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Abstract

Mycobacterium tuberculosis (Mtb) is able to enter a non-culturable, dormant-like, state under
stressful conditions to evade eradication. When growth permissive conditions resume, Mtb
can exit this non-culturable state and resume active replication. Non-culturable populations
are of great interest in clinical settings as they can contribute to misdiagnoses and inaccurate
treatment monitoring. Resuscitation promoting factors (Rpfs) have been implicated as
stimulatory growth factors for resuscitation from the non-culturable state, together with their
interacting partner, Rpf-interacting protein A (RipA). In this study the resuscitation
capabilities of Resuscitation promoting factor B (RpfB) and RipA against Mtb were
evaluated. The catalytic regions of RipA and RpfB were expressed and purified and their
muralytic activity was assesed using four protein activity assays. The resuscitation
capabilities of RipA and RpfB in Mycobacterial growth indicator tube (MGIT) assays was
evaluated using carbon starvation-derived non-culturable Mtb from the laboratory strain
(H37Rv). It was observed that RipA and RpfB supplementation was able to stimulate the
resuscitation of non-culturable, carbon-starved H37Rv, significantly decreasing its time-to-
positivity (TTP) in MGIT assays compared to un-supplemented MGIT media. Upon
investigating clinical strains of Mtb, no significant reduction in TTP of non-culturable,
carbon-starved Beijing and LAM isolates was reported. Supplementation of RipA and RpfB
in MGIT assays to improve the detection of clinical isolates of Mtb and enhance their TTP
was evaluated using a South African cohort of 30 sputum specimens. Overall RipA and RpfB
supplementation yielded no significant improvements to MGIT TTP, regardless of initial
colony forming units, patient gender, immunology or diagnostic data; however, 20% of
individual specimens did benefit from the supplementation, yielding improved TTP when
compared to un-supplemented MGITs. No significant adverse effects were observed during
supplementation and given the positive yield in some specimens, it is suggested that the

addition of RipA and RpfB could improve the detection of Mtb in clinical specimens.



Acknowledgments

I would like to thank my supervisors, Prof Bavesh Kana and Dr Julian Peters, and the
CBTBR team for their support and guidance throughout this project.

My thanks to the funding bodies, the University of the Witwatersrand, the National Research
Foundation and the German Academic Exchange Service (DAAD) for their contributions and
financial support throughout this research.

Finally, to my family and friends, the sincerest thank you will not suffice in expressing my

gratitude for the support and patience during these last 2 years. You have my appreciation
and love always.



Table of Contents

DT I - [0 DTSR RU PP i
Presentations arising from this STUY ...........cccoiiiiiiii s i
N o1 = Tod RSP STROP USRS ii
ACKNOWIBAGMENTS. ... bbb bbb \Y;
11 0] (o) O] 01 (=] USSR v
LIST OF FIQUIES ...ttt bbbttt nb ettt X
TS 0 N 1= o] [P SP S PSTRSR xii
I [T [N T ([ o OSSR PRPR PRSP 1
1.1 TUBDBICUIOSIS ..ttt bbbttt bbbttt neeneene e 1
1.1.1. The global PIAEMIC.......ccociiiieieece et ereas 1
1.1.2. DIUQ trEALMENT ...cvviie ittt st e et s e e e sab e e e st e e e nbb e e ebb e e e bbeesnbeeeas 1
IR TRV £ oTox | - L1 o S UPPPRPR PRSP 2
1.1.4. Drug reSIStANT TB ....cuveiuieiie ettt ettt te et be e s e saeenn e taesaeenbeennesreas 2
1.2, TB PatNOQENESIS. .. .cviitiiitieite ettt ettt e et e e be e be et esaaeste e s e snsesreebeeneesreas 3
1.2.1. Transmission and IMMUNE PAthOGENESIS ........cviierieriiiieieree e 3
1.2.2. Outcomes Of TB tranSMISSION.......ccueiuiireiieieseeseeieseese et sree e ee e sreeeesreesreeneesneeneeas 4
1.2.2.1. ACLIVE TB ISEASE ...c.veeieeeeeeiieiieeie e st e e eee s e te et e et esreesteeneesreesaeeneeeneenneeneeaneenreas 4
1.2.2.2. ELMINALION.......eiiiitieiieie ettt et este et et e nteesaesseesaeeneeeneesneeseaneenneas 6
1.2.2.3. Latent TB INTECHION .....ccuviiiiieieee ettt nreas 6
1.2.2.4. INCIPIENE TB ...ttt bbbttt b et b et e e 7
1.2.2.5. SUBCHNICAL TB ..ottt nreas 7
1.3. DeteCtion and DIAGNOSIS .......veeiviiiii ettt e et e e e et e e e e sreeenbeenreeenes 7
1.3.1. Detection OF QCHIVE TB ......ooiiiieiee e 7
1.3.1.1. SIMEAI MICIOSCOPY -.vuveerveereeareesteastessessteastesseesseesesseesseessesseessesssesseessesssesssessesssessessessses 8
IR TN O U] L0 TSRS U SRR UP TSRS 8
1.3.1.3. MOIECUIAI TOOIS ... e bbb nreas 9



1.3.2. DEteCtion OF IatENT T B ...t ettt e e e e e e e e e e e e e e e e eeeeenes 10

1.4. Bacterial culturability, persistence and resusCitation...........ccccecvevevverisiiese e 10
1.4.1. Different CUltUrable SEAES .........ccooiiiieiiiee e 10
1.4.2. Differentially culturable tubercle bacilli (DCTB)......cccccoevieiiiieieec e 12
1.5. Resuscitation promoting factors and their interacting partners ...........cccoccevvevevinneennene 13
1.6. The KNOWIEAQE QAP ..c.veieiiriiitiieee bbb 15
2. IMIBENOTS. ...ttt et 17
2.1. Strains and culturing CONAITIONS. .........coveiiiiiiiieieee e 17
2.2. DNA extraction and ClEAN UP........cveiieriiiiiiiiiieieieese e 18
2.2.1. Plasmid mini-prep — QIAprep Miniprep Kit........ccooeiiiiniiiiineeeee e, 18
2.2.2. Plasmid maxi-prep — Nucelobond Xtra Maxi Kit.............cccooveviiieiiieniiie e, 18
2.2.3. Ethanol preCipitation ...........cc.ciieieiieiecie s reenne e 19
P I = (T o] (o [T [=T] £SO ROS 20
2.4. Nucleic acid quantification and visualisation ..............ccccceevieiievieiic s, 20
2.4.1. Nanodrop quantification of nucleic acids (and protein) .........ccccccevvveviiieiicve e, 20
2.4.2. Agarose gel leCtrOPNOIESIS .......cc.ccviiiee e 20
2.5. Transformation of E. coli — Calcium chloride method ............cccooviiiiiiiiiiicce, 20
2.6. Protein expression and EXTraCtioN ............ccoeierirerieiienie e 21
2.6.1. Protein INAUCTION. .......oiuiiiiiiiii bbbt 21
2.6.2. Small scale protein extraction — Bacterial Protein Extraction Reagent (B-PER).......... 21
2.6.3. Cell lySis DY FIENCN PreSS ..ottt 22
2.6.4. Tag removal — TEV-0IgESTION ......cccoiiiiiiiiiiieieie e 22
2.6.5. Dialysis DUFFer EXCRAaNGE. .......ccviiiieeie e 22
2.6.6. Small scale protein purification — Zymo His-Ppin Protein Mini Prep Kit..................... 22
2.6.7. Small scale protein purification — Qiagen Ni-NTA Spin Kit.........ccccoovviiiiinniiiieniennn, 23
2.6.8. Small scale protein purification — His-Select Nickel Affinity Gel .............ccccooeiiiein, 23
2.6.9. Large scale protein purification — His-Select Nickle Affinity Gel .............cccccoeiiiein, 24

Vi



2.6.10. High Salt Wash..........ccouiiic e e 25

2.6.11. Sodium dodecyl sulphate-polyacrylamide electrophoresis gels (SDS-PAGE) ........... 25
2.6.12. SDS-PAGE gel visualisation — Coomasie R250 Staining.........cccccevvivververeerneseennenn, 26
2.6.13. Western blot — Biorad Transblot SYStEM...........ccceiieiiiiieiiecece e 27
2.7. Protein CHIVITY @SSAYS. .. .veveiuerieeieerieiestestestesieste st et e ettt be st e st se e e e e b sbe b abe e ase e 27
2.7.1. MUF-IINAG QCHIVILY GSSAY .. .ueeuveureeeieniesiesiieieeiese ettt sbe b 27
2.7.2. FITC ACHIVITY SSAY ..veuveviiiiiiiiieiieie st sttt sttt sttt s bbbt 28
2.7.2.1. M. smegmatis peptidoglycan eXtraCtion............cccoereieriiininieieesese s, 28
2.7.2.2. Peptidoglycan labelling With FITC ..., 28
2.7.2.3. FITC-Peptidoglycan Cleavage aSSAY ...........ccciurierierierieriesiiniesieeeeiesie e, 29
2.7.3. Remazol brilliant blue dye release assay ..........ccccceiveveiiieiieiecie e, 29
2.7.3.1. Cell wall labelling with remazol brilliant blue dye...........c.ccceveiieii i, 29
2.7.3.2. Remazol brilliant blue-cell wall cleavage assay .............cccevvvevieiieneiiesee e, 29
W A Y/ 1110 o o] )Y 29
2.8. Carbon Starvation @SSAY ..........c.civveiuiiieiieiieciesieeste s e ste e steerre e reenbe e sre e raesreenre e 30
2.9. IN VItro reSUSCItAtION ASSAYS .....veiveeveirieiieeieiiesteestesttesteeste e e staesae e e e sraesbesnsesaeesreensesreenee e 30
2.9.1. Most-probable number assays (MPN @SSAYS) .......c.ccvverueiieiiereiieseesie e 30
2.9.2. Colony forming units assay (CFU aSSAYS).......ccuurueirreriereriiniesieeeiese e, 31
2.9.3. Mycobacterial growth indicator tube assays (MGIT @SSaYS).......ccccrererererereriesrennenn, 31
2.9.3.1. Media supplementation of MGIT CUIUIES..........coeiiiiiiiiiiiieceee e, 31
2.10. Ethical CONSIABIALIONS .......cviiiiiiieiieieite et sttt 32
TR U || OSSR 33
3.1. Confirmation of the pETM20_RipAssz-472 and pETM11_RpfBago-362 Vectors.................. 33
3.2. Confirmation of the presence of His-affinity tags .........cccccoovririininiiieiee e, 33
3.2.1. Western blots to confirm the presence of His-affinity tags .........cccccovvviiniiniinieniennnn, 33
3.2.2. Small scale purification using the His-affinity tags.........cccooceriiiininninie e 36
3.3. Optimization of the conditions for RipA expression and purification..............cc.cccovenee. 36

vii



K J0C 00 I o] o I oT 011114 11 [0 o ISR 36

3.3.2. Imidazole OPtIMIZALION ........ccciieieiiece et 39
3.3.3. Small scale RipA purification at the optimised conditions..........c.cccccvevevverveiesiennnn, 40
3.4. Batch expression Of RIPA ...ttt sne e 41
3.4.1. Purification binding at pH 7.6 and eluting at pH 8.6...........cccoooiiiiiiie, 41
3.4.2. Salt wash to remove non-specific binding proteins and aggregates ...........c.ccooveveeennen. 42
3.4.3. ATFINItY tag rEMOVAL......cc.iiiiiiieiee e 42
3.4.4. Purification Of tagleSS-RIPA ..o 43
3.5. Optimization of the conditions for RpfB protein expression and purification ................. 44
3.5. 1. PH OPIMISAIION ...ttt bbbt 44
3.5.2. Imidazole OPtiMIZAtION ........c.coiveieiece e 45
3.5.3. Small scale RpfB purification at the optimised conditions...........c.cccccvevevieiiciecienenn, 46
3.6. Batch expression 0f RPFB .........cccvciiiiiiii e 48
3.6.1. Purification binding and eluting at pH 8.0..........cccveiieiiiic e 48
3.6.2. Salt wash to remove non-specific binding proteins and aggregates ............cccceeveeveennenn. 49
3.6.3. AFfiNity tag reMOVAL.........c.cciiiiie e 49
3.6.4. Purification of tagless RPTB .......cc.coiiiiiiiic e 50
3.7. Protein CHIVITY @SSAYS.....veivervirieiuiereeiestesteste st st st et e et st e bbbt e e e b e besbe st sbeebeeneenens 51
371 IMUFAIINAG GSSAY .. veeuveerveirieiieaiesseesieastesseesseesesseesseesseassesssesssasessseessessesseesseassessesssenns 51
B T2 FITC @SSAY ..ttt bbbt b et b et nb et beene e 52
3.7.3. Remazol brilliant blue dye release assay ..........cccocevereieniiiniiieeeee e, 54
374, ZYMOGIAPNY ..t bbbttt bbbt 54
3.8 TN VITIO @SSAYS ....veveereenieteste sttt ettt bbbttt b b bbbt et e et bbbt et 56

3.8.1. Resuscitation of starved H37Rv in liquid media with recombinant RipA and RpfB ....56
3.8.2. Resuscitation of starved H37Rv on solid media with recombinant RipA and RpfB.....57

3.8.3. Resuscitation of starved H37RV, Beijing and LAM strains with recombinant RipA and

viii



3.8.4. Resuscitation of clinical Mtb strains with recombinant RipA and RpfB....................... 58

4. DISCUSSION.....uititeiiiteitet ettt ettt ettt b bbbt e st b bt et b et b bbb nnes 63
4.1, CONCIUSION ...ttt bbbt et b bbb 69
5. SUPPIEMENTAIY FIGUIES .....eiiiieie ettt neanaennaene e 70
Appendix A: Ethics clearance CertifiCate............oouviiiiiiiiiiieeeee e 75
B, RETEIBNCES ...ttt 76



List of Figures

Figure 1.1. The spectrum of clinical TB presentations.

Figure 1.2. The spectrum of culturability.

Figure 1.3. RipA and RpfB are lytic enzymes which act on the peptidoglycan layer of the
bacterial cell wall.

Figure 3.1. Confirmation of pETM20_RipA332-472 and pETM11 RpfB280-362 vectors by
restriction digest.

Figure 3.2. Time-course induction of his-tagged RipA (25 kDa) and his-tagged RpfB (12
kDa) protein expression.

Figure 3.3. The small-scale purification of his-tagged RipA and his-tagged RpfB from the
soluble lysate of RipA and RpfB strains.

Figure 3.4. The pH optimisation of tagged-RipA purification on his-select nickel affinity gel.
Figure 3.5. Imidazole concentration optimization for his tagged-RipA purification on his-
select nickel affinity gel.

Figure 3.6. Small scale purification if his-tagged RipA on his-select nickel affinity gel at
optimal pH and imidazole concentration.

Figure 3.7. Batch purification of his-tagged RipA on his-select nickel affinity gel, binding at
pH 7.6 and eluting at pH 8.6.

Figure 3.8. High salt wash of his-tagged RipA purification elutions to minimise non-specific
binding proteins and aggregates

Figure 3.9. Time course digestion of his-tagged RipA by TEV protease at 37°C for the
removal of the TxA-His tag.

Figure 3.10. The purification of tagless-RipA on his-select nickel affinity gel.

Figure 3.11. The pH optimisation of tagged-RpfB purification on his-select nickel affinity
gel.

Figure 3.12. Imidazole concentration optimization for tagged-RpfB purification on his-select
nickel affinity gel.

Figure 3.13. Small scale purification of his-tagged RpfB on his-select nickel affinity gel at
optimal pH and imidazole concentration.

Figure 3.14. Batch purification of his-tagged RpfB on his-select nickel affinity gel, binding
and eluting at pH 8.0.

Figure 3.15. High salt wash of his-tagged RpfB purification elutions to minimise non-specific

binding proteins and aggregates.



Figure 3.16. Time course digestion of his-tagged RipA by TEV protease at 37°C for the
removal of the his-tag.

Figure 3.17. The purification of tagless-RpfB on his-select nickel affinity gel.

Figure 3.18. MUF-triNAG assay was inconclusive in establishing recombinant RipA and
RpfB muralytic activity.

Figure 3.19. Recombinant RipA and RpfB synergistic muralytic activity was established by
FITC assay.

Figure 3.20. Recombinant RipA and RpfB display antagonistic muralytic activity in the
remazol brilliant blue protein activity assay.

Figure 3.21. Zymogram demonstrating the lytic activity of recombinant RipA.

Figure 3.22. Supplementation of recombinant RipA and RpfB to MGIT cultures increased the
time to positivity of starved H37Rv.

Figure 3.23. Supplementation of recombinant RipA and RpfB did not increase the number of
resuscitated H37Rv bacilli on solid media.

Figure 3.24. Improved resuscitation of carbon-starved Mtb in MGIT assays with recombinant
RipA and RpfB supplementation is strain dependent.

Figure 3.25. Supplementation of recombinant RipA and RpfB to MGIT cultures had no
significant effect on the time to positivity of clinical isolates of Mtb.

Figure 3.26. Supplementation of MGIT assays with recombinant RipA and RpfB had no
significant effect on MGIT time-to-positivity regardless of specimen demographics,

immunology and diagnostic data.

Xi



List of Tables

Table 1. Culturing conditions for the various strain types utilised in this study

Table 2. List of strain used in this study

Table 3. SDS-PAGE gel recipes for two gels

Table 4. The demographics, immunology and original diagnostic data of the 30 clinical
specimens utilised in this study, categorised by HIV status and CD4 cell count.

Xii



1. Introduction
1.1. Tuberculosis

1.1.1. The global epidemic

Tuberculosis (TB), caused by members of the Mycobacterium tuberculosis complex
(MTBC), is a leading cause of death from a single infectious agent worldwide, claiming
approximately 1.45 million lives in 2018 alone (WHO, 2019a). The TB epidemic is most
rampant across Southeast Asia, Africa and the Western Pacific, where more than 50 % of the
estimated 10 million total global incidence cases are found (WHO, 2019a). South Africa is
particularly severely affected with approximately 300 000 incidence cases being reported in
2018 (WHO, 2019a). A significant gap is seen between the number of estimated incidences
of TB and the number of reported cases, which has been attributed to underreporting of cases,
as well as misdiagnosis. The control of TB infections is hindered by many factors, including
complex clinical presentations, delayed diagnosis, poor treatment adherence and drug
resistance (Millet et al., 2013). It is currently believed that TB is grossly under-diagnosed and
massive efforts from the stop-TB partnerships, as well as the WHO, are being directed
towards finding the missing cases. Bacteriological confirmation of diagnosed TB is an
important aim for the control of TB disease as it guarantees accurate diagnosis and
simultaneously confirms phenotypic drug susceptibility, by so doing ensuring the start of
effective treatment regimens. The increasing emergence of drug resistant TB and the
continually spreading global epidemic has created a need for new treatment strategies as well

as faster and more accurate diagnostic tools for diagnosis and treatment monitoring.

1.1.2. Drug treatment

Treatment of TB is complex and dependent on bacteriological results of drug resistance. Drug
susceptible TB is treated through a six month first-line treatment regimen. This regimen
consists of a combination therapy approach of four drugs for the first two months, which
include rifampicin (RIF), isoniazid (INH), ethambutol (EMB) and pyrazinamide (PZA). The
remaining four months of treatment known as the sterilization phase, involves the
administration of only two drugs (RIF and INH). In general, standard first-line treatment
outcomes worldwide are good with an 85% success rate being reported in 2018. This high
success rate is also observed in South Africa, with 77% of the treated cases recording a
favourable outcome (Kerantzas and Jacobs, 2017; WHO, 2019a). Despite the first-line



regimen being considered a short regimen, six month treatments are lengthy for patients thus
making adherence a significant concern and risk factor for treatment failure. The introduction
of directly observed therapy short-term (DOTS) as the standard for treatment in 1995 was
proposed as a solution to poor adherence throughout treatment; however, no advantage over
self-administration has been observed (Volmink and Garner, 2007; Karumbi and Garner,
2015).

1.1.3. Vaccination

To date only one vaccine exists to protect against TB: Bacillus Calmette Guerin (BCG).
BCG, an attenuated form of Mycobacterium bovis, is one of the most widely distributed
vaccines worldwide (McShane, 2011). The vaccine provides immunity against severe forms
of childhood TB, including TB meningitis, but protection is limited and often only lasts ten
years. Some studies now suggest that protection may surpass this, protecting for up to twenty
years; however, further investigation, particularly in higher burdened TB countries is
necessary (Aronson et al., 2004; Barreto et al., 2005; Abubakar et al., 2013; Mangtani et al.,
2014, 2018; Nguipdop-Djomo et al., 2015). BCG has been shown to be ineffective in
protecting against adult pulmonary TB and is ineffective in Mycobacterium sensitised
individuals, hence negating its use as a booster to increase immunity (Brandt et al., 2002;
Trunz, Fine and Dye, 2006; Aagaard et al., 2009; Kagina et al., 2009). Novel strategies for
protection against TB, are desperately needed, especially in high burden areas, to curb the
spread of infection.

1.1.4. Drug resistant TB

Resistance to first- and second-line TB treatments poses a considerable challenge for TB
treatment and disease surveillance. Multi-drug resistant TB (MDR-TB) strains are resistant to
the most effective first-line drugs, RIF and INH, and require second-line therapy for control
and elimination of the disease. In recent years, an increase in the detection of mono-RIF
resistance has also been observed due to the simultaneous detection of TB and RIF-resistance
using the Xpert MTB/RIF diagnosis platform (WHO, 2019a). MDR-TB is typically treated
through DOTS-plus regimen, involving eight months of intensive treatment with four drugs,
followed by continuation treatment phase for 18-20 months (WHO, 2019b). Modifications to
the recommended guidelines for MDR-TB treatment were made by the WHO in March 2019
to eliminate the use of injectables, including kanamycin and capreomycin. Currently, a fully

oral second-line regimen containing a fluoroquinolone (either moxifloxacin or levofloxacin),



bedaquiline, linezolid and one other effective agent is recommended (WHO, 2019b). Other
effective second-line agents often utilised include clofozamine, cycloserine, ethambutol,
delamanid, pyrazinamide, meropenem, ethionamide and P-aminosalicylic acid (WHO,
2019b). The success rates of DOTS-plus worldwide is only 56%, and drops even lower in
South Africa to 54% (WHO, 2019a). The poor success rate as well as the cost and adverse
effects associated with treatment of MDR-TB constitute a need for extensive further study
and innovative solutions. An alternative shorter regimen of nine to 12 months for MDR-TB
can be recommended for some patients; however, this regimen contains an injectable drug,
amikacin, and is known to be less effective in regions where resistance to drugs in the
regimen is common, including Southern Africa (Dheda et al., 2017; WHO, 2019b).

Extensive-drug resistance (XDR-TB) is resistance to RIF, INH, as well as a fluoroquinolone
and an injectable. The emergence of XDR-TB is growing worldwide and South Africa is one
of the top five counties for XDR-TB incidence (WHO, 2019a). Treatment of XDR-TB is
highly specific and considers drug susceptibility on an individual patient basis, taking into
consideration each patient’s history to create a personalised treatment plan. Despite these
efforts, treatment success is still very poor, especially in South Africa where only 39% of

patients undergoing XDR-TB treatment have a positive outcome (WHO, 2019b).

1.2. TB Pathogenesis

1.2.1. Transmission and immune pathogenesis

Mtb is transmitted in aerosolized particles, called droplet nuclei (Churchyard et al., 2017).
These 1 to 5 um particles enter susceptible individuals by inhalation and are translocated to
the alveoli, where they are engulfed by alveolar macrophages. Mtb can disrupt macrophage
maturation and fusion with the lysosome thus preventing elimination of the bacteria. The
exact mechanisms behind this are still obscure (Smith, 2003; Russel, 2011); however, recent
studies have attributed this phenomenon to Mtb nucleoside diphosphate kinase (Ndk) which
exhibits GTPase activating protein (GAP) activity towards Rab5 and Rab7, resulting in the
lack of recruitment of their respective effectors EEA1 (early endosome antigen 1) and RILP
(Rab7-interacting lysosomal protein) (Sun et al., 2010). Another mycobacterial protein that
has been implicated in phagosome-lysozyme arrest is SapM, a monoester alkaline
phosphatase that dephosphorylates PI3P9, a central player in phagosomal maturation

(Fernandez-Soto et al., 2019). Other immune response cells are then recruited by cytokines

3



and chemokines that are produced by the infected macrophages, resulting in formation of the
granuloma, which is the hallmark of TB infection. The granuloma prevents dissemination of
the bacteria and the spread of infection, but can also create a protective niche for bacterial
replication (Ramakrishnan, 2012). Most TB infections result in rapid elimination of the
bacteria within the granuloma; however, if the infection persists, the onset of active disease

can occur.

1.2.2. Outcomes of TB transmission

Five major outcomes of transmission are experienced in TB infections: elimination, latency,
incipient TB, subclinical TB and active disease. These outcomes exist as a dynamic spectrum
of disease states, in which infected individuals can alternate presentation depending on host
immunity and concurrent conditions (Pai et al., 2016; Drain et al., 2018). The disease
outcome is dependent on the immune response initiated by the bacterium. This response is
spatially organised within the granuloma, with pro-inflammatory responses contained toward
the centre of the granuloma, surrounded by anti-inflammatory response cells. Not only does
the immune response vary within the granuloma, it also varies between granulomas of the
same lung (Marakalala et al., 2016). This variation within and between granulomas effects
control of TB infections, disease progression and the presentation of disease (Marakalala et
al., 2016). The five outcomes and their characterising features are summarised in figure 1.1

below.

1.2.2.1. Active TB disease

Active disease occurs if the immune system is unable to eradicate or control the TB infection,
resulting in the clinical presentation of the disease. The bacteria survive the stress of the
granuloma and continue to replicate thus resulting in the rupturing of the granuloma. The
released bacilli are then exposed to neighbouring macrophages which they then infect, and by
so doing, propagate infection within the host. Active disease manifestations are associated
with classical clinical symptoms of TB, including a persistent cough, weight-loss, fatigue and
night sweats (Hunter et al., 2014; Pai et al., 2016). The most common manifestation of active
TB occurs in the lung (pulmonary TB) in 85% of Mtb infections; however, disease can
manifest elsewhere in the body (extra-pulmonary TB) (Farer, Lowell and Meador, 1979).
Other commonly reported manifestations include lymphatic, pleural, skeletal, central nervous
system, ocular, pancreatic, genitourinary, milliary and cerebral TB (Kandola and Meena,

2014; Ramirez-Lapausa, Menendez-Saldana and Noguerado-Asensio, 2015). In the active
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Figure 1.1. The spectrum of clinical TB presentations. The outcomes of TB transmission exist as a spectrum
of manifestations, ranging from early elimination, latent infection, incipient TB, subclinical TB and active TB
disease. Elimination of the TB infection can occur due to the innate or adaptive immune system, resulting in no
microbiological detection of the infection. Eliminated TB cannot be transmitted and displays no clinical
symptoms. The innate and adaptive response to TB infection is distinguished by immunological positivity in
diagnostic tests. Latent TB infections are not microbiologically positive but can be detected by immunological
tests. These infections have the potential for progression on the spectrum toward incipient, subclinical or active
disease. Subclinical and incipient TB both manifest asymptomatically but vary in their propensity to progress to
active disease. Incipient TB is not likely to progress in the near future and is microbiologically negative, while
subclinical TB presents microbiologically positive disease, which is likely to progress to active disease in the
near future. Active TB disease is both immunologically and microbiologically positive and can be transmitted.
Active TB presents with various clinical symptoms and requires multidrug therapy. Adapted from Pai et al.
(2016).

state, TB is transmittable through aerosolized droplets, which are expelled to the environment
during expectoration (Churchyard et al., 2017). Active TB can be separated into two classes,
primary and secondary disease, based on the time elapsed between the initial infection and
the onset of active disease. Primary active disease occurs in naive patients that progress to
active disease within five years of the initial infection. Primary infections often have
favourable outcomes (Vynnycky and Fine, 1997; Palomino, Leao and Ritacco, 2007). During
primary disease, patients are often asymptomatic and require detection by immunological
methods; however, due to low bacterial loads, diagnosis is difficult (Palomino, Leao and
Ritacco, 2007). Secondary active disease occurs in individuals who have been previously
exposed, by reactivation of latent TB infections or by re-infection with new bacilli
(Palomino, Leao and Ritacco, 2007). Clinical manifestations of secondary infections are more
severe than those in primary infections, displaying the expected symptoms mentioned

previously (Hunter et al., 2014).



1.2.2.2. Elimination

It has been demonstrated that a number of host factors play a critical role in the resistance to
TB infection thus preventing the establishment of infection and leaving no trace of exposure.
These individuals, termed innate resistors, do not establish infection due to bacterial
eradication at the site of infection by the innate immune system, without the initiation of an
acquired immune response (Simmons et al., 2018). However, once infection has been
established, elimination can occur if the bacteria are eradicated by either the host immune
system or with anti-tuberculosis drugs. Complete eradication of the bacteria occurs within
two to eight weeks of infection due to the development of an effective cell-mediated immune
response. This causes the granuloma to become caseating and necrotic. Most bacilli are
unable to survive this necrotic environment and are eliminated (Schluger and Rom, 1998;
Frieden et al., 2003; Ahmad, 2011). Individuals who have cleared the infection are still
immunologically positive and can be identified through skin tuberculin tests (Frieden et al.,
2003; Ahmad, 2011).

1.2.2.3. Latent TB infection

Latent TB infection (LTBI) occurs if the infection does not progress to active disease and a
balance between the host and pathogen is achieved. No clinical or microbiological symptoms
of active disease are observed, therefore diagnosis of LTBI is reliant on immunological tests
(Dheda, Barry and Maartens, 2016; Drain et al., 2018). The physiology of the bacteria during
LTBI is still unknown. Individuals who are latently infected have a 5 to 15% risk of
progressing to active disease within their lifetime. Many risk factors can influence the
progression from latency to active disease, including HIV-co-infection, silicosis, close
contact with TB-infected individuals, malnutrition, smoking, diabetes, aging, immune
suppression therapy and therapy with tumor-necrosis factor alpha blockers (Lonnroth et al.,
2010; Ai et al., 2016). Research to identify specific biomarkers of higher risk individuals is of
great interest and would benefit the detection of cases that need preventative therapy. A
sixteen gene transcriptome risk signature from whole blood was identified by Zak et al. to
distinguish individuals that were progressing to active disease up to two years before they
were diagnosed (Zak et al., 2017). This risk signature was further validated in a recent study
which identified whole blood transcriptional changes, plasma protein changes, and changes in
the peripheral blood cell subsets prior to progression to active disease (Scriba et al., 2017).

Monitoring of these biomarkers in high risk areas and in individuals with close contact to TB-



infected individuals may assist in early identification of active TB infections, allowing for

faster treatment initiation and better disease outcomes.

1.2.2.4. Incipient TB

Incipient TB disease occurs if the infection does not progress to active disease but is expected
to progress in the near future. Similarly to LTBI, no clinical or microbiological symptoms of
active disease are observed in incipient disease. The bacteria in this state are thought to be
metabolically active, indicative of the impending progression to active disease and replication
(Drain et al., 2018). Incipient TB can be detected using immunological tests; however, these
tests cannot provide any indication of the risk of progression to active disease (Rangaka et
al., 2014). In these cases, radiological detection may be a useful tool in monitoring the

progression to active disease.

1.2.2.5. Subclinical TB

Subclinical TB disease occurs if the infection does not progress to active disease or present
any symptoms of active TB, but does induce other abnormalities that can be detected
microbiologically (Drain et al., 2018). Subclinical disease is defined as asymptomatic disease
associated with either radiological or microbiological confirmation of TB. The bacilli are
metabolically active and induce an immune response, and therefore can be detected using
similar immunological tests to active TB, despite discrepancies in the sensitivity of these
tests. It is unclear whether sub-clinical TB also mimics active disease in infectiousness, as TB
in this state can possibly lead to the formation of infectious aerosols (Dowdy, Basu and
Andrews, 2013). It is believed that TB disease can alternate back and forth between
subclinical disease, incipient disease and LTBI states many times before finally progressing
fully to active TB disease (Drain et al., 2018).

1.3. Detection and Diagnosis

1.3.1. Detection of active TB

Active TB is detected and diagnosed by X-rays, PET/CT imaging scans, smear, culture and
molecular microbiological tests, including the widely used GeneXpert tool. Imaging tests are
often used for screening, and microbiological tests for confirmation of infection (Pai et al.,
2016).



1.3.1.1. Smear microscopy

Smear microscopy is one of the most common diagnostic tools utilised in low- and middle-
income countries for the detection of TB, due to its low cost, fast turnaround time and ease of
use (Hanscheid et al., 2007; Ryu, 2015; Caulfield and Wengenack, 2016). Microscopy has
low sensitivity as a diagnostic tool, requiring a minimum of 5000 to 10000 bacilli per ml of
specimen for a positive result. This is a significant disadvantage for individuals with low
bacterial loads, including HIV-infected individuals, where false negative diagnoses are a risk
(Getahun et al., 2007; Palomino, Leao and Ritacco, 2007). The most common techniques
used for smear microscopy are conventional Ziehl-Neelson microscopy and fluorescent
auramine microscopy. Variable sensitivity of smear microscopy has been reported as a
limitation of this technique in diagnostic settings; however, this can be improved with
decontamination and concentration of the specimen (Gomes, Saad and Stirbulov, 2003;
Getahun et al., 2007; Palaci et al., 2007).

1.3.1.2. Culture

Culture based diagnostics are the gold standard for TB diagnosis. Culture is more sensitive
than smear microscopy and requires a minimum of ten to 100 viable bacilli per ml of
specimen for a positive result (Colebunders and Bastian, 2000; van Zyl-Smit et al., 2011).
The major limitation of culture is the lengthy turnaround time of up to eight weeks, due to the
slow growing nature of Mtb (Ryu, 2015). The lengthy time to diagnosis is worsened in HIV-
positive individuals where bacterial loads are generally low (Johnson et al., 1998). Culturing
was traditionally performed on solid media, either Lowenstein-Jensen or Middelbrook
7H10/7H11; however, automated liquid culturing systems are now commonly used and
provide convenience, greater ease of use and minimise human error in the interpretation of
results. These automated systems detect changes in gas pressure, carbon dioxide production
and oxygen consumption during bacterial growth. An example of one such system is the
BACTEC MGIT 960 system (Becton Dickinson Diagnostic Systems), which utilises an
oxygen-quenched fluorochrome for the detection of active growth. As oxygen is utilised
during growth, inhibition of the fluorochrome is removed, resulting in a detectable
fluorescent signal. Automated culturing systems can now also be adapted for drug-
susceptibility testing by the addition of known concentrations of trial drugs and monitoring
growth under these conditions (Said et al., 2012; Siddiqi et al., 2012; Isaeva et al., 2013; Kim
et al., 2013; Zhao et al., 2014). A drawback of these automated culturing systems, including
BACTEC MGIT 960, is their inability to distinguish Mtb from other aerobic organisms.



Culturing therefore needs to be used in conjunction with molecular tests which allow for
speciation (Pfyffer and Edition, 2015; Caulfield and Wengenack, 2016).

1.3.1.3. Molecular tools

Molecular tests are able to detect Mtb DNA, metabolites and cell wall products for the
diagnosis of TB without necessarily isolating the whole organism. These include nucleic acid
hybridization probes, line probe assays, DNA sequencing and mass-spectrometry (Anochie et
al., 2012; Ceyssens et al., 2017). Molecular tests have a faster turnaround time compared to
culture-based tests because they can be performed directly on sputum specimens; however,
they cannot distinguish between living or dead bacilli and are therefore not useful for
treatment monitoring (Moore, Guzman and Mikhail, 2005). Molecular diagnostic tests also
allow for the detection of genetic mutations inferring phenotypic resistance to first-line
antibiotics. Some common molecular tests include the Hain MTBDRplus line probe assay
(Hain Lifescience), GeneXpert (Cepheid) and the amplified Mtb direct test (Hologenic Gen-
Probe). GeneXpert is the most common molecular test that is used as a point-of-care
diagnostic in South Africa. GeneXpert performs DNA extraction and amplification by
polymerase chain reaction inside a closed cartridge in a semi-quantitative manner, in
conjunction with the detection of rifampicin resistance through rpoB gene mutations
(Boehme et al., 2010; Helb et al., 2010). The closed system minimises contamination and is
simple to perform with a rapid turn-around time of 2 hours. The sensitivity of GeneXpert is
good, requiring 131 bacilli per ml for detection (Helb et al., 2010; Theron et al., 2011). The
sensitivity of GeneXpert in the detection of Mtb in smear negative specimens varies, with
studies reporting contradictory results of 70% and 28% (Boehme et al., 2010; Lawn and
Nicol, 2011; Sohn et al., 2014). In recent years, the introduction of the GeneXpert Ultra
cartridge has allowed for greater sensitivity and accuracy in the detection of TB and RIF
resistance (Chakravorty, Simmons, et al., 2017). South Africa is currently the only high
burden country utilising this improved tool for the initial diagnosis of TB (WHO, 2019a).
Despite its success as a diagnostic tool worldwide, GeneXpert cannot completely replace
culturing as the gold-standard for TB diagnosis as it does not determine bacterial viability and
currently only detects genetic resistance to RIF. PCR-based assays for the detection of
multiple drug resistance genes are being investigated and will likely be similar to the assay
developed by Chakravorty et al., which detects mutations which infer resistance to INH,

fluoroquinolones and amikacin (Chakravorty, Roh, et al., 2017). Culturing and molecular



tests each provide important information regarding detection, drug susceptibility and

resistance, and treatment response, and are therefore used in conjunction for diagnosis.

1.3.2. Detection of latent TB

LTBI is diagnosed by ruling out active TB infections, as immunological tests are unable to
distinguish between these two states (Pai et al., 2016). Active TB is excluded based on the
absence of clinical symptoms in adult and paediatric patients, as well as negative
bacteriological results for adult patients. LTBI is commonly detected using two
immunological tests: tuberculin skin tests (TSTs) and interferon gamma release assays
(IGRAS). TSTs are the most commonly used screening test which assess pre-sensitization to a
purified protein derivative of Mtb known as tuberculin. Skin tests are low cost and simple to
administer; however, cross-reactivity with BCG vaccinations can occur, resulting in false
positive results (Farhat et al., 2006; Mahomed et al., 2011; Nayak and Acharjya, 2012).
IGRASs are in vitro blood tests which assess the response to Mtb antigens by measuring
interferon-gamma levels (Pai et al., 2014). Despite the improved specificity over TSTs,
IGRAs are less commonly used due to higher costs and the expertise required to perform the
test. A significant challenge in the diagnosis of LTBI is the lack of knowledge surrounding
the physiology of bacteria in this state. It is believed that latent bacteria are differentially
culturable and do not replicate as active TB populations do, making these populations
difficult to detect.

1.4. Bacterial culturability, persistence and resuscitation

1.4.1. Different culturable states

Bacteria encounter various adverse environments which do not favour growth, including
extreme temperatures, desiccation, non-optimal pH and salinity, radiation, nutrient
deprivation and synthetic antimicrobial exposure (Dworkin and Shah, 2010; Lennon and
Jones, 2011; Setlow, 2014). To survive these stresses, bacteria can enter a reversible non-
replicative state that is characterised by reduced metabolism, often termed dormancy. This
state allows bacteria to be less susceptible to these stresses while conserving energy for the
resumption of more favourable environmental conditions, where they can reactivate and
continue replicative growth (Kell and Young, 2000; Jones and Lennon, 2010; Lennon and
Jones, 2011). Bacteria are also able to enter these non-replicative states spontaneously, as a
safeguard against stochastic stresses (Avery, 2006; Gardner, West and Griffin, 2007). In

sporulating bacteria, such as Bacillus and Clostridium species, dormant states are achieved
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through asymmetrical division to produce an inactive daughter cell, termed a spore. This
spore is biologically resilient and has a distinct hardy protective coat of glycoproteins which
protects it from various environmental stress (Setlow, 2007; Dworkin and Shah, 2010). In
non-sporulating bacteria, such as Mycobacterium species, dormant states are less
morphologically distinct. Two dormant-like states in mycobacteria have been identified:
persisters and viable but not culturable (VBNC) cells (Li et al., 2014; Maisonneuve and
Gerdes, 2014).

Persisters are bacteria which have an increased tolerance for antimicrobials without any
identifiable genetic resistance mechanisms (Lewis, 2007, 2010). Persister populations form a
small percentage of the total bacterial population. During antibiotic stress, the susceptible
portion of the population is eradicated, but the tolerant persister population survive and
restore the population once the antibiotic is removed (Lewis, 2007, 2010; Lennon and Jones,
2011). VBNC cells, also called quiescent cells, are similar to persisters in also having no
identifiable genetic mechanisms of resistance but display reduced culturability under standard
laboratory conditions. The distinguishing characteristic between these dormant-like
populations is how they re-emerge from the dormant-like, non-culturable state. Persisters are
able to spontaneously emerge after a stress has been removed, while VBNC cells require
additional time and supplementation to regain culturability (Ayrapetyan et al., 2015;
Ayrapetyan, Williams and Oliver, 2015). It has been suggested that due to the similarity of
these two states, they may not be distinct from each other but rather form a spectrum of non-
replicating states (figure 1.2) (Ayrapetyan et al., 2015; Ayrapetyan, Williams and Oliver,
2015).

Active <«—— > Persisters «—» VBNC <«——» Dormant

Culturable bacteria Spontaneously Require additional Not culturable
which are emerge once stress time or bacteria with
metabolically is removed. supplements to reduced (not lost)
active Bacteria have regain culturability. metabolism
reduced Bacteria have
metabolism reduced
metabolism

Figure 1.2. The spectrum of culturability. Under stressful conditions, bacteria are able to enter a reversible,
dormant state in which they are less susceptible to stress and able to survive. Once growth permissive conditions
resume, bacteria can regain culturability and resume active growth. Bacteria can alternatively enter intermediate
dormant-like culturability states, acting as Persisters or viable but not culturable (VBNC) cells. Persister cells
can spontaneously resume active growth after a stress is removed, while VBNC cells take longer periods of time
to resume growth and often require supplements.
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Non-culturable, non-replicating, dormant-like cells can exit this state and regain culturability
spontaneously or in response to environmental cues in a manner similar to quorum sensing
(Lennon and Jones, 2011). The most popular theory for reactivation is the scout cell
hypothesis (Epstein, 2009; Buerger et al., 2012b, 2012a). It is hypothesised that bacterial
populations consist of both dormant-like and replicating cells; however, dormant-like cells
dominate the population. A few of these non-replicating cells will spontaneously resuscitate
from the dormant-like state and become scouts for favourable environmental conditions. If
conditions are unfavourable for growth, the scout will die and the population will remain
predominantly dormant-like, but if conditions are growth permissive, the scout will signal the
dormant population to resuscitate and proliferate, which will transition the population to
predominately actively replicating cells (Epstein, 2009; Buerger et al., 2012a, 2012b;
Gengenbacher and Kaufmann, 2012). A portion of the population will still remain in the
dormant-like state as persisters, regardless of the conditions permitting. These tolerant
persister populations have been identified in specimens from individuals with active TB

disease, and may be major contributors to LTBI and recurrent infections (Lewis, 2007, 2010).

1.4.2. Differentially culturable tubercle bacilli (DCTB)

VBNC cells have been identified in Mth sputum populations and were termed differentially
culturable tubercle bacilli (DCTB) (Chengalroyen et al., 2016). These bacilli are unable to
grow under standard laboratory conditions without supplementation with additional growth
factors; however, they are able to emerge in the presence of a myriad of documented growth
supplements, including culture filtrates (CFs) from growing bacteria, recombinant
resuscitation promoting factors (Rpfs), free fatty acids and cell wall hydrolysis products (Sun
and Zhang, 1999; Shleeva et al., 2002, 2013; Wu et al., 2008; Mukamolova et al., 2010;
Huang et al., 2014; Kolwijck et al., 2014; Nikitushkin et al., 2015; O’Connor et al., 2015;
Chengalroyen et al., 2016). These populations have been identified in specimens from
individuals with active TB disease prior to the initiation of treatment, with dependency on
different supplements varying between bacterial populations (Shleeva et al., 2002;
Mukamolova et al., 2010; Chengalroyen et al., 2016). DCTB populations are of great interest
as they are thought to be key players in drug tolerance, LTBI and relapse (Ayrapetyan,
Williams and Oliver, 2015). The reduced culturability of DCTB populations under standard
laboratory conditions creates a challenge for diagnostics and may result in a gross
underestimation of the extent of infection and over-estimation of the success of treatment.

Promoting the resuscitation of DCTB in diagnostic culturing assays may shorten the
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turnaround time for culture diagnostic tests, as well as allow for the detection of previously

unobserved populations.

1.5. Resuscitation promoting factors and their interacting partners

Rpfs are muralytic enzymes that were first identified in Micrococcus luteus, and
demonstrated the ability to stimulate the resuscitation of non-culturable bacteria
(Mukamolova et al., 1998). The single Rpf in Mi. luteus displays activity similar to that of
lysozyme and is believed to have dual biological activity as a growth cytokine and
resuscitation-stimulatory molecule. Mi. luteus Rpf has a 75 amino acid residue N-terminal
domain, termed the ‘Rpf domain” which contains a c-type lysozyme fold thus hinting at the
mechanism of action of this protein (Cohen-Gonsaud et al., 2004). This Rpf, which is
essential for growth in vitro, can resuscitate non-culturable Mi. luteus, as well as several
mycobacterial species, including Mtb, M. avium, M. bovis and M. kansasii (Mukamolova et
al., 1998). Following this work in Mi. luteus, Rpfs have been identified, by sequence
homology, in other Actinobacteria, including M. tuberculosis, Mycobacterium smegmatis,
and several Streptomyces species. The 75 residue catalytic-Rpf region has been highly
conserved across all these species. (Mukamolova et al., 1998; Cohen-Gonsaud et al., 2004).
Despite its c-type lysozyme fold, Mi. luteus Rpf, lacks the critical asparagine residue for c-
type lysozyme activity and is thought to act as lytic transglycosylase (Nikitushkin et al.,
2015).

Mtb encodes five Rpfs: RpfA, RpfB, RpfC, RpfD and RpfE. These enzymes have all been
shown to be dispensable for growth in vitro both individually and in combination (Downing
et al., 2004, 2005; Tufariello, Jacobs and Chan, 2004; Kana et al., 2008). All five Rpfs are
expressed at different levels at different growth phases and are regulated independently of
each other (Mukamolova, Turapov, Young, et al., 2002; Gupta, Srivastava and Srivastava,
2010). Each Rpf can be distinguished from its family members by its respective amino- and
carboxy-terminal regions. The functional impact of the different regions however requires
further investigation (Mukamolova, Turapov, Young, et al., 2002). A functional hierarchy is
observed in this family of enzymes, with RpfB and RpfE ranking above the other enzymes
(Kana et al., 2008). Mtb lacking both RpfB and RpfE display delayed colony formation,
increased sensitivity to SDS, a cell wall damaging agent, and decreased growth and
persistence during mouse infections (Downing et al., 2005; Kana et al., 2008). These effects

can be corrected by the reintroduction of either RpfB or RpfE. This hierarchy of Rpfs appears
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to not be maintained in other mycobacterial species, evidenced by the higher ranking of RpfA
and RpfB in M. smegmatis (Ealand et al., 2018). M. smegmatis strains lacking both RpfA and
RpfB display altered colony morphology and biofilm formation, as well as increased
sensitivity to RIF, vancomycin and SDS, which can be corrected by the complementation of
these genes (Ealand et al., 2018).

RpfB from Mtb in particular has been identified as important for reactivation from dormancy
and non-culturable states, as well as in virulence and survival during mouse infection
(Tufariello, Jacobs and Chan, 2004; Kana and Mizrahi, 2010). RpfB displays structural
similarity to soluble lytic transglycosylases (SLTs) in Escherichia coli, despite its c-type
lysozyme fold, and is therefore likely to perform a similar function to lytic transglycosylases
(Cohen-Gonsaud et al., 2004). It has been shown that RpfB cleaves the glycosidic bond
between N-acteyl-muramic acid and N-actyl-glucosamine in the sugar backbone of
peptidoglycan (figure 3.1.) (Cohen-Gonsaud et al., 2005; Ruggiero et al., 2009). RpfB does
not act alone and has been shown to interact with a partner L,D-endopeptidase, Rpf-
interacting protein A (RipA). RipA possesses a c-terminal domain homologous to the p60
family of hydrolases and cleaves within the peptidoglycan stem peptide, between the D-
glutanyl-meso-diaminopimelic acid residues (figure 1.3.) (Brennan, 2003; Hett et al., 2007,
2008). Homologues of RipA have been identified in Streptomyces, Corynebacterium,
Nocardia, Frankia, Rhodococcus and Clostridium species, all of which conserve the catalytic
c-terminal domain (Hett et al., 2007). RipA has also been shown to act on peptidoglycan
from various organisms, including Mi. luteus, E. coli, M. smegmatis and Streptomyces
(Anantharaman and Aravind, 2003; Pilgrim et al., 2003; Sassetti, Boyd and Rubin, 2003).
This protein also localises to the septum and cell poles during bacterial growth and division
(Hett et al., 2007). RipA and RpfB have been shown to hydrolyse peptidoglycan and by so
doing signal the resuscitation of non-culturable M. smegmatis (Nikitushkin et al., 2015). It is
suggested that the interaction of RipA and RpfB may result in structural changes in RipA that
activate the enzyme for its hydrolytic function (Ruggiero, Marasco, et al., 2010; Ruggiero,
Squeglia, et al., 2010). The product of RipA and RpfB joint hydrolysis is N-
acetylglucosaminyl-s-N-acetyl-1,6-anhydromuramoyl-L-ananyl-D-isoglutamate (anhydro-
GMDP) which has also been observed to possess resuscitation capabilities in M. smegmatis
(Nikitushkin et al., 2015).
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Figure 1.3. Function of RipA and RpfB as lytic enzymes that cleave the peptidoglycan layer of the
bacterial cell wall. Peptidoglycan consists of alternating sugars, N-acetyl-glucosamine (NAG) and N-acetyl-
muramic acid (NAM), cross-linked by stem peptides. Stem peptides are built from alanine (ala), meso-
diaminopimalate (DAP) and glutamine (glu) residues. Peptidoglycan is cross-linked by 3-3 and 3-4 crosslinks
between two DAP residues or between DAP at position 3 and Ala at position 4 of the stem peptide. Rpfs cleave
between the sugar residues of the backbone, while RipA cleaves within the stem peptide.

1.6. The knowledge gap

The resuscitation capabilities of RipA and RpfB on M. smegmatis have been investigated
previously; however, the capabilities of these enzymes to resuscitate M. tuberculosis in
combination requires further investigation. Several studies have investigated methods of
resuscitation in routine diagnostic tests with the intention of improving the diagnostic turn-
around time by shortening the time to detection and also allowing for the detection of non-
culturable organisms. These studies have shown that supplementation with CF from actively
growing Mtb, as well as recombinant Rpfs, allows for increased detection of Mtb in sputum
(Sun and Zhang, 1999; Wu et al., 2008; Mukamolova et al., 2010; Huang et al., 2014;
Kolwijck et al., 2014; O’Connor et al., 2015). No work to date has investigated the effect of
RipA and RpfB supplementation in combination on the time-to-detection of Mtb in MGIT
diagnostic assays specifically. This MSc aims to fill this gap and evaluate whether
supplementation with recombinant RipA and RpfB could stimulate the resuscitation of non-
culturable Mtb and reduce the time to detection. It was hypothesised that the supplementation
of recombinant RipA and RpfB would stimulate resuscitation and promote the growth of Mth

from the non-culturable state, thereby shortening the time to detection in MGIT assays.
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The specific objectives were to:

e Optimise the expression and purification of recombinant RipA and recombinant RpfB
on small and large scale

e Assess the muralytic activity of recombinant RipA and RpfB in in vitro protein
activity assays

e Generate non-culturable Mtb in an in vitro nutrient starvation model

e Assess the resuscitation capabilities of recombinant RipA and RpfB on in vitro
generated model non-culturable Mtb in MGIT assays

e Assess the resuscitation capabilities of recombinant RipA and RpfB on Beijing and
LAM strains of Mtb passaged from patient specimens in MGIT assays

e Assess the resuscitation capabilities of recombinant RipA and RpfB on Mtb in patient

specimens in MGIT assays
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2. Methods

2.1. Strains and culturing conditions

Various E. coli, M. smegmatis and Mtb strains were utilised in this study. The culturing

conditions used to grow each strain are listed in table 1. below. All the strains utilised in this

study are listed in Table 2 below.

Table 1. Culturing conditions for the various strain types utilised in this study

Organism Culture media Culture conditions

E. coli Luria-Bertani broth (LB) and Luria-Bertani | 37°C for all cultures, shaking at 100 rpm for
Agar solid media (LA) (Sigma) liquid cultures

M. smegmatis Difco 7H9 liquid media (BD) supplemented | 37°C for all cultures, shaking at 100 rpm for
with glucose salts and Tween 80 and BBL liquid cultures
7H10 solid media (BD) supplemented with
glucose salts

Mtb Difco 7H9 liquid media (BD) supplemented | 37°C, without shaking, for all cultures

with OADC and Tween 80, Dfico 7H9 (BD)
supplemented with 13.5 g noble agar
(Sigma) per litre, and BBL 7H11 solid
media (BD) supplemented with OADC

Table 2. List of strain used in this study

Strain name Organism Description

DH5a E. coli E. coli strain with multiple mutations for increased transformation
efficiency

DH5a_RipA E. coli DH5a containing the pETM120_RipA vector

DH5a_RpfB E. coli DH5a containing the pETM11_RpfB vector

BL21 DE3 E. coli E. coli strain with multiple mutations for increased protein expression

RipA E. coli BL21 DE3 strain containing the pETM20_RipA vector

RpfB E. coli BL21 DE3 containing the pETM11_RpfB vector

Mc?155 M. smegmatis M. smegmatis laboratory strain mutated for high frequency transformations

H37Rv Mtb Mtb laboratory strain

Beijing Mtb Mtb strains isolated from clinical sputum samples and passaged in the lab,
confirmed as Beijing strain by spoligotyping

LAM Mtb Mtb strains isolated from clinical sputum samples and passaged in the lab,
confirmed as LAM family strain by spoligotyping
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2.2. DNA extraction and clean up

2.2.1. Plasmid mini-prep — QlAprep Miniprep kit

The QIAquick Miniprep kit (Qiagen) was used for small-scale extraction of plasmid DNA
from E. coli. A single colony of the desired strain was harvested from a LA plate and
inoculated into 5 ml of LB broth. This culture was grown overnight at 37°C with shaking at
100 rpm. The 5 ml culture was used for the plasmid DNA extraction, as per the
manufacturer’s instructions. All the steps were performed at room temperature. Briefly, cells
from 5 ml of culture were centrifuged at 6 800 x g for 3 minutes. Cells were then re-
suspended in 250 ul Buffer P1 (50 mM Tris-HCI pH 8.0, 10 mM ethylenediaminetetraacetic
acid (EDTA), 100 pg/ml RNAse A) and transferred to a 1.5 ml eppendorf tube. To the cell
suspension, 250 pl of Buffer P2 (200 mM sodium hydroxide, 1% (w/v) sodium-dodecyl
sulphate (SDS), Lyseblue pH indicator) was added and the tube was inverted five times to
mix, turning the suspension blue in colour. To neutralise the reaction, 350 ul of Buffer N3
(proprietary and confidential) was added and the tube was inverted five times to mix, turning
the suspension colourless. To separate the soluble cell lysate from cellular debris, the
suspension was centrifuged at 12 470 x g for 10 minutes. To extract the DNA, 800 pl of the
soluble lysate was applied to the QIAprep 2.0 spin column. The column was centrifuged at
12 470 x g for 1 minute, allowing the DNA to bind to the column, and the remaining lysate
was discarded as flow through. The DNA-bound column was washed with 500 pl Buffer PB
(proprietary and confidential), centrifuged at 12 470 x g for 1 minute and the flow through
discarded. A second wash was performed by adding 750 pl of Buffer PE (proprietary and
confidential) to the column followed by centrifugation at 12 470 x g for 1 minute and
discarding of the wash flow through. The column membrane was then dried by centrifugation
at 12 470 x g for 1 minute before placing into a clean 1.5 ml eppendorf tube for DNA elution.
A volume of 50 pl of warmed Buffer EB (10 mM Tris-HCI pH 8.5) was placed onto the
column membrane, incubated for 1 minute and centrifuged at 12 470 x g at for 1 minute.

Eluted plasmid DNA was visualised and quantitated as described in section 2.4.

2.2.2. Plasmid maxi-prep — Nucelobond Xtra Maxi kit
The Nucleobond Xtra Midi kit (Machery-Nagel) was used for large-scale extraction of
plasmid DNA from E. coli. A single colony was inoculated into 5 ml of LB and grown

overnight at 37°C with shaking at 100 rpm. This pre-culture was used to inoculate into 50 ml

of LB broth, which was incubated at 37°C until it reached an ODggo Of approximately 0.8.
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The DNA extraction was performed as per the manufacturer’s instructions, with the
following modifications. Briefly, cells were harvested by centrifugation at 4 000 x g for 10
minutes at 4°C. Cells were then re-suspended in 8 ml resuspension buffer (50 mM Tris, 10
mM EDTA, 100 pg/ml RNAse A) and mixed with an equal volume of lysis buffer (200 mM
sodium hydroxide, 1% (w/v) sodium-dodecyl sulphate) to lyse the cells. This was gently
inverted to mix, followed by incubation at room temperature for 5 minutes. The lysis reaction
was neutralised by adding 8 ml of neutralisation buffer (2.8 M potassium acetate, pH 5.1) and
inverting to mix. The soluble cell lysate was partially cleared and separated from the
insoluble fraction by centrifugation at 4 000 x g for 10 minutes at 4°C. The soluble lysate was
then loaded onto a pre-equilibrated nucleobond column filter. The column was washed with 5
ml of equilibration buffer (100 mM Tris, 15% (v/v) ethanol, 900 mM potassium chloride,
0.15% Trixon X-100 (v/v), pH 6.3) by gravity filtration and the column filter was discarded.
The remaining column membrane was washed with 8 ml wash buffer (10 mM Tris, 15%
ethanol (v/v), 1.15 M potassium chloride, pH 6.3) by gravity filtration. Plasmid DNA was
eluted off the membrane with 5 ml of elution buffer (100 mM Tris, 15% ethanol (v/v), 1 M
potassium chloride, pH 8.5) by gravity filtration. Plasmid DNA was then precipitated with
3.5 ml isopropanol, aliquoted into eight 1.5 ml eppendorf tubes and centrifuged at 15 000 x g
for 30 minutes at room temperature. The DNA pellet was washed with 300 pl of 70% (v/v)
ethanol and centrifuged at 15 000 x g for 5 minutes at room temperature. The DNA was then
dried at 65°C in a speed vacuum for 15 minutes. Each aliquot was reconstituted in 50 pl of

TE buffer (10 mM Tris-HCI, 10 mM EDTA, pH 8.0) and the aliquots were pooled together.

Plasmid DNA was visualised and quantitated as described in section 2.4.

2.2.3. Ethanol precipitation
Ethanol precipitation was performed to concentrate DNA and remove any residual salts. A
tenth volume of 3 M sodium acetate pH 5.2 and three volumes of 100% ethanol were added

to the DNA. DNA was incubated at 4°C for 20 minutes and harvested by centrifugation at

12 470 x g for 15 minutes at room temperature. The DNA was washed with 1 ml of 70%

(v/v) ethanol and harvested by centrifugation at 12470 x g for 5 minutes at room
temperature. The DNA pellet was dried at 65°C in a speed vacuum for 15 minutes and

reconstituted in 100 pl of distilled water. DNA was quantified and visualised as described in

section 2.4.
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2.3. Restriction digests

Restriction digests were performed to map vectors prior to transformations. A microgram of
plasmid DNA was digested by 1 unit of enzyme at 37°C for 1 hour. Digested DNA was

visualised on 1% (w/v) agarose gels, as described in section 2.4.2.
2.4. Nucleic acid quantification and visualisation

2.4.1. Nanodrop quantification of nucleic acids (and protein)

DNA and protein were quantified using the Nanodrop ND1000 (ThermoScientific). Nucleic
acids were quantified at 260 nm and their quality was assessed automatically using the same
instrument at a wavelength of 230nm and 325 nm. An A260/A280 ratio of 1.8 was indicative
of pure DNA. Protein concentration was measured at 280 nm. The Nanodrop machine was
calibrated with 2 ul of the appropriate media and 2 pl of the nucleic acid or protein sample of

interest measured at the appropriate wavelength.

2.4.2. Agarose gel electrophoresis

The visualisation of nucleic acids was performed by agarose gel electrophoresis. One percent
agarose gels were prepared by dissolving 0.5 g of agarose powder in 50 ml of 1x TAE buffer
(40 mM Tris-acetate, 1 mM EDTA, pH 8.0) per gel. The volume of reagents was adjusted
accordingly for the number of gels needed. The appropriate amount of agarose powder was
weighed and mixed with the appropriate volume of 1x TAE buffer. The gel mixture was
boiled in a microwave in 30 second intervals until the agarose powder was completely
dissolved. The molten gel was left to cool to approximately 55°C before adding 2 ul of
ethidium bromide per 50 ml of gel. This was swirled gently to evenly distribute the ethidium
bromide in solution. The gel was then poured into a casting tray with a comb and allowed to
solidify at room temperature for approximately 30 minutes. The comb was removed from the
solidified gel and the gel was transferred to a running tank and covered with 1x TAE buffer.
Nucleic acid samples were mixed with loading dye at a 5:1 ratio prior to loading into the
wells of the gel. Loaded gels were run at 80 V until the dye front had migrated an appropriate
distance. This was followed by visualisation of the DNA in the gel using SynGene Gbox and

Snapgene version 7.12 acquisition software.

2.5. Transformation of E. coli — Calcium chloride method
The calcium chloride method was used to make chemically competent E. coli for
transformations. A single colony of the desired strain to be transformed was inoculated into a
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5 ml pre-culture and grown overnight at 37°C with shaking at 100 rpm. This pre-culture was

then used to inoculate a 100 ml culture, which was grown at 37°C with shaking at 100 rpm to
an approximate ODegoonm Of 0.5. Cells were chilled on ice for 10 minutes before harvesting by
centrifugation at 3 000 x g for 10 minutes at 4°C. Cells were re-suspended in 10 ml of cold
0.1 M magnesium chloride by gentle swirling and incubated on ice for 20 minutes. Cells were
harvested by centrifugation at 3 000 x g for 10 minutes at 4°C and washed in 0.1 M calcium

chloride. The calcium chloride wash was repeated until cells started to stick to the sides of the
falcon tube used for centrifugation. Cells were re-suspended in 0.1 M calcium chloride to the
desired volume. For each transformation reaction, 100 pl of competent cells was used. For
the transformation step, 1 pg of clean DNA was added to 100 pl of competent cells and

incubated on ice for 15 minutes before heat shock at 42°C for 90 seconds. Cells were then

incubated on ice for 3 minutes and rescued with 800 pl of SOC media at 37°C for 1 hour.

Successful clones, which had taken up the DNA and appropriate antibiotic resistance

markers, were selected for growth on LA plates with the appropriate antibiotics.
2.6. Protein expression and extraction

2.6.1. Protein Induction

Protein expression was induced overnight at 22°C with 1 mM isopropyl p-D-1-
thiogalactopyranoside (IPTG). A single colony of the desired protein expressing strain,
generated in section 2.5, was grown overnight in a 5 ml pre-culture at 37°C with shaking at
100 rpm. This pre-culture was used to inoculate a 50 ml or 1 L culture and grown for 3to 5
hours at 37°C with shaking at 100 rpm. A 1 ml aliquot of this uninduced culture was

collected and centrifuged at 12 470 x g for 5 minutes at room temperature to harvest the cells.
The cells were then re-suspended in 300 ul B-PER (bacterial protein extraction reagent) and

frozen overnight at -20°C. The remaining culture was induced with 1 mM IPTG and

incubated overnight at 22°C with shaking at 100 rpm.

2.6.2. Small scale protein extraction — Bacterial Protein Extraction Reagent (B-PER)

For small scale protein extractions, B-PER was used. To prevent protease digestion during
cell lysis, complete protease inhibitor cocktail (Roche) was added to B-PER (1 tablet per 10
ml B-PER). The desired volume of culture for extraction (maximum 20 ml) was harvested by
centrifugation at 4 000 x g for 10 minutes at room temperature. Cells were re-suspended in a

21



500 pl B-PER and incubated at room temperature for 10 minutes. Centrifugation at 12 470 X
g at for 20 minutes room temperature was used to separate the cell lysate into the soluble and
insoluble protein fractions. The soluble cell lysate fraction was used for small scale protein
purifications, as described in sections 2.6.6, 2.6.7 and 2.6.8.

2.6.3. Cell lysis by French press

High pressure disruption in the French press was used to lyse large culture volumes (more
than 30 ml). Cells from the desired culture volume were harvested by centrifugation at 4 000
x g for 15 minutes at 4°C and re-suspended in 15 ml cold protein wash buffer (Buffer D — 50
mM Tris-HCI, 150 mM sodium chloride, 5 mM imidazole, 5% (v/v) glycerol). The cell
suspension was lysed in the French press at 1.9 kBar in batches of 5 ml to 8 ml at a time. The
cell lysate was collected and centrifuged at 4 000 x g for 10 minutes at 4°C to harvest the

insoluble cell lysate fraction and any intact cells. The insoluble fraction was re-suspended in
1 ml of B-PER reagent.

2.6.4. Tag removal — TEV-digestion

His-tag removal was performed by TEV digestion to minimise the interference of the tag on
protein activity. The digestion reaction was set up as per the manufacturer’s instructions.
Briefly, 1 U of ACTEV enzyme was used to digest 3 pg of protein in 1x AcTEV reaction
buffer (50 mM Tris-HCI, 500 pM EDTA) in the presence of 1 mM dithiothreitol (DTT) at
30°C overnight.

2.6.5. Dialysis buffer exchange

Dialysis buffer exchange was performed to remove the DTT and EDTA from the protein
mixture post-TEV digestion. Dialysis was performed using Spectra/Por molecularporous
membrane tubing (Spectrum) with a molecular weight cut off of 6 000 to 8000 kDa. The
digestion reaction was encapsulated in the membrane tubing and placed inside a beaker of
dialysis buffer (50 mM Tris-HCI, 150 mM sodium chloride, 5% (v/v) glycerol, pH 8.0)

overnight at 4°C with mixing on a stirring block. The dialysed protein inside the membrane

capsule was purified as described in section 2.6.8.

2.6.6. Small scale protein purification — Zymo His-Spin Protein Mini Prep Kit
The Zymo His-Spin Protein Mini Prep kit (Zymo) was used to purify small volumes of his-
tagged proteins from B-PER protein extractions (Section 2.6.2). The procedure was carried

out as per the manufacturer’s instructions. Briefly, 250 pl of his-affinity resin was transferred
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to a column which was placed inside a collection tube and centrifuged at 15 000 x g for 10
seconds at room temperature. To the prepared resin, 300 ul of his-tagged protein sample was
added and mixed by gently tapping the column. Unbound protein (not his-tagged) was
collected in the flow through by centrifugation at 15000 x g for 10 seconds at room
temperature. The resin was washed twice with 250 pl his-wash buffer (50 mM sodium
phosphate pH 7.7, 300 mM sodium chloride, 50 mM imidazole, 0.03% (v/v) Trixon X-100)
and the flow through was collected by centrifugation at 15 000 x g for 10 seconds at room
temperature. The his-affinity column was transferred to a new 1.5 ml eppendorf tube for
elution. His-tagged proteins were eluted off the resin with 150 pl of his-elution buffer (50
mM sodium phosphate buffer pH 7.7, 300 mM sodium chloride, 250 mM imidazole) by
gentle tapping to re-suspend. The eluted protein was collected by centrifugation at 15 000 x g
for 10 seconds at room temperature. Eluted protein was visualised on an SDS-PAGE gel, as
described in sections 2.6.11 and 2.6.12.

2.6.7. Small scale protein purification — Qiagen Ni-NTA Spin Kit

The Qiagen Ni-NTA spin kit (Qiagen) was used as an alternative method for the purification
of small volumes of his-tagged proteins from B-PER protein extractions (Section 2.6.2). This
kit relies on changes in pH for the binding and elution of the protein of interest. Briefly, the
column membrane was equilibrated with 600 pl of Qiagen Buffer B (7 M urea, pH 8.0). The
flow through was collected by centrifugation at 890 x g for 2 minutes at room temperature
with the column lid open. To the equilibrated column, 600 ul of soluble lysate was added and
the unbound flow through was collected by centrifugation at 270 x g for 5 minutes at room
temperature. The column was washed twice with 600 ul of Qiagen Buffer C (8 M urea, pH
6.3) followed by collecting of the flow through at 890 x g for 2 minutes at room temperature.
The his-tagged protein was eluted off the column membrane with two consecutive elutions
using 200 ul of Qiagen Buffer E (8 M urea, pH 4.5), followed by centrifugation at 890 x g for
2 minutes at room temperature. The soluble lysate, flow through, wash flow through and

elutions were visualised on an SDS-PAGE gel, as described in sections 2.6.11 and 2.6.12.

2.6.8. Small scale protein purification — His-Select Nickel Affinity Gel

His-select Nickel Affinity Gel (Sigma) was used for the purification of small volumes of his-
tagged proteins from B-PER protein extraction (Section 2.6.2) and for the purification of
cleaved, dialysed proteins (Section 2.6.5). The purification was performed as per the

manufacturer’s instructions. All of the steps were performed at room temperature. Briefly, 50
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pl of his-select gel was harvested by centrifugation at 5 000 x g for 30 seconds. The gel was
washed twice with distilled water, centrifuging at 5000 x g for 30 seconds. The gel was
equilibrated with 250 pl equilibration/wash buffer (50 mM sodium phosphate, 300 mM
sodium chloride, pH 8.0), mixed well by tapping and collected by centrifugation at 5 000 x g
for 30 seconds. To purify his-select proteins, 100 pl of soluble lysate was mixed with the
equilibrated gel for 1 minute and the flow through was collected at 5 000 x g for 30 seconds.
The gel was washed twice with 500 pl equilibration/wash buffer and centrifuged at 5 000 x g
for 30 seconds. The his-tagged proteins were eluted off the gel with 50 pl elution buffer (50
mM sodium phosphate, 300 mM sodium chloride, 250 mM imidazole, pH 8.0), by mixing the
elution buffer and gel and centrifuging at 5 000 x g for 30 seconds. For the purification of
dialysed proteins, Buffer D (50 mM Tris-HCI, 150 mM sodium chloride, 5 mM imidazole,
5% (v/v) glycerol) was used as the equilibration/wash buffer and Buffer C (50 mM Tris-HCI,
150 mM sodium chloride, 500 mM imidazole, 5% (v/v) glycerol) as the elution buffer. The
soluble lysate, flow through, washes and elution were visualised on an SDS-PAGE gel, as
described in sections 2.6.11 and 2.6.12.

2.6.9. Large scale protein purification — His-Select Nickle Affinity Gel

His-select Nickel Affinity Gel (Sigma) was also used for large scale protein purification of
his-tagged proteins. Cells were lysed by French press and the soluble lysate collected by
centrifugation, as described in Section 2.6.3. Large scale purification was carried out using an
8 ml his-select nickel affinity gel column connected to a Biologic LP system (Biorad). The
nickel affinity column was equilibrated by washing with 30 ml of Buffer D (50 mM Tris-
HCI, 150 mM sodium chloride, 5 mM imidazole, 5% (v/v) glycerol), charging with 30 ml of
50 mM nickel chloride and washing again with 60 ml of Buffer D, all at a flowrate of 1

ml/minute. A large 1 L culture of the desired protein expressing strain was grown at 37°C

with shaking at 100 rpm and induced overnight at 22°C using 1 mM IPTG, as described in
section 2.6.1. Cultures were centrifuged at 4 000 x g for 15 minutes at 4°C to harvest the cells

and the collected cells were lysed in the French press, as described in section 2.6.3. The
soluble lysate was loaded onto the equilibrated his-select nickel affinity gel column at a
flowrate of 1 ml/minute. Flow through containing any unbound protein was collected in 1 ml
aliquots after 10 and 15 minutes. The column was washed with 60 ml of Buffer D at a
flowrate of 1 ml/minute and three 1 ml aliquots of the wash were collected after 15, 30 and
45 minutes respectively. The desired his-tagged protein was eluted off the column with a 30
ml gradient of 250 to 500 mM imidazole (Buffer C — 50 mM Tris-HCI, 150 mM sodium
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chloride, 500 mM imidazole, 5% (v/v) glycerol), at a flow rate of 1 ml/minute. The elution
was collected in 3 ml fractions and quantified on the Nanodrop ND100 at 280 nm, as
described in section 2.4.1. Peaks from the quantification where visualised on an SDS-PAGE
gel, as described in section 2.6.11 and 2.6.12. Imidazole and pH optimisations were
performed as described in section 3.3.1, 3.3.2, 3.5.1 and 3.5.2. These optimised variables
were used for the large scale purifications, i.e. pH 7.6 for RipA binding, pH 8.6 for RipA
eluting, pH 8.0 for RpfB binding and eluting and an imidazole concentration of 20 mM in the
wash buffer (Buffer D).

2.6.10. High salt wash

A high salt wash was used to clean protein elutions and to minimise non-specific binding of
proteins to the his-select nickel affinity gel. Elutions to be cleaned were pooled together and
loaded onto 8 ml of pre-equilibrated his-select nickel affinity gel column at a flow rate of 1
ml/minute. The column was equilibrated by washing with 30 ml of Buffer D, charging with
30 ml 50 mM of nickel chloride, followed by a subsequent wash using 60 ml Buffer D, all at
a flow rate of 1 ml/minute. The protein loaded his-select nickel column was washed using 60
ml high salt wash buffer (Buffer E — 50 mM Tris-HCI, 300 mM sodium chloride, 5 mM
imidazole, 5% (v/v) glycerol, pH 8.0). The wash was batch collected in a 50 ml falcon tube.
Protein was re-eluted off the his-select nickel column using 20 ml of a 250 to 500 mM
imidazole gradient (Buffer C) at a flow rate of 1 ml/minute. The elution was collected in 4 ml
fractions and quantitated on the Nanodrop ND100 at 280 nm, as described in section 2.4.1.
The pooled elutions, pooled wash and re-eluted fractions were visualised on an SDS-PAGE

gel, as described in section 2.6.11. and 2.6.12.

2.6.11. Sodium dodecyl sulphate-polyacrylamide electrophoresis gels (SDS-PAGE)

SDS-PAGE gels were used to visualise protein fractions and cell lysates. SDS-PAGE gels of
the desired concentration were prepared by combining Tris-HCI buffer, 40% (w/v) bis-
acrylamide, 10% (w/v) SDS, 10% (w/v) ammonium persulfate (APS) and TEMED to a final
concentration of 0.125 M Tris-HCI, 0.1% (w/v) SDS, 0.1% (w/v) APS and 0.1% (v/v)
TEMED, as described in Table 2 below. The resolving gel was cast first in the Biorad casting
system and levelled off using a small volume of isopropanol. The gel was allowed to solidify
at room temperature for 30 minutes. The isopropanol was poured off the gel and the stacking
gel was prepared and poured on top of the resolving gel in the casting system. The well comb

was inserted, and the stacking gel was left to solidify at room temperature for 30 minutes.
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The gels were placed in the running tank, filled with 1x SDS-PAGE running buffer (25 mM
Tris, 200 mM glycine, 0.1% (w/v) SDS), and the combs were removed to allow sample
loading. Protein samples to be analysed were mixed with an equal volume of 5x SDS-PAGE
loading dye (62.5 mM Tris-HCI, 10% (v/v) glycerol, 2% (w/v) SDS, 5% (v/v) g-
mercaptoethanol, 5% (w/v) bromophenol blue) and boiled at 95°C for 5 minutes. The boiled
protein sample was then loaded into the wells of the stacking gel. For size determination, 5 pl
of PAGE-Plus pre-stained protein ladder (Thermo Scientific) was loaded into the first well of
the SDS-PAGE gel. SDS-PAGE gels were run at 85 V at room temperature until the dye
front had migrated far enough in the gel (approximately 2 hours). SDS-PAGE gels were
either stained with Coomassie R250 dye for visualisation (Section 2.6.12) or used for western
blots (Section 2.6.13).

Table 3. SDS-PAGE gel recipes for two gels

4% stacking gel 12% resolving gel 15% resolving gel
Distilled water 3.15ml 6.9 ml 57 ml
40% (w/v) bis- 0.5 ml 4.8 ml 6 ml
acrylamide
0.5 M Tris-HCI pH 6.8 1.25 ml 4 ml 4ml
(stacking)/0.5 M Tris-
HCI pH 8.8 (resolving)
10% (w/v) SDS 50 pl 160 pl 160 pl
10% (w/v) APS 50 pl 160 pl 160 pl
TEMED 5l 16 pl 16 pl

2.6.12. SDS-PAGE gel visualisation — Coomasie R250 staining

Coomasie R250 stain (0.1% (w/v) Coomasie R250, 40% (v/v) methanol and 10% (v/v) acetic
acid) was used to visualise SDS-PAGE gels. Gels were removed from the gel casting plates,
rinsed briefly in distilled water and stained overnight at room temperature in Coomasie R250
stain. The stain was poured off and stored for repeated usage. The gel was de-stained at room
temperature in destaining solution (40% (v/v) methanol and 10% (v/v) acetic acid) with
gentle agitation, until the bands of the protein samples were visible. For faster de-staining, the

destaining solution was poured off and fresh destaining solution was added frequently.
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2.6.13. Western blot — Biorad Transblot system

Western blot with an anti-his conjugate antibody (Sigma) was used to verify the expression of
his-tagged proteins. Duplicate SDS-PAGE gels were run, as described in section 2.6.11. One
gel was stained for band visualisation as described in section 2.6.12 and the other gel was
used for western blotting. The western blot gel was rinsed in distilled water and layered with
a methanol-equilibrated PVDF membrane (Biorad) in the transblot transfer cassette (Biorad),
as per the manufacturer’s instructions. Proteins from the SDS-PAGE gel were transferred to
the PVDF membrane at 2.5 A for 10 minutes. The PVDF membrane was incubated in
blocking solution (5% (w/v) skim milk powder, 20 mM Tris, 140 mM sodium chloride, 0.1%
(v/v) Tween 20, pH 7.6) overnight at 4°C. The anti-his conjugate antibody was added to the
blocking solution in a 1:25 000 antibody to blocking solution ratio and incubated at room
temperature for 30 minutes to allow antibody binding. To wash away any unbound antibody,
the membrane was washed three times in TBST wash buffer (20 mM Tris, 140 mM sodium
chloride, 0.1% (v/v) Tween 20, pH 7.6) for 5 minutes on a rocking platform at room
temperature. The washed membrane was transferred to a hybridization bag and 1 ml of
freshly prepared chemiluminescent peroxidase substrate 1 (Sigma) was added. The substrate
was dispersed so that it evenly covered the membrane without any bubbles, and this was
incubated at room temperature for 10 minutes. Excess substrate was squeezed from the
hybridization bag and the bag sealed. In the dark, the membrane was exposed to x-ray film
for 30 seconds to 2 minutes. The x-ray film was developed manually by washing in x-ray
film developer (Axim) for 1 minute followed by distilled water for 1 minute. The x-ray film
was then incubated in fixative (Axim) for 1 minute and rinsed in distilled water for 1 minute.

X-ray films were air dried prior to analysis.
2.7. Protein activity assays

2.7.1. MUF-triNAG activity assay

The muralytic activity of the recombinant proteins was evaluated by testing their ability to
cleave a fluorescent peptidoglycan homologue, 4-methylumbelliferyl-g-n’,N>",N""-
triacetylchitotrioside (MUF-triNAG). This method was adapted from (Mukamolova et al.,
2006; Telkov et al., 2006) and is based on the principle of fluorescent dye release upon
cleavage of the substrate. Briefly, the enzyme to be tested was incubated with 8 mM MUF-
triNAG substrate in 50 mM citrate buffer pH 6.0 (41 mM sodium citrate, 9 mM citric acid)

and 5 mM magnesium sulphate at 37°C for 3 hours. The release of the fluorescent molecule
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was measured at an excitation wavelength of 360 nm and emission wavelength of 450 nm on

the Spectramax Gemini Plate reader (Spectramax).

2.7.2. FITC activity assay
The muralytic activity of the recombinant proteins was alternatively evaluated using the FITC
assay. This assay measures the release of fluorescein isothiocyanate (FITC) during the

enzymatic cleavage of FITC-labelled peptidoglycan.

2.7.2.1. M. smegmatis peptidoglycan extraction

M. smegmatis cell wall was used for peptidoglycan extraction. This method was adapted from
(Rezwan et al., 2007). A 100 ml culture of M. smegmatis was grown at 37°C to an ODeqo Of
0.8. The cells were harvested by centrifugation at 3500 x g for 10 minutes at room
temperature and re-suspend in cell fractionation buffer (0.05 M potassium phosphate, 0.022%
(v/v) p-mercaptoethanol, pH 6.5). The cells were lysed through three rounds of sonication on
ice for 20 minutes. Un-lysed cells were harvested by centrifugation at 1 000 x g for 10
minutes at room temperature. The lysate was centrifuged in the Optima max ultracentrifuge
(Beckman) at 27 000 x g at 4°C for 200 minutes, to harvest the cell wall material. The cell
wall pellet was re-suspended in fractionation buffer and sonicated on ice for 20 minutes. The
lysate was centrifuged at 27 000 x g for 40 minutes at 4°C to collect the peptidoglycan. The

peptidoglycan was air dried, weighed and stored at 4°C until use.

2.7.2.2. Peptidoglycan labelling with FITC

The extracted peptidoglycan was labelled with FITC (Invitrogen) according to the
manufacturer’s instructions. Briefly, dried peptidoglycan was dissolved in 100 mM sodium
carbonate buffer pH 8.5 to a final concentration of 2 mg/ml. The FITC dye was solubilised in
dimethyl sulfoxide (DMSO) to a concentration of 10 mg/ml. To the solubilised
peptidoglycan, 100 pl of solubilised FITC dye was added and mixed. The mixture was
incubated overnight in the dark with shaking at room temperature. The labelled
peptidoglycan was collected by centrifugation at 13000 x g for 10 minutes at room
temperature. Any unbound dye was washed off with distilled water, followed by harvesting
of the labelled peptidoglycan by centrifugation at 13000 x g for 10 minutes at room
temperature between washes, until the wash was completely clear. The labelled
peptidoglycan was re-suspended in 50 mM monosodium phosphate pH 6.0 and stored at -
20°C until use.
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2.7.2.3. FITC-Peptidoglycan cleavage assay

The cleaving capabilities of RipA and RpfB were evaluated by incubating 25 pg of each
protein with 50 pug of FITC-labelled peptidoglycan at 37°C for 3 to 5 days in the dark. Each
reaction was centrifuged after 5 days at 13 000 x g for 10 minutes at room temperature to
collect the peptidoglycan. Fluorescence resulting from the cleavage of the FITC-labelled
peptidoglycan was measured in the supernatant at an excitation wavelength of 492 nm and an

emission wavelength of 515 nm using the Spectramax Gemini plate reader (Spectramax).

2.7.3. Remazol brilliant blue dye release assay
The remazol blue dye release assay was performed as an alternative muralytic activity assay
for the recombinant proteins. This assay measures the release of remazol blue dye from cell

wall material via enzymatic cleavage.

2.7.3.1. Cell wall labelling with remazol brilliant blue dye

Mi. luteus cells were labelled with remazol brilliant blue dye as previously described (Zhou,
Chen and Recsei, 1988). Briefly, lyophilised cell wall from Mi. luteus (Sigma) was incubated
in 0.25 M sodium hydroxide with 0.02 M remazol brilliant blue dye at 37°C for six hours.
This was followed by incubation at 4°C for 12 hours. The labelled cell wall was washed
repeatedly with distilled water to remove any unbound dye until the supernatant was

colourless.

2.7.3.2. Remazol brilliant blue-cell wall cleavage assay

The cleavage capabilities of RipA and RpfB were evaluated by incubating 25 pg of each
protein with 50 ug remazol brilliant blue labelled-cell wall in 1x cleavage reaction buffer
(12.5 M Tris, 2.5 M magnesium chloride, 12.5 M potassium chloride, 0.5 M manganese
chloride, 0.0025% (v/v) Tween 20, 25 mM potassium dihydrogen phosphate, pH 5.75) for 3
to 5 days at 37°C. The reactions were centrifuged at 13000 x g for 10 minutes at room
temperature to collect the cell wall. Optical density of the supernatant was measured at 595

nm on the Spectramax Plus 384 plate reader (Spectramax).

2.7.4. Zymography

Zymography was used as an alternative, non-fluorescent assay to test the lytic activity of
recombinant RipA and RpfB. This assay measured lytic ability based on the digestion of
peptidoglycan embedded in an SDS-PAGE gel. To prepare the gel, freshly extracted
peptidoglycan, prepared as described in section 2.7.2.1, was added to the resolving SDS-
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PAGE gel before the gel was cast. The proteins of interest were analysed on the
peptidoglycan-SDS-PAGE gel, as described in section 2.6.11. After protein separation by
SDS-PAGE, the gel was washed by shaking at room temperature in zymography renaturation
buffer (25 mM Tris, 1% (v/v) Tween 20, pH 6.5) for 30 minutes. Fresh buffer was added to
the gel, followed by incubation at 37°C overnight, with gentle agitation. Lytic regions were
visualised by viewing the gel on the SynGene Gbox with Snapgene version 7.12 acquisition
software. During incubation, active recombinant proteins in the peptidoglycan-SDS-PAGE
gel are expected to digest the surrounding peptidoglycan thus creating a zone of clearance in

the gel.

2.8. Carbon starvation assay

Non-culturable cells were generated by the carbon starvation assay, adapted from (Saito et
al., 2017) by a colleague in our lab (Padarath, K, unpublished). Briefly, Mth cells were
cultured in 7H9 supplemented with OADC and 0.05% (v/v) Tween 80 at 37°C to an ODeno
between 0.4 and 0.8. The culture was split into two equal volumes and harvested by
centrifugation at 3 800 x g from 10 minutes at room temperature. One half of the culture was
washed twice in 25 ml phosphate buffered saline (PBS) and the other in 25 ml 7H9 media,
followed by centrifugation at 3 800 x g for 10 minutes at room temperature to harvest the
cells after each wash. The cells were re-suspended in 25 ml of PBS and 7H9 respectively and
centrifuged at 200 x g to remove large clumps of cells and obtain a single cell suspension.
The single cell suspension was aspirated out of the falcon tube, leaving approximately 5 ml
behind which contained clumped cells. The single cell suspension in PBS was diluted to an
ODs0o 0f 0.1 in PBS and starved at 37°C for a minimum of two weeks. The control single cell
suspension in 7H9 media was used to enumerate the initial bacterial load by colony forming

units (CFUs) and most probable number assay, as described in sections 2.9.1 and 2.9.2.
2.9. In vitro resuscitation assays

2.9.1. Most-probable number assays (MPN assays)

Most probable number assays were performed to enumerate bacterial cells in liquid media
using the Poisson distribution based calculation (McCrady, 1915). For MPN assays carried
out in 48-well microtitre plates, 450 pl of media was inoculated with 50 pl of inoculum for
each dilution. For MPN assays carried out in a 96-well microtitre plates, 20 pl of the
inoculum was inoculated into 180 ul of media for each dilution. Microtitre plates were sealed

with biohazard tape and incubated at 37°C for 3 to 5 weeks, before plates were visually
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scored. Data from scored plates was analysed in the MPN calculator programme version 2
(United States Environmental Protection Agency) for enumeration of the bacteria by Poisson

distribution.

2.9.2. Colony forming units assay (CFU assays)

CFU assays were used to enumerate bacteria on solid media. The necessary 10-fold dilutions
from the MPN microtitre plate (Section 2.10.1) were spread onto BBL 7H11 solid agar plates
or noble agar plates (Difco) supplemented with recombinant Rpfs. For full plates (~ 25 ml),
100 pl of the MPN dilution were plated and for quarter plates (~ 7.5 ml), 25 ul of the MPN
dilution were plated. Agar plates were incubated at 37°C for 5 weeks and manually scored.

The CFUs/ml were manually calculated using the following equation:

number of colonies xdilution factor
CFUs/ml=

volume plated in ml

2.9.3. Mycobacterial growth indicator tube assays (MGIT assays)

Mycobacterial growth indicator tube (MGIT) assays were used to detect the growth of
mycobacteria. This automated liquid media assay measures oxygen depletion during bacterial
growth via an oxygen-quenched fluorochrome. The time to positivity (TTP) of the
fluorochrome provides an indication of bacterial growth. Each MGIT tube was supplemented
with 800 pl freshly prepared OADC/PANTA supplement (BD), as per the manufacturer’s
instruction, and inoculated with 400 ul decontaminated sputum or axenic culture. MGIT
tubes were scanned and incubated in the BACTEC MGIT 960 machine at 37°C for 42 days to
determine the TTP.

2.9.3.1. Media supplementation of MGIT cultures

In this study, MGIT tubes were supplemented with either CF, an endogenous source of Rpfs
and growth factors, or recombinant Rpfs. CF was prepared by growing a culture of H37Rv to
exponential phase (approximate ODeoo Of 0.8) and centrifugation at 3 800 x g to harvest the
cells. The supernatant, containing all secreted molecules including Rpfs, was filtered through
a 0.2 um filter (Merck-Millipore) to remove any remaining cells. CF was added in a 1:1 ratio
to media for in vitro assays. For recombinant protein supplementation, recombinant RipA and
RpfB were added to 7H9 liquid media or MGIT media to a final concentration of 20 or 50
ng/ml.
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2.10. Ethical considerations

Decontaminated sputum specimens utilised in this study were collected and stored for a
larger study entitled the SNT study. The ethical clearance certificate for the collection and
use of these specimens, M200164, can be seen in appendix A.
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3. Results

3.1. Confirmation of the pETM20_RipAass2-472 and pETM11_RpfB2so-362 vectors

The first objective of this study was to express and purify the catalytic regions of RipA and
RpfB. Two vectors encoding the respective catalytic regions, pETM20_RipAsz2-472 and
PETM11_RpfB2so-362, Were obtained from Alessia Ruggiero (University of Naples Federico
I1)(Ruggiero, Marasco, et al., 2010; Squeglia et al., 2013). These vectors were transformed
into DHSa for amplification, as described in section 2.5. The respective plasmids were
isolated using the Nucleobond Plasmid Extraction Kit (Machery-Nagel), as described in
section 2.2.2. Each vector was profiled by restriction mapping, as described in section 2.3.
(Figure 3.1). Restriction enzymes for mapping were chosen based on cleavage position to
ensure the correct orientation of the respective gene segment and antibiotic resistance gene.
Sequencing of each vector was also performed to confirm the absence of frame-shift
mutations which would result in non-functional proteins (data not shown). Both vectors
mapped correctly, producing the expected band sizes (Figure 3.1) and could be used for
expression of their respective proteins. Each vector was transformed into BL21 (DE3) for
expression as described in section 2.5. This strain was selected due to its expression of the T7
RNA polymerase, which binds to the T7 promoter found in both pETM11 and pETM20
vectors, thus allowing for the expression of the downstream gene of interest. Both
transformations were successful and yielded efficiencies of 64 670 transformants per pg
DNA and 65 000 transformants per ug DNA respectively.

3.2. Confirmation of the presence of His-affinity tags

3.2.1. Western blots to confirm the presence of His-affinity tags

The vectors, pPETM20_RipAssz-472 and pETM11_RpfB2so-362, both contain regions encoding
histidine tags (his-tags) downstream of the inserted genes of interest. These tags can be used
for affinity chromatography to isolate his-tagged proteins. To confirm expression of each
protein, as well as the presence of the his-tag, a time course induction was performed over 22
hours. Cultures of RipA and RpfB were induced with 1 mM IPTG at 22°C, as described in
section 2.6.1. Aliquots were taken at varying time points and the cells were harvested and
lysed by re-suspension in BPER and protease inhibitor, as described in section 2.6.1 and
2.6.2. These aliquots were analysed on duplicate 12% SDS-PAGE gels, as described in

section 2.6.11. One gel was stained with Coomassie R250, as described in section 2.6.12, and
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Figure 3.1. Confirmation of pETM20_RipAassz472 and pETM11_RpfBaso-ss2 vectors by restriction digest.
One microgram of vector DNA was digested with the appropriate enzyme at 37°C for 1 hour and analysed on a
1% (w/v) agarose gel. Both vectors mapped correctly (B and E) to their respective annotated maps (A and D),
producing bands of the expected sizes respectively (C and F).
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the other transferred to a PVDF membrane for Western blotting, as described in section
2.6.13.

Increasing expression of tagged-RipA (25 kDa protein), was observed over the 22-hour time
course as seen on the SDS-PAGE gel (Figure 3.2a). The 25 kDa protein was also detected by
western blot when probed with an anti-his antibody thus confirming the presence of the his-
tagged protein (Figure 3.2a). Similarly, increasing expression of tagged-RpfB (12 kDa) was
seen over the 22-hour time course by SDS-PAGE (Figure 3.2b). This protein was also
detected when probed with an anti-his antibody during the western blot thus further
confirming the presence of the his-tagged protein (Figure 3.2b). A decrease in the size of the
band, indicative of the amount of protein, was observed at the last time-point for tagged-RipA
due to a technical error, with some of the sample floating out of the well during protein
loading. From these results, the induced his-tagged RipA and his-tagged RpfB could be used

going forward for isolation of these two proteins.

RipA
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1hr  3hr Shr 7 hr 9 hr 22 hr U 1hr 3hr Shr 7hr
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13U
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‘_
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Figure 3.2. Time-course induction of his-tagged RipA (25 kDa) and his-tagged RpfB (12 kDa) protein
expression. RipA (A) and RpfB (B) expression strains were induced with 1 mM IPTG at 22°C. Protein
expression in both strains occurred in a time-dependent manner, producing visible protein bands of the correct
sizes, compared to the uninduced control (U). Western blots with an anti-his conjugate antibody confirmed the
presence of his-tags on both proteins.
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3.2.2. Small scale purification using the His-affinity tags

To purify the his-tagged proteins, affinity chromatography was used to isolate his-tagged
RipA and his-tagged RpfB from the small-scale protein extractions using 3 methods: the
Zymo His-spin Protein Mini-prep kit (Zymo research), Qiagen Ni-NTA Spin Kit (Qiagen),
and a small-scale His-select Affinity gel purification (Sigma), as described in sections 2.6.6,
2.6.7 and 2.6.8. Protein expression was induced overnight at 22°C and cells were harvested
and lysed using B-PER, as described in sections 2.6.1 and 2.6.2. The soluble fractions were
used for protein isolation. Protein purification using the Zymo His-Spin Mini-prep kit was
successful for the purification of his-tagged RipA, as seen by the large amounts of clean
RipA, at approximately 25 kDa, from the eluent without any non-specific protein bands
(Figure 3.3a). However, the Zymo His-Spin kit was unsuccessful in isolating any his-tagged
RpfB proteins (Figure 3.3a). Tagged-RpfB was expressed, as seen by the 12 kDa band in the
soluble cell lysate fraction (Figure3.3a); however, it was not eluted off the column. As
washes and flow through were not saved for SDS-PAGE analysis, it is unknown whether the
expressed protein was unable to bind to the his-select membrane and was lost in the flow
through. Purification by the Qiagen Ni-NTA Spin kit was successful in isolating small
amounts of both tagged-RipA and tagged-RpfB as seen in the elution fractions (Figure 3.3b).
A large amount of tagged-protein, both tagged RipA and tagged-RpfB, was lost in the flow
through (Figure 3.3b). The elution of tagged-RipA and tagged-RpfB was also not very clean
using this method, as evidenced by the presence of other non-specific proteins eluting off the
column with the desired proteins of interest (Figure 3.3b). Protein purification in small scale
using the His-Select Nickel Affinity gel (Sigma) was also successful when evaluated for
isolating tagged-RipA and tagged-RpfB and generated the largest yield of the respective
proteins of interest (Figure 3.3c). Therefore, the his-select nickel affinity gel method was

used in all subsequent experiments for upscaling RipA and RpfB expression and purification.
3.3. Optimization of the conditions for RipA expression and purification

3.3.1. pH optimization

The cleanliness and specificity of protein purification is pH dependent. pH can affect the
binding affinity of other proteins to the isolation medium, and by doing so allow non-specific
proteins, which are less tightly bound, to be eluted off the medium during washing steps. This
results in cleaner elutions of the desired protein, which is usually more tightly bound to the

isolation medium (Bornhorst and Falke, 2000; Adhikari et al., 2010). A range of pHs were
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Figure 3.3. The small-scale purification of his-tagged RipA and his-tagged RpfB from the soluble lysate of
RipA and RpfB strains. Three methods were evaluated: Zymo his-spin protein mini-prep kit (A), Qiagen Ni-
NTA spin kit (B) and small-scale purification on Sigma his-select nickel affinity gel (C). The soluble lysate (sol)
flow through (FT), washes (W) and elutions (E) were analysed on SDS-PAGE gels. The Sigma small scale
purification on his-select nickel affinity gel was the most efficient at binding the his-tagged proteins of interest.
Non-specific proteins were also purified on the his-selecting mediums and are indicated by the green arrows.
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evaluated for their effects on the binding and elution of tagged-RipA and tagged RpfB.
Protein expression was induced overnight at 22°C and cells were harvested and lysed using
B-PER, as described in sections 2.6.1 and 2.6.2. The soluble fractions were applied to the his-
select nickel affinity gel (Sigma) for small scale protein purification, as described in section
2.6.8. The amount of protein lost in the flow through, as well as the purity and the yield of the
elution of his-tagged RipA and RpfB proteins, was evaluated for pH’s ranging between 7.6
and 8.6.

Tagged-RipA was observed to bind optimally at lower pH, as seen by less tagged-RipA being
lost in the flow through at lower pHs (Figure 3.4a and b). RipA eluted best at higher pHs,
generating a cleaner, higher yield of tagged-RipA (Figure 3.4e and f). From these results, it
was determined that the best pH to bind and wash tagged-RipA was pH 7.6 and the best pH
to elute with was pH 8.6.
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Figure 3.4. The pH optimisation of tagged-RipA purification on his-select nickel affinity gel. pHs ranging
from pH 7.6 to pH 8.6 (A to F) were evaluated for their binding ability of his-tagged RipA (25 kDa) and the
cleanliness of the elution of his-tagged RipA. The uninduced control (U), soluble (sol) and insoluble (insol)
lysates, flow through (FT), washes (W1 and W2) and the elution (E) were analysed on SDS-PAGE gels. Tagged
RipA bound more efficiently to the gel at lower pHs and eluted more cleanly at higher pHs.
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3.3.2. Imidazole optimization

Imidazole competes with his-tagged proteins to bind to his-selecting resins. High imidazole
concentrations outcompete weakly bound proteins, resulting in their elution from the his-
selecting gel (Bornhorst and Falke, 2000). An increase in the imidazole concentration in wash
buffers decreases the binding capabilities of weakly-binding non-specific proteins, resulting
in a cleaner elution of the stronger bound protein of interest. To minimise the presence of
non-specific proteins in the RipA elutions, a higher concentration of imidazole was evaluated
for its ability to decrease the amount of non-specific binding to the affinity gel. The imidazole
concentration in the binding and wash buffer was increased from 5 mM to 20 mM imidazole.
For tagged-RipA, increasing the imidazole concentration improved the cleanliness of the
elutions, reducing the amount of non-specific proteins in these fractions (Figure 3.5b). It was
concluded that for future experiments, a higher concentration of imidazole, 20 mM, should be

used for binding and washing of the his-tagged RipA on the his-select nickel affinity gel.
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Figure 3.5. Imidazole concentration optimization for his tagged-RipA purification on his-select nickel
affinity gel. The uninduced control (U), soluble (sol) and insoluble (insol) lysates, flow through (FT1 and FT2),
washes (W1 and W2) and the elution (E) were analysed on SDS-PAGE gels. An increased imidazole
concentration, from 5 mM (A) to 20 mM (B), decreased the amount of non-specific proteins (indicated by the
green brackets) in the elution of tagged-RipA (E5 to E10).
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3.3.3. Small scale RipA purification at the optimised conditions

Using the optimised pH and imidazole conditions, a small scale tagged-RipA purification was
performed to validate these conditions. A 5 ml RipA pre-culture was grown overnight at 37°C
with shaking at 100 rpm. This pre-culture was used to inoculate a 50 ml culture, which was
grown to an ODeoo of approximately 0.8 at 37°C with shaking at 100 rpm. The 50 ml culture
was induced at 22°C overnight and lysed by French press, as described in sections 2.6.1 and
2.6.3. His-tagged RipA was isolated by running the soluble lysate on an 8 ml his-select nickel
affinity gel column, as described in section 2.6.9. The protein concentrations of the elutions
were measured by Nanodrop at 280 nm, as described in section 2.4.1. Protein concentrations
peaked in elutions 5 to 10 (Figure 3.6a) and were analysed on an SDS-PAGE gel, along with
the uninduced control, soluble and insoluble lysate, flow through and washes, as described in
section 2.6.11. The elutions contained a significant amount of tagged-RipA (25 kDa) (Figure
3.6¢). Some tagged-RipA did not bind to the column and was lost in the flow through and
subsequent wash steps (Figure 3.6b). Elutions 5 to 8 contained other loosely bound, non-
specific proteins; however, these elutions were considered clean enough for upscaling the
extraction process to batch purify large quantities of tagged-RipA. A western blot of the
SDS-PAGE gels was also performed, as described in section 2.6.13, and confirmed the
presence of the his-tag on RipA at 25 kDa (Figure 3.6d and €). Due to the thickness of the
protein band in elutions 5 to 8, transfer of these bands to the PVDF membrane during the

western blot was not efficient, resulting in clear zones at the centre of each band.
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Figure 3.6. Small scale purification if his-tagged RipA on his-select nickel affinity gel at optimal pH and
imidazole concentration. Tagged RipA was bound and washed at pH 7.8, in the presence of 20 mM imidazole,
and eluted at pH 8.6. Protein concentrations peaked from elutions 5 to 10 (A) and were analysed on a 12% SDS-
PAGE gel with the uninduced control (U), insoluble (insol) and soluble lysate (sol) (B and C). Western blot of
the SDS-PAGE gels confirmed the maintenance of the his-tag used for the affinity purification (D and E).
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3.4. Batch expression of RipA

3.4.1. Purification binding at pH 7.6 and eluting at pH 8.6

RipA was batch purified to maximise the amount of protein for downstream experiments. A
1L culture of RipA was induced overnight at 22°C and lysed by French press, as described in
sections 2.6.1 and 2.6.3. His-tagged RipA was purified on an 8 ml His-select nickel affinity
gel column, as described in section 2.6.12, using the optimised purification parameters in
section 3.3.3. The protein concentrations of the elutions were determined by Nanodrop at 280
nm (Section 2.4.1). The protein concentrations peaked between elutions 4 and 10 (Figure
3.7a) and were visualised on an SDS-PAGE gel, as described in sections 2.6.11 and 2.6.12. A
large amount of tagged-RipA was purified and collected in elutions 6 to 10 (Figure 3.7b and
c). Despite the optimised purification conditions, other non-specific proteins were still
present in the tagged-RipA elutions (Figure 3.7c). Further washing steps were required to

minimise the quantity of these unwanted proteins in the elutions.
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Figure 3.7. Batch purification of his-tagged RipA on his-select nickel affinity gel, binding at pH 7.6 and
eluting at pH 8.6. Protein concentration of the elutions was determined by Nanodrop (A). The uninduced
control (U), soluble (sol) and insoluble (insol) lysates, flow through (FT 1 to FT3), washes (W1 and W2) and
the elution fractions containing the highest concentration of protein (E4 to E10) were analysed on an SDS-
PAGE gel (B and C). A large amount of tagged-RipA bound the affinity gel column and was eluted in elutions 6
to 10. Some non-specific proteins were also eluted off the column at these optimised conditions (indicated by
the green brackets).
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3.4.2. Salt wash to remove non-specific binding proteins and aggregates

To minimise the presence of non-specific proteins and aggregated proteins in the purification
elutions, a high salt wash was performed, as described in section 2.6.10. The high salt
concentration weakens the binding of non-his tagged proteins, resulting in their elution from
the column during the washing step (Bornhorst and Falke, 2000). More tightly bound his-
tagged RipA will continue to bind to the column during the salt wash and will only be eluted
during the imidazole elution gradient. Elutions 6 to 10 of the batch purification (Figure 3.7),
containing the most tagged-RipA, were pooled and used for the high salt wash. The protein
concentrations of the elutions from the salt wash was determined by Nanodrop (Figure 3.8a)
and separated on a 12% SDS-PAGE gel, along with the pooled elutions, flow through and
wash. Although a substantial amount of his-tagged RipA dissociated from the column during
the high salt wash, the remaining tagged-RipA eluted off the column with fewer aggregates
and less non-specific binding proteins (Figure 3.8b). Elution 5 from the salt wash contained
relatively small amounts of non-specific proteins and aggregates and a substantial amount of
tagged-RipA, as expected (Figure 3.8b). This elution, containing the most tagged-RipA, was

used for subsequent experiments for tag removal.
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Figure 3.8. High salt wash of his-tagged RipA purification elutions to minimise non-specific binding
proteins and aggregates. Pooled purification elutions were loaded onto his-select nickel affinity gel and
washed with a high salt buffer before eluting off the gel column. The protein concentration of the elutions was
determined by Nanodrop (A). The pooled elutions (P), flow through (FT), wash (W) and elutions (E1 to E5)
were analysed on an SDS-PAGE gel (B). The salt wash removed most of the non-specific proteins and
aggregates (indicated by the green brackets).

3.4.3. Affinity tag removal
Tag-removal was performed to minimise any inhibitory effects the purification tag may have
on protein activity. The inhibitory effects were of particular concern for RipA, where the

TrxA-His tag (approximately 10 kDa) was almost as large as the protein of interest (15 kDa).
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Tag removal was performed on elution 5 of the salt wash by TEV digestion, as described in
section 2.6.4. A time-course of the digestion was performed to observe the cleavage of the
tag. Aliquots of the digestion reaction were collected every hour over 5 hours. The collected
time-course aliquots were analysed on a 15% SDS-PAGE gel. Over time, the quantity of the
25 kDa tagged-RipA protein decreased while that of the tagless 10 kDa RipA protein

increased (Figure 3.9).
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Figure 3.9. Time course digestion of his-tagged RipA by TEV protease at 37°C for the removal of the
TxA-His tag. Cleavage of the tag from the his-tagged protein, from elution 5 of the salt wash (E5), resulted in
more of the tagless 15 kDa RipA protein being present in the reaction and less of the tagged, 25 kDa RipA
protein in the reaction over 5 hours. The cleavage enzyme, TEV protease, was almost indistinguishable from the
tagged protein, with a similar size of ~25 kDa.

To remove the EDTA and DTT from the digestion reaction, dialysis buffer exchange was
performed as described in section 2.6.5. This was performed to prevent chelation of the his-

select nickel affinity gel during the purification of tagless-RipA.

3.4.4. Purification of tagless-RipA

Purification of tagless-RipA was performed using small-scale batch purification on the his-
select nickel affinity gel, as described in section 2.6.8. Uncleaved tagged-RipA and the his-
tagged TEV enzyme that were bound to the his-select gel were only eluted off the resin
during the imidazole elution (Figure 3.10). The digestion reaction (pre- and post-dialysis
buffer exchange), the flow through, washes and elution were all analysed on an SDS-PAGE
gel. Tagless-RipA, lacking the his-tag, did not bind to the his-select affinity gel and was
collected in the flow through (Figure 3.10); however, some residual tagless-RipA was present
in the washes and elution. The flow through, containing tagless-RipA, was used for

subsequent protein activity assays.
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Figure 3.10. The purification of tagless-RipA on his-select nickel affinity gel. Tagless RipA was unable to
bind to the his-select affinity gel and was collected in the flow through (FT). Undigested protein, still containing
a his-tag, and the his-tagged digestion enzyme, TEV protease, bound to the affinity gel and were isolated from
the tagless protein in the flow through. The digestion reaction (Digest), dialysed digestion reaction (Dialyse), the
flow through, washes (W1 and W2) and the elution (E) were all analysed.

3.5. Optimization of the conditions for RpfB protein expression and purification

3.5.1. pH optimisation

Optimization of pH was also performed to determine the best pH at which to bind and elute
pure his-tagged RpfB. A range of pHs from pH 7.6 to pH 8.6 were evaluated. Protein
expression was induced overnight at 22°C and cells were harvested and lysed using B-PER as
described in sections 2.6.1. and 2.6.2. The soluble fractions were applied to the his-select
nickel affinity gel (Sigma) for small scale protein purification as described in section 2.6.8.
The uninduced control, soluble and insoluble lysate, flow through, washes and elutions were
visualised on an SDS-PAGE gel, as described in sections 2.6.11 and 2.6.12. Tagged-RpfB
bound best at pH 8.0 and higher (Figure 3.11c to f) and at these pHs, very little variation in
the amount of protein washing through the column in the flow through was observed (Figure
3.11c to f). No significant differences were observed in the yield and purity of the elutions
between pH 8.0 and 8.6. (Figure 3.11c to f). As the tagged-proteins bind better at lower pHs,
it was determined that the optimal pH to bind and elute tagged-RpfB, was pH 8.0, as
recommended in the literature.
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Figure 3.11. The pH optimisation of tagged-RpfB purification on his-select nickel affinity gel. pHs ranging
from pH 7.6 to pH 8.6 were evaluated for their binding ability of his-tagged RpfB (12 kDa) and the cleanliness
of the elution of his-tagged RpfB. The uninduced control (U), soluble (sol) and insoluble (insol) lysates, flow
through (FT), washes (W1 and W2) and the elution (E) were analysed on SDS-PAGE gels for analysis (A to F).
Tagged RpfB bound and eluted best at pHs 8.0 and above (C to F), with little variation in binding capability and
elution cleanliness.

3.5.2. Imidazole optimization

To minimise the presence of non-specific binding proteins, different imidazole concentrations
were evaluated for their effects on the cleanliness of tagged-RpfB purification. An increase in
imidazole concentration in the wash buffer from 5 mM to 20 mM dramatically increased the
cleanliness of RpfB elutions, with a noticeable reduction in the presence of non-specific

proteins and aggregated tagged-RpfB in the elutions (Figure 3.12b). Therefore, 20 mM
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imidazole in the wash buffer would be used in subsequent experiments for the purification of
RpfB.
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Figure 3.12. Imidazole concentration optimization for tagged-RpfB purification on his-select nickel
affinity gel. The uninduced control (U), soluble (sol) and insoluble (insol) lysates, flow through (FT1 to FT3),
washes (W1 and W2) and the elution (E) were analysed on SDS-PAGE gels. An increased imidazole
concentration, from 5 mM (A) to 20 mM (B), decreased the quantity of non-specific proteins and RpfB
aggregates (indicated by green brackets) in the elution of tagged-RpfB (E5 to E10).

3.5.3. Small scale RpfB purification at the optimised conditions

To validate the optimised purification conditions, a small-scale RpfB purification was
performed on his-select nickel affinity gel, binding and eluting at pH 8.0 and washing with an
imidazole concentration of 20 mM. A 50 ml RpfB culture was grown at 37°C, induced
overnight at 22°C and lysed by French press as described in sections 2.6.1 and 2.6.3. The
soluble lysate was purified on an 8 ml his-select column as described in section 2.6.9. The
protein concentration of the elutions was determined by Nanodrop at 280 nm, as described in
section 2.4.1. The protein concentrations were highest between elutions 5 and 10 (Figure
3.13a). These elutions were analysed on SDS-PAGE gels, along with the soluble and
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insoluble lysate, flow through and washes. The lower molecular weight proteins (smaller than
15 kDa) did not stain well (Figure 3.13b and c); however, the western blot of the gels
confirmed the presence of tagged-RpfB in the elutions (Figure 3.13d and e). The observation
of non-specific proteins in the elutions was minimal, with a faint second band only seen in
elution 6 by western blot (Figure 3.13e). These purification specifications were concluded to

be clean enough for the upscaling of RpfB purification.
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Figure 3.13. Small scale purification of his-tagged RpfB on his-select nickel affinity gel at optimal pH and
imidazole concentration. Tagged-RpfB was bound and washed at pH 8.0, in the presence of 20 mM imidazole,
and eluted at pH 8.0. Protein concentrations of the elutions were determined by Nanodrop (A) and the elutions
with the highest protein concentrations (E5 to 10) along with the uninduced control (U), soluble (sol) and
insoluble lysates (insol) were analysed on a 12% SDS-PAGE (B and C). Western blot confirmed the
maintenance of the his-tag used for the affinity purification and the presence of tagged-RpfB in the elutions (D
and E). A non-specific band of protein was present in elution 6 (indicated by the green arrow).
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3.6. Batch expression of RpfB

3.6.1. Purification binding and eluting at pH 8.0

Like RipA, RpfB was batch purified to maximise the yield of protein for downstream
experiments. A 1 L culture of RpfB was grown at 37°C, induced overnight at 22°C and lysed
by French press, as described in sections 2.6.1 and 2.6.3. Tagged-RpfB was isolated on the
his-select nickel affinity gel column at pH 8.0 for both binding and eluting, as described in
section 2.6.9. Protein concentrations of the elutions were determined by Nanodrop at 280 nm
and the elutions with the highest concentration of proteins, elutions 4 to 10 (Figure 3.14a),
were visualised on a 12% SDS-PAGE gel with the lysate, flow through and washes, as
described in sections 2.4.1 and 2.6.12. Some tagged-RpfB did not bind to the column and was
lost in the flow through and washes; however, the majority of tagged-RpfB bound to the
column and eluted off during the imidazole gradient elution (Figure 3.14b and c). Elutions 6
to 9 contained the highest concentrations of tagged-RpfB, but also contained some non-
specific proteins (Figure 3.14c). To minimise the presence of these unwanted proteins, the
respective elutions were pooled for a high salt wash.
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Figure 3.14. Batch purification of his-tagged RpfB on his-select nickel affinity gel, binding and eluting at
pH 8.0. The protein concentrations of the elutions were determined by Nanodrop (A). The uninduced control
(U), soluble (sol) and insoluble (insol) lysates, flow through (FT 1 to FT3), washes (W1 and W2) and the elution
fractions with the highest concentrations of protein (E4 to E10) were analysed on a 12% SDS-PAGE gel (B and
C). A large amount of tagged-RpfB bound the affinity gel column and was eluted in elutions 4 to 10. Some non-
specific proteins were also eluted off the column during the imidazole gradient, indicated by the green bracket.
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3.6.2. Salt wash to remove non-specific binding proteins and aggregates

A high salt wash was performed to remove some of the non-specific proteins and any RpfB
aggregates in the elutions. The pooled elutions were run on the 8 ml his-select affinity gel
column and washed with the high salt buffer as described in section 2.6.10. The protein
concentrations of the salt wash elutions were determined by Nanodrop at 280 nm (Figure
3.15a) and analysed on a 12% SDS-PAGE gel, along with the pooled elutions, flow through
and wash, as described in sections 2.4.1 and 2.6.12. A large amount of tagged-RpfB was lost
during the high salt wash along with a small amount of non-specific proteins (Figure 3.15b).
The salt wash produced two very clean elutions of tagged-RpfB (E4 and ES5 in figure 3.15b),
with no visible aggregates or non-specific proteins. These elutions were pooled and

subsequently used for tag removal.
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Figure 3.15. High salt wash of his-tagged RpfB purification elutions to minimise non-specific binding
proteins and aggregates. Pooled purification elutions were re-loaded onto his-select nickel affinity gel and
washed with a high salt buffer before re-eluting off the gel column. The protein concentration of the elutions
were determined by Nanodrop (A). The pooled elutions (P), flow through (FT), wash (W) and elutions (E1 to
E5) were analysed on a 12% SDS-PAGE gel (B). The salt wash removed most of the non-specific proteins and
aggregates (indicated by the green arrows).

3.6.3. Affinity tag removal

To exclude any possible interference of the his-tag in protein activity, the his-tag was
removed by TEV digestion as described in section 2.6.4. The pooled elutions from the salt
wash (E4 and 5) were digested overnight in a time-course digestion, with aliquots being
sampled every 2 hours for the first 8 hours. These aliquots were analysed on an SDS-PAGE
gel to visualise the cleavage of the his-tag, as described in section 2.6.11. Over time, less of
the tagged 12 kDa RpfB protein was seen in the digestion reaction and more tagless 10 kDa
RpfB protein is observed (Figure 3.16). At the end of the digestion, almost no tagged-RpfB

was present in the digestion reaction (Figure 3.16), and the reaction was dialysed overnight to
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remove the EDTA and DTT from the reaction mixture, as described in section 2.6.5. The
removal of these chelating agents was in preparation for the purification of any undigested

protein and the his-tagged TEV enzyme on the his-select nickel affinity gel.

RpfB

MW P 1hr 2 hr 4 hr 6hr 8hr O/N

35

25 <+—— TEV protease ~25kDa

15

<+—— Tagged RpfB ~12kDa

10 <+—— Tagless RpfB ~10kDa

Figure 3.16. Time course digestion of his-tagged RpfB by TEV protease at 37°C for the removal of the his-
tag. Elutions 4 and 5 of the high salt wash were pooled for tag removal. Cleavage of the tag from the pooled his-
tagged protein (P) resulted in more of the tagless 10 kDa RpfB protein being present in the reaction and less of
the tagged, 12 kDa protein in the reaction over time. The reaction proceeded overnight (O/N).

3.6.4. Purification of tagless RpfB

To purify tagless-RpfB and remove the his-tagged TEV enzyme and any remnant tagged-
RpfB, the reaction mixture was dialysed and batch purified on his-select nickel affinity gel, as
described in section 2.6.5 and 2.6.9. The flow through, which should contain tagless-RpfB
which is unable to bind to the affinity gel, as well as the washes and elutions, were visualised
on a SDS-PAGE gel as described in section 2.6.11. No protein was lost during the dialysis
buffer exchange (Figure 3.17). Tagless RpfB (10 kDa) did not bind the affinity gel, as
expected, and was aspirated off the gel in the flow through. The TEV enzyme and any non-
specific proteins bound to the column and were eluted off the affinity gel during the
imidazole elution (Figure 3.17). A small amount of tagless RpfB was present in the wash;
however, most of the desired protein was present in the flow through (Figure 3.17). The
protein concentration of RpfB in the flow through was determined by Nanodrop at 280 nm
and the flow through was subsequently used for activity assays.
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Figure 3.17. The purification of tagless-RpfB on his-select nickel affinity gel. Tagless RpfB was unable to
bind to the his-select affinity gel and was collected in the flow through (FT). Undigested protein, still containing
a his-tag and the his-tagged digestion enzyme, TEV protease, bound to the affinity gel and were isolated from
the tagless protein in the flow through. The pooled protein elutions (pooled), digestion reaction (Digest),
dialysed digestion reaction (Dialyse), the flow through (FT1 to FT4), washes (W1 and W2) and the elution (E)
were all analysed.

3.7. Protein activity assays

Purified recombinant RipA and RpfB were tested for muralytic activity. These proteins act on
the peptidoglycan of the mycobacterial cell wall, releasing products which promote
resuscitation from dormancy and mycobacterial cell growth. To test the activity of the
purified proteins, four different assays were used: the MUF-triNAG assay, FITC assay, the

Remazol dye release assay and zymography.

3.7.1. MUF-triNAG assay

The first assay used to evaluate protein muralytic activity was the MUF-triNAG assay.
Cleavage of the MUF-triNAG substrate produces a florescent emission, which can be
measured at 450 nm. The assay was first set up, as described in section 2.7.1, with varying
concentrations of lysozyme, an enzyme known to cleave the MUF-triNAG substrate, to
validate the functionality of the assay. Over time, the fluorescent emission at 450 nm
increased, indicating the cleavage of more MUF-triNAG substrate with time (Figure 3.18a).
The intensity of the signal was also seen to be lysozyme concentration dependent, with a
faster increase in fluorescent emission observed with higher concentrations of lysozyme, and
overall a greater change in florescence with higher concentrations of lysozyme (figure 3.18a
and b). Once it was verified that the assay worked, purified recombinant RipA and RpfB
cleavage activity was evaluated. Over 3 hours, no significant change in emission at 450 nm
was observed (Figure 3.18c), hence the muralytic capabilities of these proteins was not be

established using this assay.
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Figure 3.18. MUF-triNAG assay was inconclusive in establishing recombinant RipA and RpfB muralytic
activity. The functionality of the assay was established with a lysozyme gradient in which increasing
fluorescent emission at 450 nm was observed over 3 hours, in a lysozyme-concentration dependent manner (A
and B). No fluorescent emission, indicative of the cleavage of the fluorescent MUF-triNAG substrate by active
muralytic enzymes, was observed for RipA and RpfB (B). Statistical analysis was performed using a one-way
ANOVA adjusted for multiple comparisons (Graphpad Prism 6). Error bars indicate the standard error of the
mean.

3.7.2. FITC assay

Because the activity of recombinant RipA and RpfB was not established using the MUF-
triNAG assay, an alternative fluorescent assay, the FITC assay was used to test muralytic
activity of the recombinant proteins. The FITC assay utilises the cleavage and release of a
fluorescent molecule from a substrate as an indication of muralytic activity. The FITC assay
was conducted, as described in Section 2.7.2. with varying concentrations of lysozyme, to
verify the functionality of the assay. Lysozyme cleaved the substrate, resulting in the release
of the fluorescent molecule which was detected at 515 nm (Figure 3.19a). The fluorescent
emission at 515 nm was dependent on the concentration of lysozyme, with a greater
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fluorescent emission as the concentration of lysozyme increased, which is indicative of
increased substrate cleavage (Figure 3.19a). When recombinant RipA and RpfB muralytic
activities were tested using the FITC assay, RipA displayed no significant muralytic activity
on its own, but in combination with RpfB, significant cleavage of the substrate was observed
(Figure 3.19b). This is indicative of the reported synergism between these two enzymes for
cleavage of the peptidoglycan substrate (Hett et al., 2008). The positive control, lysosome, in
this particular assay did not display any significant muralytic activity. It was concluded that
an alternative assay, which was not reliant on fluorescence should be utilised to validate the

synergistic protein activity observed during the FITC assay.
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Figure 3.19. Recombinant RipA and RpfB synergistic muralytic activity was established by FITC assay.
The functionality of the assay was established with a lysozyme gradient (A) in which a positive fluorescent
emission at 515 nm was observed after 3 to 5 days, in a lysozyme-concentration dependent manner. No
significant fluorescent emission at 515 nm, indicative of the cleavage of the fluorescent FITC-labelled
peptidoglycan substrate by active muralytic enzymes, was observed for RipA and RpfB alone. However, in
combination, significant cleavage of the substrate was observed, indicative of a synergism between these two
enzymes during muralytic cleavage (B). Statistical analysis was performed using a one-way ANOVA adjusted
for multiple comparisons (Graphpad Prism 6). Error bars indicate the standard error of the mean.
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3.7.3. Remazol brilliant blue dye release assay

The remazol brilliant blue dye release assay was performed as an alternative protein activity
assay to validate the observed synergism between RipA and RpfB in the FITC assay (section
2.7.3). Both RipA and RpfB displayed significant cleavage activity on the labelled cell wall
material (Figure 3.20), resulting in an observable change in optical density at 595 nm
compared to the cell wall substrate alone. The synergism between these two enzymes that
was seen previously in the FITC assay was not confirmed, with the muralytic activity of these
two proteins decreasing when they were used in combination (Figure 3.20). The lysozyme
control in this assay did not produce a significant change in optical density at 595 nm

compared to the substrate alone.
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Figure 3.20. Recombinant RipA and RpfB display antagonistic muralytic activity in the remazol brilliant
blue protein activity assay. RipA and RpfB both display significant muralytic activity, cleaving the remazol
brilliant blue-labelled cell wall substrate, producing an observable change in optical density at 595 nm,
compared to the substrate on its own. In combination, RipA and RpfB muralytic activity is hindered and
decreases compared to the two enzymes alone, indicative of an antagonistic interaction between these two
enzymes. Statistical analysis was performed using a one-way ANOVA adjusted for multiple comparisons
(Graphpad Prism 6). Error bars indicate the standard error of the mean.

3.7.4. Zymography
To evaluate the activity of recombinant RipA and RpfB alone, zymography was used, as an

alternative assay to the fluorescent and optical density assays previously tested. The proteins
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of interest were separated on a peptidoglycan-SDS-PAGE gel and incubated in renaturation
buffer at 37°C, as described in section 2.7.4. If the protein is active, it is expected to digest
the peptidoglycan in the gel surrounding itself hence creating zones of clearance in the gel.
Bovine serum albumin (BSA) and lysozyme were used as negative and positive controls
respectively. RipA displayed lytic activity, creating visible clearance zones, similar to that of
the lysozyme positive control (Figure 3.21a and b). RipA’s lytic activity was proven to be
very robust, as both heat denatured (Figure 3.21a) and chemically denatured protein (Figure
3.21b) were able to refold and digest the peptidoglycan. RpfB did not create any zones of
clearance. From the zymogram the activity of RipA was confirmed; however, the synergistic
effect of RpfB on RipA activity, as well as the lytic activity of RpfB alone, could not be
determined. Because the cleavage activity of RpfB was confirmed in the remazol brilliant
blue release assay, both proteins were carried forward into the in vitro assays. As the synergy
of RipA and RpfB could not be proven in atleast two muralytic activity assays, the proteins

were evaluated individually and in combination in the in vitro resuscitation experiments.
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Figure 3.21. Zymogram demonstrating the lytic activity of recombinant RipA. Recombinant RipA
displayed muralytic activity digesting the peptidoglycan of the SDS-PAGE gel, in a similar fashion to the
positive lysozyme control (Lys). This activity was shown to be robust, as RipA was able to renature and retain
activity after both heat denaturation (A) and chemical denaturation (B). RpfB, as in previous literature,
displayed no significant lytic activity on the peptidoglycan-SDS-PAGE gel. Bovine serum albumin (BSA), a
protein with no muralytic activity, was used as a negative control.

55



3.8. In vitro assays

3.8.1. Resuscitation of starved H37Rv in liquid media with recombinant RipA and RpfB
RipA and RpfB are hypothesised to have resuscitation and growth stimulatory capabilities.
To evaluate their ability to resuscitate and promote the growth of non-culturable Mtb, purified
recombinant RipA and RpfB were added to MGIT assays and MPNs, as described in sections
2.9.1 and 2.9.3. It was expected that the addition of the recombinant proteins would enhance
the growth and resuscitation of the inoculated bacterial cells, shortening the TTP in MGIT
assays and increasing the number of organisms detected by MPN assays. Non-culturable cells
were prepared by carbon starvation, as described in section 2.8. H37Rv CF, containing
endogenous secreted Rpfs, was also evaluated in this assay for resuscitation capabilities. The
addition of 20 ng/ml RipA and 20 ng/ml RpfB to MGIT cultures significantly decreased the
TTP of starved H37Rv cultures compared to cells cultured with just 7H9 MGIT media and
cells cultured with CF supplemented MGIT media (Figure 3.22a). The decrease in MGIT
TTP was RipA and RpfB concentration dependent. Higher concentrations of RipA and RpfB
(50 ng/ml), negated the positive effect by increasing the TTP to values comparable to media
alone (Figure 3.22a). The positive effect observed with MGIT cultures was not reflected in
MPN assays, where the supplementation of media with RipA and RpfB had no significant
effect on the resuscitation and enumeration of H37Rv cells quantified by resuscitation index
(Figure 3.22b).
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Figure 3.22. Supplementation of recombinant RipA and RpfB to MGIT cultures decreased the time to
positivity of starved H37Rv. Supplementation of 20 ng/ml of RipA and 20 ng/ml RpfB significantly decreased
the TTP compared to normal MGIT media and MGIT media supplemented with CF (A). Increasing the
concentration of recombinant protein negated this effect. The growth stimulatory properties in the MGIT assay
were not conserved in other liquid cultures assays, such as the MPN assay, where recombinant protein
supplementation had no significant impact of resuscitation index (B). Experiments were performed as 3 3
technical replicates of 3 biological replicates. Statistical analysis was performed using a one-way ANOVA
adjusted for multiple comparisons (Graphpad Prism 6). Error bards indicate the standard error of the mean.
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3.8.2. Resuscitation of starved H37Rv on solid media with recombinant RipA and RpfB
To evaluate whether resuscitation of carbon starved H37Rv with recombinant RipA and RpfB
could also be achieved on solid media, starved H37Rv was plated on un-supplemented solid
media and solid media supplemented with 20 ng/ml recombinant RipA and RpfB, as
described in section 2.9.2. As the decrease in TTP was only observed for the lower
concentrations of supplemented proteins in the liquid assay (Figure 3.23), this assay was
performed with the lower concentration of supplemented RipA and RpfB, 20ng/ml. No
significant differences were observed in the number of CFUs/ml, indicative of resuscitated
cells, between the un-supplemented media and RipA and RpfB supplemented media (Figure
3.23).
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Figure 3.23. Supplementation of recombinant RipA and RpfB did not increase the number of resuscitated
H37Rv bacilli on solid media. Carbon starved H37Rv cells were plated on solid media supplemented with 20
ng/ml RipA and RpfB displayed no significant difference in the number of resuscitated organisms, indicated by
CFUs/ml, compared to cells plated on un-supplemented solid media. Experiments were performed as 3 technical
replicates. Statistical analysis was performed using a paired student t-test (Graphpad Prism 6). Error bars
indicate the standard error of the mean.

3.8.3. Resuscitation of starved H37RV, Beijing and LAM strains with recombinant
RipA and RpfB

To investigate whether RipA and RpfB supplemented resuscitation and growth stimulation

was strain dependent, non-culturable, starved H37Rv, Beijing and LAM isolates were

resuscitated. Non-culturable cells were generated by the modified carbon starvation model, as

described in section 2.8, and resuscitated in supplemented MGIT assays, as described in
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section 2.9.3. In agreement with previous experiments (Section 3.8.1), supplementation of
MGIT assays with RipA and RpfB improved the TTP of starved H37Rv (Figure 3.24a). In
contrast to observations seen in section 3.8.1, supplementation with H37Rv CF improved
MGIT TTP for H37Rv cells (Figure 3.24a). RipA and RpfB supplementation and H37Rv CF
supplementation had no significant effect on MGIT TTP for Beijing and LAM isolates

(Figure 3.24b and c).
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Figure 3.24. Improved resuscitation of carbon starved Mtbh in MGIT assays with recombinant RipA and
RpfB supplementation is strain dependent. Supplementation of MGIT assays with 20 ng/ml recombinant
RipA and RpfB decreases the TTP of carbon-starved H37Rv (A) but has no significant effect on carbon-starved
Beijing isolates (B) and carbon-starved LAM isolates (C). Experiments were performed as 3 biological
replicates. Statistical analysis was performed using a one-way ANOVA adjusted for multiple comparisons
(Graphpad Prism 6). Error bars indicate the standard error of the mean.

3.8.4. Resuscitation of clinical Mtb strains with recombinant RipA and RpfB

The effect of recombinant RipA and RpfB on clinical isolates of Mtb in decontaminated
sputum was evaluated to determine whether supplementation with recombinant resuscitation
factors could decrease the TTP in MGIT cultures. MGIT cultures were performed as

described in section 2.9.3. The supplemented MGIT assays were tested on 30 clinical isolates
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that were collected for a previous study in our laboratory and stored at -80°C for
approximately 1 year (Ethics certificate M200164 — Appendix A). The demographics,
immunology and the original diagnostic data of the specimens is listed in table 4 below. The
demographics and immunology of 4 specimens were unknown, and therefore excluded from
the table.

Table 4. The demographics, immunology and original diagnostic data of the 30 clinical specimens utilised
in this study, categorised by HIV status and CD4 cell count.

CD4 count  CD4 count
<200 >200
(n=26) (n=4) (n=22) (n=17) (n=5)

Variable Overall ~ HIV negative HIV positive

Demographics and Immunology

Male, n (%) 16 (53.3) 3(10) 13 (43.3) 10 (33.3) 3(10)
Female, n (%) 10 (33.3) 1(3.3) 9 (30) 7(23.30 2(6.7)
Median Age, years (IQR) 37 (33-48.5) 50.5(26-51) 36 (33-46.5) 36 (33.5-43) 34 (30-48)
1515 149 418
Median CD4 count, cells/fmm3 (83-177.5) (52.5-159.5) (213-617)

Clinical diagnostic for TB -

Negative, n (%) 11 (36.70) 1(3.3) 10 (33.3) 8 (26.7) 2 (6.7)
Positive, n (%) 15 (50) 3 (10) 12 (40) 9 (30) 3(10)
Scanty, n (%) 0 0 0 0 0
+,n (%) 4(13.3) 0 4(13.3) 4(13.3) 0
++,n (%) 3(10) 0 3 (10) 1(3.3) 2 (16.7)
+++,n (%) 8 (26.70 3(10) 5 (16.7) 4(13.3) 1(3.3)

Clinical diagnostic for TB -

High, n (%) 7 (23.3) 2(6.7) 5(16.7) 4(13.3) 1(3.3)
Medium, n (%) 8 (26.7) 1(3.3) 7(23.3) 5(16.7) 2(6.7)
Low, n (%) 2(6.7) 0 2(6.7) 1(3.3) 1(3.3)
Very low, n (%) 5 (16.7) 0 5(16.7) 4(13.3) 1(3.3)
Not detected, n (%) 4(13.3) 1(3.3) 3 (10) 3(10) 0
Median GeneXpert threshold (CT), 16.8 14 20 16.9 22.3
cycles (IQR) (13.6-24.2)  (3.1-16.4) (15-25.2) (13.2-26) (18-27.7)
MGIT
2715 200.5 301.5 323 252
Media, hours (IQR) (184-421) (186.5-801.8) (179.8-421) (192.5-422) (133-398.5)
269 202.5 315.5 336 270
H37Rv CF, hours (IQR) (146.8-401.3) (171.3-218.8) (97-415.3) (149.5-419.5) (77.5-653.5)
267 203.5 298.5 314 250
20ng/ml RipA, hours (IQR) (188.8-397.5) (186.3-802) (183.2-397.5) (196-400) (122.5-346.5)
282.5 206.5 317 324 254
20ng/ml RpfB, hours (IQR) (190-392.5) (189.3-802) (186.3-397.5) (197.5-375) (140-542.5)
20ng/ml RipA and RpfB, hours 240.5 204 269.5 317 252
(IQR) (191.5-402.5) (187.5-389.3) (187.3-402.5) (198-407) (129.5-643.5)
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Of the 30 clinical samples tested, 10 were shown to have high initial bacterial load by CFU
assay during the previous study, 10 were shown to have low initial bacterial load by CFU
assay and 10 were shown to have no culturable bacterial load by CFU assay (data from
previous study, not shown). Overall, in the clinical specimens of the cohort examined, the
addition of recombinant RipA and RpfB had no significant effect on TTP compared to
normal MGIT culture, regardless of original bacterial load determined by CFU (Figure 3.25a
and supplementary figure 1). Four of the specimens under normal MGIT conditions were
negative and yielded the maximum TTP of 1000 hours (specimens 2248 and 2299 in
Supplementary figure 2 and specimens 2205 and 2461 in Supplementary figure 4). Two of
the four specimens (specimens 2248 and 2461) when supplemented with CF and both RipA
and RpfB had a decreased TTP and became positive (Figure 3.25b). Although the decrease in
TTP was not as large with RipA and RpfB supplementation compared to CF
supplementation, a reduction in TTP to less than 500 hours was observed (Supplementary
figure 2 and 4). However, the addition of RipA and RpfB and CF to the four negative MGIT

specimens overall had no statistically significant effect on TTP (Figure 3.25b).
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Figure 3.25. Supplementation of recombinant RipA and RpfB to MGIT cultures had no significant effect
on the time to positivity of clinical isolates of M. tuberculosis. (A) Supplementation of 20 ng of RipA and 20
ng RpfB individually and together had no significant effect on MGIT TTP compared to normal MGIT media
and MGIT media supplemented with CF. (B) Two of the four specimens which are negative in normal MGIT
media had a decreased TTP and became positive when supplemented with both RipA and RpfB. Statistical
analysis was performed using a one-way ANOVA adjusted for multiple comparisons (Graphpad Prism 6). The
error bars indicate the standard error of the mean.
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When examining the MGIT results of individual specimens, supplementation with both RipA
and RpfB improved the TTP in 20% of the examined specimens (specimens 2248, 2315,
2372, 2309, 2461, 2380 in Supplementary figures 2, 3 and 4). An increased TTP was
observed in a single specimen (3.3%) when supplementing MGIT assays with both RipA and
RpfB (2371 in Supplementary figure 4). The benefit of RipA and RpfB supplementation
overall outweighs the negative effect seen in only 3% of the tested specimens.

An investigation into whether demographics, immunology and initial diagnostic data
(summarized in table 4) influenced RipA and RpfB supplementation of MGIT assays was
performed next. It was observed that gender (Figure 3.26a), HIV-status (Figure 3.26b), CD4
count in HIV positive specimens (Figure 3.26c¢), initial smear microscopy result (Figure
3.26d) and initial GeneXpert grading (Figure 3.26e) had no significant effect on RipA and
RpfB supplementation of MGIT assays.

61



HIV positive vs HIV negative

A female vs male B
1000 ) O @G oo @ @ 00 1000-@0 @ CO GO @ © o o
i3 . BB .
3 ° <] B ° e o
= |
2 a0je® § @ % %0 £ 400 ~
: E ¥
Sy E”% 'i' ) g %
200
mie® 0 %" S e P Ve §PTee
® 0 ® 09 g @° o® ’ (]
oL@ !‘ e @ 0 , o° oL@ @0 @ %
> , @ o K % y ¢ &k F R < X @
& S FELS ST L & C T EF S TS
+ &Q- @Q- vﬁ' & <& 6§- ?FQ‘ é@ \\ Q\‘; & \@ Q?f
. Ay & g S
n“$ QOQ\ \Q'\Q o Q“Q\’ \ng i Ny S <<~\Q.
vV & ML SV 5 &
ch {\& q‘h(\ q?(\
i > , . .
! Tornale ik ol ! HIV positive HIV negative
C CD4 <200 vs CD4 >200 D smear positive vs smear negative
1000 @0 @@ OO @@ OO e o] 10001 L] ase, ® @ ©
EHB 900
° 600
n v [
: ° ° - i)
REBEY v Ir ftaaneslt
= @ f f E 3 .' 08 @' ©
e ® o o0
200 200 o
SR 44E R 134 2 A B
o ‘¢ § ° o o
| o e® o o L ® o 0 ® g 00 0
& F R L P& ® Ewé FEELEFOER
S v Q'\Q R @R & U R @QK QR Qé G 89 @« S ,Sg
« NEF\ RN DAY WX \4‘ (@ \s \ﬂ‘-‘\ ha
& -Q? & & -Qv- g o q_\Q g & Q.\Q
& & & & & & o o o o &
RN (R SN Vv & Y &
v o cég(‘ »vov <‘b\é\ oé (\é’\
’Po 'L“o L fLQ J L (»Q J
' CD4 < 200 H CcD4 > 200 ! smear positive smear negative
GeneXpert grading
E 1000 00000000 o © © O ®

800

60

=)
[}

40

g 858
N . %%%%ggie

TTP (hours)

=]
[ ]
e

0 ©°o0e® o%%0
0 ® @000 L
PEFTLLLIFRRLLEFOLLEFRLLEF R
o SEE Faay Sy Saey (Eae
& & F & & & F & & F & &
& Sfe® & & ef & & R 3 SR & &R
P A S PO A P e &
T @ f»q,é@ TS ‘b'@ée PP @
& < & < &
P , L , P , D
not detected very low low medium high

Figure 3.26. Supplementation of MGIT assays with recombinant RipA and RpfB had no significant effect
on MGIT time-to-positivity regardless of specimen demographics, immunology and diagnostic data.
Supplementation of 20 ng/ml recombinant RipA and RpfB, alone and in combination, did not significantly
change the MGIT TTP, compared to normal MGIT media and CF, regardless of gender (A), HIV-status (B),
CD4 count (C) and diagnostic smear (D) and GeneXpert result (E). Error bars indicate the standard error of the

mean.
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4. Discussion

Mtb is considered to be one of the most successful pathogens worldwide. Its success can be
largely attributed to its ability to evade various stresses. A key mechanism utilised in this
evasion is the adoption of non-culturable states, in which the bacterium is more tolerant of
stresses that would normally be detrimental to survival. Once permissive conditions resume,
the bacteria exit these less culturable states, often termed dormancy, and resume active
replication (Kell and Young, 2000; Jones and Lennon, 2010; Lennon and Jones, 2011). Rpfs
and their interacting partner, RipA, have been identified as key partners in the re-emergence
of Mtb from the non-culturable state leading to the re-establishment of active infection
(Mukamolova, Turapov, Kazarian, et al., 2002). This study aimed to investigate whether
supplementation of MGIT cultures with RpfB and RipA, could improve the detection and
diagnosis of Mtb.

Vectors expressing the catalytic regions of these two proteins were obtained and transformed
into BL21 DE3. The catalytic region of RipA encompassing residues 355 to 472, forms a
NIpC/P60 domain and houses the cysteine-histidine-glutamate catalytic triad (Ruggiero,
Marasco, et al., 2010). This catalytic domain has been shown previously to be folded and
fully functional as an endopetidase in the absence of the N-terminal auto-inhibitory domain
(Ruggiero, Marasco, et al., 2010). The catalytic region of RpfB encompassing residues 280 to
362, folds into a c-type lysozyme structure, suggesting a lysozyme-like mechanism of
activity. (Cohen-Gonsaud et al., 2004; Ruggiero et al., 2009). The enzyme however lacks the
critical aspartate residue of c-type lysozymes, replacing it with tyrosine. This change in
catalytic residues has proven RpfB to be functionally distinct from c-type lysozyme but
instead possessing the structure for lytic transglycoslase activity that is similar to that of
soluble lytic transglycosylase SLT70 from E. coli (Thunnissen et al., 1995; Cohen-Gonsaud
et al., 2004; Ruggiero et al., 2009). The catalytic C-terminal domains of both RipA and RpfB
have also been identified as the regions of interaction for these two proteins (Hett et al.,
2007). It was demonstrated that the expression of these two interacting catalytic domains,
RipAas2-472 and RpfBago -362, and not the full-length proteins, are sufficient for mycobacterial
resuscitation and growth stimulation (Ruggiero, Marasco, et al., 2010; Nikitushkin et al.,
2015).

Three different small scale purification methods were evaluated for the purification of
recombinant RipA and RpfB. No recombinant RpfB was recovered from the small scale
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purification using the Zymo His-spin Kit. It is unknown whether induced RpfB, seen in the
soluble lysate, was lost in the flow through or washing steps, as these elutions were discarded
and not analysed on the SDS-PAGE gel (Figure 3.3a). The elution buffer for this kit contains
250 mM imidazole which is the starting concentration of imidazole for the elution of RpfB
off the his-select nickel affinity gel (Sigma) (Figure 3.13a and Figure 3.14a). It is possible
that RpfB may have not eluted off the Zymo kit column and still be bound to the gel, hence
going undetected in the final elution. The recovery of both proteins was poor using the
Qiagen Ni-NTA spin columns, where a large amount of recombinant RipA and RpfB was lost
in the flow through, as seen in figure 3.3b. The best purification method for the isolation of
both proteins was the small scale purification using his-select nickel affinity gel (Sigma)
(Figure 3.3c). As this method was successful in isolating both proteins of interest with a
substantial yield, it was carried forward for optimisation and upscaling.

The purification of RipA and RpfB was optimised to maximise the yield and purity of the
recombinant proteins. Very little variation was seen during the purification of RpfB under
different pH conditions; however, binding and eluting of RipA differed under different pH
conditions. It was therefore decided to alter pH conditions for the purification of RipA from
those previously reported (Ruggiero, Squeglia, et al., 2010). It is unknown whether pH
optimisation for the purification of both proteins was performed previously; however, in our
hands, RipA bound best to the nickel purification gel at pH 7.6 and eluted best at pH 8.6.,

maximising our yield and purity of recombinant protein.

To test the muralytic activity of the recombinant proteins, four assays were used. The MUF-
triNAG assay measures lytic activity on the peptidoglycan-like substrate by the release of a
fluorescent dye. MUF-triNAG has previously been used to demonstrate the cleavage activity
of RpfB on peptidoglycan-like substrates, due to its lysozyme-like fold (Mukamolova et al.,
2006; Telkov et al., 2006). Lysozyme, which was used as the positive control, displayed
muralytic activity using this assay; however, neither of the recombinant proteins produced a
significant fluorescent signal (Figure 3.18). This observation may be due to the fact that
MUF-triNAG is specifically a lysozyme substrate and hence the substrate may be
inappropriate for the evaluation of endopeptidase activity by RipA. The MUF-triNAG assay
has only been reported twice in the evaluation of muralytic activity (Mukamolova et al.,
2006; Telkov et al., 2006), therefore cleavage activity was assessed using an alternative, and
more widely used assay - the FITC assay.
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The FITC assay also relies on the release of a fluorescent substrate from fluorescently
labelled peptidoglycan as an indication of muralytic activity. The FITC assay has been used
previously to evaluate both recombinant RipA and RpfB activity (Mukamolova et al., 2006;
Hett et al., 2008; Ruggiero, Marasco, et al., 2010; Nikitushkin et al., 2015). The cleavage of
the FITC-labelled peptidoglycan by RipA was observed by Hett et al. (2008) and Ruggiero et
al. (2010), but no muralytic activity by RpfB alone was observed in these studies. This is
contradictory to observations by Nikitushkin et al. (2015), where muralytic activity by both
RipA and RpfB alone in the FITC assay was observed (Hett et al., 2008; Nikitushkin et al.,
2015). Interestingly, a synergistic effect was observed by adding both RipA and RpfB to the
FITC assay, resulting in a larger fluorescent signal than RipA and RpfB alone (Hett et al.,
2008; Nikitushkin et al., 2015). These observations in the FITC assay mimicked those seen
by Hett et al. (2008) and Ruggiero et al. (2010), showing synergistic muralytic activity for
RipA and RpfB (Figure 3.19). To validate this observation, the remazol brilliant blue dye
release assay was performed. Contrast to the observations in the FITC assay, an antagonistic
interaction was observed between RipA and RpfB in this assay, with muralytic activity
decreasing when both enzymes were present (Figure 3.20). RpfB displayed muralytic activity
against the peptidoglycan substrate on its own (Figure 3.20), similar to observations by
Nikituskin et al. (2015). It could not be concluded from these experiments whether the
relationship between RipA and RpfB is synergistic or antagonistic, therefore in later in vitro
experiments, both proteins were assessed individually and together for resuscitation

capabilities.

Zymography was used as a non-florescent assay to evaluate the lytic activity of recombinant
RipA and RpfB. Recombinant RipA displayed muralytic activity, creating clearance zones in
the peptidoglycan-SDS-PAGE gel thus confirming the activity of our recombinant protein
(Figure 3.21). RpfB did not create any zones of clearance. In an effort to understand this, a
literature search to determine possible reasons for this unexpected result was undertaken.
Zymography to test the activity of Mtb RpfB has not been reported in literature; however, the
essential Mi. luteus Rpf protein has previously been shown to create lytic clearance zones in
zymography assays (Mukamolova et al., 2006; Telkov et al., 2006). It is possible that
recombinant Mtb RpfB, which is non-essential, may be distinct to that of Mi. luteus, which is

an essential gene, thus resulting in the apparent discrepancy in zymography assays.

65



The ability of recombinant RipA and RpfB to resuscitate non-culturable Mtb in in vitro
assays was investigated. Previous studies have investigated the effect of Rpfs and Rpf-
containing CF on the growth and resuscitation of mycobacteria (Sun and Zhang, 1999;
Shleeva et al., 2002; Wu et al., 2008; Mukamolova et al., 2010; Huang et al., 2014; Kolwijck
et al., 2014; Nikitushkin et al., 2015; O’Connor et al., 2015; Chengalroyen et al., 2016).
Shleeva et al. (2002 and 2004) showed that the addition of recombinant Rpf from Mi. luteus,
as well as Mi. luteus CF, to M. smegmatis and Mtb cultures improved viability and
culturability on solid media (Shleeva et al., 2002, 2004). Co-cultivation of Mi. luteus and M.
smegmatis, allowing the release of Mi. luteus Rpf into the culturing media, also increased the
viability of M. smegmatis cells (Shleeva et al., 2004). Supplementation with Mtb CF has
repeatedly been shown to improve the culturability of Mtb cultures (Sun and Zhang, 1999;
Shleeva et al., 2002; Kolwijck et al., 2014; O’Connor et al., 2015; Dusthackeer et al., 2019).
CF from a number mycobacterial species, both virulent and avirulent, has also been shown to
have resuscitation capabilities on sputum-derived Mtb (Sun and Zhang, 1999; Dusthackeer et
al., 2019). The resuscitation capabilities of CF on dormant tubercle bacteria generally
outweigh that of recombinant Rpfs, in most cases in terms of the number of resuscitated
organisms. However, there are advantages to the use of recombinant proteins over CF, for
example, recombinant Rpfs are more stable when stored correctly and do not require
continuous fresh culturing of Mth. Heterogeneity in bacterial infections has been displayed in
a previous study by Chengalroyen et al (2016). This study demonstrated variability in the
dependence on Rpfs for resuscitation and growth stimulation, with some mycobacterial
populations in sputum being completely dependent on the presence of Rpfs in CF for growth
stimulation and detection, while others were able to resuscitate and grow in the absence of
Rpf in the CF (Mukamolova et al., 2010; Chengalroyen et al., 2016). The resuscitation
capabilities of RipA has only been revealed in recent years, where supplementation of RipA
into non-culturable M. smegmatis cultures, promoted growth and the emergence from this
state (Nikitushkin et al., 2015). The synergy of RipA and RpfB seen in in vitro assays was
also displayed in this study, with the combination of RipA and RpfB being more potent in
growth stimulation than each protein individually (Nikitushkin et al., 2015). From this
observation, it was expected that supplementation of Mtb cultures with a combination of

RipA and RpfB would enhance the growth and emergence of mycobacteria.

A reduction in TTP was observed when non-culturable Mtb H37Rv MGIT assays were
supplemented with recombinant RipA and RpfB, compared to normal MGIT media and
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H37Rv CF (Figure 3.22a). The growth stimulatory proteins promoted the emergence from the
non-culturable state and the resumption of exponential growth at 20 ng/ml. A dose-dependent
stimulatory effect on non-culturable cells was observed, where increasing the concentration
of RipA and RpfB, from 20 ng/ml to 50 ng/ml, negated the reduction in the time to detection
(Figure 3.22a). This result correlates with observations by Nikitushkin et al. (2015), where
growth stimulation and resuscitation are dependent on protein concentration, forming a bell
curve (Nikitushkin et al., 2015). The observed optimal protein concentration at the top of the
bell curve were approximately 10 ng/ml for both RipA and RpfB. RpfB in these experiments
was shown to have a substantial reduction in resuscitation capabilities at 50 ng/ml
(Nikitushkin et al., 2015). Cell wall hydrolytic enzymes, such as RipA and RpfB, require
strict regulation to prevent cell lysis, therefore excessive amounts of these enzymes may
result in cell lysis instead of resuscitation. This has been seen previously, where
supplementation of lysozyme, RipA and RpfE, causes cell wall weakening, enhancing the
activity of cell wall targeting antibiotics (Gustine et al., 2019). Despite reducing the TTP, the
overall number of bacteria resuming active growth, measured by resuscitation index in the
MPN assay, did not change with RipA and RpfB supplementation (Figure 3.22b). It appears
that RipA and RpfB are able to speed up reactivation from the non-culturable state but have
minimal effect on enhancing growth once a cell count threshold has been reached after
resuscitation. After this, overall growth mimics growth in normal media. This has been
eluded to in previous studies by Wu et al. (2008), where RpfB stimulation was only effective
on low inoculum cultures (Wu et al., 2008). This correlates with the observation that RipA
and RpfB supplementation does not increase the number resuscitated organisms on solid
media (Figure 3.23). As the time of emergence of resuscitated bacteria in the solid media
resuscitation assays (Section 3.8.2) was not monitored, it is unclear whether resuscitation on
solid media was accelerated when supplemented with recombinant RipA and RpfB.
Interestingly, a reduction in TTP when MGIT cultures were supplemented with H37Rv CF
was not observed in this experiment, which is contradictory to previous studies showing
improved TTP and detection of Mtb with CF supplementation (Sun and Zhang, 1999; Shleeva
et al., 2002; Kolwijck et al., 2013; O’Connor et al., 2015; Chengalroyen et al., 2016;
Dusthackeer et al., 2019). This may be due to the fact that the MGIT is a different system to
previously studied assays and therefore may present a unique micro-environment. As
variation in the dependence on CF and resuscitation promoting agents is seen between
different bacterial populations (Chengalroyen et al., 2016), it is possible that the non-
culturable cells generated in our model are not responsive to CF for resuscitation, resulting in
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no observable stimulation of growth and no improvement in the time to detection. As CF
contains a range of excreted factors, both growth stimulatory and inhibitory factors, it is also
possible that an unidentified inhibitory factor may be inhibiting the growth stimulatory
properties of the CF. This would need to be investigated further in future work, by
investigating the components of CF by mass spectrometry. Small variations in the ODegoo Of
Mtb cultures from which the CF is derived were also observed to impact the resuscitation and
growth stimulatory effects of CF on non-culturable H37Rv (Supplementary figure 5).
Variation in ODegoo from previous studies may also be accountable for the opposing result.

It was observed that H37Rv CF and the recombinant proteins did not stimulate the
resuscitation of Beijing and LAM strains of Mth. Ongoing studies our laboratory have also
noted this finding (Padarath, unpublished). It was observed by Padarath (unpublished) that
CF from Beijing strains was able to stimulate resuscitation of Beijing strains more
successfully than media and CF from H37Rv. This suggests that the stimulation of growth
and resuscitation of different Mtb strains is dependent on the components of the CF of that
particular strain. Further investigation into the components and Rpf ratios in the CF of

different Mtb strains requires further investigation.

A reduction in TTP will positively impact the speed of a confirmed diagnosis for TB-infected
individuals thus allowing for a faster initiation of treatment. An investigation into whether the
reduction in TTP seen in the detection of H37Rv with RipA and RpfB supplementation,
would also be seen in a cohort of South African TB-infected individuals was performed.
Previous studies have shown that supplementation of BACTEC 960 and BacT/ALERT MP
MGIT systems with CF and recombinant RpfB, improves the TTP of Mtb from sputum
samples (Huang et al., 2014; Kolwijck et al., 2014). It should be noted that Huang et al.
(2014) found the supplementation to only be beneficial in patients whose normal MGITs
were only positive after ~480 hours (20 days). The effect of RipA and RpfB supplementation
in MGITs on 30 patient specimens which had varied initial CFUs, indicative of starting
culturable bacterial load, was investigated. Overall, no reduction in TTP when MGIT cultures
were supplemented with RipA alone, RpfB alone and RipA and RpfB in combination was
observed, which was in stark contrast with the axenic experiments that were carried out on
H37Rv. There was a large range of variability between patients, which would skew any
possible significant effect, hence presenting a limitation to this experiment. Looking at
patients individually, a reduction in TTP with the supplementation of RipA and RpfB, is seen
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in a handful of patients (~20%) (Supplementary figure 2, 3 and 4). Supplementation with
RipA and RpfB only hindered detection in a single patient (~3%), and in the remaining
patients in this cohort (77%), supplementation of RipA and RpfB into MGIT cultures neither
enhanced or hindered detection, with no significant change in TTP observed. The addition of
recombinant RipA and RpfB to MGIT assays may therefore be beneficial in enhancing the
detection of Mtb in some sputum samples, while causing minimal inhibitory effect on others.

This requires further investigation in a larger cohort going forward.

4.1. Conclusion

The catalytic regions of two Mtb proteins, RipA and RpfB, which are involved in the
resuscitation and growth stimulation of Mtb, were successfully expressed and purified. The
muralytic activity of recombinant RipA and RpfB was evaluated by zymography and
florescent and optical density-based protein activity assays, where both proteins displayed
muralytic activity. The resuscitation capabilities of recombinant RipA and RpfB were
assessed in MGIT assays on non-culturable Mtb H37Rv generated using a modified published
carbon starvation model. In this regard, a reduction in TTP compared to normal MGIT media
and CF was observed, suggesting that RipA and RpfB are able to promote the growth and
resuscitation of non-culturable Mtb. An investigation into whether this reduction in MGIT
TTP would be observed in clinical samples derived from a South African cohort of patients
was conducted. To this end, no significant alteration in the TTP overall following
supplementation with RipA and RpfB was reported. Looking at individual patients however,
some specimens benefited from the supplementation, as observed by a decrease in the time to
detection. For the remaining patients, addition of recombinant proteins did not affect the TTP,
hence posing no detriment to diagnostic speed. Future work will focus on investigating these
effects on a larger cohort, as well as a study of the other components of CF which may
display resuscitation capabilities. The supplementation of MGIT assays with RipA and RpfB
may enhance MGIT assays and provide faster diagnosis and detection of Mtb and better
treatment monitoring, key areas of interest in the fight to eliminate this epidemic causing
pathogen.
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5. Supplementary Figures
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Supplementary figure 1. Growth and resuscitation of Mth from patient specimens in MGIT assays by
initial bacterial load. Specimens were grown and resuscitated in normal MGIT media, CF supplemented media
(CF), media supplemented with 20 ng/ml RipA, media supplemented with 20 ng/ml RpfB and media
supplemented with 20 ng/ml RipA and RpfB. Growth and resuscitation were indicated by positivity of the
MGIT tube. Specimens were categorized by their respective initial culturable bacterial load, indicated by
CFUs/ml No significant difference in TTP is observed in supplemented MGITs, regardless of initial bacterial

load. Error bars indicate the standard error of the mean.
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Supplementary figure 2. Growth and resuscitation of Mtb from individual patient specimens with high
initial colony forming units (CFUs) in MGIT assays. Specimens were grown and resuscitated in normal
MGIT media, CF supplemented media (CF), media supplemented with 20 ng/ml RipA, media supplemented
with 20 ng/ml RpfB and media supplemented with 20 ng/ml RipA and RpfB. Growth and resuscitation were

indicated by positivity if the MGIT tube.
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Supplementary figure 3. Growth and resuscitation of Mth from individual patient specimens with low
initial colony forming units (CFUs) in MGIT assays. Specimens were grown and resuscitated in normal
MGIT media, CF supplemented media (CF), media supplemented with 20 ng/ml RipA, media supplemented
with 20 ng/ml RpfB and media supplemented with 20 ng/ml RipA and RpfB. Growth and resuscitation were

indicated by positivity if the MGIT tube.
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Supplementary figure 4. Growth and resuscitation of Mtb from individual patient specimens with no
initial colony forming units (CFUs) in MGIT assays. Specimens were grown and resuscitated in normal
MGIT media, CF supplemented media (CF), media supplemented with 20 ng/ml RipA, media supplemented
with 20 ng/ml RpfB and media supplemented with 20 ng/ml RipA and RpfB. Growth and resuscitation were
indicated by positivity if the MGIT tube.
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Supplementary figure 5. Resuscitation of carbon starved H37Rv is dependent on the optical density of the
culture filtrate used during MGIT assays. Carbon starved H37Rv was resuscitated in MGIT assays with CF
extracted from cultures with optical density of 0.3, 0.6 and 0.9 at 600 nm. Better resuscitation, indicated by the
faster TTP, is achieved with CF from lower density cultures. Experiments were performed as 3 technical
replicates of 2 biological replicates. Error bars indicate the standard error of the mean.
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