of RecA protein atdbst treatment with
MMC. Both these studies show that the SOS respisrygamic and complex such that the
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time at which cells should be harvested for proitraction is a challenge for pull-down

experiment.

Trying to identify other proteins that associatéhwicomponents of) the mutasome using
ImuA’-mediated pull-down is challenging in that #® ImuB and ImuA’ are all required

for function of the mutasome, and based on Y2Hyasg| may have to interact at some point
for DNA damage survival as well as induced mutagen® occur. However, it still remains

to be determined when these proteins interact guhis dynamic process, which may also
involve post-translational maodification. In otheomds, do these (and other) proteins interact
with one another simultaneously, or is there a tmalporder of interactions? Therefore, the
time at which the proteins are extracted for pnotecanalysis could have a major influence

on the outcome of a pull-down assay using oneefiiitasome components as bait.
4.4 Heterologous expression of DnaE2 accessory pgots, ImuA’ and ImuB

The expression of recombinant forms of ImuA’ anduBnin E. coli suitable for purification
turned out to be very challenging. Of the exprassistem tested, the most promising results
were obtained using the pMAL-c2 system, which aldwmuB and ImuA’ to be expressed
in E. coli as N-terminal MBP fusions. However, in both cadbe, majority of the fusion
protein was found in the insoluble fraction. Amydaatfinity chromatography was used in an
attempt to purify MBP-ImuA’” and MBP-ImuB proteinsofn the soluble fraction dE. coli
cell extracts. However, the peak fractions thategldrom the affinity column were relatively
impure, and contained many contaminating protePreliminary data suggest that ion
exchange chromatography could be used to furthefypghe MBP-ImuB protein; however,
this remains to be confirmed. Proteins with disoederegions, such as ImuB, are known to
be prone to aggregate or express in inclusion Bdatierefore making it an enormous task to
find appropriate in vitro conditions to obtain #cient quantities in a soluble form, suitable
for downstream processing (Goldstogieal, 2008; Noenst al, 2011). Various strategies
have been employed to improve the production oblpraatical recombinant proteins. For
example, proteins with disordered regions are jpastied and maintained in soluble form in
complex with their partners. An attempt was theefmade to co-express ImuB and ImuA’
using the pETDuet system (Novagen), but this wassnocessful (data not shown). There
have also been studies that show improve expresdionycobacterial proteins i&. coli,

such as DprE1, when co-expressed with chaperoossdr coli (GroES) andM. tuberculosis
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(CPN60.2) (Batkt al, 2012). It will be worth testing whether this apgch will work for

ImuB and ImuA'’.
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5. Appendices

Appendix A: List of abbreviations

Ap
ATc
ATCC
bp
CFU

d

DNA
dNTPs
DOTS
h

HIV
Hyg
IPTG
kb

Km

LA

LB
MDR-TB
min

ml
OADC
OD600
ORF
PCR

R

RNA
Rpm

S
sdH20

TB
TDR-TB
U
XDR-TB
viv

wiv
WHO
Y2H

BD

AD

SD

Ampicillin

Anhydrotetracycline

American Type Culture Collection

Base pairs

Colony forming unit

Days

Deoxyribonucleic acid

Deoxynucleotide triphosphate

Directly Observed Therapy — Short Course
Hours

Human Immunodeficiency Virus
Hygromycin
Isopropyl-beta-D-thiogalactopyranoside
Kilo base pair

Kanamycin

Luria-Bertani agar

Luria-Bertani broth

Multidrug-Resistant Tuberculosis
Minutes

Mililitre

Oleic acid-albumin-dextrose-catalase
Optical density at 600 nanometre wavelength
Open reading frame

Polymerase Chain Reaction

Resistant

Ribonucleic acid

Revolutions per minute

Seconds

Sterile distilled water

Tuberculosis

Totally Drug Resistant Tuberculosis
Units

Extensively Drug Resistant Tuberculosis
Volume per volume

Weight per volume

World Health Organization

Yeast two hybrid

Binding domain

Activation domain

synthetic drop-out

tryptophan

leucine

histidine

Adenine

Gene encoding imidazoleglycerol-phosphate dehysieata
Gene encoding phosphoribosylaminoimidazole carlaseyl



lacZ
attB
SD

Gene encodin@-galactosidase
tRNA®Y attachment site
Synthetic Drop out medium
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Appendix B: Culture media and solutions
Culture media

All media was made up in one litre de-ionized waited except otherwise stated sterilized by
autoclaving (121°C for 20 mins).

Luria-Bertani Broth (LB)

5g yeast, 10 g tryptone, 10 g sodium chloride
Luria-Bertani Agar (LA)

5 g yeast, 10 g tryptone, 10 g sodium chloride, ddar

2TY
5g sodium chloride, 10g yeast extract, 16g tryptone

Middlebrook 7H9

2 ml glycerol, 4.7g Difc8” Middlebrook 7H9 broth
Middlebrook 7H10

5 ml glycerol, 19 g Difc8" Middlebrook 7H10 agar

YPD broth

1.0 g Yeast extract, 2.0 g Peptone and 2.0 g Gducos
YPDA

YPD plus 0.15% agar both supplemented with 0.008é&hime.
Synthetic Drop out medium (SD)

6.7g Yeast nitrogen base without amino acids, @2ugose, 20 g Bacto agar and 0.2 g drop-

out mix
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Appendix C: attB PCR strategy

276 bp
e | o
attBS2 gttBS1
attB Chromosome

Allelic exchange

320 bp 282 bp
e | - L -
attBS?2 gitL4 attL2 gitBS1
attP attB  ——Slromosome

Schematic representation of the PCR strategy use@ tconfirm successful integration at
the tRNAGIy attachment site following allelic exchage
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