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Abstract

ARR is an antibiotic resistance protein found Ntycobacterium smegmatis with
several homologues in other species and genera. iARfRvates rifampicin through
the transfer of an ADP-ribose group from NAm G of rifampicin. This work
aimed to characterize ARR both biochemically andcfionally. ARR was
heterologously expressed and purified to a homagghevel. Using far-UV circular
dichroism it was found that ARR has a mixed alpbkchl and beta sheet secondary
structure. It was also shown that ARR retains & Ipigoportion of this structure after
heating from 10 °C to 85 °C. Fluorescence specbmsshowed the two tryptophans
(W59 and W107) in ARR to be solvent exposed. THegkngs are congruous with
the crystal structure of ARR. Study of cell wall mpbology revealed that expression
of ARR led to increased cell length & coli and branching iM. smegmatis. We
suggest other possible targets for ARRvinsmegmatis based on theld pathway in

S codlicolor which involves an ADP-ribosyltransfer reaction legdto changes in
cell wall morphology. These targets are extracatllinding protein, sugar binding
lipoprotein and D-xylose binding periplasmic proteThese targets suggest a role for

ARR in nutrient sensing and stress response.
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1 Introduction

1.1 Mycobacteria

Mycobacteriaare acid fast Gram positive filamentous bacterid are the only
member of the family Mycobacteriaceae within théesActinomycetes (NCBI). The
genusMycobacterium is made up of more than 30 species and numerowspscies
which are closely related tdocardia andCorynebacterium. Like these organisms the
mycobacterialgenome has a high G-C content. The most distingbishfeature of
mycobacteria is their ability to produce large amtswof long chain fatty acids known
as mycolic acids and incorporate them into thdirwalls. The genus can be divided
into the fast growing mycobacteria (e.gl. smegmatis) and the slow growing

mycobacteria such &4. tuberculosis (Springeret al., 1996).

M. smegmatis was first isolated from human smegma (genitaletemr). AlthoughM.
smegmatis is considered to generally be non-pathogenic & bhaen implicated in
several human infections especially those arounghase after trauma (Newtat al.,
1993). GeographicallyM. smegmatis is widely distributed with isolates reported in
the United States of America, Canada, AustraliaitZntand and Russia (Browet
al., 1999; Pennekamg al., 1997; Wallacest al., 1988).M. smegmatis is an ideal
mycobacterial model as it is non-pathogenic antddeswing (Snappeet al., 1990);
while some pathogenic speciesMycobacterium take six to seven weeks to culture,

M. smegmatis can be grown in four days.

1.1.1 Mycaobacterial cell walls

Mycobacterial cell walls are made up of three typepolymers that are covalently
linked. These polymers are peptidoglycan, arabil@ag@n and mycolic acids (see
Figure 1.1). The peptidoglycan and arabinogalatbam what is known as the AG
complex which is linked by phosphodiester bondimghte mycolic acids (Peté al.,
1969). Nearly 60% of the mycobacterial cell walmsde up of lipids (Wanet al.,

2000); this is highly unusual in bacterial cells.yddlic acids are unique to



Mycobacteria and closely related genera includimidpcardia, Rhodococcus and
Corynebacterium (Frieden, 1993).

Mycolic acids aren-alkyl-B-hydroxy fatty acids which are long and complexgSe
Figure 1.2). Mycolic acids have a very low fluidiywd make up the inner leaflet of
the lipid bilayer of mycobacterial cell walls. Thwesence of mycolic acids may
explain the extremely low permeability of mycobaietecell walls (Wanget al.,
2000). This low permeability partially accounts ftre low level of antibiotic
susceptibility in many mycobacterial species. Mycacids also help in disease
persistence in mycobacterial infections by shigjdine bacteria from stress during
infection (Barry and Mduli, 1996).
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Figure 1.1 Schematic representation of the proposed structuké& tuberculosis cell
wall (Abdallahet al., 2007). Note the mycolic acid layer which makes tfrembrane
thick and hardy. Typically, non-pathogenic mycokaetdo not have a capsule.

Figure 1.2 Generalized mycolic acid structure (Asselineau lagaterer, 1950).
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1.1.2 Pathogenicity

By far the best known pathogenic mycobacteriaMreuberculosis and M. leprae,
the causative agent of leprosy. Both are slow gngwnycobacteria.ln addition to
these well-known pathogens there are a numberheir @low growing mycobacterial
species which cause human infections (Brostlal., 2001). M. bovis infects a
number of mammalian hosts including humahs. ulcerans is the cause of an
epidemic of cutaneous infections in West Africa aatypical mycobacterial
infections such as thklycobacteria avium intracellulare complex are increasingly
found to be associated with HIV (Shafran, 1996)tl@f fast growing mycobacterial
species, th#. fortuitum group is most commonly associated with human deseas

1.1.3 Mycobacterium tuberculosis

Mycobacterium tuberculosisis the causative agent of tuberculosis (TB). In20tre
were estimated to be nine million new TB infectiomgth the total number of
infected people expected to rise to one billiontlhy year 2020 (WHO, 2006). TB
causes more deaths worldwide than any other cunalféetious disease (WHO
Report, 2004). TB rarely affects young children afigécts more men than women
with incidence rates highest in young adults (Byal., 2007).

In 2003, 31% of worldwide TB deaths occurred iniédralthough Africa has only

11% of the world’s population (See Figure 1.3).Aligh the rate of TB infections

fell in all other regions between 1997 and 2006, ftiite of infections continued to
increase in Sub-Saharan Africa (Dsteal., 2009). In Sub-Saharan Africa, 75% of TB
deaths are HIV-related (WHO Report, 2005). In AdridB is the leading cause of
death in HIV-infected individuals. Rates of recngiTB infection in patients with a

previous history of HIV-related TB is frequent (Cbluyard, 2003; Seyleet al.,

2005). Multidrug resistant TB is defined as a straihich is resistant to at least

11



rifampicin and isoniazid and is becoming increalsir@pmmon in Africa. Treatment
of multidrug resistant TB is expensive, often tomied is generally unavailable in
Africa (Deanet al., 2002). Multidrug resistant TB has a high fataligte and low

treatment success (Frieden, 2002).

1.2 Rifampicin

Rifampicin (known as rifampin in the United Stategs first produced by Dow-
Lepetit Laboratories in Milan, Italy in the mid 186 (Sensi, 1983). Rifampicin is a
semi-synthetic derivative of rifamycin B, which wasolated as a natural
fermentation product dlocardia mediterranei. N. mediterranel was initially placed
in the genustreptomyces but was later reclassified (Margalith and Pagaf6l).
Although five rifamycins were initially isolated dm N. mediterranel designated

rifamycin A through E, only rifamycin B was found Ibe stable (Senst al., 1960).

Although rifamycin B was found to have no antibaeie activity it became

‘activated’ in an oxygenated aqueous solution (Betra., 1960). The mechanism of
this ‘activation’ was found to be caused by thergpneous conversion of rifamycin
B into rifamycin O, which is then hydrolysed intdamycin S by losing a single
molecule of glycolic acid. Once rifamycin S is niyldeduced, rifamycin S yields
rifamycin SV (Sensét al., 1960).

12
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Figure 1.3 Disproportionate burden of HIV, HIV-related tubel@sis, andM.
tuberculosis co-infections in Africa, for 2000. Every persorpresents 5% of the
global total, with African people shown in red atite rest of the world in blue
(Taken from Corbettt al., 2003).

Rifamycin B Rifampicin
{Rifampin)

Figure 1.4 Chemical structure of rifampicin andptecursor rifamycin B (Watanabe
et al., 2003).
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Rifamycin SV was found to be highly active agaimsicteria, especially Gram
positives such ablycobacterium tuberculosis. However it was not suitable for oral
administration as it is not easily absorbed byghstrointestinal tract and is quickly
metabolised by liver enzymes leading to undeteetdéVels in the blood stream
(Sensi, 1983). During a study which produced sévaradred synthetic variations of
Rifamycin SV, rifampicin was discovered.. Rifampicis 3- formylrifamycin SV

with N-aminoN’"-methylpiperazine (see Figure 1.4). Rifampicin waand to be

highly antimicrobial, easily absorbed and not toxic the doses required for
treatment. In 1968, rifampicin was introduced ifB therapy in Italy and was
approved by the United States Food and Drug Adrnatien (FDA) in 1971 (Sensi,
1983).

1.2.1 Mode of action

Rifampicin inhibits prokaryotic transcription thrgln tight binding to RNA
polymerase (see Figure 1.5). This was first showh&rtman in 1967. There are five
stages of transcription, namely; binding of polyaser to DNA; binding of the first
nucleoside triphosphate to the DNA-polymerase cemjathain initiation through the
formation of the first phosphodiester bond; chdongation by the assembly of more
nucleotides; chain termination by release of thenmete polyribonucleotide.
Rifampicin aborts chain elongation by preventing tformation of the second
phosphodiester bond once chain initiation has tgdane (Johnson and McClure,
1976).

14
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Figure 1.5 Mechanism of transcriptional inhibition by rifampic The RNA itself
and the rest of the nucleic acids have not beeiti@epfor reasons of clarity. Mgis
represented by the magenta sphere. The ribonubdsotre labeled with respect to
the initiation site. The incoming nucleotide subtdrat the -1 position is shown in
green and the -1 and -2 positions that can be aoomiated in the presence of
rifampicin are depicted in yellow. The RNA furthgostream (-3 to -8) that cannot be
accommodated in the presence of rifampicin is aqeldyink. The DNA template
strand is grey. Rifampicin is shown positioned t& binding site on th@ subunit.
The carbon atoms are coloured in orange while #tygen and nitrogen atoms are
coloured in red and blue respectively (Nicholsal., 1991). The rifampicin is
partially transparent, illustrating the RNA nuclees (at -3 to -5) that sterically

clash.
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RNA polymerase consists of five subunitspp'oc. Rifampicin binds to th@ subunit
of prokaryotic RNA polymerase (Mindliet al., 1972). This binding is lipophilic with
the lipophilic ansa chain of rifampicin extendingrthest into the polymerase
(Stender and Scheit, 1977). By binding in this neanmifampicin prevents chain
elongation of the di-ribonucleotide formed at thaia intiation stage.

1.2.2 Mechanisms of resistance

The most common mechanism of rifampicin resistasdbhe mutation of nucleotides
within the rpoB gene which encodes thesubunit of RNA polymerase (Jin and
Gross, 1988; Telenst al., 1993; Williamset al., 1994). The mutations prevent the
binding of rifampicin to the RNA polymerasgoB mutations conferring rifampicin
resistance are located within a 225 bp region efggne (Jin and Gross, 1998). These
mutations usually affect amino acids in regions-582; 560-572 and 687 (Aubry-
Damonet al., 1998).

Studies of M. smegmatis, M. intracellular and M. avium have indicated that
rifampicin resistance in these organisms occursm@chanisms other tharpoB
mutations (Guerret al., 1994; Hetheringtort al., 1995). It has been established that
there were four types of rifampicin resistance \whiactivate the drug: glucosylation
(Yazawaet al., 1994); decomposition (Dablesal., 1987); phosphorylation (Yazawa
et al., 1994); ribosylation (Dabbet al., 1995; Quaret al., 1997).

Inactivation of rifampicin by glusosylation involyghe substitution of the hydroxyl
group of Gz in rifampicin with ap-D-glucose (Yazawat al., 1994). This form of
inactivation is prominent in thocardia. Another mechanism used ocardia as
well as Rhodococcus, is that of phosphorylation. During this procesghmsphate
group is added to the ansa bridge of rifampicinCat (Yazawaet al., 1994).

16



Decomposition of rifampicin is widespread througlmamber of bacterial genera
includingNocardia, Mycobacteria andRhodococcus (Dabbset al., 1987; Anderseet
al., 1997). Ribosylation is a relatively newly discoa&® mechanism of antibiotic
inactivation and appears to be limited to rifampiciactivation (Dabbst al., 1995;
Quanet al., 1997, Baysarowicht al., 2008).

1.2.3 Rifampicin in the treatment of infections

Rifampicin is far more effective against Gram p@sitorganisms because there is
ineffective penetration of Gram negative cell wdlisrifampicin (Wehrli, 1980). Its
efficacy against Gram positives resulted in itsnidecation as a potential TB
treatment early on in its development (Sensi, 1988yay, rifampicin is recognized
as the primary TB treatment along with isoniazid.

In addition to treatment of TB, rifampicin has besrtcessfully used in the treatment
of numerous infections includingurinary tract infections, bone infections,
endocarditis, foreign-body related infections, negpry tract infections, bacterial
meningitis, as well as skin and soft-tissue infawdi (Bliziotis et al., 2007).

Rifampicin is also being increasingly used in theatment of drug resistant

Saphylococcus aureus (Ellis et al., 2009).

1.3 ADP-ribosyl transfer ases

ADP-ribosylation involves the transfer of an ADBase group from NADto a
substrate with the loss of nicotinamide. Collier swene first to elucidate the
mechanism of an ADP-ribosylation reaction when witugl the effect of diphtheria
toxin on elongation factor2 (Collier, 1967). Many well-studied ADP-ribosyl
transferases are bacterial toxins. These includaderd toxin, diphtheria toxin,
pertussis anéseudomonas aeruginosa exotoxins A and S. All bacterial toxins which
act through ADP-ribosylation act on one G-protepedfic to that toxin (Shall,
1995). Some bacterial ADP-ribosyl transferase t&xre encoded by bacteriophages
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which infect the bacterium (Uchida and Pappenheim®i71). Reversible ADP-
ribosylation regulates nitrogenase in photosynthéficteria (Ludden, 1994). The
human genome contains some ADP-ribosyl transfeggsees of bacterial origin
(Landeret al., 2001).

In eukaryotes, ADP-ribosyl transferases are dividatb mono ADP-ribosyl
transferases (ARTs) and poly ADP-ribose polymerag@ARPs). The PARP
superfamily consists of eighteen classes of pretdiaplaying a conserved catalytic
domain (Améet al., 2004). The most extensively studied PARPs areeauc
localised proteins which poly ADP-ribosylate proteipost-translationally. PARP-1
and PARP-2 are involved in the single-strand bregdair and base excision repair
pathways. PARP1 has also been implicated in the@tapo pathway and has thus
been identified as a possible cancer inhibitor. PARhas been shown to interact
with PARP-1 in the centrosome. For review artic{feese Améet al. (2004) and
Burkle (2005).

The ARTSs are a relatively small gene family (Glowiagt al., 2002).The majority of
ARTSs are ectoenzymes which act on extracellulastsates (Corda andi Girolamg,
2003). Intracellular ARTs have been implicated &ll cycle regulatory pathways
through binding to G-proteifi-subunit and preventing modulation of effectorshsuc
as phosphoinositide 3-kinase (Lumt al., 2000). For a full list of mono ADP-
ribosyltransferases see Table 1.
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Table 1 Mono ADP-ribosyl transferases, their sources arubstaies (Corda and Di

Girolamo, 2003).

Enzymes Source Substrate/amino acid Effect of the reaction
Viruses
ALT Bacteriophage T4 RMNA polymerase/Arg265 Enhances viral transcription
Maod A Bacteriophage T4 RNA polymerase/Arg265 Enhances viral transcription
Med B Bacteriophage T4 RNA polymerase/Arg265, Enhances viral transcription
S1 ribosomal protein/Arg
Prokaryotes
Toxins
Diphtheria Corvnebacterium diphthe riae EF-2/diphtamide715 Inhibits protein synthesis
Exotoxin A Pseudomonas aevuginosa EF-2/diphtamide715 Inhibits protein synthesis
Exotoxin 8 Pseudomonas aeruginosa Ras family/Arg41 Disrupts actin microfilaments
Chaolera Vibrio cholerae G, Gt/ Argl187 Inhibits GTPase activity
LT1, LT2 Escherichia coli G, G/ Arg187 Inhibits GTPase activity
Pertussis Bordetella pertussis G, Grrg, Gog/Cys351 Uneouples receptor and G protein
C2iota t Clostridium botulinum Actin Prevents actin poly merization
3 Clostridium botulinm Rho, Rac/Asndl Disrupts actin cytoskeleton
Ci-like Clostridium limosum Rho, Rac/Asndl Disrupts actin cytoskeleton
EDIN Staphylococcus aureus Rho/Asndl Disrupts Golgi apparatus
VIP2 Bacillus cereus Rho/Asndl Disrupts actin cytoskeleton
SpvB Salmonella entervica Actin Prevents actin poly merization
Mitx Bacillus sphaericus Unknown Unknown
Intracel lular
DRAT Rhodospivilluem rubrum Dinitrogenase reductase/Arg 101 Inhibits dinitrogenase reductase
Eukaryotes
Ectoenzymes
ARTI Human, rat, mouse Integrin, defensin/Arg Inhibits substrate activity
ARTZ(AB) Rat, mouse Unknown/ Arg Role in T cell proliferation
ARTS Human, rat, mouse Unknown Unknown
ART4 Human, rat, mouse Unknown Unknown
ARTS Human Unknown/ Arg Unknown
ARTG(A,B) Chicken p33/actin/Arg2 8-206 Inhibits substrate activity
ARTT Chicken Unknown Inhibits substrate activity
Intracel lular
Sir2p Yeast Histones/Sir2p/acetyl-lysine Involved in histone deacetylation
Sirmin2 Human Albumin/zcetyl-lysine Involved in histone deacetylation
Pierisinl,2 Cabbage butterfly DNA Cytotoxic
Arginine-specific Hamster, human GififArgl 29 Inhibits substrate activity
Cysteine-specific Human GDHICys Inhibits substrate activity
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The above mentioned ADP-ribosyltransferases allcactproteins, share a similar
global fold and use the same catalytic mechanisatgét al., 2006; Hollburret al.,
2006). The ADP-ribose group is added to a nitrogezm on a susceptible amino

acid, often arginine.

1.4 ADP-ribosylation in Streptomyces coelicolor

In the filamentous actinomycetes, a novel developaieycle leads to the formation
of an aerial mycelium at the beginning of differation (Kelemen and Buttner,
1998). InS codlicolor, vegetative substrate hyphae are formed at sparaigation.
These hyphae rise to aerial hyphae which furthdéferéntiate into chains of
exospores (Elliott al., 1998). The formation of the aerial hyphae coincigéh the
production of secondary metabolites including aatibs. The production of aerial
hyphae is known as morphological differentiationilevstthe production of secondary

metabolites is known as physiological differengati

Both physiological and morphological differentiaticn S coelicolor are under the
control of thebld genes, known as such because coloniétdahutants have a shiny
“bald” appearance because they lack aerial hypkKateihen and Butler, 1998).
There are 1®ld genesbldJ (formerly bld216), bldA, bldB, bldC, bldD, bldF, bldG,
bldH, bldl andbldK (Merrick, 1976; Puglia and Cappelletti, 1984; Clpa@ss, 1988;
Harasymet al.,1990; Wileyet al.,1993).

ADP-ribosylation is a key factor in th#d pathway (Shimat al.,1996; Sugawarat
al.,2002). A regulatory locus designatbtgA was found to play an essential role
early on in the differentiation process by modugtthe activity of proteins through
ADP-ribosylation (Shimaet al.,1996). In addition,bldB, bldC and bldH mutants
failed to ADP-ribosylate a number of proteins whigere ADP-ribosylated in parent
wild type strainsBrgA leads to the ADP-ribosylation of at least fourtpmos inS
coelicolor (Sugawaraet al.,2002). These proteins are BIdKB, MalE and two
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periplasmic proteins. It is not cleardifgA encodes an ART or encodes a factor which
controls transcription of an ART encoding gene.

BIdKB is a member of thbldK cluster of genes which encode the components of an
oligopeptide importer-exporter which is a member tbé ATP-binding cassette
(ABC) membrane spanning transporter family (Nodvetlhl., 1996). BIdK is the
transporter which is responsible for importindldJ dependent extracellular signal
which initiates thébld signaling cascade. BIDKB is an extracellular subohBIdK.
MalE is involved in maltose utilization (Driessest al., 2000) and the two
periplasmic proteins are part of high affinity aettransport (van Wezet al., 1977).

These target proteins are all on the membrane sndheolved in nutrient transport.
They appear to be ADP-ribosylated on the thiol grofi cysteine as shown by the
susceptibility of the linkage to mercuric chloriteatment. Sugawas al identified
specific cysteine residues within these proteinspagative locations of ADP-
ribosylation (Sugawaret al., 2002). These cysteine residues are all situatdiolei N-
terminal region of the proteins and there is a commamino acid sequence flanking
them: Leu (or Ala) — Thr (or Ala) — Ala —Cys — GIyhis sequence is a known
lipoprotein signal sequence and is the site at kvhijoprotein modification occurs
which is essential for the export of lipoproteirs waell as their anchoring to the
membrane (Wt al., 1996).

If these cysteine residues are the site of ADResytation, then these proteins would
no longer be recognized by enzymes which fdtracyl-diacylglycerylcysteine and

would not be exported to the membrane and wouldoeadble to act in transport of
nutrients (Sugawaret al., 2002).

1.5ARR

The only known naturally occurring ADP-ribosylatiofh a small non-proteinaceous

target occurs itM. smegmatis in which rifampicin is ADP-ribosylated by the emag

21



ARR (Dabbset al., 1995; Quanet al., 1997; Quanet al., 1999). This ADP-
ribosylation leads to the inactivation of the agilt. The ARR (hame derived from
ADP-ribosylates rifampicin) gene wadentified in a genomic library of DNA d¥l.
smegmatis DSM 43756 (Quaset al., 1999).

The gene is 429 bp in length and begins with a Gig& codon (Quast al., 1997).
Although AUG is accepted as a universal start codidycobacteriafrequently use
GTG as a start codon. In keeping with the predisied of the translated product of
this gene the ARR protein is small6kDa ,143 amino acids (see Sequence 1). The
gene showed no sequence similarity to known ADBsybtransferases. A putative
upstream regulatory element has high sequenceasityito an upstream region of
another rifampicin inactivation gene frofRhodococcus equi iri, suggesting a

common regulatory mechanism between the two geépear(et al., 1997).

VVARNPPKPF EVHESGAYLH GTKADLKVGD RLVPGRESNFE

AGRIMKHVYI TQTLDAAVWG AELAVGEGRG RIYIVEPEGH
IHDDPNVTDK KLPGNPTRSY RTREPVRIVG ELTDWEGHSP
EQIAAMREGL EDLRRKGLAV YD

Sequence 1: ARR amino acid sequence.

1.5.1 Structure
In 2008, the crystal structure of ARR was determibg Baysarowiclet al. ARR is

made up of a single domain containing sefestrands (arranged in two antiparallel
B-sheets) and tweo-helices (Baysarowiclet al., 2008). The twd3-sheets [{1-4-7-2
and 3-6-5) are arranged almost perpendicularly to ametheer. The twan-helices
form the deep cleft into which rifampicin binds. €@nrifampicin has bound, an
extended loop region containifi® andp6 closes over the rifampicin forming a lid

(see Figure 1.7).
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It is significant that although rifampicin is quiteeeply buried within ARR there are
no ionic or covalent bonds formed between rifampamd any of the amino acid side
chains of ARR (Baysarowic# al., 2008). Apart from two hydrogen bonds, formed
with N86 and K91, the interaction is entirely hydhobic. This allows a high degree
of plasticity in this interaction suggesting thatRR may be able to act on

hydrophobic substrates other than rifampicin.

In 2008 Gianniosigt al found that the single amino acid substitution Ralised a
significant change in charge distribution (Gianmsost al., 2008). Their work was
carried out before publication of the ARR crystaiusture later the same year;
however, the elucidation of the structure shedigbt lon possible reasons for this
change as P5 is not represented in the structsitbeee is no electron density beyond
residue six (see figure 1.6) This mutation did affect the minimum inhibitory
concentration of rifampicin in mutant cells in caanigon to cells expressing the wild
type protein, indicating that it does not affectiaty. There was also no change to
the predicted hydrodynamic volume between mutawnt &itd type protein, again
suggesting that the mutation does not lead to glatseformational changes, although
it is notable that the estimated hydrodynamic vaumbtained by dielectric

spectroscopy is twice that of the value estimatethb crystal structure.
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Proline ¢

e

R Cal #
Figure 1.6: Electron density map of ARR viewed with ARR caimate file viewed
in Coot (Emsley and Cowtan, 2004). Electron densitghown in blue. Proline six is

marked. There is no clear electron density beybrgdpoint. PDB co-ordinate 2HW?2.
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Figure 1.7 Ribbon diagram representing the crystal structuréABR bound to
rifampicin (Taken from Baysarowichkt al., 2008). Rifampicin is shown in bright
yellow, B-strands in red and-helices in blue. Helices and strands are numbérieel.
carboxy and amino termini are marked by C and deetvely. B is a 180° rotation

of A about the horizontal axis.
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1.5.2 Mechanism

ARR adds an ADP-ribose group onto the oxygen atbr@,a of rifampicin. The
preferred source of ADP-ribose is NA[Baysarowictet al. 2008). ADP-ribosylated
rifampicin has also been termed RIP-TA (Qutal., 1999) The structure of RIP-TA
(MW 1.363 kDa) has been determined 1Y and *C nuclear magnetic resonance
(NMR) analyses’H-'H correlated spectroscopy, pulsed-field gradienetoauclear
multiqguantum coherence, and pulsed-field gradieatedonuclear multiple-bond
correlation and its chemical formula has been dateed as GgH7oNgO.sP, (see
Figure 1.8).

In the predicted molecular mechanism of ARR-mediateDP-ribosylation of
rifampicin  (using ARR’s structure and known meclsam of other ADP-
ribosyltransferases), Asp84 stabilises the devetsppmof a oxocarbenium ion
allowing a transition-state which allows attack ©f; of rifampicin by G of the
ribose (see Figure 1.9). Dabbs and Quan suggelsé#dARR may use FADas a
source of ADP-ribose, because the reaction is itddbby light (Dabbs and Quan,
2000)
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Figure 1.8 ADP-ribosylated rifampicin (taken from Quatal., 1999).
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Figure 1.9 Schematic representation of ARR catalysed ADPsytagion of

rifampicin (taken from Baysarowicd al., 2008). Transition state indicated by *.
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1.5.3 Enzyme activity

ARR can ADP-ribosylate a wide variety of rifamycingith diverse naphthyl
substituents (Baysarowiclet al., 2008). These rifamycins are all of clinical
importance including rifampicin (TB treatment), atiiutin (Mycobacterium avium

complex treatment) and rifaximin (prophylactic treant of traveller’'s diarrhoea).

Steady-state kinetic parameters have been detainfoe ARR. K, values for
binding of rifampicin and NAD are in the millimolar range (Baysarowieh al.,
2008). ka/Km values which indicate an enzyme’s ability to cagalya reaction at a
low substrate concentration are 2.00 £ $dM™ for rifampicin and 1.54 x T0s*-M?
for NAD".

1.5.4 Homology
1.5.4.1 Sequence

ARR derived fromM. smegmatis shows no sequence identity with other known mono
or poly ADP-ribosyltransferases. However, anotloemf of the ARR gene designated
ARR-2 shows a 55% sequence identity and is presentnasbéde genetic element in
numerous bacteria (Baysarowiehal., 2008). ARR-2 integrons or transposons are
most notably found in several Gram-positive patmogebacteria including
Pseudomonas areuginosa (Tribuddharat and Fennewald, 199®scherichia coli
(Naaset al.,2001), Klebsiella pneumoniae (Arlet et al., 2001) andAcinetobacter
baumannii (Houanget al., 2003). There is clear evidence for lateral gearsfer of
ARR-2.

1.5.4.2 Structural

Although there is no significant DNA or protein segce similarity between ARR

and other ADP-ribosyltransferases there is defisttectural homology. Based on
their crystal structures, ADP-ribosyltransferasesdivided into two classes. Class I,
which includes the PARPs and diphtheria toxin, @faks Il, which includes ART2
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and VIP2 toxin (Baysarowicht al., 2008). The two classes share a common NAD
binding core made up of two adjoiningrsheets made up of fiv@-strands.
Distinguishing features between the classes indwdeariable number af-helices
and distinct motifs, H-Y-E in Class | and R-S-EQtass Il

Structural alignments show that ARR shows struttirailarities with Class | ADP-
ribosyltransferases (Baysarowiodt al., 2008). ARR appears to represent the
minimum unit required for ADP-ribosyltransferasetiaty. Although sequence
alignment software fails to reveal the common H-Yngtif found in Class | ADP-
ribosyltransferases, a structure-based comparisvealed two residues (H19 and
Y49) likely to serve the same NAinding function in ARR. H19 is present il
and Y49 inp3. Mutational studies have shown that these twalues are essential

for enzyme function (Baysarowiah al., 2008).

There is a single glutamic acid on the front edfg@® which is conserved in all
previously known ADP-ribosyltransferases. This dasiis believed to be absolutely
necessary for ADP-ribosyltransferase activity; hesvethis residue is not present in
ARR (Baysarowichet al., 2008). This residue is necessary for stabilisthg
predicted oxocarbenium ion in the transition-stateADP-ribosylation. In ARR it
appears that the aspartic acid residue in pos8tbmvhich is in the loop connecting

B5 toB6 performs this function.

1.5.5 Heat stability

Previous studies have shown that ARR functionsnaogdty at 45 °C (Gianniosis,
2007) and that the enzyme is able to function dfesating to 100 °C (Quaet al.,
1997). This indicates that ARR is a thermostabletgin. Many species of
Mycobacterium are able to withstand high temperatures as a caeseg of their
hardy cell walls. Thermophilic bacteria have beboven to have extensive ADP-
ribosylation systemd=araone-Mennellat al., 2006) It is not clear whether there is a
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link between ADP-ribosylation systems and the gbitif a bacterium to persist at
high temperatures.

1.5.6 Changesin cell wall morphology

Previous studies have shown that the expressiolARR changes cell wall
morphology in both Gram-negative and Gram-positigeteria. This has been shown
by the formation of long filaments i. coli expressing ARR (Puhaca, 2005;
Gianniosis, 2007) and a change in colony morpholod® equi (Quan, 1997).

The reason for this change in cell wall morpholagynot clear. It appears to be
independent of ADP-ribosylation of rifampicin andes ARR residues, distinct to
those involved in rifampicin binding, in bindingishtarget (Puhaca, 2005). This
second function of ARR would explain the extremasfitity of binding to rifampicin

as well as the large number of ARR-like sequences fenvironmental isolates

where there has been no obvious human pressuredRayichet al., 2008).

1.5.7 A possiblethreat to TB treatment

Baysarowich found that the majority afr-like sequences were present either as
integrons or alongside transposable sequence. stiggests a high level of lateral
gene transfer of this gene. It has been shown timatobacteria can acquire
pathogenicity factors through lateral gene trangRaustianet al., 2005). With the
high number of HIV patients infected with TB andh@t opportunistic pathogens, it is
becoming increasingly likely th&d. tuberculosis will come into contact with another
pathogen carryingarr as a mobile genetic element and gene transfer dvbal

possible.

Shouldarr be transferred td. tuberculosis the resultant strain would pose a huge

threat to the treatment of TB with rifampicin asfrantline drug. Recently, an
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orthologue of rifampicin, in which the acetate gvan carbon 25 is substituted with
a carbamate group, was found to be effective abtliieg bacterial transcription but
could not be used as a substrate for ARR (Comlatirgk., 2007) . Should strains of
M. tuberculosis containing thearr gene arise, this compound will be invaluable in

treating the resulting rifampicin resistant TB.

1.6 Aimsof this project

This project aims to optimizever-expressiorand purification of ARR, as well as
characterize ARR biochemically by use of fluoresegerand circular dichroism
spectroscopy, as very little biochemical informatis available on ARR. It also aims
to further investigate changes in cell wall morggyl by microscopy and, if possible,

explain these changes.
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2 Materialsand Methods

2.1 Bacterial strains

Bacterial strains used in this work disted in Table 2.1.

2.2 Plasmids
pPQE-30 was used for protein expression. pGEM-T Baayg used for sequencing.
(see Table 2.2).

2.3 Plasmid purification

Plasmid purification was carried out using the Gen#liniprep Kit (Fermentas).
This kit is based on the alkaline lysis method @hBoin and Doly (Birnboin and
Doly, 1979). Alkaline lysis (by sodium dodecyl shfte and sodium hydroxide) is
used to lyse cells and denature cell componentseri\the lysate is neutralized
plasmid DNA is able to renature because of its ksiad and also because it has been
somewhat protected from denaturation due to itutar nature. Once plasmid DNA
has renatured, it resolubilizes while all other atened cell components
(chromosomal DNA, proteins, lipids) remain insokidnd are pelleted out. The
plasmid DNA is then purified further by binding tB&A to a silica membrane in the
presence of high concentrations of chaotropic(gathis case guanidinium chloride).
After an ethanol rinse, the DNA is eluted from theembrane under low salt

conditions.
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Table 2.1 Bacterial strains used in this work.

Species Strain Selection Markers | Source
E. coli
MM2942 - E. Dabbs
BL21 (DE3) pLysS - Promega
SG13009 (pREP) Kanamycin | Qiagen
resistance
E. cloni - Lucigen
M. smegmatis
DSM 43657 - E. Dabbs
DSM 43657Km1 Kanamycin S. Quan
resistance
Table 2.2 Plasmids used in this work
Plasmid Insert Size Source
pQE-30 - ~3.5Kb Qiagen
pQE-30 ARR ~4 Kb J. Burke
pPpGEM-T Easy - ~3Kb Promega
pGEM-T Easy pQE-30 ARR~ 3.6 Kb This work
fragment
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2.3.1 Deter mination of DNA concentrations

DNA concentrations were determined spectrophotdoadiy using the NanoDrop
ND-1000 spectrophotometer. The absorbance at 260nvam used given that 50
pug/ml of double stranded DNA has anef\of 1.0. This value is based on the Beer

Lambert law and the extinction coefficient of doazistranded DNA.

2.3.2 Agarose gel electrophoresis

Gels of 1% agarose were prepared using 1 X TAEEb{O mM Tris acetate; 1 mM
EDTA). Two microlitres of ethidium bromide (1 mg/as added to 50 ml of gel
solution. Samples were loaded with 6 X Sample tma®uffer Fermentas (10 mM
Tris, 0.03% bromophenol blue, 0.03% xylene cyanb| B0% glycerol, 60 mM
EDTA). Gels were electrophoresed in 1 X TAE buféetil the bromophenol blue
band of the tracking dye in the sample buffer Hadteophoresed to approximately 3
cm of the bottom edge of the gel. Gels were vieweder a UV-transilluminator at
320 nm.

2.4 Polymer ase chain reaction (PCR)

PCR is a commonly used molecular biological techeigqised to produce large
amounts of DNA from a small amount of template tiglo amplification using DNA-
dependent DNA polymerase (Mulksal., 1986).

2.4.1 Oligonucleotide primer design

DNA-dependent DNA polymerase requires a short DNAner to function. This

primer is complimentary to the template and uponeating to the template is
extended in a template dependent manner by thengoise enzyme. Primers were
designed to bind about 75 bp away from the T-oveghan pGEM-T Easy. Primers

were checked for propensity to form secondary sires and primer dimers using
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the GeneRunner version 3.01 software (copyright3®61Hastings Software Inc).
These primers were named pQE-30seq forward and383Eqg reverse.

2.4.2 PCR of the ARR fragment from pQE-30

The best annealing temperature was determined déyntitycling eight reactions
(PQE-30seq forward and reverse 2 UM each; pQE-3@saxse; template 100 ng/ul;
1X Fermentas Mastermix) through the same cycle with varying annealing

temperatures in a BioRAD MJ mini thermocycler. Tdmealing temperatures used
were: 60 °C; 59.3 °C; 58 °C; 56.2 °C; 54 °C; 5Z1%50.8 °C and 50 °C. These
temperatures were chosen by taking the averageofTthe forward and reverse
primers and using a gradient that ranged from x5PGhis average. These eight
reactions were thermocycled using plasmid extraftted E. coli BL21 (DE3) pLysS

and MM2942 cells to determine which was a morecifit template.

In order to obtain the highest yield of producthwihe lowest amount of non-specific
amplification, various parameters were tested @&hB). These included MgCl

concentration, template DNA concentration and esitentime during cycling.

Thermocyling conditions were as follows: initialrdguration at 94 °C for 1 minute,

30 cycles of denaturation at 94 °C for 30 secopdsjer annealing at 50-60 °C for

30 seconds, and extension at 72 °C for 30 secan@i@ seconds, and final extension
at 72 °C for 5 minutes. PCR products were furtheified using the Promega Wizard

SV Gel and PCR Clean Up System and subsequentljpaggd by agarose gel

elctrophoresis on a 1% gel.
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Table 2.3 Components of PCR reactions for amplificationref ARR fragment from
pQE-30.

Component Reaction 1 Reaction?2  Reaction 3 Reaction 4
dNTP Mix 0.2uM 0.2uM 0.2uM 0.2uM
MgCl, 1 mM 2 mM 1 mM 2 mM
Forward Primer 1M 1uM 1uM 1uM
Reverse Primer am 1uM 1uM 1uM
Template DNA 50 ng 50 ng 150 ng 150 ng
Taqg reaction buffer  To 1X To 1X To 1X To 1X
Tag polymerase 5U 5U S5U S5U

Nuclease free water To 50 To 50uL To 50uL To 50uL
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2.5 Cloning of ARR fragment from pQE-30 into pGEM-T Easy

Due to difficulties in sequencing the ARR insert pQE-30 it was necessary to
sequence the insert in an alternative vector. pGER&sy (Promega) is a TA cloning
vector. In addition to a multiple cloning sites,etlvector has '5T-overhangs.
Undigested PCR products can be ligated to thesehangs because polymerases,
which do not have'®’ editing activity, add 3terminal adenosine bases during PCR

(Clark, 1988).Taq is one such polymerase.

251 Ligation

Ligation reactions were set up as followsil Promega T4 Ligase (3 Weiss unit$/
5 ul Ligation buffer (2 X); 1ul pPGEM-T Easy (50 ngd); 2 ul ARR insert (50 ngll);
1 ul nuclease free water. The reactions were lefOdtCfor 18 hours.

2.5.2 Transformation of competent cellswith plasmid DNA

Transformations were carried out using the heatisimethod. Competent cells (as
listed in Table 2.1) were thawed on ice. Approxiehats0 ng of chilled DNA was

added to 5Qu of cells. The cells were then incubated on iae3f@ min and then heat-
shocked at 42 °C for 45 sec and placed back offioica further 5 min. After this,

500 pul of SOC (Super Optimal broth with Catabolite) neetlovagen (2 % typtone,
0.5 % yeast, 10 mM NaCl, 2.5mM KCI, 10 mM MgC40 mM glucose), was added
and the cells were incubated with agitation at @7fGr one hour to allow selection

genes to be expressed.

38



Although, until recently, the exact mechanism byickhheat-shock improved
transformation efficiencies was unknown it has noeen shown that the heat pulse
from 0°C to 42°C back to 0°C forms pores in the rheane by causing the release of
lipids from the cell surface and reduces the cdlll wotential allowing the DNA to
pass through (Pangh al., 2008).

2.5.3 Confirmation of positive clones

pGEM-T Easy containing the ARR fragment was tramaéx into E. cloni cells
(Lucigen) and the resultant transformants wereesmé for plasmid presence by
overnight growth on Luria-Bertani broth (LB) Agdi% tryptone; 0.5% yeast extract;
0.5% NaCl; 1.5% agar) supplemented with 1@ml ampicillin. These colonies
were then screened for the insert by colony PCRor§oPCR was performed using
single colonies, 1uM each of T7 forward primer and M13 reverse prinagd

Fermentas PCR Master Mix.

2.6 Sequencing of ARR fragment

Plasmid DNA was extracted from E. cloni cells tfanmed with pGEM-T Easy
containing the ARR fragment. This DNA was sentriqdba Biotec (Pretoria, South
Africa) for sequencing using the universal T7 fordvand M13 reverse primers.

2.7 Induction studies

Heterologous expression of genes in pQE-30 is utitercontrol of the phage T5
promoter coupled to two lac operators. This systemducible by isopropyg-D-1-
thiogalactopyranoside (IPTG). Although the T5 préenas recognised b¥. coli
RNA polymerase and can thus be used inEngoli strain, Qiagen advise that best
results are obtained using Qiagen cell lines spadly designed for use with the pQE
vector range (QIA-Express Cloning Manual). One loése cell lines i€. coli
SG13009 (pREP).
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2.7.1 Preparation of competent E. coli SG13009 (pREP) cells

This methodology is based on that of Hanahan (1888)uses low temperatures and
divalent ions to induce competency in cells. Anrayght culture ofE. coli SG13009
(PREP) cells was grown in LB supplemented withu2dml kanamycin (to maintain
the pREP plasmid) at 37 °C with shaking at 250 r@m. of this culture was added to
50 ml fresh LB and grown until the optical density600 nm was 0.6. The cells were
then decanted into pre-cooled centrifuge tubedefhdn ice for 15 minutes

The chilled cells were pelleted by centrifugati@ar&00 rpm in a chilled Sorvall SS-
34 rotor for 12 minutes. The supernatant was digzhrand the cells were
resuspended in 15 ml transformation buffer (10 mMsMH 6.2, 100 mM KClI,
45 mM MnC}, 10 mM CaCJ, 3 mM HACoC}) and chilled on ice for 15 minutes
then centrifuged for 10 minutes at 2500 rpm in dlezh Sorvall SS-34 rotor. The
supernatant was discarded and the cells were resdeg 4 ml of transformation
buffer. Dimethylformamide (DMF) was added to a camication of 3.5 %. The cells
were placed on ice for 5 minutes and then u#@f 1 M DTT was added. After
chilling on ice for a further 10 minutes, 14Dof DMF was added and the cells were

chilled for 5 minutes before aliquoting.

2.7.2 Induction conditions

Cells E. coli MM2942; BL21 (DES3) pLysS and SG13009 (pRERgre grown in
LB (1% tryptone; 0.5% NaCl; 0.5% yeast extract)3&t °C overnight shaking at
250 rpm. A 100 X dilution of the overnight cultuweas prepared in LB and grown
until the optical density at 600 nm reached 0.4lydag phase), 0.6 (mid log phase)
and 0.8 (late log phase). Cells were then induckia @ither 0.5 or 1 mM IPTG and
samples taken every 2 hours (see Table 2.4). T$amsples were then prepared for

SDS-PAGE and electrophoresed as described below.
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Table 2.4 Conditions examined in induction study.

Growth stage

Cdl Lines

Induction times

(Hours)

IPTG

concentrations

Early- log phase

E. coli BL21 (DE3)
pLysS;

E. coli MM294;

E. coli SG13009

(PREP)

0;: 2: 4;6; 8;>10

0.5mM; ImM

Mid-log phase

E. coli BL21 (DE?3)
pLysS;

E. coli MM294;

E. coli SG13009

(PREP)

0;: 2: 4;6; 8;>10

0.5mM; ImM

Late-log phase

E. coli BL21 (DE3)
pLysS;

E. coli MM294;

E. coli SG13009

(PREP)

0:2:4:6:;8;>10

0.5mM: ImM
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2.7.3 Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE)

SDS-PAGE was performed by the discontinuous mettiescribed by Laemmli
(1970). A 15 % acrylamide separating gel was pregbarith 0.375 M Tris/HCI buffer
(pH 8.8) and 0.1% SDS. A 4% acrylamide stackingvgget prepared with 0.0625 M
Tris/HCI buffer (pH 6.8) and 0.1% SDS. Samples wamrepared for electrophoresis
by diluting them 1:1 with SDS sample buffer (2% SB% -mercaptoethanol, 10%
glycerol and 0.02% bromophenol blue) and heatir@siC for 5 minutes. Molecular

weight markers were also prepared in the same manne

After application of samples to wells, gels werectalophoresed at 120 V until the
bromophenol blue had migrated to approximately loérine bottom of the gel. The
electrophoresis buffer was made up of 0.025 M and 0.192 glycine buffer (pH
8.6) containing 1% SDS. After electrophoresis gatse stained (2% Coomassie blue
R250, 13.3% glacial acetic acid and 18.75% ethaaad) destained (40% ethanol and
10 % glacial acetic acid).

2.8 Purification of ARR

2.8.1 Overexpression of ARR

E. coli BL21 (DE3) pLysS cells containing the pQE-30 plasmiith ARR insert

were grown in LB, supplemented with 106/ml ampicillin, overnight at 37 °C with
shaking at 250 rpm. Four litres of a 100 X dilutiointhis culture were made up in
fresh ampicillin-supplemented LB and grown undez Same conditions until the
optical density at 600 nm reached 0.6. At this estd®TG was added to a final

concentration of 1 mM. The cells were allowed tovgifor 18 hours.

The cells which had been induced overnight werkefgel by a 20 min centrifugation
at 5 000 rpm in a Sorvall SLA-3000 rotor and resumsjed in 1/100 the volume
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phosphate buffer (50 mM MdPO, pH7.5). Resuspensed cells were disrupted by five
cycles of 30 second pulse sonication and centrifuegel0 000 rpm for 20 min in a
chilled Sorvall SS-34 rotor in order to separategbluble component of the cell from
the insoluble component. The insoluble pellet wascatded and the soluble

supernatant was used in purification.

2.8.2 Immabilised metal affinity chromatography (IMAC)

The pQE-30 vector expresses a 6 X His tag upstr@fathe multiple cloning site
resulting in N-terminally His-tagged proteins. IMAG the most commonly used
purification method of His-tagged proteins and"Ndolumns are frequently used.
However, there can be problems of low protein gusihd metal leaching from the
column. Columns charged with cobalt claim to mirmenthese problems. His-Bind
resin (Novagen) is a Ni-NTA (nickel-nitrilotriacetacid) resin. His-pur Cobalt resin

(Pierce) is a tetradentate, cobalt charged, 6%sdmoked agarose bead resin.

2.8.2.1 His-Bind Purification

A 10 ml column of His-Bind resin was charged acewmgdto manufacturer’'s
instructions and equilibrated with ten column voasmof binding buffer (0.5 M
NaCl; 20 mM Tris HCI pH 7.9; 5 mM imidazole). Aftéoading the soluble cell
fraction 5 column volumes of binding buffer werenrthrough the column. The
column was then washed with ten column volumes wagifer (0.5 mM NacCl,

20 mM Tris HCI pH 7.9; 60 mM imidazole) The proteivas eluted using five
column volumes elution buffer (0.5 M NaCl; 20 mMIisFHCI pH 7.9; 1 M

imidazole).

2.8.2.2 His-pur Purification

A 5 ml His-pur cobalt resin column was set up adow to the manufacturer's
instructions. The column was then equilibrated vi@hcolumn volumes equilibration
buffer (50 mM NaHPQ,, 300 mM NaCl, 10 mM imidazole, pH7.4). After
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equilibration, the ARR containing soluble cell fiao was loaded onto the column
and allowed to flow by gravity. Once the solublaction had passed through the
column, another 10 column volumes of equilibratinrifer were passed through the
column to remove any proteins non-specifically bua the column and finally
ARR was eluted from the column using four columhuwtes of elution buffer (50
mM NaHPQO,;, 300 mM NaCl, 150 mM imidazole, pH 7.4).

2.8.3 Determination of ARR purity and concentration

The purity of ARR was determined by SDS-PAGE. Rroteoncentration was
determined spectrophotometrically using the Beamthert law (Equation 1)

A= S)LC| (1)

where A is absorbance, is the molar extinction coefficient at wavelengthc is
concentration and is path length. In order to determine the molarinexion
coefficient of ARR at 280 nm the method of Perkih886) was used (Equation 2).
This method uses the known molar coefficients efdmino acids tryptophan (5550
M™cm?), tyrosine (1340 Mcm™) and cysteine (150 Memi?) at 280 nm.

£(280)(M*cm?) = 5550=Trp + 13405 Tyr + 1502Cys (2)

By this calculation, the molar extinction coeffiocteof ARR at 280 nm is calculated
as 18450 (Mcm'?).
2.9 Spectroscopic studies

2.9.1 Far-UV circular dichroism (CD)

CD spectroscopy reports the difference in absomanic left- and right-handed
circularly polarized light by optically active moés. In proteins, there are two
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primary optically active elements; the peptide lxcie (active between 250 and
170 nm) and the aromatic side chains of amino a@dsve between 300 and 250
nm). Far-UV CD (that of the backbone) offers valeabformation about a protein’s
secondary structure and gives an indication ofxthelical, 3-strand and random coil
content (For a review of the use of circular dichmo of proteins see Yang al.,
1986 and Woody, 1995).

Far-UV CD spectra were generated between 180 adeh@bwith a cuvette of 2 mm.
The spectra were averages of ten accumulationssmBheunfolding curves were
generated by tracking the level of ellipticity &2nm while ramping the temperature
of the sample at 1 °C/min from 5 °C to 85 °C. ARBswdialyzed into 50 mM
phosphate buffer (pH 7.5) to remove all chloridesidefore all CD measurements

were recorded.

2.9.2 Fluor escence spectroscopy

Fluorescent molecules are able to absorb light okrain wavelength (excitation
wavelength) and emit some of this light at a défdr wavelength (emission
wavelength). This phenomenon, known as fluoresgeaahie to electrons entering a
higher energy state as a result of energy fromatisorbed light. These electrons fall
back to their lower energy state, causing energyetoeleased in the form of light.
Because the light emitted is always of a lower gnd€higher wavelength) than the
light absorbed, the excitation wavelength of a rowale will always be shorter than

the emission wavelength (Lakowicz, 1983).

Tryptophan is a fluorophore which is very sensitioats local environment and can
thus be used as a local probe in a protein. Frenttystal structure of ARR it can be
deduced that the tryptophan at position 57 is stlexposed in unbound ARR but
buried when ARR is bound to rifampicin (see FigRrg). It may thus be possible to
monitor the amount of ARR bound to rifampicin vessthe unbound ARR in a
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solution with rifampicin by monitoring the solutienfluorescence at 295 nm where
only tryptophan is contributing to the fluorescence

All fluorescence measurements were carried out Beréin-Elmer fluorimeter with
slit-widths set to 5 nm. ARR was dialyzed into 58nmphosphate buffer (pH 7.5)
prior to fluorescence measurements. Intrinsic #goence of ARR was measured at
280 nm (tyrosine and tryptophan fluorescence) @&%lriin (tryptophan fluorescence)
excitation wavelengths. For binding studies therfscence was measured at 295 nm
excitation wavelength. Binding was assessed witpnMICARR and between 24 and
212 uM rifampicin.

To ascertain if rifampicin was absorbing any of éxeitation or emission light (inner

filter effects). An absorbance spectrum of rifampiavas constructed between
190 nm and 400 nm.
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Figure 2.1 Ribbon diagram representing the crystal structafe ARR with
tryptophans highlighted. Rifampicin is shown inlgel. The two tryptophans (W57
and W115) are shown in blue. Figure generated uSinigs PDB Viewer (Kaplan
and Littlejohn, 2001).
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2.10 Microscopic studies

Microscopic studies were undertaken to asses ttssille role of ARR in cell
morphology. In order to do this bolh coli andM. smegmatis strains were examined.
The E. coli strain examined was BL21 (DE3) pLysS, one contgnpQE-30
expressing ARR and one which did not. TWesmegmatis strains used were the wild
type strain from which ARR was first isolated (DSA8657) and a strain which

carries a kanamycin resistance cassette disrupitengRR gene (DSM 43657Kam1).

2.10.1 Light microscopy

E. coli strains were grown overnight in LB at 37 °C witralsing at 250 rpmM.
smegmatis were grown for 3 days in Heart Brain Infusion brat87 °C with shaking
at 250 rpm. A loopful of each culture was placedooimdividual glass slides and
heat-fixed using an open flami. coli cells were stained using crystal violet, while
M. smegmatis cells were stained with saffron (mycobacteriall ceflls are

impermeable to crystal violet). Slides were vieweth 1000 X magnification.

2.10.2 Scanning electron microscopy

Cells were cultured as described above for lighltrasicopy. Five microlitres of each
culture was dropped onto individual copper gridthvaarbon coating and allowed to
dry. Once dry, ful of a saturated uranyl acetate solution was dropp#o the grids
and air-dried. The grids were viewed on a J100 rsognelectron microscope
(Electron Microscope Unit, University of the Witveasrand, Johannesburg, South
Africa).

2.11 Determination of heat tolerancein E. coli

To determine whether the changesEincoli cell wall morphology caused by ARR
gave the cells increased heat toleratezoli BL21 (DE3) pLysS cells expressing
ARR andE. coli BL21 (DE3) pLysS cells not expressing ARR were rtumed for
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growth at 50 °C. This was done in LB with shaking280 rpm. Growth was
inspected visually after 24 hours.
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Chapter 3 Results

3.1 Plasmid extraction

pQE-30 (containing the ARR insert) was successfiditracted fromE. coli
BL21(DE3) pLysS anckE. coli MM2942 cells. The plasmids did not appear to be
contaminated by chromosomal DNA as shown by agage$eslectrophoresis (see
Figure 3a and b). The size of the plasmid was mtimated used agarose gel
electrophoresis as the plasmid was still circutizThe concentration of plasmid
from the BL21 cells was spectrophotometrically deieed to be 144.3 ng/ul and
that of the plasmid obtained from the MM294 celssviL00.2 ng/pul.
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(a) (b)

Figure 3.1: Agarose gel electrophoresis of pQE-30 containingrARsert (a) Lane 1,
Fermentas Generuler 100 bp DNA ladder; Lane 2, 8QEontaining ARR insert
purified from E. coli BL21 (DE3) pLysS cells (b) Lane 1, Fermentas ZijgRu,;
Lane 2, pQE-30 purified fror. coli MM2942 cells.
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3.2PCR

3.2.1 Oligonucleotide primer design

The forward and reverse primers (see Table 3.1¢wesigned to amplify the ARR

fragment from pQE-30 and did not show a significambpensity for forming

secondary structures or primer dimers.

Table 3.1 Sequence of pQE-30seq primers.

Primer Sequence
pQE-30seq Forward GGAGAAATTAACTATGAGAGG
pQE-30seq Reverse GTTCTGAGGTCATTACTGG

3.2.2 Optimisation of reaction conditions

It was found that plasmid extracted frobh coli BL21 (DE3) pLysS with an

annealing temperature of 58 °C gave a reasonadle @i product without excessive

nonspecific product (see Figure 3.2a and b). It stk necessary to reduce non-

specific binding. Reaction mix 1(Table 2.3) wasrfduo give the purest product (see

Figure 3.3). The amplicon was further purified (§égure 3.4). The expected size of

the amplicon was about 650 bp.
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(@)

12 3 4 56 7 8

700 by

600 by

(b) 1 2 3456 78

700 by <+«—— ARR Insert

600 by

Figure 3.2 Agarose gel elecrophoresis of thermal gradient F&RPCR products
when template plasmid frol coli MM2942 was used: Lane 1, Fermentas Generuler
100 bp DNA Ladder; Lane 2, 60 °C annealing tempegat_ane 3, 59.3 °C annealing
temperature; Lane 4, 58 °C annealing temperatuasie L5, 56.2 °C annealing
temperature; Lane 6, 54 °C annealing temperataee [7, 52.1 °C; Lane 8, 50.8 °C;
Lane 9, 50 °C annealing temperature (b) PCR prodben template plasmid froi

coli BL21 (DE3) pLysS was used. Lane designation sanfierga)
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Figure 3.3 Agarose gel electrophoresis of PCR products LaneFdrmentas
Generuler 100 bp DNA Ladder; Lane 2, reaction 1nd.&, reaction 2; Lane 4,
reaction 3; Lane 5, reaction 4.
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800 bp

500 bp

Figure 3.4 Agarose gel electrophoresis of PCR product aftehéu purification Lane
1, Fermentas ZipRuler 1; Lanes 2 and 3 PCR proofuatr insert after optimization
and clean up.
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3.3 Cloning
Eleven transformants were randomly selected afiiéal screening for the presence
of the ARR insert. Of these eleven, three were dotmncontain the ARR insert by

colony PCR. One of these was randomly selectedeguencing.

3.4 Sequencing
The chromatogram was checked for errors and tletimsas confirmed as the known

arr sequence with no alterations.

3.5 Over-expression

No detectibleover-expression of ARR using the pQE-30 vector feasmd usingE.
coli MM2942 (See Figures 3.5 and 3.6), BL21 (DE3) pL{&= Figures 3.7, 3.8 and
3.9) or SG13009 (data not shown).
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0.5mM IPTG 1 mMIPTG
1 2 3 4 56 7 8 910 11 13

25 kD¢

18 kD¢

Figure 3.5 SDS-PAGE of whole cell extracts from induction stuasing E. coli

MM2942 induced at mid-log phase. Lanes 1-7 0.5 ntMG. Lanes 8-13 1 mM
IPTG. Lane 1, Fermentas Protein Marker A; Lanev&rimight induction; Lane 3, 8
hour induction; Lane 4, 6 hour induction; Lane Siaur induction; Lane 6, 2 hour
induction; Lane 7, 0 hour induction; Lane 8, >16itsinduction; Lane 9, 8 hour
induction; Lane 10, 6 hour induction; Lane 11, 4hoduction; Lane 12, 2 hour

induction; Lane 13, 0 hour induction.
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0.5mM IPTG 1 mNPTIG
1 2 3 4 5 6 7 8 1011 12 1

25 kDe

18.4 kDa

Figure 3.6 SDS-PAGE of whole cell extracts from induction stuasing E. coli

MM2942 cells induced at late-log phase. Lane 1p0rhnduction; Lane 2, 2 hour
induction; Lane 3, 4 hour induction; Lane 4, 6 haoduction; Lane 5, 8 hour
induction; Lane 6, >16 hours induction; Lane 7,nk@ntas Protein Marker A; Lane 8,
>16 hours induction; Lane 9, 8 hour induction; Ld®e 6 hour induction; Lane 11, 4

hour induction; Lane 12, 2 hour induction; Lane @ 3our induction.
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<+«—— 25 kDa

<+— 18.4 kDa

Figure 3.7 SDS-PAGE of whole cell extracts from induction stuasing E. coli
BL21 (DE3) pLysS cells induced with 1ImM IPTG at rhody phase. Lane 1, O hours
induction; Lane 2, 2 hours induction; Lane 3. 4 risounduction; Lane 4, 6 hours

induction; Lane 5, 8 hours induction; Lane 6, >b#éifs induction; Lane 7 Fermentas

Protein Marker .
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Late-log Phase Induction Mid-log Phase Irtdunc

1 2 3456 7 8 9101113

25 kD¢

18.4 kDs¢

Figure 3.8 SDS-PAGE of whole cell extracts from induction stuasing E. coli

BL21 (DE3) pLysS induced with 0.5 mM IPTG. LaneOlhour induction; Lane 2, 2
hour induction; Lane 3, 4 hour induction; Lane 4 dur induction; Lane 5, 8 hour
induction; Lane 6, overnight induction; Lane 7,entas Protein Marker A; Lane 8,
overnight induction; Lane 9, 8 hour induction; Lak® 6 hour induction; Lane 11, 4

hour induction; Lane 12, 2 hour induction; Lane @ 3our induction.
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25kDe

18.4 kD¢

Figure 3.9 SDS-PAGE of whole cell extracts from induction stuasing E. coli
BL21 (DE3) pLysS cells induced with 1 mM IPTG ateldog phase. Lane 1,
Overnight induction; Lane 2, 8 hour induction; LaBe6 hour induction; Lane 4,
Fermentas Protein Marker A; Lane 5, 4 hour inductibane 6, 2 hour induction;
Lane 7, 0 hour induction.
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3.6 Purification

3.6.1 His-Bind purification

Purification was successful (See Figure 3.10) algho ARR was heavily
contaminated with other proteins (less than 85%ityury densitometry). The
concentration was approximately 10 uM. Attemptseimove contaminating protein
using a salt gradient through the His-Bind colunmd asize exclusion led to

significant losses of protein. His-Bind was abaretbas a purification method.

3.6.2 His-Pur purification

Purification was successful (See Figure 3.11). AR&s pure enough for further
applications (greater than 95% purity by densitoy)efhe concentration was 27 uM

but was diluted to a 10 uM working stock for furthise.
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25 kDe
18 kDe¢

Figure 3.10 SDS-PAGE of ARR expressed i coli (DE3) pLysS purified using
His-Bind resin. Lane 1, Fermentas Protein MarkerLAne 2, Whole cell extract;

Lane 3, ARR.

25 kD¢

18 kDe¢

Figure 3.11 SDS-PAGE of ARR expressed B coli (DE3) pLysS purified using
His-Pur resin. Lane 1, Fermentas Protein Markekaxe 2, and 3 ARR; Lanes 4 and

5 whole cell extract.
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3.7 Spectroscopic studies

3.7.1 Far-UV Circular Dichroism
The spectrum for native ARR (See Figure 3.12) shibméima at 210 nm and 222
nm with the greater minima at 210 nm. The heat-tlead ARR spectrum showed a

similar shape but the degree of ellipticity was enthran half that of the native ARR

(8 mdeg.cridmi* compared with 21 mdeg.érdmY).

'
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Figure 3.12 Far-UV circular dichroism spectra of 1 native and heat-denatured
and native ARR. Red spectrum: 1M native ARR, green spectrum 1M heat

denatured ARR.
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3.7.2 Thermal unfolding

During thermal unfolding the degree of ellipticifecreased from 20 mdeg.tam’*
to 8 mdeg.crhdm™. During cooling the degree of ellipticity did neignificantly
change. The \ (the temperature at which half of the protein @mration is

denatured) of ARR is approximately 52 °C (see Fgui3).
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Figure 3.13 Thermal unfolding curve using far-UV CD as a prafe€lO uM ARR.
Pink curve 1uM ARR unfolding, blue curve 10M ARR Refolding.
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3.7.3 Fluorescence

At an excitation wavelength of 280 nm (tyrosine anygbtophan fluorescence) ARR
exhibited an emission maximum at approximately 380 and an intensity of
410 (arbitrary units). At an excitation wavelengtsf 295 nm (tryptophan
fluorescence) the emission maximum wavelength neeshiunchanged at 350 nm

while the intensity dropped to 300 (arbitrary uhi{See Figure 3.14)

400 -

300 -

200 -

Fluorescence Intensity (arbitrary units)

100 -

320 340 360 380 400 420
Wavelength (nm)

Figure 3.14 Fluorescence spectra of 1M ARR. Blue spectrum: 295 nm excitation

wavelength, red spectrum: 280 nm excitation waglen
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3.7.4 Binding Assay

Definite red shifting of the emission maxima wa®rsavith increasing levels of
rifampicin added to the solution (See Figure 3.I8)e intensity increased as the
rifampicin was increased until 58ul beyond this amtothe intensity began to
decrease. The absorbance of the added rifampi@80atm ranged from 0.14 O.D. to
1.8 O.D. (data not shown). Rifampicin showed neinsic fluorescence but strong

absorbance at 295 nm (data not shown).

500 -

400 -

300 4

200 4

100

Fluorescence Intensity (arbitrary units)

0 T T T T T T T
320 340 360 380 400 420 440

Wavelength (nm)

Figure 3.15 Fluorescence spectra of binding assay usingMIOARR and varying
concentrations of rifampicin. Light blue spectrugd uM rifampicin, red spectrum:
10 uM ARR, green spectrum: 10M ARR/ 24 uM rifampicin, yellow spectrum:
10 uM ARR/ 58 uM rifampicin, dark blue spectrum: 1M ARR/ 106 uM
rifampicin, pink spectrum: 10M ARR/ 212uM rifampicin.
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3.8 Microscopic studies

3.8.1 Light microscopy

E. coli cells expressing ARR were longer than those notesging ARR (See Figure

3.16 and 3.17). No observable change in any otk#rfeatures such as width,

branching or overall shap&l. smegmatis cells expressing ARR showed branching
compared to those not expressing ARR which werebrnaiched (See Figure 3.18
and 3.19). There were no other visible changegfdeatures.
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(b)

Figure 3.16 a and b Light micrographs oft. coli BL21 (DE3) pLysS cells not
expressing ARR.
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(b)

Figure 3.17 a and b Light micrographs oE. coli BL21 transformed with pQE-30
containing ARR insert.
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a4 "’ ] _‘-"l..- i % i E; I'..-' 5
Figure 3.18 Light micrograph oM. smegmatis DSM 43657Km1. These cells do not
express ARR.

Figure 3.19 Light micrograph ofM. smegmatis DSM 43657. These cells express
ARR.
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3.8.2 Electron microscopy

The results obtained from light microscopy were frored using electron
microscopy.E. coli expressing ARR were longer than their non ARR-essing
counterpartsM. smegmatis cells which expressed ARR were branching whiles¢ho
which did not express ARR did not show branchinge(&igures 3.20, 3.21, 3.22 and
3.23).
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(b)

Figure 3.20 Transmission electron micrographs Mf smegmatis DSM 43657Km1
(a) 15 000 X magnification (b) 15 000 X magnificeti
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Figure 3.21 Transmission electron micrographs bf. smegmatis DSM 43657
(a) 15000 X magnification (b) 15 000 X magnificatic) 15 000 X magnification.
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(b)

(©)

Figure 3.22 Transmission electron micrographs @©f coli BL21 (DE3) pLysS (a)
8000 X magnification (b) 5 000 X magnification () 000 X magnification.
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Figure 3.23 Transmission electron micrographskofcoli expressing ARR (a) 5 000
X magnification (b) 8 000 X magnification (c) 8 0BOmagnification.
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3.9 Deter mination of heat tolerancein E. coli.
There appeared to be no significant change to todetance ofE. coli expressing
ARR when compared t&. coli not expressing ARR. Neither culture showed any

visible growth at 50 °C.
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4 Discussion

4.1 Expression of ARR

Satisfactory over-expression of ARR was not obthinsing the pQE-30 plasmid.
Purification of the protein was possible becauselmf levels of uninduced
expression. Problems with expressing the proteithis vector have been reported
previously (Puhaca, 2004) although in that workyadal coli MM2942 cells were
used. Three cell lines were investigated in thigkw(E. coli MM2942; E. coli
SG13009 (pREP) and. coli (DE3) pLysS) to determine if the vector was thasea
of a lack of over-expression. None of these cekdi produced favourable results,
including theE. coli SG13009 (pREP) strain which is recommended by Qidge
optimal expression. The choice of cell line usedwer-expressing ARR from the
PQE-30 vector can thus be excluded as a limitictpfa

Arr has a GUG initiation codon and in mycobactéhia is not uncommon (Quaat

al., 1997). However, irkE. coli and other organisms the GUG initiation codon is no
common. In eukaryotes translation is always iretiaat an AUG codon however in

bacteria there is slightly more flexibility and tiation can occur although rarely at

GUG and even more infrequently at UUG (Ringqeisl., 1992)

Changing a UUG or GUG to an AUG initiation codors leeen shown to drastically
increase levels of expressionkncoli (Reddyet al., 1985). In the above study it was
even suggested that alternative initiation codoaeewsed as a means to ensure low
levels of expression. Not only is AUG the most@ént initiation codon in nearly all
organisms but the level of transcription from an @Wtart codon is also the least

sensitive to the sequence of the second codon (@iBlband Janssen, 2000).
However in the pQE-30 vector the 6xHis tag is egpedl N-terminally or at the-5

end of the open reading frame and the vector tlses its own start codon at the

beginning of the tag sequence. This codon is an Atltation codon. Should the
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ARR gene be cloned into another untagged or C-teaityi tagged vector, the GUG
codon may have to be taken into consideration.

Other factors affecting the level of expressiometerologously expressed proteins in
E. coli involve the 5untranslated region (UTR) of the gene’s mRNA. tinep words,
the vector sequence directly upstream of the tiotiastart site. The most important
region of the UTR in terms of expression is theosiimal binding site or Shine-
Delgarno site. This site must be accessible tdB30t ribosomal subunit in order for
translation to take place. It has been shown pusiyothat expression cannot take
place when mRNA forms stable stem loop structumeslving this site (Wooekt al.,
1984).

To investigate whether secondary mRNA structuray jl role in the expression of
ARR using the pQE-30 vector, the Mfold program (€yk003) was used to identify
possible stem loop structures in the mRNA. A steaplstructure which included the
Shine-Delgarno site was predicted (Figure 4.1)s®tiucture has a predicted, of

65 °C. This means that the structure would be stabl temperature of 37 °C (the

temperature at which the cells in this study weevg during expression).
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Figure 4.1 Hypothetical secondary structureast mRNA when expressed using the
pPQE-30 vector as predicted by the Mfold softwarek@t, 2003).
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This seems the most likely cause of low expreskaeals when attempting to express
ARR using the pQE-30 vector. To overcome this goblanother vector which does
not have any complimentarity with thednd of the ARR gene should be used. This
is in agreement with reports that ARR has beenesstally overexpressed in the
PET series of vectors (Gianniosis, 2007; Baysarbwicl., 2008). The hypothetical
secondary structure of a pET ARR construct couldinspected for stem loop
structures using the mFold program. This structuwald be dependent on the choice

of pET vector, as well as, which restriction sigee used within the pET vector.

Further attempts to validate the identity of thetein purified in this work could
have been made using a western blot specific ®tagged proteins, however, there
is reasonable certainty that the correct protetaiobd was ARR because of size and
spectrographic properties.

4.2 Spectroscopic studies

4.2.1 Far-UV CD

The far-UV CD spectrum of native ARR shows two idist minima, one at 210 nm
and one at 222 nm. This spectrum is typical ofgnst which contain both-helices
and B-strands The minimum, which occurs at 210 nm, ipeeted to be more
negative in intensity than the minimum occurring2@2 nm in proteins of mixed
secondary structure (Manavalan and Johnson, 198®).far-UV CD spectrum of
ARR is consistent with the crystal structure of ARRich shows ARR to be 18 %
helical and 299§-stranded.

Although the far-UV CD spectrum of ARR was preditéaonce the crystal structure
of ARR had been solved (which occurred during tloerrse of this work) and

provided no novel information about the secondémycsure of the protein, it may be
useful as a reference point in NADP binding studiesg far-Uv CD as a probe
similar to those done on dehydrogenase and NADHeffample Langet al., 1974)
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4.2.2 Thermal stability

Both the thermal unfolding curve and the far-UVvV Gpectrum of ARR, once it had
been heated to 95 °C, show that ARR retains abO%é Structure after heating,
however once denatured ARR does not refold. Themknfys are consistent with
previous reports that ARR maintains activity afteeating (Quanet al. ,1997,
Gianoissis, 2007). This indicates that the bindiitgs of NAD and rifampicin as
well as the active site retain their structuralegrity during heating. Due to its
relatively high thermal stability and putative roli@ cell wall morphology
investigations were done to determine whether ABRfarred any thermostability to
the cells in which it is expressed. It was foundttARR had no influence on the
cell’s ability to grow at higher temperatures.

4.2 .3 Intrinsic fluorescence

The intrinsic fluorescence spectra of ARR corresparell to its crystal structure.
ARR contains five tyrosine residues and two trypeop residues. The tryptophan
residues are solvent exposed. The intensity oéthission maximum is much higher
with an excitation wavelength of 280 nm than 295 betause at 280 nm both
tyrosine and tryptophan residues are contributiogtite emission wavelength,

whereas, at 295 nm only tryptophan residues argibating.

The wavelength emission maximum of tryptophan ghlyi dependent on solvent
accessibility. The emission maximum of free tryptap in water is near 360 nm
(Lakowicz, 1983). The more solvent exposed trypswpresidues are within a protein
the closer the emission maximum will be to 360 frhe emission maximum of
350 nm of the tryptophans in ARR is consistent witb solvent exposed tryptophan

residues.
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4.2.4 Binding studies

The red shift observed would be explained by areae in the solvent accessibility
of the tryptophan residues in ARR. This is conttally to what was expected, as
tryptophan 57 is buried when rifampicin binds to RRwhich would lead to blue

shift. However, no conclusions can be drawn froms #tudy because of the large

inner filter effects caused by rifampicin’s absorba at 295 nm.

4.3 Changesin cell wall morphology

Although there have been previous reports of cedlll whanges toE. coli
heterologously expressing ARR, this is the firgtare of cell morphology changes to
M. smegmatis in the absence of ARR production. The only othesvin pathway in
which ADP-ribosylation plays a role in cell morpbgy is thebld pathway inS
codlicolor. It appears that the ADP-ribosylation which occwia ARR in M.
smegmatis may be very similar to the ADP-ribosylation whiakes place as part of
thebld pathway inS coelicolor.

Three of the four proteins identified as ADP-riblasipn targets in théld pathway

(Sugawareet al.,2002) have homologues M. smegmatis, identified using a BLAST

alignment (Altschulet al., 1990) see Figure 4.2- 4.4. BIdKB shows signiftcan
sequence identity with thi. smegmatis Extracellular Binding Protein, MalE shows
significant sequence identity with ti. smegmatis Sugar Binding Protein and the
Solute Binding Protein with thiel. smegmatis D-xylose-binding periplasmic protein.
The fourth target, a periplasmic protein requiradbinding branched-chain amino-

acids, appears to have no homologudd.ismegmatis.
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Query 16 VAAGALTLTACGGGDSDSSARDNSERREDAR SQSKPVQIGDAQRSTGPAPEVPGAEPGGT 75
+& AL + RCG 5+5++ + P + GGT
Skjet 12 IATTALVVARCGINISESASTAD————————————————————————————- PDSLYGGT 42

Query 7T& MIVYQTADFSHLDPGRIYVSDGRLLGRLIFRGLTRQYDEDENG-—-NLTVVGDLATDAGRR 132
+ + D LDF Y ++ + R RL Y + G + TVV DLA
Skjct 43 LRIASVEDIDALDPLIAYSARSWOVIRATTRQLVIYPGSREGIGDDTTVVEPDLAESWDVS 102

Query 133 TDGGRIWIYTLRDNL--EDANGNPINSADIRHTIERMYS-SYITDGPTYLRQOWLSGDGTIT 189
D ET+T+ L+DN+ o+ I +D + ++R + TY G
Sbkjct 103 PDR-RTYTFHLRDNITFSGASNREITRHDFVYAVRERFPDPNAQVSAITYFNATFDG-FEE 160

Query 180 YRDRYRGPDRG--——— FHLPDNV-—--LETPDDETIVFHFETARPDLEQMLTMEGYSVVE 240
¥ +R G K D + DDET+ D+  +LT+ + +F

Sbjct 16l YRAEFRRVPTGDLARVRQFIDTHEIRGFRALDDRTLQLTLTEPASDILDILTLNEVTFLE 220

Query 241 EETDTRERYDSAP--——--— VAARGPYRIAEFRPGRSMELVENTWDPRSDSVRHQYVDGFNI 295
EE +EK Ds VH+GEY I + GRE + L + +++ + D R Y D

Skjet 221 EEVISKYFADSLEFRENYVSSGEYHIESYDQGRQLTLARVPEYNSEGDP-REARYADEIVE 270

Query 296 EMNHDDEDQTETLLADQGGARNAMMFTGQVATTQLOEVVGDEDAMENRTIQGCYARYV-WY 354
+ D L G B R+ B Q DD+ ++ GA++ W

Skjct 280 DITTVASADRASQQL-QTGTADIALYVRSFPANVIAQYRRTDPDHLHS-SASGSAVFISWN 337

Query 353 -—-—--—- LNFNMNRVEDERLRDAITLALPSDSVEFRADGGAYGGEVANSLMSPFTTPGYDEAFD 409

+ED RK+R At +L v+ GG +N +++ TT G+++ +

Skjct 338 NPAEPATPAQAALRDLRVROAVNYSLNRADVVRGLGGPDSAIPSNEILTSTTLGFNDE-N 396

Query 410 PFGRARRPNGDIEARRRLIREGGFEGRSLVYAYANTPERQRQAVLISTALERIGLDIQRR 469
B+ + GD + BKR L+ + G + +L LAY NTPE +K & + AL + G+ ++

Skjct 3897 PYPTPED-RGDPDRRRALLADSGHRDLTLSARYRNTPEFERIATSVONALARSGITLRLV 455

Query 470 EIDSATW-—-———- YEQVGEVODNGLDLYMTGWGRDW 498

I +W b4 + DL +#T W DW
Sbkjct 456 PIAGDSWGAFRAYLADRKSNLDQWDLAITTWIPDW 489

Figure 4.2 BLAST alignment ofS. coelicolor BIAKB NP_629263.1| (Query) withl.
smegmatis extracellular binding protein YP_888816.1 (Subjettypothetical ADP-
ribosylated cysteine is marked with an arrow.
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Query 1 MERGIAATALVASLALAATACGGDGDSDSESGGEVIITYWDT SHNATNEAPTYRALVEEFE &0
ME R+V ++R TACG S5GFEVI W T E +E L+ ++
Sbkijct 1 MIRREWLCLAVVIAVACLLTACG-——-—-GGSSSS5GEVEIAVWHGYQDT-EGEAFRGLIDRQYN 55

Query 61 ARNEGVRVNEVHNVPFDQAQNEFDTAAGSRGAPDVLRSEVGWI PAFAREGFFLE--LDGTE 118
+ vV o+ D E Ti BPLWV W+P RE +F +D ++
Skict 36 REHPDVHVTDLY S SNDLVLORVLTAVRGGSAPDVAYMFGSWSENIAR -———-IPQVVDMSD 111

Query 11% ALAFQD----RFQPNLIEQARYEGRTYGVPLVIDTLAFVYNRELFERAGVEAPR——-TWD 171
+++ D FF E & K G+P + D L& VYNR+LF &G+ P TWD
Sbkict 112 VVSQSDWNWDDFYPAEREAATVGDEIVGIPALVDNLATVYNERLFADAGIAPPTADWIWD 171

Query 172 DLEEARRATVRDRT-GVDGYWASTAG--—--— YYAQPFLYGEGTDTVDADARRRVIVNARRAR 225
D+ &nln + D G Gt G ++ PL+ GD+ D +K N+ A
Sbkict 172 DFRAARARLTDPARGRYGWLIPADGSEDTVWHYVPMLWEAGGDILTPDNEFARFNSEAGY 231

Query 226 EGYGTWLSL-FDGRGLHRADTTADAYAHIQEAFVSGEVASIIQGPWEITNFYRGTAFRDE 284

+ K L+ DTT + + S5GEV +I GFW+++
Sbjct 232 TALTMLODMAVIDRSLY-LDTTNENGPRLMMN---S5GRVGMLITGPWDLSQL——————-— 5D 280
Query 285 MNNLGIATVP--AGSTGRAGAPTGGHNLSVYAGSDRAHQEAATRFVNFMTSARSQETVALE 342
+ G+ +P RAGSHE Gz N W+ DE Q aH+ FV +4T+ + + +L+
Sbjct 281 IDYGVQVMPTFAGSSGAHQTISGPDNWVVELDNGDEREQ-ASIDFVEWLTAPEQVEAFSLR 339
Query 343 NSTLPTRD---DAYTARVEAD---PGIAGF-QTVLPARQPRPALPEYSSLWTPLDDELER 385
LPTR D + +D Bz + F + + & + RPA+ +Y ++ L +
Sbjct 340 TGDLPTRSSVGDDQAVRDQLDQRLPGSSVEVENLNMAREARPAVEQYPAISEALGQATIVA 399
Query 3% IAGGER 401

+ GE+
Sbijct 400 VMLGRE 403

Figure 4.3 BLAST alignment ofS. coelicolor MalE NP_626482 (Query) with.
smegmatis sugar binding lipoprotein YP_884927.1 (Subjectypbthetical ADP-
ribosylated cysteine is marked with an arrow.
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Query 5 MERAAVAVAT--TAMAVSLAARCGSARESDGGSDSSDSARRRGDDIRVGLLLPENQTA-RY 61
M+R + + T + ++L ACGES D E5++ + E+G++LE+ +++ B+
Sbject 1 MRRTSTLLVIAVVGLGLTLTACGS—-—-DSGSNAGSAEGGS—-GGRIGVILPDTRSSVEW 354
Query &2 ERFDRPMIEREVRELTNNEGEVVYA--NARQDASLONQOVDIMVINEVDVMIIDAVDYRE 119
E D+P +E E K VY N+ R DM+ +VV+I +D +
Skjct 33 ETRDEFALERAFR-———— FAGVDYTIQNAEGSADTMATIADGMIADGVIVLAIVNLDSDS 108

Query 120 IAGSVREAHDAGIEVVAFDRLA-EGPIDAYTSFDNVIVGRTQGEALLFALGDRARDSQIV 178
B +ER G+E + +DRL G DY S5FDN VGt QG+ L+ LGD+ + 4V
Skijct 110 GASIQERRATQRGVRTIDYDRELTLGGSADVYVSFDNTRVGELQGRGLVDCLGDRP--ANVV 167

Query 179 MMNGSSTDPNARQFREGRHSVLD--GEVEIGEREYDTREWKPENANANMERRTSALGEDEI 236
NGS5 TD N&A F GRHSVHD + I E tW + o+ E +A ++
Sbjct 168 FLNGSPIDNNATLFSGGAHSVVDEAPNITIVGEQAVEDWDNDQAVSIFEQLYTA-ADGRV 226
Query 237 DGVYSANDGMAGGSITAL-——-FRAGIADIPVIGRDRELAGVORIVIGEQYMSVFESYPRE 293
DGVY+ANDG+AG I+ L ERRG +EVIGRDA + G+ I+ G Q M+V+RE5S +E
Skjct 227 DOVYARNDGLAGSVISILERNERAG--QVEVIGRDATVEGLOWNILAGTRCMIVYKSATEE 284
Query 284 AETAAFMAVALARGESLDSIANDEVDSATTRGVPAVIVEVVSLTRDNIEETVIEDGFYTI 333
B B+ R+RL GE + + + D+ + VEB+V+H+ S+TRDNI v DG +
Sbkjct 285 ANALADAATALVNGEDPRTTSTSEDDTG-GRDVPSVLLTPESITRDNIN-VVFDDGGQSE 342
Query 354 DEICTDRYRRACDRIGL 370

DE+C+ ++ A C G+
Sbkjct 343 DEVCSGRFRRMCSRRGYV 359

Figure 4.4 BLAST alignment of S coelicolor solute binding protein
NP_630123.1 (Query) witM. smegmatis D-xylose-binding periplasmic protein
YP_890244.1 (Subject). The probable ADP-ribosylatgsiteine is marked with

an arrow.
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The cysteine residue in the four ADP-ribosylatedtg@ns inS. coelicolor which

is thought to be ADP-ribosylated (Sugawagtaal.,2002) is conserved in the
extracellular solute binding protein, the sugadig protein and the extracellular
binding protein (in M. smegmatis) making the same mechanism of ADP-
ribosylation possible in both species. A statidtetady showed that it is highly
probable that this cysteine is part of a signalsege in the biosynthetic pathway
which forms N-acyl-diacylglycerylcysteine a hallmark of bactérg@oproteins
(Sugawareet al., 2002). If theM. smegmatis extracellular solute binding protein
is ADP-ribosylated it would not be able to be expdrto the cell surface and
assist in the transport of solutes across thewethbrane.

Moreover, there may have been evolutionary pressur®. smegmatis to keep
the arr gene as it appears that the cell wall changesec@df by this gene may
help bacteria endure stress. This conclusion casrdagn from the finding made
by Mukherjee and Chatterji in 2005 ttaat is down-regulated in the sigma B null
mutant ofM. smegmatis.

Bacteria often have several alternative sigma factd core RNA polymerase
which enable them to differentially regulate largets of genes (Review by
Winkler and Breaker, 2005). Sigma factors are pepyigles which associate with
the DNA-dependent RNA polymerase. The sigma factoes responsible for
promoter recognition. Different sigma factors rewsg different sets of
promoters. In this way it is possible for largesset genes to be regulated by the

regulation of corresponding sigma factors.

One of the most common needs for such large seagl@ation is environmental
factors, especially stress. M. smegmatis, the major stress induced sigma factor
is SigB (Manganelliet al., 1999). Genes which are regulated &gB are
generally considered to be stress related. Manthefproteins found to be up-
regulated bysigB are related to the cell wall (Mukherjee and Chaft2005). It
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Is interesting to note that there is also an adtieve sigma factor (bldN) involved
in thebld pathway inS. coelicolor (Bibb and Butter, 2000).

Although the cells which showed cell wall morphojoghanges were not under
typical stress conditions (unfavourable temperatutggh salt concentration),
they were all in the stationary phase of growthahhsan lead to stress responses
in cells due to high levels of metabolic wastehe tedia as well as a lack of
nutrients (especially a carbohydrate source) arygex A link between cell wall
morphology and nutrient starvation vh smegmatis has already been established
(Ojhaet al., 2000). Cells which are nutrient-starved are @raittan cells under

normal growth conditions.

There is evidence that lateral gene transfer betwde smegmatis and S
codlicolor is possible. They are both soil dwelling bacte8acodlicolor has a
linear genome which has long been known to haveagh level of genome
instability (Chenet al.,2002) andNocardia, evolutionarily closely related t&.
coelicolor, andMycobacterium, can conjugate with either species being the donor
(Schuppet al.,1975). However, it does not seem likely that originated fromS.
coelicolor as at least three other proteins involved in tRdPAibosylation which

leads to changes in cell wall morphology3ncoelicolor are also present M.

smegmatis.

The locus which was determined to be responsibie ADP-ribosylation of
proteins during morphological differentiation $ coelicolor was namedergA

by Ochi and colleagues and a rough location on geeome was mapped.
However, no sequence was elucidated for this géhat work was concluded
before the sequencing of tlkecoelicolor genome was undertaken. Although the
genome has been largely annotated it is unclearchwtiequenced gene
corresponds to thieergA locus. It is possible that the ARR homologue, ARR2
the product of théergA locus.
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It appears thalvl. smegmatis has a pathway involving ADP-ribosylation which is
similar to the pathway which leads to aerial spiorenation inS. coelicolor. In

M. smegmatis, this pathway may be involved in stress respompsssibly the
physiological stress the cell experiences durimgstiationary phase of growth). It
is unclear whether ADP-ribosylation of the putatiaegets of ARR (identified in
this work) is responsible for the changes in celllwnorphology or whether they

are involved in other, as yet, undiscovered aspEdtsis pathway.

In order to determine whethbt. smegmatis has a pathway similar to that of the
bld pathway ofS coelicolor, it would be necessary to evaluate tABP-
ribosylation patterns oM. smegmatis with and without the production of ARR
using the method of Sugawaghal., 2002. If the threeVl. smegmatis proteins
identified as putative ARR targets in this work dréerentially ADP-ribosylated,
the role of the cysteine identified as a possiiile & ADP-ribosylation could be
determined using site-directed mutagenesis. It @oalso be interesting to
determine whether ARR is involved in a stress raspoto stationary phase
conditions by assessing mMRNA levels during differgrowth phases by use of

guantitative real-time PCR.

If ARR is part of a stress response pathway, ihas clear how or when the
protein acquired the ability to inactivate rifampiclt does not appear that this
function is present irS codlicolor as there have been no reports of innate

rifampicin resistance via ADP-ribosylation.
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