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ABSTRACT

Tuberculosis, a common and deadly infectious deseascaused by the pathogen
Mycobacterium tuberculosis. The recent emergence of multi-drug and extreméi-mu
drug resistant strains poses an even greater ddbstac controlling the disease,
particularly in areas where efficient and effecthealth systems have not been properly
addressed. Current treatments using first line gitygically require extended use and
strict compliance by patients, which is often ndh@red to. As a result, there is an urgent

need for new and highly effective drugs to combéat disease.

Mycobacterium tuberculosis relies on mycothiol, a low molecular mass thiokdigo
circumvent oxidative stress generated by activatetrophages and to deal with
antibiotics such as rifamycin. Enzymes involvedthie biosynthesis of mycothiol have
been elucidated over the past ten years and soweebieen designated to be essential in
the growth ofMtb, with mycothiol disulfide reductase (Mtr) beingeoMtr is involved in
the reduction of oxidized mycothiol (MSSM) to mylemti (MSH) upon exposure of the
microbe to oxidative stress. The rational behinds tetudy involves the use of
naphthoquinones grafted onto the mycothiol tempéstesubversive substrates against
Mtr.

Initially, we had planned to clone and express MtCorynebacterium glutamicum (C.
glutamicum) to try to obtain enhanced expression levels of, Mind although the
expression of the enzyme was not successful we al#ecto confirm thaC. glutamicum
does indeed depend on MSH as has been previousfiested but not actually proven.
MSH was isolated fron€. glutamicum with the aid of a new derivatising agent 2-bromo-
acetonaphthone (BAN) and characterized using a owtbn of NMR and mass
spectrometry. Consequently, we were also able tabksh that MSSnaph (obtained
during the isolation process of MSH) is an altemeaand better substrate for Mtr with a
Km.app Of 231uM, @ karand kafkm of 15.56 8 and 8.17 x 10respectively, as compared to
the natural substrate (MSSM).



Synthesis of subversive substrates proceeded thringginitial formation of 2-azido-2-
deoxy-3,4,6-triO-acetylb-glucopyranosyl acetat&); Phenyl-3,4,6-tr©-acetyl-2-azido-
1-thio-o-D-glucopyranoside 1) was generated from this and, after reductionhef t
azide, linked to the carboxy terminus of substdutephthoquinones using standard N-3-
(dimethylaminopropyl)-N-ethyl-carbodiimide (EDC) catHydroxybenzotriazole (HOBt)
coupling procedures. Deacetylation using the Zempbocedure gave the target
naphthoquinone derivativé&sh (34%),36b (46%),37b (60%), and38b (52%).

Ry
o
Ry
Ry
NH
/ SPh
R1
0 o)
———— Rl
R
NH 1
sPh (e} OH NH o OH

Py
s
P
fia

&
e
o
2
=
o

~
P4
w
o
>
o
z
&
)]
T
=

Py
9
Py
o

35:n=0 0] o SPh
36:n=1
37:n=2 n n
38:n=3
o o]
aR; =0Ac
deacetylation
b R2 =OH <«—

The compounds exhibited specific activities randiegveen 0.2amol/min/mg and 0.42
umol/min/mg at 4QuM, and inhibition levels ranging between 4 and 1&%40uM when

tested against Mtr. The Phenyl-2-deoxy-2-[3'-(8thloxy-3"-methyl-1",4"-dioxo-1",4"-
dihydronaphthalen-2"-yl)propanamido]-1-thien-glucopyranoside 36b) was the only
compound that exhibited bacteriocidal effects whested againstMitb using the

radiometric respiratory technigue based on thed&asystem.

A range of thioglycosides ard-glycosides was also evaluated (at 200) as possible

inhibitors of Mtr and found to be of poor inhibijomature exhibiting percentage
inhibitions that ranged between 1.86-12.75% an®-2(R2% respectively. We also
prepared INH-NAD(P) adduct mixtures based on ptblisprocedure and found for the



Vi

first time that Mtr is also inhibited by the actied isoniazid, with percentage inhibitions
ranging from 16.4% to 66%. Attempts to prepare @&thmide-NAD(P) adduct mixtures
using the same procedure were however, not sucte$sie finding that INH-NAD(P)

adducts also inhibit Mtr offers a new direction fbe design of inhibitors targeted at Mtr.
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Chapter 1

Introduction

1.1  Originsof Mycobacterium tuberculosis

For the most part, mycobacteria are saprophytiarasgns abundantly found in soil and
untreated water, with some species being patho(feosk et al., 2007). It is therefore
most likely that during the early stages of theletton of the animal kingdom, chance
mutations in mycobacteria managed to produce speapable of parasitizing animals.
As a result, earlier on, it was hypothesised thetd might have been a direct progression
from a mycobacterial pathogen in livestock to atéidem that would have evolved to the
closely relatedMycobacterial tuberculosis, as the domestication of animals occurred,
particularly cattle. Consequentlyylycobacterium bovis (M.bovis) which results in
tuberculosis (TB) like pathogenesis in cattle wasnsto be the most likely precursor of

Mycobacterium tuberculosis (Mtb) (Steele and Ranney, 1958).

The appeal in this hypothesis is understandablengilie fact that it was formulated long
before the advent of modern DNA sequencing andte@laechniques. Thus, recent
studies have shown a marked similarity of DNA a®$ YRNA sequences among the
members of theMtb complex, while they show varying degrees of phgoes,
pathogenicity and host tropism (Brosehal., 2002). In spite of this, closely related
bacteria can be differentiated by the identificatad rare synonymous single nucleotide
polymorphism analysis (SSNP), which also suggédsisM.bovis must have evolved at
the same time adtb (Sreevatsast al., 1997).

Although a lot of progress has been achieved v@tfards taMitb evolutionary studies, it
appears there is still open debate about the arigfituberculosis in animals and humans
and that it may be a while before the questior®Ived, as is evident from Bosetral.,
2002, where they hypothesized that the common #orces the tubercle bacilli could
have been a human pathogen already resembling &ilitreor Mycobacterium canetti

(M. canetti).



Unfortunately the impacMtb has had on ancient populations cannot be statlistic
demonstrated and compared with what present sesiéi@ve to contend with, where
approximately one third of the world’s populati@md mostly in developing countries is
affected (figure 1.1) (Rooét al., 2007).
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Figure 1.1: Estimated TB incidence rate for 2005. WHO, 2005

1.2  Mtb pathogenesis and macrophage interaction

The transmission and perpetuation of the pathogeboth simple and ingenious and
prove a daunting task to deal with therapeuticallyberculosis is an ailment that is
almost exclusively transmitted by aerosolised dtsptontaining infectiouMtb by an
individual's cough and inhaled by an uninfectedspar The primary destination of the
inhaled bacilli is the alveoli in the lungs, anduapgeaching the oxygen exchanging sacs,
they are engulfed by dendritic cells in the lunteistitium and alveolar macrophages,

where they replicate (Kaufmann and McMichael, 2005)

Following the initial site of primary infection anmdplication the pathogen then spreads to
local lymph nodes within the lung and is ultimatedigpersed to remote locations in the
body, hence, every so often, some patients presémttuberculous meningitis (TBM).
Furthermore Mtb has developed the striking ability to establiskl amaintain latency

throughout its early stages of infection, and dgitinis period, the disease, is generally



asymptomatic, particularly in adults. Although thest's immune response manages to
control the primary infection, the bacterium ismost cases never eradicated. Individuals
who are at this stage of infection usually do retenclinically apparent tuberculosis but
nevertheless, harbour the pathogen that only redet at a later stage. As a result,
infected people merely become vectorsvyfcobacterium tuberculosis (Kaufmann and
McMichael, 2005).

It has long been established that alveolar maciggs)athe first line of defence in the
lung, possess antimicrobial activity. When actidabg cytokines (figure 1.2), the gamma
interferon and tumour necrosis factor-alpha, matages are capable of generating a
hostile environment that includes an acidic pHctiea oxygen intermediates (ROIs),
lysosomal enzymes and toxic peptides (Keetred., 1997; Nathan and Hibbs, 1991). In
addition, reactive nitrogen intermediates (RNI€ngrated through a reaction initiated by
the expression of an inducible nitric oxide synth@slOS also called NOS2) contribute
in producing nitric oxide thereby ensuring an umsusible environment. Moreover,
RNIs have been demonstrated to be effective againgient mycobacteria in mouse
macrophages (Millegt al., 2004; Flynn and Chan, 2001).

However, a selection of intracellular pathogensluding mycobacteria, has evolved and
devised mechanisms to reside in the macrophagds awtoiding destruction. Essentially
three different strategies in use have been obdese far; micro-organisms like
Leishmania spp. andCoxiella burnetti reside and proliferate in the harsh environment of
mature phagolysosomes. While Listemanocytogenes and Shigella spp. avoid delivery

to phagolysosomes by secreting lytic enzymes tegtatle the phagosome membrane
thus allowing their escape to the nutrient-richopyasm, whereas, pathogens like
Mycobacterium spp.Toxoplasma gondii, Brucella spp., and the promastigote form of
Leishamania spp. are capable of inhibiting phagolysosomes biogene®nsequently
creating immature compartments lacking the meankiltoand degrade pathogens
(Maurinet al., 1992; Dermine and Desjardins, 1999; Wilgbal., 1980).



In theory, intracellular pathogens capable of zitilf macrophages synthesize molecules
that allow them to resist the harsh environmerghaigolysosomes aritb in particular,
have been shown to display a number of virulentofacwhich have been implicated in
their resistance to the sustained attack of toxateoules produced by their host. Some of
these molecules, including proteins and thiols eeavcritical role in maintaining the
redox status of the oxidatively active macrophage the benefit of the pathogen
(Raynauckt al., 1998; Forman and Torres, 2001; Dermine and Ddisg 1999).

M. tuberculosis

(i)
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Figure 1.2: Schematic representation of events that take pldeeng tuberculosis infectionM.
tuberculosis enters the host within inhaled droplets and tfasults in three possibilities: (i) Elimination of
the pathogen by the host’'s immune system. (ii)diida quickly develops into tuberculosis. This st n
uncommon in immuno-compromised individuals, pattdy HIV infected patients who stand a chance of
developing tuberculosis 800-fold times compareuiimuno-competent individuals. (iii) Infection doest
progress into a disease due to the containmenthefbgcilli in granulomas. In diseased individuals
however, theéM. tuberculosisis no longer in granulomas because caseationdtiecegradation of bodily
tissue) results in distribution and consequent strdssion of M. tuberculosis. Upon inhalation, the
mycobacteria are engulfed in alveolar macrophageks deendritic cells (DC). In draining lymph nodes,
mycobacterial antigens are presented to differecelTpopulations (CD4T cells, CD8 T cells, and CD 1
restricted T cells) by the DC’s and macrophageschwviare activated by interferon gamma (IfFNand
tumour necrosis factor (TN&). Taken from: Kaufmann and McMichael (2005).



1.3 Thiolsin intracdlular redox reactions

1.3.1 Glutathione (GSH)

The protection of cells from reactive oxygen andragien intermediates has been
observed to rely on the presence of thiols, whissish in the maintenance of cellular
redox potentials and protein thiol disulfide ratioEhe tripeptidey-L-glutamyli-
cysteinylglycine (glutathione) is the most studead best characterised thiol that has
been detected in most Gram-negative bacteria aaudlyredl eukaryotic organisms, except
those lacking mitochondria and chloroplast (Hand ldonek, 2005, Fahey, 2001).

In addition to participating in free radical andrgeade detoxification, glutathione
functions in metabolism, catalysis, transport an@ atorage form of cysteine moieties. It
also forms conjugates with a variety of compoundshsas drugs and xenobiotics and is a
cofactor for a range of enzymes. Synthesis of Girhfconstituent amino acids takes
place intracellularly and exported from cells, whérparticipates in intra and interorgan
transfer of cysteine moieties and in the protectbrell membranes (Meister, 1988). A

comprehensive overview of GSH activities is showfigure 1.3.
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Figure 1.3: A comprehensive overview of GSH biochemistry. Afyiao acids; X, compounds that react
with GSH to form conjugates. GSH synthesis franglutamate and.-cysteine is achieved by two
sequential ATP dependent reactions that utiigiutamylcysteine synthetase (1) to form the intedrate,
y-glutamylcysteine. This is followed by glutathiosgnthetase (2) that adds glycine to the C-terménal

of y-glutamylcysteine to form the end product. The ¢fanof they-glutamyl moiety of GSH to an amino
acid or peptide acceptor is catalyzed glutamyltranspeptidase (3), resulting in the piatun
mercapturates. Cysteine and glycine required in Gfb$ynthesis are generated by dipeptidases (4)
utilizing dipeptides.y-glutamylcyclotransferase (5) catalyzes the forormatdf 5-oxoproline which feeds
onto an ATP dependent 5-oxoprolinase (6) to giwvgaghate. GSH conjugates to a variety of electraphil
ligands through the action of GSH-S-transferasetlitis accomplishing its detoxification capabilities
During oxidizing conditions, GSH is transformedanthe disulfide (GSSG). GSH is maintained in its
reduced form by glutathione disulfide reductasechitilizes NADPH as a cofactor. (12) Enzymes@
play key roles in the pathway for GSH synthesighay generate much required substrates (Meis$&8;1
Noctor et al., 1998; Boardet al., 1978; Mazelis and Creveling, 1978; Telakowskipkios et al, 1986).
The figure was taken from Meister (1988).



1.3.2 Mycothiol (M SH)

Although different microorganisms may employ a vgjoleead thiol, certain intracellular
pathogens depend on different antioxidant systéusdisplay a type of chemistry that is
analogous to that initially observed with glutatieo For instance, apart from GSH and
ovothiol A (N'-methyl-4-mercaptohistidine), the bis-glutathionytonjugate of
spermidine, termed Trypanothione*[€-bis(glutathionyl)spermidine] is specific to the
pathogenic protozoa of the geneéfgypanosoma and Leishmania (Ariyanayagam and
Fairlamb, 2001). Whereas, ma&ttinomycetes, includingMtb exclusively synthesize 1-
D-myo-inosityl-2-(N-acetylt -cysteinyl)amino-2-deoxg-D-glucopyranoside (Mycothiol,

figure 1.4) as their major low molecular mass tl#pies and Steenkamp, 1994).

Mycothiol was first isolated as a symmetrical disld (MSSM, figure 1.4) from
Streptomyces sp. AJ 9463 by Sakudet al., (1994) while searching for an intermediate in
allosamidin biosynthesis. Shortly thereaftigiycobacterium bovis (M.bovis) was shown

to contain the same compound as the only majornmiecular mass thiol, isolated as a
bimane derivative (MSmB) (figure 1.4) (Spies andedkamp, 1994). The same structure
was later reported to be present Streptomyces clavuligerus designated Ul7 as a
previously unidentified thiol, with apparent widestribution amongst the members of the
Actinomycetes (Newtonet al., 1995).



Ho, | St
HO o~ o
HO. OH
OH
le} o
HO
HO OH
[¢] NH MSSM
o OH
>—““~,, HO OH
o / OH
HO
s
N N
/A
o
o
MSmB

Figure 1.4: Mycothiol (MSH), Mycothiol disulfide (MSSM) and §tothiol bimane (MSmB).

1.3.3 MSH Biosynthesis

Subsequent to isolating and establishing the streaf mycothiol (Sakudet al., 1994;
Spies and Steenkamp, 1994), studies were carrieth @ucidate its biosynthesis (figure
1.5) using a synthetic Dtmyo-inosityl-2-amino-2-deoxg-D-glucopyranoside (GIcN-
Ins) to assay extracts M. smegmatis for enzyme activity. The study was able to show
enzyme (ligase, MshC, Rv2130c) activity correspogdo an ATP dependent ligation of
L-cysteine with GIcN-Ins to generate Cys-GIcN-Ingd aan acetyltransferase activity
(MshD, Rv0819) which produced mycothiol from ace®d@dA and Cys- GIcN-Ins
(Bornemanret al., 1997).

To further elaborate on the abovementioned studitessmegmatis was confirmed to

produce GIcN-Ins and Cys-GIcN-Ins as intermediatdbe biosynthesis of mycothiol by
directly measuring their levels in cell extractsn@rberget al., 1998). However, earlier
studies left undefined the biochemical reactionmived in the formation of GlcN-Ins,

and by comparing the steps already defined for M8biduction with those for a



glycosylphosphatidylinositol (GPI) anchor produatiwhich contains as a component an
isomer of GIcN-Ins with ana(1,6) linkage it was shown thatDdmyo-inosityl-2-
acetamido-2-deoxy-D-glucopyranoside (GIcNAc-Ins) is a precursor forclglins by
demonstrating a deacetylase (MshB, Rv1170) activitiyng GICNAc-Ins as a substrate
(Newtonet al., 2000b).

Although the three genesnghB, mshC, and mshD) involved in the biosynthesis of
mycothiol had been identified, the biochemical teexs catalyzed by a putative
glycosyltransferase (MshA) (Newtab al., 2003) had not been established until recently
when it was shown that the production of GIcNAc-lissonly possible when the
participating substrates are UDP-N-acetylglucosanand 1-myo-inositol-1-phosphate
(1L-Ins-1P). This reaction generates UDP (uridine dgphate) and 3-phospho-inyo-
inosityl-2-acetamido-2-deoxy-D-glucopyranoside (GIcNAc-Ins-P) where the latter is
dephosphorylated by a postulated phosphatase,nég¢styMshA2 to yield GIcNAc-Ins
(Newton et al., 2006a). L-Ins-1P can also be produced from exogenous ilpsid
demonstrated by Gammosat al., (2003) where they illustrated the inhibition of
[*H]inositol transport intdM. smegmatis cells. The biosynthesis is summarised in figure
1.5.
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Figure 1.5: MSH biosynthesis: A summary of the events takifage in this figure is presented below.
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The formation of GIcNAc-Ins proceeds through theicec of a glycosyltransferase
(MshA). MshA catalyzes the reaction between UDPedtgglucosamine and linyo-
inositol-1-phosphate to generate GIcNAc-Ins-P. Tagter is dephosphorylated by a
phosphatase (MshA2). GIcNAc-Ins is then deacetgldty MshB to yield GIcN-Ins
wherein a cysteine is ligated in an ATP dependeaction catalyzed by MshC.
Mycothiol is ultimately produced by the acetylatiohthe cysteinyl amine of Cys-GIcN-
Ins, catalyzed by an acetyltransferase (MshD). Kerraative route for the production of
1L-Ins-P through the usage of exogenous inositol thgprocessed by a postulated
inositol kinase (InoK). Although this enzyme has yet been identified iMtb, the ATP-
dependent reaction it catalyzes in lily pollen amdeat germ usingnyo-inositol as a
substrate (Loewuat al., 1982) is also expected to occuMitb (Newtonet al., 2006a).

Evidence for the existence ofmayo-inositol transporter irMtb was given impetus by
observing that the putative product i@ T in Bacillus subtitlis exhibits considerable
similarities with many bacterial sugar transporténsB. subtitlis, the iol ABCDEFGHIJ

andiolRS operons are known to be involved in inositol métion and their transcription

is regulated by the IoIR repressor and inducethbyitol (Yoshida et al., 2002).

Furthermore, this gene was shown to be the prinmensitol transporter in this organism
since mutants (with inactivatedIT) showed growth defects when grown on inositol as
the main carbon source (Yoshidaal., 2002). Exploiting theol T protein sequence to
search forMtb orthologs using the blastp search of the TB genameTuberculist
(http://tuberculist.epfl.ch), the only strong probamatch was found to be Rv3331 that
was 26% identical in a 432 residue overlap anndta® a probable sugar transport
intergral membrane protein. A homolog with a 24%nitty in a 384 residue overlap was
also found inM. smegmatis emphasizing that Rv3331 could be the best carslitiat

express an inositol transport proteirMitb (Newtonet al., 2006a).
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1.3.4 Mycothiol dependent detoxification

1.3.4.1 NAD/M SH-dependent for maldehyde dehydrogenase

Oxidative demethylation of amino acids or degramaif one carbon compounds like
methanol, methyl halides, methane, methylated asrane sulphur compounds is usually
accompanied by concomitant generation of formaldehfting and Tung, 1948). In
normal cells, formaldehyde is toxic even at low @amtrations due to non-specific
reactivity with proteins (Fraenkel-Conrat and Methal948) and nucleic acids. To
circumvent potential biochemical disturbances, ahibne producing organisms
eliminate formaldehyde with the aid of a NAD/GSHsdadent formaldehyde
dehydrogenase whereas Gram-positive bacteAaydolatopsis methanolica and
Rhodococcus erythropolis) contain the factor dependent enzyme termed NAXMY

dependent formaldehyde dehydrogenase (Misset-&hats 1997).

The S-hydroxymethylmycothiol formed by the spontarereaction between MSH and
formaldehyde, is converted into a mycothiol formaséer, which is expected, by analogy
with the GSH-dependent pathway to be further hyadied to generate formic acid and
MSH through a thiol esterase as is the case withatjlione based systems. However,
since no thiol esterase activity has been detedieshite an esterase motif being present
in someMtb gene products an alternative path involving ael®de dehydrogenase that
converts the mycothiol formate ester to a carborater followed by hydrolysis to give
MSH and CQ has been suggested. The NAD/MSH-dependent forimgpdide
dehydrogenase has also been found to be highlyifispéar its substrate and that it
cannot be used interchangeably with its GSH copatér(Misset-Smitset al., 1997;
Norinet al., 1997).

The NAD/MSH-dependent formaldehyde dehydrogenasenbavever, been ruled out as
an essential detoxification enzymeNtib based on the fact that no thiol esterase activity
had ever been detected since it is assumed tleaG#&H, MSH reacts spontaneously to

form S-hydroxymethylmycothiol adduct that is cortedr to a MSH formate ester
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(Misset-Smits et al., 1997). Although MSH and Glef$-may not be essential forvitro
survival of M. smegmatis, it remains indispensable fbttb as confirmed by studies where
the disruptedmshC gene inMycobacterium tuberculosis Erdman produced no viable
clones possessing either reduced levels of MSHhemshC product (Sareerst al.,
2003).

1.3.4.2 Mycothiol S-Conjugate Amidase

Mtb uses a more general mycothiol dependent détatibn pathway that is capable of
protecting against a range of electrophilic toxsash as alkylating agents, halogens and
chlorine derivatives. The discovery of this pathwegs based on studies that centred on
the treatment oM. smegmatis with monobromobimane (mBBr) and the cleavage ef th
resultant MSmB to generate GIcN-Ins and the bimdesvative of N-acetylcysteine
(AcCySmB) (Newtoret al., 2000a). The bimane fluorescent label is a deveaf syn-
9,10-dioxabimane: 1,5-diazabicyclo[3.3.0]octa-3iére-2,8-dione that has been
efficiently used to label the reactive thiol groupshaemoglobin, membrane proteins and
glutathione of normal human red cells under phygjmal conditions (Kosoweet al.,
1979)

The Mycothiol S-conjugate amidase (Mca) responsibfethis cleavage was purified
from M. smegmatis and comparison of the N-terminal sequence poiritecin Mtb
ortholog Rv1082. The gene encoding this enzyme alss found to have a homolog
(mshB, Rv1170) that possesses weak Mca activity bustamtial deacetylation activity
with the biosynthetic precursor (Newt@ah al., 2000b). Themca gene fromMtb was
cloned and expressed i coli, and found to have substrate specificity simitathiat of
the M. smegmatis amidase. It showed no activity with MSH, GIcNAcIand the
mycothiol disulfide reductase (to be discussed etaitl at a later stage) but rather a
preference for the MSH moiety of the conjugates] aglatively low specificity with

respect to the group attached to the sulphur m@Mgwtonet al., 2000a).
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In addition to mBBr, conjugates of mycothiol with-dthylamide (NEM), 7-
diethylamino-3-(4’-maleimidyl-phenyl)-4-methylcounma (CPM), cerulenin, 3-(N-
maleimidopropionyl)-biocytin, and rifamycin S, peepd under physiologically relevant
conditions were shown to be substrates for Mcapeshe ongoing search for natural
substrates, MSmB remains the best substrate stadié with a Km value of 95 8uM
and a ky of 8 s' while rifamycin displayed &/ kn values that were 3-5% of that for
MSmB (Newtonet al., 2000a; Steffelt al., 2003).

The electrophiles used to generate the S-conjudatethe amidase are generally not
natural toxins except for cerulenin and rifamyciiSeffeket al., 2003). Cerulenin is a
secondary metabolite that has antifungal and aitbiproperties (Hatat al., 1960)
whilst rifamycin S is an antibiotic synthesised lilge Gram-positive Nocardia
mediterranel (White et al., 1974). Studies utilizing these antibiotics sahsiite findings
that Mca could be crucial in the detoxification aftibiotics (figure 1.6), particularly

mycobacterial related antibiotics.
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Figure 1.6: Mycothiol dependent detoxification

The detoxification pathway (figure 1.6) is based experiments wher&l. smegmatis
grown in the presence of mBBr was found to be afidellular mycothiol by alkylation

of the thiol group to form MSmB. Subsequent analysdithe medium did not show any

MSmB proving that mycothiol bimane was not exporfienin the cells but was cleaved

intracellularly by the amidase to produce GlcN-&m&l the AcCys S-conjugate (AcCys-

mB) termed mercapturic acid, as is the case with fthal excreted product in the
mercapturic acid pathway of GSH-dependent detatifi; (Newtoret al., 2000a).
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Further studies aimed towards a better understgnafithe role Mca and MSH play in
xenobiotic detoxification led to the generation afmutant of themca gene inM.
smegmatis and subsequent exposure to mBBr and the antibidgamycin S. It was
observed thaM. smegmatis accumulated the S-conjugate of the alkylating tsgesind
exhibited susceptibility upon exposure to electriphoxins such as iodoacetamide,
chlorobenzene, and oxidants such as plumbagin amédadione. Subsequent treatment of
the mutant with the antituberculous antibiotic gtoenycin rendered the mycobacterium
even more susceptible as it led to a 10-fold deeréa the MIC compared to the parent
strain M. smegmatis m¢® 155 (Rawatet al., 2004). Based on these observations, it is
reasonable to speculate that inhibiting Mca migimisgtizeM. tuberculosis to antibiotics.

1.4  Mycothiol disulfide reductase

During the process of peroxide reduction mentioneatlier, the formation of
intramolecular disulfide of mycothiol (MSSM) is w@dable and the reducing capacity
of MSH is consequently compromised. It is theoedljcpossible that MSSM formation
could undoubtedly deplete MSH pools and comprontige various MSH dependent
pathways. MSH irM. smegmatis has been shown to be maintained in a highly retluce
state with redox ratios that range from 200 to 10M8wtonet al., 2005) through the
action of a corresponding mycothiol disulfide rethse (Patel and Blanchard, 1999).

Mycothiol disulfide reductase (Mtr) or mycothioneductase as proposed by Patel and
Blanchard, (1999) belongs to the family of dimefiavoproteins that promote the
transfer of electrons between pyridine nucleotided disulfide/dithiol compounds, and
direct catalysis via FAD and a redox active disldfiThe “thione” ending is discussed in
a review by Newton and Fahey, 2002. Some of the exdensively studied enzymes in
this group include lipoamide dehydrogenase, glidath reductase, trypanothione
reductase and mercuric ion reductase (Patel amtBdad, 1999; Racker, 1965; Shames
et al., 1986). Although these enzymes may be derivenh tidferent sources and exhibit
strict preferences for substrates, they nonethalesw considerable similarities such as
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significant amino acid homology and the abilityuodergo thiol disulphide exchanges
(Arscottet al., 1997; Mustacich and Powis, 2000).

The catalytic mechanism of the flavoenzymes havenhboroughly investigated and
long established by spectroscopic and kinetic tegles as well as by protein
crystallography, and Mtr catalysis has been shaamitror that of other members within
this family. The reaction generally begins with thavin reduction by NADPH, the
reduced flavin then reduces the cysteine disulfidihe active site and the nascent active
site dithiol ultimately cleaves the disulfide ofetlsubstrate (MSSM), where active site
cysteines sequentially react with MSSM to generateed disulfides (MSS-E). The
active site thiolate then attacks ES-SM to refohm active site disulfide and liberating
the second molecule of MSH. Ultimately two molesutd MSH are released and the
cysteine disulfide in the active site is reformédaluth-Siegelet al., 1998; Patel and
Blanchard, 1999; O’Donnell and Williams, 1984).

The sequence of catalytic steps outlined aboveMuoris based on the detection of
various components usually expected to be parthefflavoenzyme active site. The
presence of the flavin cofactor was determined fcsal characterization of oxidized
Mtr that gave the spectrum @gnax 260-265nm as observed for other flavoproteins
(disulfide reductases). Reductive titration of Miith NADH confirmed the possible
charge transfer complex of FAD and the putativel#te of the active site. These results
together with reductive alkylation and steady statetics experiments confirmed a
kinetic mechanism that is synonymous with the gétalsteps already established for
flavoenzymes in which the reduced FAD transfersucety equivalents to the redox
active disulfide to generate the stable reducegraazthat is able to reduce MSSM via
dithiol-disulfide interchanges (figure 1.7) (Paaeld Blanchard, 1999).



18

S]
B-NADPH P-NADP

S
SN

| |
E EH;
Uy LYy
NH >
N7 N (
o) o o]
RN

S
\S/ ~ \SH

0}
HO
HO © HO
HO
NH

NH
HN e} o)
o, { T ) ST
!
o e} HO OH (o] { HO
SH I
+ S 0
HO Ho_ OF Oy A /K
H OH "' NH
0 o OHN
HoHO OH
NH o 5 OH
0 e} ! OH
HO
SH

Figure 1.7: NADPH dependent MSSM reduction. NADPH reduced RAdhsferring reducing equivalents
to the disulfide of the active site, which conseaglyereduces the disulfide of MSSM to produce 2
molecules of MSH. This figure is adapted from Patel Blanchard, 1999.

In addition to these mechanistic studies, the boomatic analysis of the putative Mtr
amino acid sequence also confirms this enzyme rasraber of the pyridine nucleotide
disulfide reductase family where it shares homologith Crithidia fasciculata
trypanothione reductase (28%) and human glutathiedectase (31%). A Closer look at
the amino acid sequence alignment (figure 1.8)hé&urtrevealed the presence of the
conserved redox-active cysteines (Cys-XXXX-Cys) amdhucleotide binding motif
(GXGXXN) near the amino terminus for binding the RDnoiety of FAD(Patel and
Blanchard, 1999).
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Figure 1.8: Amino acid sequence alignment ©ffasciculata trypanothione reductase, human glutathione
disulfide reductase andl. tuberculosis mycothiol disulfide reductase. Tyrosinell4 andotymel97
involved in the substrate binding site and NADPHdimg site respectively seem to be conserved in
various reductases. However, Y197 in Mtr is subsd with a phenylalanine residue. The essential
catalytic His-444-Glu-449 ion pair is conservedtlie three reductases. The figure is adapted frotal Pa
and Blanchard, 1999.

Homology with GSH and trypanothione disulfide rethises (figure 1.8) permitted the
cloning and expression of the Mtr (Rv2855)Mn smegmatis. The enzyme was reported
to be a 50kDa homodimer with a.kfor MSSM that is 400 mol per mol of FAD per
minute, which is one to two orders of magnitudevgliothan other disulfide reductases
(Patel and Blanchard, 1999). Due to the slow axidation rate of MSH as compared to
that of glutathione, N-acetylcysteine or cysteiNewWtonet al., 1995), it was suggested
that this rate may be sufficient to maintain redu®4SH levels in mycobacteria. The

Michaelis-Menten constants measured for MSH and RADwere found to be in
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agreement with those of the corresponding substrafe GSH and trypanothione
reductases (Patel and Blanchard, 1999).

In addition to preference for MSSM, Mtr was alscowh to be active against the
truncated substratédes-myo-inositol mycothiol disulfide (figure 1.9), with &y, of 400
MM as compared to 7@M for the authentic mycothiol disulfide, indicatirmgn absolute
requirement for the glucosamine moiety. It was alsmonstrated that the presence of the
des-myo-inositol mycothiol disulfide as a mixture afand3 diastereomers did not affect
the activity of the enzyme since the mixture waspletely converted taes-myo-
inositol mycothiol (Patel and Blanchard, 1998).

HO

OH
Figure 1.9: des-myo-inositol mycothiol. Figure adapted from Patel &@idnchard, 1998.

1.5 Mtbessential genesin M SH biosynthetic pathway

Analysis of M. smegmatis mutants disrupted in the four genes encoding tio¢eins
needed for MSH biosynthesis have led to conclusibas mycothiol and mycothiol-
dependent enzymes protect the mycobacterial celinag attack from various toxic
agents and different types of stres$é¢ssmegmatis mutants deficient in MshB have been
shown to produce low levels of MSH (about 20%) ampared to the parent strain
(Mc®155), the mutants remained viable and MSH prodoctims never abolished.

Moreover, they showed resistance to isoniazid whiley appeared more susceptible
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when grown in the presence of rifampin. Increase&H\Wroduction was restored when
the mutants were complemented with thehB gene confirming that the enzyme is
important for MSH production (Rawat al., 2003; Buchmeieet al., 2003; Newtoret
al., 2000a).

Contrary to MshB defective mutantd). smegmatis clones disrupted inmshC were
unable to produce mycothiol. Moreover, they wersoalound to possess increased
susceptibilities to free radicals, alkylating ageahd to a wide range of antibiotics such
as erythromycin, penicillin G, rifamycin, vancomygirifampin and azithromycin.
However, the mutants exhibited resistance to ismhiand this is consistent with studies
involving MshB mutants. MshC has consequently beensidered essential for the
growth of M. tuberculosis (Sareeret al., 2003, Rawatt al., 2002), whilst MshB is not
since its absence iNl. tuberculosis and M. smegmatis does not completely eliminate
mycothiol and growth is not deterred either (Ragtat., 2003).

To assess the viability dfl. smegmatis deficient inmshA, a chemically derived mutant
and one generated by transposon mutagenesis weatedrwith isoniazid and compared
to the parent straiM. smegmatis mc®155. The MIC's of isoniazid were found to be 1
ug/ml for the parent strain and more than 260ml for each of the mutants. When the
transposon mutant was complemented withntH@A gene and compared to the chemical
mutant after treatment with isoniazid, the MIC’srevdound to be 2.7ug/ml and 28
ng/ml respectively, demonstrating extensive reversmthe parental phenotype. In this
regard, thanshA gene inM. smegmatis proves to be crucial in MSH biosynthesis. The
isoniazid resistance observed corroborates prevstudies in which MSH deficient
strains exhibited isoniazid resistance. It has hmstulated that MSH may be directly or
indirectly involved in the activation of isoniazitNewton et al., 2003; Koledinet al.,
2002).

The gene encoding the acetyltransferase has aio sf®wn not to be essential in the
growth of M. tuberculosis since mshD mutants accumulate substantial levels of Cys-

GlIcN-Ins, a small amount of MSH and two alternatttaels, N-formyl-Cys-GIcN-Ins
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and N-succinyl-Cys-GIcN-Ins. The mutant did not ibkhany heightened sensitivity
upon exposure to hydrogen peroxide, cumene hydogjuky or tert-butyl hydroperoxide,
indicating that it most probably relied on one bé talternative thiols (Newtoet al.,
2005).

Although Mca is not a biosynthetic enzyme, its rale a detoxifying agent remains
crucial for the proliferation oMtb and disruption ofmca renders theM. smegmatis
mutants vulnerable to a wide range of electrophitigins, antituberculous antibiotic
streptomycin and oxidants such as menodione ardhagin. However, the mutant did
not show any sensitivity towards hydrogen peroxiclenene hydrogen peroxide, and
nitrofurantoin, possibly due to the fact that thesddants cannot form stable S-
conjugates that may require Mca for cleavage ageoad to the naphthoquinones.

There has not been a lot of transposon mutagestsgiges carried out omtr so as to
conclusively make phenotypic characterisations oths mutants and resolve the
enzyme'’s indispensability. Nevertheless, findingsMcAdamet al., 2002, that showed
viability of M. tuberculosis mutants generated by transposon mutagenesigtin
suggested the gene to be non essential, whelighgjdnsity Himar-1 studies carried out
by Sassettet al., 2003, demonstrated thaitr is required inM. tuberculosis for optimal
growth.

Taking into consideration the urgent need for nend affective anti-tubercular drugs,
due to the persistence of the disease, the emergédmoultidrug resistant (MDR) strains
and more recently, extensively drug resistant (XBRpins (Dorman and Chaisson,
2007), several enzymes involved in mycothiol bidkgsis and metabolism (table 1.1)
hold promise for the development of active compeumagainst the mycobacterium.
Moreover, according to Sacchettatial., 2008, ideal TB drug targets should be required
for bacterial growth and persistence and it mustelasible to temper with their activity
through the use of small molecules, hence, thactibn in targeting intermediates in
MSH biosynthesis.



Table 1.1: Potential drug targets

S,
e
er

Gene | Rv Significanct Potentia
mshA | Rv048¢ | Essential foMtb growth Drug targe
mshB | Rv117( | Inactivation does not full| May hold promise if targeted
prevent MSH biosynthesis| conjunction with other gene produc
i.e. inhibiting the product of this gen
together with Mca and one of the oth
essential enzymes.
mshC | Rv2130¢ | Essential foMtb growtt Drug targe
mshD | Rv081¢ | Inactivation does not full| Has potential as a drug tar
prevent MSH biosynthesis.
Production of alternative
thiols by the mutant
mca | Rv108: | Mutants susceptible 1| Drug targe
electrophilic toxins and
oxidants
Mtr Rv285¢ Drug targe

23



24

1.6  Mycothiol analogs

The genes and their respective products outlinedalle 1.1 accept substrates and
produce products that eventually give rise to miydt It is therefore, precisely for this
reason that compounds based on the GIcN-Ins mtwetybear groups on the nitrogen
that resemble those of the respective transitiatest are seen as potential inhibitors for
any one of the enzymes involved in the biosynthe$gtoxification and reduction of
mycothiol (knappet al., 2002). However, such inhibitor studies are hamgbeby the
scarcity of mycothiol. Although MSH can be isolattdm whole cells (Spies and
Steenkamp, 1994), amounts recovered are not rffi¢or large scale experiments. A
subsequent modification of the isolation and pcaifion procedure developed by
Steenkamp and Vogt, 2004, generates reasonablésyielt poses a limitation when
structural modifications are required and as ssghthetic approaches are a necessity.
Previous synthetic studies concerning the prepmaratif a suitably protected-myo-
inositol, its resolution and the subsequent geiwratf ana-glycoside were hampered by
convoluted syntheses (Bornemaral., 1997; Jardinet al., 2002; Nicholast al., 2002).

Interestingly, Mca has been shown to be activersga mycothiol-S-bimane analogue
(inositol replaced with S-cyclohexyl) (figure 1.18xhibiting specific activity of 7500
nmol min* mg proteii* as compared to 14200 nmol mimg proteirt for the authentic
mycothiol-S-bimane (knapgt al., 2002). In addition to the truncateds-myo-inositol
disulfide (section 1.5), Mtr has recently been shdw be active against the methyl and
benzyl glycoside analogs of MSSM (Stewaral., 2007).
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Figure 1.10: Mycothiol analogs. Structures adapted from knetgb., 2002 and Stewaet al., 2007.

The enzyme activities exhibited against the myadtBibimane analogue, the MSSM
analogs and the truncatetbs-myo-inositol disulfide leads to a few conclusions with
regard to the inositol portion of mycothiol: thdat may not always be essential for
substrate recognition by certain MSH processingyees, that neither the inositol
hydroxyls nor the glycosidic linking atom (O vs.[8dys a major role in enzyme binding.
These observations also suggest that these amadagsrovide a platform upon which to
base inhibitor design (Stewagtal., 2007; knapt al., 2002).
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1.7 Mcaand MshB inhibitors

In an attempt to design and optimize potent inbiigit Nicholaset al., 2002, screened a
synthetic library comprised of bromotyrosine detives alongside a set of related natural
product inhibitors, isolated from an Australian n@rongid spongeOceanapia sp.
(figure 1.11) (Nicholast al., 2001). The I values generated from these studies varied
from 3 uM for compound 1 to 2.7 mM for compound 13 (Nicleoéh al., 2002). This
data, taken together with the fact that compountis4. feature a spirocyclic isoxazoline
core or a reduced bromophenyl oximinoamide funeiibnas is the case for compounds

5 and 6, led the authors to several conclusiorsrdigg structure-activity relationships.

In view of the fact that compounds 1 and 6 appe&odae the most effective, whereas,
compounds 3 and 4 exhibited siCvalues that were comparable to the synthetic set,
compounds 13 and 14, it was concluded that thenpgtef compounds 1, 3 and 4 could
not be attributed to the presence of the spirocyisthxazoline system since the equally
inhibitory compounds 6, 13 and 14 comprise the cedubromophenyl oximinoamide
functionality. These observations suggested that ghirocyclic ring system is not
necessary to achieve good inhibition (Nicho&sal., 2002), and that bromotyrosine
derivatives containing a Mca specific portion coldyg a foundation for a more specific
and potent inhibition, as illustrated by Metafeetaal, 2007a, through the synthesis of
MSH-inspired mimicking analogs that centred on theorporation of a quinic acid

template to replace the inositol ring of natural@gure 1.11).

Two of the ensuing compounds (14a and 14b) ingyghesis exhibited a 45% inhibition
at 50uM. The reason for using a reduced quinic acid sssreogate for inositol instead of
the cyclohexane was that since it has some hydsaydl is more polar than cyclohexane
it would be involved in hydrogen bonding. In a diffint study carried out in our lab
(Marakalala, M.J. 2008, PhD Thesis) using compou8&88 (discussed in chapters 5
and 6) it was found that the phenyl ring is a vattesitol surrogate than all the other six

membered rings tried so far.
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Figure 1.11: Compounds 1-7 are bromotyrosine derived inhibitovhereas, compounds 8-14 are a

synthetic suit. The synthetic compounds 8-9 digialG, values in the range of 60-2@®1. Compounds
11 and 12 were poor inhibitors. Compounds 15 andrg&6MSH-inspired inhibitors. Compounds 14a and

14b incorporating a quinic acid ring as an inosieplacement. Structures adapted from Nichetaal.,
2002 and Metaferiet al, 2007a.

Given that the active sites of Mca and MshB havenbghown to share 42% sequence
identity (Steffeket al., 2003) based on sequence alignments, Meta&tra, 2007b

synthesised spiroisooxazoline-like analogs (figur&2) built on the thioglycoside
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scaffold targeting the two homologous enzymes.réstingly, the spiroisooxazoline
containing derivatives proved quite potent in thealdinhibition of Mca and MshB,
substantiating the notion that inhibitors bearingogtion specific to the enzyme’s active

site could be very useful against significant enegnm the MSH biosynthetic pathway.

HO

HO o

FsC

Cl
Figure 1.12: Compounds found to inhibit MshB and Mca. The suffimides 16 and 18, the
homophenylalanine trifluoroacetate 20 and the betmles 21, 22, 24 and 25 were found to inhibithbot
MshB and Mca. Compound 23 only showed weak inlubitowards Mca whereas, compounds 21, 22 and

the N-Boc analog 19 appeared to be specific forBAStructures adapted from Metafegtaal, 2007b.
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1.8 Naphthoquinones

The quinones (figure 1.13) are a heterogeneouspgobuhighly reactive compounds

found in several natural products and endogenoashbmicals. Over the years, they
have become indispensable tools as specific metaibbibitors in enzyme research and
as useful drugs in the control of disease (Webl§13olton, 2006), for instance,

atovaquone, a substituted 2-hydroxynaphthoquin@aneised therapeutically to treat
Plasmodium falciparum malaria (Kesskt al., 2003). General antimicrobial activities due
to these compounds had long been established tiengimplest substance of this class,
p-benzoquinone and observing its bactericidal astiagainst a staphylococcus isolate,

Saphylococcus py. aur (Cooper, 1913).

Even though the antimicrobial nature of quinoned loag been postulated, their potent
biological actions had never been correlated wiglecic mechanisms. Enzyme

inhibition has since been shown to be possibleutiitocomplexes formed between
qguinones and the ion of the enzyme, as illustrametyrosinase catalyzed oxidations
(Arthur and Mclemore, 1955), and that a quinonaxgusystem can be generated using
xanthine oxidase and following the reduction ofuangne by monitoring its oxidation-

reduction potential (Dixon, 1926). In essence, ruction of a quinone results in the
oxidation of the enzyme, which is one of a few natbms by which quinones can
inhibit enzymes. This type of inhibition was validd by studies carried out on the
inactivation of papain by selected oxidants thatluded a quinone. The subsequent
inactivation was shown to be reversible by treatimg enzyme with hydrogen sulphide

and other reducing agents (Hellerman and PerkB4)1

Oxidation-reduction reactions of quinoid or quinslibstances usually involve the
formation of a semiquinone intermediate, the eristeand stability of which depends
mostly on the pH and nature of the quinone. In samsé&nces, this intermediate had
been a challenge to isolate as its identificatiended to be colorimetric. It was also
found to crystallize in cultures dBacillus chlororaphis without the culture medium

showing the typical green colour that the interragzliis usually associated with
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(Michaelis, 1935). Thus the semiquinone, which Bxasly to a slight extent, seems to be
the active form in producing certain effects on abelic processes in that it may be
reduced to the hydroquinone, oxidized to the quinaimerize to form quinhydrone, or

react with various metabolites (Michaelis and S&myt1937).

Since naphthoquinones can form adducts with thaold that it is possible to discern
between toxicity that can be ascribed to their xedgcling ability, which results in the
formation of free radicals, as opposed to toxiatye to such addition reactions, by
introducing substituents at the sites where thisisuld react for example, 2,3-
dimethylnaphthoquinone is used to evaluate thevigctof naphthoquinones as redox
cyclers and does not mop up thiols. This led to tbalisation of another type of

inhibition conferred by quinones involving sulfhytigroups of enzymes.

The finding was made as a consequence of sucaileditygdrogenase inhibition using a
variety of quinones, including p-benzoquinone andethyl naphthoquinone which were
shown to decrease toxicity almost tenfold. This relase in toxicity provided an
explanation for the absence of clinical toxicitythvhatural vitamin K. In addition to the
2-methyl group, vitamin K contains a long side chat the 3 position thus making any

reaction with sulfhydryl groups virtually imposs#h{Potter and DuBois, 1943).
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Figure 1.13: Examples of quinones, some of which are usedhibition studies. Structures adapted from
Webb, 1966.

19 Subversivesubstratesfor Trypanothione reductase

The fact that glutathione disulfide reductase wale & catalyze a NADPH dependent
electron transfer to 2,4,6-trintrobenzenesulfonatethe presence of oxygen with
concomitant generation of hydrogen peroxide (Caglbend Mannervik, 1986), set
precedence for subsequent studies utilizing tryfhaooe reductase (TR) and suitably
substituted naphthoquinone and nitrofuran deriestivihe rationale in using the latter
derivatives was based on the notion that the senoge generated will reduce oxygen to
superoxide anion radicals whilst regenerating thieanpe. This would in turn subvert the
physiological function of TR by increasing the l|esveof hydrogen peroxide and
trypanothione disulfide (Hendersehal., 1988; Michaelis, 1935; Salmon-Cheneiral .,
2001).
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The study showed consistency with regard to obsens made earlier concerning
inherent enzyme inhibition by quinones. The naptimmone (NQ) derivatives tested
against TR under aerobic conditions were not capalfl inactivating the enzyme,
whereas, the opposite is true when the reaction evased out under anaerobic
conditions utilising the nitrofuran derivatives, usang irreversible inactivation.
Moreover, in addition to their ability to act adstrates for TR, the compounds were also
found to inhibit enzymatic reduction of the physigical substrate, and subsequent
exposure of Trypanosoma cruzi epimastigotes to these compounds resulted in

trypanocidal activities (Hendersehal., 1988).

Continuing the development of better and efficimbversive substrates in pursuit of an
effective trypanocidal compound, Salmon-Chemtiral., 2001, synthesised and tested a
series of 2-and 3-substituted 1,4-naphthoquinonévateves as subversive substrates
targeted against Trypanosoma cruzi trypanothione reductase and lipoamide
dehydrogenase. Three distinct series of 1,4-naphihones substituted at C-2 and C-3
of the quinone moiety by alkylamino side chainsvafying lengths were synthesised as
potential inhibitors offrypanosoma cruzi TR using menadione, plumbagin and juglone
as parent molecules (figure 1.13a). NQ derivathve@sed on plumbagin were found to be
reduced byTrypanosoma cruz lipoamide dehydrogenase faster than the correspond
menadione derivatives. A derivative based on plgmbalso proved to be a potent
subversive substrate and effective uncompetitiitor against trypanothione disulfide
and NADPH.

In addition to general inhibition, the influence tbe spacer length was assessed on the
inhibition of trypanothione disulfide (bp and, interestingly, the highest antiparasitic
activity within a series of bis 1,4-NQ derivativems observed with those compounds
possessing the longest spacer between the two Ni@tieso (Salmon-Chemimt al.,
2001).
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Figure 1.13a: Structure of trypanothione and onghefinhibitors. Structures adapted from Salmonsaihe
etal., 2001.

1.10 Subversivesubstratesfor Mtr

Preliminary assessment of some commercial naphihoges, for example, 2,6-
dimethylbenzoquinone, 5-hydroxy-1,4-naphthoquindn@;hydroxy-1,4-naphthoquinone
and 2-methyl-1,4-naphthoquinone that have prewjobhsen shown to react with various
flavoproteins was undertaken and their activitiesfied using Mtr (Patel and Blanchard,
1999). A more involved study utilising a series synthetic and plant derived
naphthoquinone derivatives based on the 7-metHgljegparent structure (figure 1.14)
has recently been completed, and the derivatives exaluated for antibacterial activity
againstMtb, as subversive substrates against Mtr and to lestabtructure-activity
relationship (Mahapatret al., 2007).
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OH O 34

Figure 1.14: 7-methyljuglone derivatives used as subversivatsates against Mtr. Mahapiegal ., 2007.

Compounds 28, 33 and 34 proved to be the mostiegifiexhibiting k, values that
ranged between 30 and @M with admirable inhibitory potential, where thé#IC’s
were noted to be 22, 21 and @8l respectively. Interestingly, even though compaind
26, 29, and 30 gaveykvalues in the range of 200-5M, their MIC values (6, 3 and
11uM) were considerably more appealing than all thenpounds tested. The
discrepancies in k and MIC values of these compounds can be attigbtde poor
selectivities due to their nonspecific activity wibther disulfide reductases which are
also found in cells (Mahaptet al., 2007), and as mentioned in section 1.8 anduiitesd
by Metaferiaet al., 2007a, that inhibitors specific to MSH-biosyrttbenzymes could be
accomplished through the design of MSH mimickinglags. The same can also be
achieved with Mtr (Mahaptret al., 2007).
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1.11 Overview of the chemistry involved in the synthesis of subversive substrates

Given the substantial homology between glutathiomgpanothione, and mycothiol
disulfide reductases, and the fact that GSH anghtrgthione have been shown to form
disulfides upon exposure to increased levels ofdyeh peroxide, due to their respective
enzyme-catalyzed reduction of quinones to semiquen@dicals (Patel and Blanchard,
1999; Salmon-Chemiat al., 2001), one of the focal points of this projelsbacentres on
the use of naphthoquinone derivatives against ryalotdisulfide reductase. As
mentioned earlier (section 1.6), the conspicuousemte of mycothiol and its
biosynthetic enzymes in humans provides an extreatéiactive drug target agairidtb,

and Mtr was consequently chosen as an anti-tulsertariget.

As illustrated by Knapjgt al., 2002, and recently by Metafertal., 2007a through their
synthesis and use of simplified thioglycoside agadotive against Mca, we envisaged a
similar synthetic strategy that makes use of sugiversubstrates built upon a thiophenol
derived scaffold. During the course of this stuBiiewartet al., 2007 also published the
synthesis of a methyl glycoside analog of MSSM yffeg 1.10) and demonstrated its
activity with Mtr. Their study was also able to shahat the benzyl portion of this

MSSM analogue occupies the same site as inositbleohative substrate.

The substitution of the inositol portion with a plye group is largely based on the
difficulties encountered with the synthesis andh&son of the inositol and its alpha
glycosylation step (Bornemas al., 1997; Jardinet al., 2002; Nichola®t al., 2002). On
the other hand, thioglycosides have been showretmther resistant to degradation by
glycosidases and also show slower hydrolysis byeagsi mineral acid than the
correspondingO-glycosides (Knapgt al., 1996; Collins and Ferrier, 1995). Moreover,
they are easy to prepare and should the need #resecan act as good leaving groups
upon complexation with a range of sulphur-speci#agents to form sulphonium cations
(Collins and Ferrier, 1995).
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1.12 Preparation of thioglycosides

There are several strategies available for pregdhioglycopyranosides with high stereo
and regioselectivity, most of which involve treatiperacetylated pyranoses with thiols
such as thiophenol or thioethanol in the preseifideewis acid such as boron triflouride
etherate (BEEO), to give predominantly 1,2-trans products depemdn the nature of
the C-2 neighbouring groups (Herzretral., 2000). This assertion is well illustrated in
the formation of the phenyl 1-thi{g-D-galactopyranoside when commercial pe@ta-
acetylb-galactose is treated with a thiophenol in the gmes of BE.EL,O (Janczuket
al., 2002). An alternative method for preparing al&yld aryl 1-thioglycosides employs
the use of a thiourea that is reacted with acedgilaglycosyl halides to give a
pseudothiouronium salt that can be hydrolyzed &désired 1-thio-glycopyranose with

agueous potassium carbonate (Bonner and Kahn, 18%horst, 2003).

In addition to their stability, thioglycosides ase versatile in that they can be converted
into a variety of other common glycosyl donors upexposure to an appropriate
thiophilic promoter (figure 1.15). It has also begrown that acetylated thioglycosides
can be deacetylated without degradation (see reviey Davis, 2000; Demchenko,
2003), which is another attractive feature, sincg protecting groups were employed in

the synthesis of the target subversive substrates.
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Figure 1.15: Generation of &-D-thioglycopyranoside from penta-O-acetyl-D-gluepsvith subsequent
activation by a wide variety of promoters to diffat glycosyl donors such as the bromide, imidate,
fluoride, and the alcohol. This Figure is adapteaf Lindhorst, 2003.

1.13 N-protection of amino sugars

One of the requirements for the target subversiubstsates was the stringent
stereoselective synthesis of tir¢hioglycoside, as dictated by tkheGIcN-Ins portion of

mycothiol, and as a result, a choice of a suit&b2 non-participatory protective group
had to be carefully selected since glucosamine dgjdoride was chosen as the
foundation on which to initiate the synthesis. Exbhough there is a wide variety of

groups that can be utilized for theprotection of amino sugars (figure 1.16), mostever
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deemed undesirable for our purposes since theyttemtfluence the formation of 1,2-

trans glycosides.
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Figure 1.16: A selection of N-protecting groups. These groupsl tev influence the formation of 1,2-trans
glycosides during glycosylation steps. The phth@on(Pht) and the N-tetrachlorophthalimido (TCP)
groups are introduced by treating the free glucasarmwith phthalic anhydride and N-tetrachlorophithal
anhydride respectively. Whilst TCP groups can awtd under mild conditions using ethylenediamine,
the removal of the Pht group can be a mission tbqtiires rather harsh conditions such as methanol-
hydrazine-hydrate at 180 (Debenhangt al., 1995; Jain et al., 1997). Protection of an ansingar with a
dithiasuccinoyl (Dts) group is achieved by treatinglucosamine hydrochloride with
bis(ethoxythiocarbonyl)sulphide in ethanol or Sbzemethyl O-ethyldithiocarbonate in methanol. Clepva
of the Dts group is attained by using thiols sushdahiothreitol or other reducing agents (Barang a
Merrifield, 1977). The introduction of Allyloxycadmyl amides as protecting agents is achieved layitrg
the amino sugar with allyloxycarbonyl chloride anigthylamine in THF. This figure was adapted from
Lindhorst, 2003.

In instances where C-2 protecting groups are ppaticry as in acetylated
glucopyranosides, the glycosylation reaction nolynaloceeds through the formation of
an oxocarbonium ion intermediate that when attadked nucleophile (e.gOH), leads

to the formation of an orthoester which is everyuslomerised to th@-glycoside (e.g.
the abovementioned phenyl 1-ttfig>-galactopyranoside) (figure 1.17). By comparison,
N-acetylated amino sugars tend to form stable 1gobne derivatives which may be
used as glycosyl donors with unavoidable generatibnthe 1,2-trans glycosides
(Wittmann and Lennartz, 2002).
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Figure 1.17: Glycosidation pathway where the C-2 group is pguditory. This figure is adapted from
Banoubet al., 1992, Lindhorst, 2003.

1.14 2-azido-2-deoxy-3,4,6-tri-O-acetyl-D-glucopyranosyl acetate

To effect the desired 1,2-cis thioglycosides usedhis thesis, azides were selected as
suitable amino protecting groups due to their namtigipatory nature, less steric
hindrances and their lack of hydrogen or carborandlcat complicate nuclear magnetic
resonance (nmr) spectra (Nyffekgral., 2002). Moreover, azides have been shown to be
resistant to many reaction conditions and can Ist#lyeeeduced to the corresponding
primary amine using either the Staudinger reactorhydrogen over palladium-on-
charcoal at atmospheric pressure (Nyffetaal., 2002 Langet al., 1998).
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In general, there are various methods availableHerpreparation of azide derivatives,
the earliest being the one developed by LemieuxRatdliffe, 1979, where sodium azide
and ceric ammonium nitrate (CAN) are used to geaeifze azido radical that adds to
glycals to afford 2-azido-2-deoxyglycosylnitrate®wever, this method was established
utilising glycals and generates epimeric mixture2-azido-2-deoxy-10-nitropyranoses,

the ratio of which is dependent on the structurthefglycal starting material.

This is best illustrated by the azidonitration bé tgalactal in figure 1.18 where the 2-
equatorial product is highly favoured leading t@aZdo-deoxygalactose nitrate (36)
whereas, the azidonitration of the glucal (37) mffomixtures of 2-azido-2-deoxy-
gluco andD-manno derivatives (38 and 39). The regioselegtiabserved for these
transformations has been established to be infeeihy the steric hindrance of the top
face of theD-galactal derivative as opposed to that of bhglucal derivative (Lemieux
and Ratcliffe, 1979; Paulsen, 1984, Baneudl., 1992).

The fact that steric hindrances at the top facehef galactal are responsible for the
observed regioselectivity was also confirmed ird&ts carried out by Seebergral.,
2000, where a series of C-4 and C-6 conformatigrahstrained glucals was shown to
selectively furnish C-2 azido-deoxyglucoses over their correspondirrmanno

isomers when subjected to azidonitration, as shoviable 1.2.

OAc OAc
NaNj;, CAN, MeCN _
> AcO
ONO,
o AcO
AcO
AcO
A AcO
cO = AcO &
ONO,

ONO,

37

Figure 1.18: Regioselective azidonitration ofgalactal ana-glucal derivatives.



41

Table 1.2: Regioselective synthesis of C-2 azido-deoxy-D-ghésousing glucals constrained at C-4 and
C-6 hydroxyl groups. Seebergetral., 2000.

R a, p-gluco : «, p-manno Yield (%)
Ac 8 1 1
Me
! 55 56
Me)Vo o Piv 1
(o)
TBDMS 12 1 58
TIPS 20 1 71
Ac 8 1 66
PR\ "0 o
b oRO _— Bn 10 1 61
TIPS 11 1 63

BuZSI\\O o
o]
c RO = Ac 3 1 75

The study also found that while the reaction of #uetylatedd-glucal furnished the
desired C-2 azide substituteeglucose with selectivity over tiiemannose derivative, it
was in fact the introduction of large protectingpuyps at C-3 that provided additional
bulkiness and resulted in increased yields as agkxcellent selectivities, as evident in
the 14:1 and 20:1 ratios of the desired 2-azide@xg-D-glucose over the manno
derivative when benzyl and TIPS protecting groupsrewused respectively (a).
Surprisingly, the use of the sterically more demagdivaloyl group exhibited lower
selectivities (a). Selectivities were slightly lowia cases where benzylidene acetals (b)
were used as opposed to isopropylidene (1), andased yields were observed wiien
tert-butylsilane (c) protecting groups were used butileied low selectivities when
acetates were fixed at C-3.
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The synthesis of 2-azido-2-deoxy-3,4,6@HacetylD-glucopyranosyl acetate was
consequently adapted from Martin-Lometsal., 2000; Cavender and Shiner Jr, 1972,
where the azido moiety is introducedneglucosamine via a triflyl azide (T#) that is
generated in a reaction between sodium azide {NaNd trifluoromethanesulfonic
anhydride (triflic anhydride) to afford the desir2éhzido-2-deoxy glucopyranoside. The
latter is acetylated and ultimately converted iatahioglycoside using benzenethiol
(figure 1.19).

OH OAc OAc
0
HO O . A©O o A 0
HO OH AcO oA AcO
NH,HCI Na ¢ N, oFh
40 41 42

Figure 1.19: Generation of Phenyl 3,4,6-T@-acetyl-2-azido-2-deoxy-1-thip-glucopyranoside fronm-
glucosamine (40). The latter is treated with sodimethoxide and DMAP in methanol and then treated
with a freshly prepared solution of TfMnd stirred for 18 hrs at room temperature. Mathanremoved
under reduced pressure and the resulting residdissslved in pyridine and acetic anhydride is adde
0°C. The mixture is stirred between 0 aff@4or 10 hours. Flash chromatography gives (41)tesatment
thereof with thiophenol in the presence of a Lesdil (BR.Et,O) generates (42). Crystallization of (42) in

absolute ethanol gives tleisomer.

1.15 Aimsand objectives

The over-expression dfltb recombinant proteins iBscherichia coli (E. coli) remains a
challenge and in some instances poor protein yialds often observed even when
mycobacterial genes are placed behind stérngpli promoters. It is suspected that these
difficulties may be due to differences in the GQhtemts of the two microorganisms
whereMtb has been shown to have a GC content of about Aépposed to the 50%
observed irkE. coli (Matsuoet al., 1988; Lakeyet al., 2000).

This prompted us tql) attempt the cloning and expression of the geneoding
mycothiol disulfide reductase i@orynebacterium glutamicum (C. glutamicum) utilising

pPEC-XK99E, anE. cali-C. glutamicum shuttle expression vector developed by Kichner
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and Tauch, 2003. This would be carried out in dangdt to enhance the amount of
mycothiol disulfide reductase produced.

(2) To synthesise subversive substrates based on Qa(21Amino-2-deoxye-D-
glucopyranosyl)-Dayo-inositol (GlcN-Ins) scaffold.

(3) To carry out enzyme kinetic studies using thelsgsised subversive substrates.

(4) Evaluation of the subversive substrates agaitist
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Chapter 2

Materials and Methods

2.1  Molecular biology methods for cloning themtr gene

Corynebacterium glutamicum and the pEC-XK99EE. coli-C. glutamicumshuttle
expression vector were a kind gift from Dr. Andredauch of the Center for
Biotechnology (CeBiTec) at the Universitat BielefelGermany, while theE. coli-
mycobacteria shuttle vector pSD26 was a donatiom fior W. R. Jacobs (Department of
Microbiology and Immunology, Albert Einstein Colke@f Medicine) to Professor D.J.
SteenkampMtb DNA was obtained from Professor van Helden, Donsbf Medical
Biochemistry, University of Stellenbosch, South iéé One Shét TOP10 chemically
competentE. coli cells and the Zero BIUfitPCR cloning kit were purchased from
Invitrogen. Restriction enzymes (Sac I, EcoR I, K@amd Xba | along with their buffers)
and agarose were obtained either from FermentBoohne. Pfu DNA polymerase, IPTG
T4 DNA ligase and the 1 kb DNA ladder were purclaisem either Promega or Roche.
The antibiotics, kanamycin and hygromycin were wigtd from Calbiochem and Fluka
respectively. The MinEluté Gel Extraction and QiAprébSpin Miniprep kits were from
Qiagen, whilst the Wizafd SV Gel and PCR Clean-Up system was purchased from
Promega. The NUCLEOBOND AX for large scale purification of plasmids was
obtained from Macherey-Nagel. Tryptone, yeast extemd agar were purchased either
from Difco, Biolab, Fluka or Oxoid whilst, Middlebok 7H9 Broth was exclusively
obtained from Difco and Tryptic soy broth from MircTweerf 80, acetamide, ferric
ammonium citrate and acrylamide, Acetonitrile Ecchasol\?, TFA, Acetonitrile-@, p-
NADPH, 4,4-dithiopyridine, and 2-bromo-2’-aceton#pine were obtained from Sigma-
Aldrich. N,N’-methylenebisacrylamide was purchasdtbm Fluka. Ammonium
persulfate, sodium dodecyl sulphate and TEMED vpenmehased from BDH. Isoniazid

and Ethionamide were purchased from Sigma.
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2.1.1 Introduction of a Hisgtag sequence into the vector pEC-XK99E

pPpEC-XK99E (6 ug) was digested with 20 U of the restriction enzyB&cl in the
presence of a Sure/Cut restriction buffer A, didul®X upon addition to the mixture and
incubated at 37C for 16 hours (as recommended by the supplier® dfzyme digest
mixture was heated at AT for 10 minutes to denature the enzyme and 20 thef
restriction enzyme EcoR1 were added and the rematiature incubated at 3 for a
further 16 hours (the sequential digestion was dmwause of the close proximity of the
restriction sites). The result of the digest waslgsed on a 0.8% agarose gel,
incorporating ethidium bromide and the DNA was wsiged using a Fluor Chem 5500
Imager. The band corresponding to the Sacl-EcoRttiated plasmid was extracted
from the agarose gel using the WiZar8V Gel and PCR Clean-Up system or the
MinElute” Gel extraction kit, as per manufacturer’s instiarcs. This procedure was
used in order to remove the piece that had beesezkso it is not ligated back in when

ligating the Higtag sequence in the gene (section 2.1.2).
2.1.2 Preparation of the Hisstag sequence

Two oligonucleotide sequences (designated oligmd the reverse sequence, oligo 2)
were synthesized to generate Sacl and EcoR1 réicmgsites upon ligation into the
pPEC-XK9EE, oligo 1: 5’-ATGAAT TCA GCC ACC ACC AC@CC ACC ACA GCA
GCG GCC TGG CGC GCG GCA GCG AGC T-3' and oligo 2GICG GTG GTG
GTG GTG GTG GTG TCG TCG CCG GAC CAC GGC GCG CCG T=®&. The
Hisstag and the thrombin are highlighted in red ancignespectively. The progression
of the envisaged process is shown below, startiitg e cloning region of pEC-

XKO9E.
EcoR1 Sacl
5-ATGG|AA TTC GAG CT|C GGT ACC CGG GGA TCC TCT AGA GTC GAC CTG CAG GCAsT
C AAG CTT-3 l
Seaquential digestio
5-ATGG C GGT ACC CGG BA@CC TCT AGA GTC GACCTG CAGGCATGC
AAG CTT-3
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Ligation of the Higtag sequence into the cut vector would then refBooR1 and Sacl

restriction sites (figure shown in chapter3)

A nucleotide sequence coding for a dthg was prepared by mixing 9.8 of each of the
two complimentary oligonucleotides in 1Q0of nuclease free water. The mixture was
heated to 95°C for 5 minutes and allowed to cool to facilitatanaaling of the
oligonucleotides, the result being a sticky endagrhent (as shown below, figure 2.1).

A 2% agarose gel was used to analyse the restiieannealed sequences.

5'-AATTCAGCCACCACCACCACCACCACAGCAGCGGCCTGGTGCCGGGERCAGCGAGCT-3'
3-GTCGCTGGTGGTGGTGGTGGTGT CGTCGCCGGACTBGCCCGCCGTCG-5’

Figure 2.1: Expected annealed oligonucleotides

2.1.3 Generation of the pEC-XK99E-his

The ligation of the Higag sequence to the pEC-XK99E vector (linearized.inl) was
performed by mixing 5ng of the Hiag sequence with 50 ng of the vector using 10X
ligation buffer (1.2ul) and 2 U of the ligase. The volume of the ligatimixture was
made up to 12l with nuclease free water. The ligation reacticasvincubated overnight
at 4°C. The reaction was stopped by incubating the ibgamixture at 70°C for 10
minutes. Confirmation of the ligation is describe@®.1.5.

2.1.4 Transformation with One Shot® TOP10 competent cells

Top10 competent cells (30 vial) were thawed on ice and the ligation react{@ul) was
added to the cells and incubated on ice for 30 tasiurhis was followed by incubation
at 42°C for 45 seconds and immediately incubated onace fminutes. A pre-warmed
(37°C) SOC medium (250l) was then added and the transformation reactionkiated
at 37C for 1 hour at 225 rpm in an orbital shaker. Thasvwith the transformed cells
were then placed on ice and increasing volumescgilp, 10-100ul) aseptically plated
onto LB plates (10 g/l tryptone, 5g/l yeast extrdmy/l NaCl and15g/l agar, pH 7.5)
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supplemented with 50g/mL kanamycin. The plates were incubated overnagi87°C.

Untransformed Top10 competent cells were used @isato
2.1.5 Confirmation of the pEC-XK99E-his

A total of 7 colonies from the LB plates preparedgection 2.1.4 were inoculated into LB
media supplemented with @/mL kanamycin and grown overnight at 7. The cells
were harvested and the plasmids extracted usingAar€p® Spin Miniprep kit. The
resulting plasmids were cleaved with EcoRV and BanaHd increasing volumes of the
digest mixture were analysed on a 2% agarose gels@mple that gave rise to a 685 bp
band was used to transform Top10 competent cedlst@v diagram and its characteristics
are shown and discussed in chapter 3). Single mdomsulting from LB agar plates
supplemented with kanamycin were grown in LB medma a large scale plasmid
extraction using NUCLEOBOND AXwas carried out. The modified plasmids were then
submitted for sequencing to confirm the presencthefHigtag (discussed in detail in
chapter 3)

2.1.6 Amplification of the mtr gene

The mtr gene was amplified by PCR using 5’-GGTACCCCTACAAATGGAAACG-

3’ and 5-TCTAGAGTCAACGCAGGCCAAG-3’ as the forward and the revepsiners
respectively. The primers were synthesised to gé@dqpnl and Xbal recognition sites
(underlined). The amplification reaction consistéd’6 ng of the template (Mtb DNA),
400 ng of each primer in 10X pfu buffer, 0.2 mM edch dNTP, 6 U of pfu DNA
polymerase, and the volume made up to LD@vith nuclease-free water. PCR was
carried out using an Eppendorf master cycler gradigth the following temperature
profile:

denaturation 98C for 5 minutes
denaturation 98C for 1 minute, 35 cycles

annealing 65C for 1 minute, 35 cycles
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extension 72C for 2 minutes, 35 cycles
final extension 72C for 10 minutes

The PCR reaction (@) was analysed on a 1.5% agarose gel

2.1.7 Extraction of the mtr gene from agarose

The agarose gel from section 2.1.6 was re-ran u&ihg of the PCR reaction mixture
and the band corresponding to tha#r gene was excised and purified using the

MinElute™ Gel extraction Kit.

2.1.8 Ligation into pCR®-Blunt

The ligation of the blunt endetitr gene into the pCRBIlunt vector was performed by
mixing linearized blunt pC&RBIunt vector (25 ng) with the blunt endedr gene (75 ng)

in 10X ligation buffer. T4 DNA ligase (4 U) was asttito facilitate ligation and the
reaction volume was made up to2Qvith nuclease-free water. The ligation reacticasw

incubated overnight at°C.

2.1.9 Transformation of Top 10 competent cells with pCR-Blunt-mtr

Transformation was essentially carried out as desdrin section 2.1.4. Twenty colonies
were selected for growth in LB complemented witihdaycin and subsequent plasmid

extraction was performed using the QiAptegpin Miniprep kit.

2.1.10 Restriction endonuclease digestion of the pCRBlunt-mtr

pCR®-Blunt-mtr was digested overnight with 10 U of each of thetrietion enzymes
(fastDigestkpnl and fastDige8Kbal) in the presence of 10X fastDidesbuffer.
Agarose gel (0.8%) electrophoresis was used toys@mdhe result of the digest and the
band corresponding to thtr gene was excised and purified using the Wi28¥ Gel

and PCR Clean-Up system.
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2.1.11 Ligation of the mtr gene into pEC-XK99E-his to generate pEC-XK99E-his-

mtr

The pEC-XK99E-his vector (50 ng) prepared in sect2ol.3 was mixed with theitr
DNA (45 ng) in 10X ligation buffer. T4 DNA ligas€ U) was added and the volume of
the reaction mixture made up to fldwith nuclease-free water. The ligation reactiogsw
then incubated at % for 16 hours.

2.1.12 Transformation of Top 10 competent cells with pEC-X99E-his-mtr

The ligation mixture (21l) was subsequently used to transform Top 10 coempetells
following the procedure described before. The fi@nsation mixture was aseptically
plated in increasing volumes (g0 10Qul, and 150ul) onto LB agar plates supplemented
with kanamycin (50ug/mL). Also included were the positive and negatoantrols
(competent cells transformed with pEC-XK99E-his arawmpetent cells only). Two
colonies from each plate were inoculated into LBlme supplemented with kanamycin

(50 ug/mL) and incubated overnight at %3.

2.1.13 Confirmation of the presence of themtr gene

Plasmid (pEC-XK99E-hisrtr) extraction was achieved through the use of Qippre
Spin Miniprep kits and subjected to a restrictiogedt using kpnl and Xbal (10 U each)
to confirm the presence of the insemtr( gene). The digest was analysed by
electrophoresis on an agarose gel (0.8%). The gobkat contained the correct
recombinant was inoculated into 50 mL of LB mediand after an overnight growth of
cells at 37°C; a large scale plasmid extraction was carried and submitted for

sequencing.
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2.1.14 PEC-XK99E-his-mtr electroporation into C. glutamicum

21141 Preparation of the EPO medium and LBG plates

The method for growing electroporation-competéntglutamicum cells was slightly
modified from van der Rest al., 1999. Isoniazid (400 mg), glycine (2.5 g), ande€n
80 (0.1 mL) were dissolved in water (20 mL), filserilized and added into autoclaved
LB medium to make up the EPO medium. Petri disloegaining LBG were poured as a
mixture containing tryptone (5 g/l), NaCl (5 gf)east extract (2.5 g/l), agar (15 g/l).
Glucose (2%) was added as a filter sterilized smlutmmediately before pouring the

plates.

2.1.14.2 Preparation of competentC. glutamicum cells

A freshly grown colony ofC. glutamicum was selected from the Petri dishes, inoculated
into LB medium (5 mL) and cultivated for 18 houts3 °C. The EPO medium (50 mL)
prepared in section 2.1.14.1 was inoculated wighavernight culture and incubated at 37
°C to an optical density (OD) of 0.25 at 600 nm. Wpeaching this OD, the temperature

was lowered to 18 and the incubation continued for 28 hours, uh&lOD was 1.

The culture was chilled on ice for 20 minutes amel ¢ells harvested by centrifugation at
10 000 g. The cells were washed four times withcme 10% glycerol (50 mL) and
resuspended in 10% glycerol (0.5 mL). Aliquots (fi)Gvere stored frozen at -8D. For
electroporation the cells were thawed on ice aptid the pEC-XK99E-higntr (section
2.1.11) was added.

The mixture was transferred to an electroporationette, and the electroporation
parameters set at 28-, 600Q and 2.5 kV. LBG (1 mL) was added immediately after
electroporation, the cells were transferred intoEgpendorf tube and incubated for 6
minutes at 46C This was followed by incubation at 8G for 1 hour, after which the
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cells were plated on agar containing LBG suppleetnith kanamycin (2ug/mL).
LBG plates were incubated at 3D for 2 days.

2.1.14.3 Confirmation of the presence of pEC-XK99E-hismtr in C.

glutamicum cells

Two colonies were inoculated into sterile distilldter (5ul), and into this, 400 ng of
the forward and the reverse primer (used in se@ir6) in 10X pfu buffer, 0.2 mM of
each dNTP, and pfu (6 U) DNA polymerase were addée. volume was made up to
100ul with sterile distilled water. PCR was carried astdescribed in section 2.1.6. The
results of the colony PCR were analyzed on agagekél.5 %).C. glutamicum colonies
harbouring pEC-XK99E-hisatr were grown in LB medium, glycerol stocks were
prepared and stored at -8D. Large scale plasmid isolation was also carrigtdfar DNA

sequencing experiments.

2.1.15 Induction of the mtr gene expression with IPTG

Glycerol stocks o€C. glutamicum wild type (control) andC. glutamicum containing pEC-
XK99E-hismtr and C. glutamicum (wild type) were used to inoculate LBG media
supplemented with kanamycin (2§/mL) and incubated at 3T until an ORynmof 1
was reached. The culture flasks were then allowesttilibrate to 28C, at which point
IPTG (1mM) was added for induction of th#r gene. Expression was attempted at this

temperature in an orbital shaker at 225 rpm.

A 4 mL aliquot was taken immediately and thereaftel hour intervals up to 4 hours.
The cell pellets of the aliquots were collected dgntrifugation at 10000xg for 10
minutes. The cells were resuspended in 50 mM Hbp#sr (300ul) pH 7.6 containing
EDTA (0.1 mM), protease inhibitors (12@), PMSF, TLCK, TPCK, and sonicated
(using a Branson sonifier 250) for 2 minutes as86ond intervals on ice at the following
settings: output level 2.5 at 20% duty cycle areltdmperature maintained af@. The

sonicated mixture was centrifuged at 10000xg fomfiButes at 4C. The pellets were
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resuspended in 50 mM Hepes buffer (38D and an equal volume 2X SDS-PAGE
solubilisation buffer (0.125 M Tris/HCI, 20% (v/\glycerol, 4% (w/v) SDS, 10% 2-

mercaptoethanol, and 0.2 mg bromophenol blue) wddedh The corresponding
supernatants were treated the same. The samplesmiezd by vortexing and heated at
70 °C for 3 minutes and each sample (@ analyzed by SDS-PAGE using a 10%

polyacrylamide gel.

2.1.16 Cloning of the mtr gene without the Higtag to generate pEC-XK99E-

mtr

pEC-XK99E (1.4ug) was sequentially digested with 10 U of each h@d testriction
enzymes kpnl and Xbal in the presence of kpnl batfe87 °C for 16 hours. The
enzyme digestion mixture was heated at@%or 15 minutes to stop the reaction and the
result of the digestion was analysed on a 0.8%oagagel, incorporating ethidium
bromide. A FluorChem 5500 Imager was used to viseiadhe agarose gel. The band
corresponding to the kpnl-Xbal restricted plasmas wxtracted from the agarose gel

using the MinElute Gel extraction kit, as per manufacturer’s instiars.

The mtr gene was amplified as previously described (se@id.6) using the same set of
primers and PCR conditions. Blunt ligation was ieakout as in section 2.1.8, except that
300 ng of bluntmtr DNA was used. Transformation of the cells with FaBunt-mtr
was also carried out as described before excepthtwmically competert. coli DH5a
cells were used instead of Top 10 cells. Transfaonanto DH% competent cells was
carried out as described in section 2.1.4 excegqt ith addition to being supplemented with
kanamycin, LB agar plates used to obtain coloniegained IPTG (1mM) since DHbinstead of
TOP10 cells was used, and in such cases IPTG isreelgfor the expression of the ccdB gene
(discussed in chapter 3). Colonies were inoculat¢ol LB media, grown overnight and the

QiAprep® Spin Miniprep kit used to extract plasmids coritagrthe bluntmtr gene.

Restriction endonuclease digestion of SE&Bunt-mtr and the excision and purification

of themtr gene was essentially carried out as in sectiori@.1ligation of themtr gene
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into pEC-XK99E to generate pEC-XK99H+ was based on the procedure used in
section 2.1.11. Transformation d. coli DH5a cells with pEC-XK99Ertr was
performed as previously described in section 2.1Pldsmid extraction from colonies
grown overnight in LB media containing kanamycinswachieved through the use of
QiAprep® Spin Miniprep kit and a restriction digest utitigi kpnl and Xbal performed
to confirm the presence of tingr gene, results of which were analysed on an aga@eise
(0.8%) stained with ethidium bromide.

Electroporation of pEC-XK99Htr into electro-competenC. glutamicum cells was
performed as described in section 2.1.14.2 and uypating on LGB agar plates
supplemented with kanamycin, colony PCR was cawigds a rapid means of verifying
the presence of thetr gene withinC. glutamicum.

2.1.17 Attempted induction of the mtr gene with IPTG

Induction was carried out as described in sectiof.18 and C. glutamicum,

electroporated with pEC-XK99E, was used as a cbntro

2.1.18 Preparation of mycothiol disulfide (MSSM)

2.1.18.1 M. smegmatis culture

M. smegmatis was cultured as described in Bornemahal., 1997 and harvested in the

late log phase of growth.



53

2.1.18.2 Mycothiol isolation from M. smegmatis

Mycothiol was isolated fronM. smegmatis essentially as described by Steenkamp and
Vogt, 2004. Packed cells (114g wet weight) wereuspsended in 200 mL of a 1:1
mixture (v/v) of acetontrile and perchloric acid4® M) containing EDTA (2 mM). The
cells were disrupted by sonication at@at the following settings: output control of 8,

duty cycle of 30, and timer set at 10 minutes.

The mixture was clarified by centrifugation at 100§ for 10 minutes. The supernatant
was adjusted to pH 4.8 by addition of soligdQO; and the resulting precipitate
(potassium perchlorate) removed by centrifugatidme mycobacterial extract contained
440 umoles thiols and was then added dropwise withirsgirto the reagent, 2-S-(2'-
thiopyridyl)-6-hydroxynaphthyldisulfide (88@moles), prepared beforehand as described
by Steenkamp and Vogt, 2004. The reaction was meab overnight at room
temperature and the formation of S-2-(mycothioBAlydroxynaphthyldisulfide was
monitored using a Lunap5C-18 analytical HPLC column (250 x 4.6mm) undee th
optimised conditions in table 2.1. The UV deteat@as set at 230nm and the flow rate at
0.8 mL/min.

Thiols were generally estimated by addingu20f a sample to 970l of 25 mM K;HPO,
buffer, pH 8.0, followed by the addition of 10 of 20 mM 4,4-dithiodipyridyl (dTdP).

The absorbance was measured at 325 nm.

Table 2.1: HPLC conditions for monitoring the fation of S-2-(mycothiolyl)-6-

hydroxynaphthyldisulfide
Time (min 0 5 35 40 45
TFA (0.1%) A 95% | 95% 10% 10% 95%
CH:CN E | 5% 5% 90% 90% 5%

The mixture was then diluted five fold with watendapassed through SepPak C18
cartridges. The cartridges were washed with wated #he S-2(mycothiolyl)-6-
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hydroxynaphthyldisulfide was eluted using 50% acttibe/water (v/v). The acetonitrile
was removed by passing air, and the solution sulesgly chromatographed isocratically
using 25% buffer A (CECN) and 75% buffer B (0.1% TFA) on a Vydac C18 rgive

column.

Fractions containing S-2(mycothiolyl)-6-hydroxynémyidisulfide were lyophilised
overnight and the resultant dry material dissolie@ mL of 25 mM sodium phosphate
buffer (pH 8.7). The S-2(mycothiolyl)-6-hydroxyndhpildisulfide mixture was then
reduced with 25mg/mL NaBH(350 ul) and separated on an HPLC Vydac 218TP1022
reversed phase preparative column. The separatsnashieved using a method which
starts with 100% buffer A (0.1% TFA) until 10 miegt followed by the gradient from
0% to 50% B (100% (CHCN) until 55 min and then back to 100% A at 60 nesu The
MSH fractions were pooled, the pH converted to &wriethylamine and thereafter
treated with diamide (1gmol) for 15 minutes. The MSSM generated was sepdfabm

the excess diamide on a preparative Vydac C18 culime acetonitrile was removed by

passing air and the samples stored af€20

2.1.19 Mycothiol isolation and confirmation of the presene of mycothiol in

C. glutamicum

C. glutamicum packed cells (74g) were resuspended in 222 mLIofl anixture (v/v) of
acetontrile and perchloric acid (0.375 M) contagniBDTA (2 mM). The cells were
disrupted by sonication at the following settingstput control of 8, duty cycle of 30,
and timer set at 10 minutes. The resulting homogersuspension was clarified by
centrifugation at 10000 g for 10 minutes. The soaemt was adjusted to pH 4.8 by
addition of solid KCOs; and the resulting potassium perchlorate precgitamoved by
centrifugation at 10000 g for 10 minutes. The pHhafC. glutamicum thiol extract (116
umoles) was then adjusted to 7.6 and treated withoBio-2’-acetonaphthone (BAN)

(131umoles) and left to react overnight at room tempeeat
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The formation of mycothiol-2’-acetonaphthone (MSHMB) was monitored by HPLC
using a Phenomenex Phenyl-Hexyl column (250 x 4m) nunder the optimised
conditions in table 2.2. The UV detector was seR48nm and the flow rate at 0.8
mL/min. Collected fractions were verified to be BAberivatives by monitoring
absorbance at 248, 300 and 350 nm using the Océ¢ian@$B2000 spectrophotometer.

Table 2.2: HPLC conditions for monitoring the fotina of MSH-BAN

Time (min 0 5 30 33 35 37
TFA (0.1%) A | 90% | 75% | 65% 10% 10% 90%
CH:CN B| 10% | 25% | 35% 90% 90% 10%

The MSH-BAN extract was diluted with water to dexse the acetonitrile content to 15%
and loaded onto a column packed with a Vydac Cs#hrelhe column was initially

washed with 2 bed volumes of water until the colothe eluent changed from yellow
to clear. The column was then eluted with 50% ageite and the fractions confirmed to
be BAN derivatives by checking absorbance at 208, &xd 350 nm. Fractions showing
a BAN spectrum and absorbing at 248 nm were poalsd purified by HPLC on a

preparative Phenomenex Phenyl Hexyl column (2228Bkmm) using conditions in table

2.3 at a flow rate of 4 mL/min.

Table 2.3: HPLC conditions for the separation ofHMBAN from excess BAN

Time (min] 0 5 30 33 35 37 40
TFA (0.1%) A | 90% | 72% | 65% 65% 10% 10% 90%
CH;CN B| 10% | 28% | 35% 35% 90% 90% 10%

Fractions eluting at 15 minutes that exhibited aNB#pectrum were pooled and the
acetonitrile removed by bubbling air for 16 houfihe solution was subsequently
lyophilised, dissolved in acetonitrile-dnd submitted fotH, **C, 2-D NMR (COSYand

HSQC)and electrospray ionisation mass spectrometry.
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2.1.20 Assays for activity

Samples taken during induction of th#r gene with IPTG (sections 2.1.15 and 2.1.17)
were assayed for enzyme activity using a continigpestrophotometric assay at &0
The absorbance change at 340 nm was recorded hysméan OceanOptics USB2000
spectrophotometer, and the standard assay consisi@ts/HCI (44.5 mM) pH 7.6, 152
uM NADPH, and MSSM (7.5 uM). Protein concentratioasadetermined by the Bio-
Rad protein micro-assay procedure according tonth@ufacturer’s instruction, using

bovine serum albumin as standard.

2121 Induction of the mtr gene with acetamide (pSD2@ntr)

Three different media Issabelle (Issabedteql., 2003), Middlebrook, tryptone and yeast
extract enriched Middlebrook supplemented with bygycin (100 pg/mL) were
prepared and inoculated with pSD&®- glycerol stocks (prepared in our lab by Dr M.J.
Williams). Expression of thentr was induced at 3%C (ODsoo = 1) by adding acetamide

(0.2%), the liquid cultures were allowed to incubfdr 16 hours at this temperature.

2.1.22 Sonication and Assays for activity

Sonication ofM. smegmatis cells and electrophoresis (10% SDS PAGE gel) ef th
soluble fraction were performed as previously dbeed for C. glutamicum in section
2.1.15 except that the 50 mM Hepes buffer pH 7@aiaing EDTA (0.1 mM) used for
re-suspension of the cells contained a proteaséitoh cocktail (Roche). Assays for
activity were carried out essentially as descrilmesection 2.1.20 except that 3781 2-

S-(mycothiolyl)-6-hydroxynaphthyl disulfide (MSSrgpwvas used as a substrate.
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2.1.23 Acetamide concentration dependant induction

Induction of themtr gene at 3?C with acetamide (0.1%, 0.2%, and 0.3%, in Issabell
LB and Middlebrook media) was carried out as irtisec2.1.21. Aliquots (5 mL) taken

at 15, 30 and 45 hrs were centrifuged at 10000xg 1@ minutes, pellets were

resuspended in 50 mM Hepes buffer pH 7.6 contai@DdA (0.1 mM) and a protease
inhibitor cocktail (complete protease inhibitor ktail, Roche). The cell suspensions
were sonicated on ice and aliquots analyzed by BRGE (10 %) as in section 2.1.15.

2.1.24 Acetamide concentration dependant induction at 26C

Induction and sampling was carried out as in saclid.15, except that acetamide and
M.smegamatis (as an expression host) were used instead of I&Td@3C. glutamicum.
SDS-PAGE analysis was performed as described tiogez.1.15.

2.2 MSSnaph as an alternative substrate for Mtr andts kinetic parameters

The ability of Mtr to utilise MSSnaph as a sub&tratas determined as in section 2.1.20,
except that MSSnaph (10-5%) was used instead of MSSM.

2.2.1 Reduction of 35-38 (Discussed in chapters Bch6) by Mtr

The capability of Mtr to reduc85-38 was determined by monitoring the oxidation of
NADPH at 340 nm. The reaction mixture containedaifinal volume of 1 mL: 50 mM
Tris/HCI (pH 7.6), NADPH (0.11:moles), and®5-38 (40 uM) at 30°C. The reaction was
started by adding Mtr (48 nM). Stock solutions36£38were prepared in DMSO.

2.2.3 Evaluation of 35-38 as substrates or inhibitors oftr

Compounds35-38 (40 uM) were incubated at 3G with Mtr (6 nM) and NADPH (0.11

umoles) in 50umoles Tris/HCI (pH 7.6) in a total volume of 1 mihdathe reaction
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initiated by adding MSSnaph (24.9 uM). The reactieas followed by monitoring the
oxidation of NADPH at 340 nm.

2.2.4 Anti-mycobacterial activities of 35-38

In vitro anti-mycobacterial activities @5-38 were assayed by the BACTEC system at
the University of Stellenbosch, South Africa, fellag a procedure by Heifts and Good,
1994.

2.2.5 Evaluation of O-linked glycosides and bi-cyclic thioglycosides amhibitors
for Mtr

Evaluation ofO-linked glycosides and bi-cyclic thioglycosides Mg inhibitors was
carried out as described in 2.2.3, except that BBhSPh 7 and Th 1 to Th 7 (structures
shown in chapter 6) were used instea@®B8. Both sets of compounds were evaluated
at 500 uM.

2.2.6 Preparation of INH-NAD and INH-NADP adducts

The synthesis of INH adducts was carried out asridesl by Ducasse-Cabanstal.,
2004). Briefly, 2mM INH, 2mM NAD and 4mM MA'-PyrPh in 100 mM sodium
phosphate buffer, pH7, were incubated for 20 miroaim temperature to generate INH-
NAD. The INH-NADP adduct was prepared in exactlg game way except that NAD
was replaced with NADP

2.2.7 Purification of INH-NAD adduct mixture

The pool of INH-NAD(P) adducts was separated frotme tcontaminants by
chromatography on Sep-Pak reversed phase C18 dgmdri The cartridge was
equilibrated with an aqueous solution of ammoniwetate (75 mM) after an extensive
wash with CHCN. After the reaction mixture was loaded onto thep-Pak C18

cartridges, the elution of the contaminants by amomo acetate (75 mM) was monitored
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by measurement of the OD at 260 nm. The elutiothefadduct mixture by water was

monitored by measuring the OD at 326 nm.

2.2.8 Preparation of Mn" -PyrPh

Mn"-PyrPh was prepared as essentially described byeet al., 2001. Briefly, An
aqueous solution of sodium pyrophosphate (200 mivijaining Md' (OAc); (5mM) was
acidified to pH 4.5 with phosphoric acid and stirfer 24 hrs at room temperature to

produce red complex [MiiH,P,05)3]Nas.
2.2.9 Mtr inhibition by INH-NAD(P) adduct mixture

Inhibition of Mtr was carried out by incubating w@rs concentrations of the INH-
NAD(P) adduct mixture (2 pM-10 pM) with MSSnaph @41M) and NADH (0.105
umoles) in 50 mM Tris/HCI (pH 7.6) at 3. The total reaction volume was 1 mL and
the reaction was initiated by adding Mtr (6 nM). $t&ph was usually dissolved in 50%
acetonitrile since it is not sufficiently soluble water. The concentration of Mtr used in
all the inhibition studies was measured in termgfFAD content (at an absorbance of

450 nm using a molar extinction coefficient of 1030™.cm™).

2.2.10 Generation of MSSM from MSSnaph

MSSnaph (4 mg) was dissolved in 40 % acetonitdlen(), TEA was then added to raise
the pH to 8. Acetonitrile was then removed by pagsa stream of nitrogen and
dithiothreitol (DTT) (0.003 M) added. The solutiaras then acidified to pH 3 with TFA
and purified on HPLC using a Phenomenex Phenyl-Hprgparative column (21.8 X
250mm). The pH of the recovered fractions was tteesed to 8 and the fractions left
overnight to oxidise. For quantification purposeach fraction (2Qu) was treated with
sodium borohydride (0.35 M) and incubated at’Gdor 30 minutes after which the pH
was lowered to 5 with 1 M acetic acid. Then dTdR ({®@M) was added to the 20 of

the borohydride reduced fractions and the absoshameasured at 325 nm. To estimate
the amount of MSSM formed, the concentration of M&#hined was divided by 2.
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Chapter 3
Results and Discussion

Cloning of the mtr gene and attempted expression

3.1  Cloning of themtr genein pEC-XK99E

The aim of this section was to clone tkiéb mtr gene into pEC-XK99E, ak.coli- C.

glutamicumshuttle expression vector that is based on thdumedopy number plasmid
pGAland on a R. promoter (Kirchner and Tauch, 200%). glutamicumis a Gram-

positive soil bacterium that is extensively usedha fermentative production of amino
acids such as-valine, L-isoleucine,L-threonine, and.-glutamic acid. As such, the
biotechnological importance displayed by this oigan has led to significant
improvements in its bioprocess as well as its ma&cbiology, which also make it an

attractive vehicle with which to attempt proteirpeassion (Hermann, 2003).

The rationale behind the utilisation Gf glutamicumas an expression system was based
on the fact thatMtb genes need relevant transcriptional and transiationachinery
required to produce target proteins, and diffi@dtin over-expressingtb genes in well
characterized host cells such &scoli has led to the use of bacteria that are
phylogenetically related to mycobacteria (Laletyal, 2000). In addition, this expression
system was utilised to see whether enhanced expnest Mtr could be obtained .
glutamicum,since expression of Mtr usingl. smegmatisand a heat shock promoter
resulted in a recovery of only 3mg Mtr per literafiture medium (Patel and Blanchard,
1999).

Since pEC-XK99E is not Higagged, the first step towards the cloning of itiite gene

was to modify the vector by inserting a k&g to precede the N-terminus of the protein.
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3.1.2 pEC-XK99E-hisgeneration

The hybridized oligomers (with Sacl and EcoR1 ie@stn sites) coding for the Higag
were cloned into pEC-XK99E (figure 3) digested wihcl and EcoR1. The ligation
mixture was used to transform TOP10 competent ceild the positive clones were

identified by restriction endonuclease digestion.

Spi|,5635

pEC-XK99E
7,018 bp

Ndel5272 ..

repA (pGA1) A

Wm

Noo 4118 “Hindil| 2868
Byl 3620

Figure 3.0: pEC-XK99E developed for genetic engiimggein C. glutamicunis based on the medium copy
number pGA1)acl? gene and on a,Ppromoter. The vector map shows a multiple clorsitg for cloning
of PCR products and it also carries the kanamyesistance genaph(3’)-lla as a selectable marker. This

figure was taken from Kirchner and Tauch, 2003.

It was therefore, decided that since the restrctites were close together it would be
better to carry out sequential digestion. In viefvttee fact that Sacl cannot be heat

inactivated, as opposed to EcoR1, Sacl was ustcifid the digestion carried out for 16
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hours. The digestion mixture was then incubatetbdC for 30 min to inactivate EcoR1
and left to cool for 30 min. An aliquot{D was put aside for agarose gel analysis, EcoR1
was then added to the remainder of the mixtureiacubated at 37C for a further 16

hrs, after which an aliquot was taken for analpyisgarose gel electrophoresis.

Because the EcoR1 and Sacl restriction sites werlwse proximity it was not possible

to ascertain whether both cleavage events or osipgle one had occurred on the basis
of a shift in mobility as determined by agarose glectrophoresis. The gel bands were
therefore excised, the DNA extracted using the VdZ&V gel and PCR clean up system

and ligation of the Histag insert was continued.

The ligation reaction typically used an excesshefinsert in a 1:3 vector:insert ratio, so
as to increase the success of the ligation. Thadidig reaction was used to transform
TOP10 competent cells and the transformed cellg weswn for 1 hour in SOC medium

and were then plated on LB plates supplemented kaitlamycin.

3.1.3 Plasmid DNA preparations

Individual colonies were selected and grown ovérnigt 37°C in LB liquid medium
supplemented with kanamycin, and the plasmids tisdlausing a QiAprép Spin
Miniprep kit. The presence of the recombinant pEKSSE-his was confirmed by
digesting the vector with EcoRV and BamH1; as atr@brpEC-XK99E was digested

with the same enzymes.

The rationale behind this was that digestion of pE®9E without the insert with these
two restriction enzymes would result in excisionao627 bp fragment while the His
tagged plasmid would give rise to a fragment tlsaB6bp larger, i.e. 663 bp when
analysed on an agarose gel. It was therefore, @@d¢arun increasing volumes on a 2%
agarose gel. The bands observed suggested thalotiiag was successful and a large
scale plasmid isolation was carried out using a NBOGBOND AX® kit and submitted

for sequencing. Although the original pEC-XK99E wat sequenced, figure 3.1 shows
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part of the sequencing data of the modified regamal contrasted with the original
portion of the vector map of the cloning regionpablished in Pubmed (shown below
figure 3.1). The complete original pEC-XK99E seqeeis shown in appendix 1B, which
shows the promoter region to be between the TATA &ad the ATG, where the A of
ATG is actually residue 7016 at the end of the medt is this ATG that was planned to

be used for the initiation codon rather than the ainthe start of theatr gene sequence.

10 20 30 40 &0 60 '
ATGE: ALTCA GDUACC ACC AOQCACCACCACAGCAGCGGOC TGO TOOZ GCGUCGGCAGCGA GCT

oy ik = RN TN

;.hm_l

Figure 3.1: Sequencing data showing the cloninthefHistag sequence (bases 20-38) and the thrombin
region (bases 47-64) regions into pEC-XK99E. Tlasmid is henceforth called pEC-KX99E-his.

ctcgtataat gtgtggaatt gtgagcggat aacaatttca cacaggaaac agaccatg__gaattcgagc
tcggt acccg gggat cctct agagt cgacc tgcaggcatg caagcttggc

EcoR1 Histag Thrombin
5’-ATG G AAT TCA GCC ACC ACC ACCACCACCACAGCAGCGGCCTGG CcGC

Sacl Kpnl Xbal

GCG GCA GCG AGC TGSGT ACC CGG GGATCC TCT AGA GTC GAC CTG

CAG GCATG CAAG CTT-3
Figure 3.1.1: Modified cloning region of pEC-XK99Ehe region beyond the Sacl restriction site wds no
tampered with and maintained as in figure 3 (mldtigdoning site). The Higag is shown in red, whereas

the thrombin cleavage site is depicted in green.
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3.1.4 Amplification of the mtr gene

The PCR reaction (section 2.1.6) utiliggfd which generates a blunt ended PCR product,
and upon running an agarose gel, it was discovitadhe amplification process was not
as specific as it was intended as the gel showedrtare bands. The band corresponding
to themtr gene was therefore excised and the DNA extracted parified using the
MinElute” Gel Extraction and QiAprépSpin Miniprep kit. The amplifiedntr gene is

shown in figure 3.2.

1650 by
» Mtr 1380 bp

1000 by

Figure 3.2: Amplifiedmtr gene analysed on a 0.8% agarose gel. Lane 1,dd¢et; lane 2 PCR reaction.

DNA was visualised by ethidium bromide.

3.1.5 Ligationinto PCR blunt

The ligation of the blunintr gene fragment into pCR-Blunt was performed acogy do
the manufacturer’s instructions and as describedertion 2.1.8. A useful feature of
pCR®-Blunt is the presence of the lethal garweB that promotes the ease and direct

selection of positive recombinants. Expressionhef laci-ccdB gene fusion protein is
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toxic to the cells, as a result, upon transfornmatiells that contain a pCRBIlunt with a
functional ccdB gene are not viable whereas, successful ligatfoa lslunt pcr product
disrupts theccdB gene and consequent expression of thedaxdB gene fusion protein

(Invitrogen manual catalogue numbers K2700, K270D-4

3.1.6 Transformation of TOP10 competent cellswith PCRBlunt-mtr

The transformed cells were grown at®&7for 1 hour in SOC medium and plated on LB
plates supplemented with kanamycin. Twenty coloniege inoculated into 50 mL of LB
medium containing kanamycin and cultured for 16 $ubsequent to plasmid isolation,
the pCR-Blunt containing thentr gene pcr product was cleaved with kpnl and Xbal fo
16 hrs. All the colonies processed contained thsmid. The digestion mixture was run
on an agarose gel (0.8%). The band correspondindpeantr gene (figure 3.3) was
excised and the DNA extracted and purified.

1 2 3 4
: Kpnl & Xbal cut pEXK99E-his
Uncut pEC-XK99E-his
B> porblunt

1650 bp <€—— -

-_> mtr

1000 bp *——
4

Figure 3.3 Restriction digests of PCRBlumtr and pEC-XK99E-his. Lane 1, 1kb ladder, lane 2: pE®9E-his cut
with Kpnl and Xbal, lane 3: uncut pEC-XK99E-hisidal: Incompletely cut pEC-XK99E, lane 5: PCRBIlutt-cut
with Kpnl and Xbal. Analysis was carried out on&®agarose visualised by ethidium bromide staining
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3.1.7 Ligation of the mtr geneinto pEC-XK99E-his

The mtr gene with kpnl and Xbal restriction ends was didatising a 3:1 insert:vector
ratio, into pEC-XK99E-his that had been digestethwiie same enzymes af@ for 16
hrs.

3.1.8 Transformation of TOP10 competent cells

TOP10 competent cells were transformed with thatilogmm mixture (section 3.3.6) and
increasing volumes of the transformation reactitateg on LB plates supplemented with
kanamycin. Two colonies from each plate were inatad into LB media containing
kanamycin and plasmids isolated. Restriction digastvas carried out using kpnl and
Xbal for 3 hrs followed by analysis on an agaroske BNA isolation was carried out
from a total of 8 colonies (figure 3.4.1). Lanes %, 10, 11, & 12 were sent for
sequencing and only 9 gave the desired result.e®@inug results confirmed the presence
of themtr gene through a blast search from the NCBI databadeare shown in figures
3.4.2and 3.4.2.1.

1 2 3 4 5 6 7 8 9 10 11 123

pEC-XK99E-his

1650 bp

1000 bp
mtr, 138C bp

Figure 3.4.1: Restriction digests of plasmid DNAragts.Analysis was carried out on a 0.8% agarose visethlis

by ethidium bromide staining. Lane 7 was excluded.
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Features in this part of subject sequence:
NADPH- dependent nycot hi ol reductase ntr gene

Score = 1127 bits (610), Expect = 0.
ldentities = 610/ 610 (100%, Gaps =
St rand=Pl us/ M nus

0
0/ 610 (0%

CCCCTACAAATGGAAACGTACGACAT CGCGAT CATCGGAACCGGT TCGEGCAACAGCATT

R R R A R AN RN RN
CCCCTACAAAT GGAAACGT ACGACAT CGCGAT CATCGGAACCGGT TCGBGCAACAGCATT

CTCGACGAACGCTAT GCCAGCAAGCGEECGECGAT CTGCGAGCAGGECACCT TCGEOGEC

R AR AR A R AR AR
CTCGACGAACGCTAT GOCAGCAAGCGEGCGECGAT CTGOGAGCAGGGCACCT TCGGOGEC

ACCTGOCT CAATGT CGGEGTGCATCCCCACAAAAAT GT TOGT CTACGCOGCOGAGGT GGCC
R R A R R R
ACCTGOCT CAATGT CGGGTGCATCCCCACAAAAAT GT TOGT CTACGCOGCOGAGGT GGCC

AAGACCAT CCGAGGCGCGTCGCGT TACGGT ATCGACGOGCACAT CGACCGEGT GOGATGG
R A A A R A
AAGACCAT CCGAGGCGCGT CGCGT TACGGT ATCGACGOGCACAT CGACCGGGT GOGATGG

GACGACGT CGT CTCGCGOGT CT TCGGECGCAT CGAT CCGAT CGOGCT GAGCGECGAGGAC
R AR AR A AR AR AR
GACGACGT CGT CTCGCGOGT CT TCGGECGCAT CGAT CCGAT CGOGCT GAGCGGCGAGEAC

TATCGAAGGT GT GCGCCCAACATCGACGT GTACCGCACACACACCCGT TTCGGGOCGGT T
R R A R R AR AR AN
TATCGAAGGT GT GCGCCCAACATCGACGT GTACCGCACACACACCCGT TTCGGGOCGGT T

CAGGOCGATGBOOGCT ACCT GT TGOGCACT GACGOGGGT GAAGAGT TCACCGCCGAGCAG
U A R A R
CAGGOCGATGBEOOGCT ACCT GT TGOGCACT GACGOGGGT GAAGAGT TCACCGCCGAGCAG

GTGGT GATAGCOGCOGGATCEOGECCAGT GAT TCOGOCGECCAT CCTCGOGT COGGOGTC
AR A A A R
GTGGT GATAGCOGCOGGATCEOGECCAGT GAT TCOGOCGECCAT CCTCGOGT COGGOGTC

GACTATCACACCAGCGATACCGT CATGCGGAT CGCCGAGT TGCCGGAGCACATCGTGATC

AR R A A A
GACTAT CACACCAGOGATACCGT CAT GCGGAT CGOCGAGT TGCCGGAGCACATCGT GATC

GTCGGAAGCGGECTTCATTGCAGCGGAAT TCGCACATGT GT TTTCCGCTCTGGGECGTACGG

R R AR A R AR
GT CGGAAGOGGCT TCAT TGCAGOGGAAT TCGCACAT GT GT TTTCOGCTCTGGGCGTACGG

GTCACCCTGG

AL
GTCACCCTGG

Figure 3.4.2: Blast search of timatr gene sequence performed in the NCBI databaseaitedichat the
experimental nucleotide sequence had 100% sinyilarith M. tuberculosisH37Rv mycothiol disulfide
reductase. The result with the forward primer stavith the start codon in the i@osition. Sequencing
experiments were carried out at the University ap€Town, Molecular and Cell Biology department
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Features in this part of subject sequence:
NADPH dependent mycot hi ol reductase mtr

Score = 1382 bits (748), Expect = 0.
Identities = 748/ 748 (100%, Gaps =
St r and=PI us/ Pl us

0
0/ 748 (0%

TCAACGCAGGCCAAGCAGOGCGT TTTCCACCACCT COGGCAGCGCCGGATGAATCCAGTA

R R R AR R R AR
TCAACGCAGGOCAAGCAGOGCGT TTTCCACCACCT CCGGCAGCGOCGGAT GAATCCAGTA

CTGECCGCGEECCAT T TCGECGECGET CAGCCCAAAGCT CATCGCCTGGATCAACGGT TG

III|I||II||I|II||IIII||I|||||II||I|II||II|I||II|I||II||IIII|
CTGGOCGCGEECCAT TTCEGECGECGGT CAGCCCAAAGCT CATCGOCT GGATCAACGGT TG

GATGAGCGAGGATGCCTGGT AACCCAT GAT GT GT GCGCCCAGT AAGCGCCCAGAGCOGCG

AR R R R AR AR
GATGAGOGAGGATGCCTGGT AACCCAT GAT GT GT GCGCCCAGT AAGOGCCCAGAGCOGCG

CTCGGTGATGAGCT TGACGATTCCACTGGT GT CCTCCAT CGCCCAGCCGT ACGCGACGTC

AR R A AR R AR AR
CTOGGTGATGAGCT TGACGAT TCCACT GGT GT CCTCCATCGOCCAGOOGTACGOGACGTC

ACCATAGTCCTGTATCTTGACCGAAATATCGAGT CCCTTTGOCACAGCTTGGTTTTCAGT

R R A AR RN RN
ACCATAGT CCTGTATCTTGACCGAAATATCGAGT CCCT TTGCCACAGCTTGGT TTTCAGT

GAGT CCGACGGCAGCGAT CT GAGGAT CGGT GAATACCGCAGCCGGTACGTATCGGTGGTC

AR A A
GAGT CCGACGGCAGOGAT CTGAGGAT OGGT GAATACCGCAGOCGGTACGTATCGGT GGTC

GGTGACGATCATCGACTGGEGT GT CCT CCCAGT CGCAGAGCAGAT TGT GCTGCACGACGCG

R AR AR AR AR AR
GGTGACGATCATCGACT GBGT GTCCTOCCAGT CGCAGAGCAGAT TGT GCT GCACGACGCG

GGCCTCGT GGT TGGCGACAT GCTTGAGCAAGT ACGGCGACGAGACAT CGCCCAGCGCAAA

R AR R A AR AR AR
GGCCTCGT GGT TGECGACAT GCTTGAGCAAGT ACGGCGACGAGACAT CGCCCAGCGCAAA

AACOCCCACGCGCOGAAGT CCGT TGGTACTCGT CGACTATCACCCGGCOGT CCTCGACATC
N A A A R R AR
AACOCCACGCGCOGAAGT OCGT TGGTACTCGT CGACTATCACCCGGCOGT CCTCGACATC

GACACCGGCCTGCT CBGCAT CCAGCAGGT CBGOGT TGGACACCCGGOCTGTCGCTACCAA
AR R A A R A
GACACCGGCCTGCT CBGCAT CCAGCAGGT CBGOGT TGGACACCCGGOCT GTCGCTACCAA

CAGTAGGT CGGOGT TGAT GGT GCAACCAT CGT CTAGCCGCAGCGOGACGCOCGAGCOGCG
AR R A
CAGTAGGT CGGOGT TGAT GGT GCAACCAT CGT CTAGCCGCAGCGOGACGCOCGAGCOGCG

CTGCTGECCGTCCACAACGT TGCGAT GEGT GCGCAGCTCCCATTTGGT CGATGCGATGCG

R A A R R A AR AN AN
CTGCTGGCOGT CCACAACGT TGOGAT GBGT GCGCAGCT COCAT T TGGT CGATGCGATGCG

GGTGAACCGT TCGCAGATGGTGTCGTCA
AR AR
GGTGAACCGT TCGCAGATGGTGTCGTCA

Figure 3.4.2.1: Blast search of th@r gene sequence performed in the NCBI databaseatedi¢hat the
nucleotide sequence had 100% similarity withtuberculosisH37Rv mycothiol disulfide reductase. The
result with the reverse primer is for the non-cgdétrand and starts with the stop codon at 5’. 8eqguag
experiments were carried out at the University ap€Town, Molecular and Cell Biology department
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3.1.9 C. glutamicum electroporation with pEC-XK99E-his-mtr

The colony that gave rise to PEC-XK9@#r-his (lane 9, figure 3.4) was grown in LB
medium, a large scale plasmid isolation carriedamat electroporated into competéht
glutamicumcells. After electroporation and heat shock, tla@agformation mixture was
plated on LBG agar plates containing kanamyciniandbated at 30C for 2 days. As a
rapid verification, colony PCR was carried out tmfirm positive recombinants (figure
3.5). Although the control of WT. glutamicunwas not run, the evidence that the vector

contained thentr gene rested mainly on lane 4.

1 2 3 4

1650 bje—

100Cbp mir

Figure 3.5: Agarose gel (0.8%) visualised by Etimdibromide showing the result of a colony PCR edrri
out as a rapid confirmation of the pEC-XK9&trhis in C. glutamicumLane 1, 1kb ladder, lane 2, TOP
10 cells transformed with pEC-XK99E, lane 3, TOPcHls transformed with pEC-XK99E-his, lane 4,
TOP 10 cells transformed with pEC-XK99E-m#r, and lane 5C. glutamicumtransformed with pEC-
XK99E-mtr-his.
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3.1.10 Induction of pEC-XK99E-mtr-his

C. glutamicumelectroporated with pEC-XK99Fr-his was grown at 36C in LB
medium (500 mL) containing kanamycin until @pwas 1. IPTG (1mM) was then added
and the flasks transferred to 25. SDS PAGE (figure 3.6) analysis of the samples di
not show a band corresponding to Mtr (50 kDa batidy, is despite the fact that the
sequencing results indicated timér gene to be in-frame and that the plasmid is meant
ensure tight control of protein expression, sifeinsert is placed under the regulation

of a strongk.coli promoter ().
Activity assays using MSSM as a substrate &hdglutamicumcrude extracts also

suggested that there was no expression of Mtrtimeatorm. This is surprising sindg.

glutamicumis known to produce its own MSH and Mtr.

94 KDa
67 KDe

43 KDe

30 KDe

20 KDe

Figure 3.6: Attempted time course induction of thi gene inC. glutamicumLane 1, molecular weight
markers, lanes 2 and 3 (pellet and its supernatamit)duced. Lanes 4-11 pellets and their respective

supernatants taken at times 1hr-4hrs.
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Attempting induction at 18C using IPTG concentrations ranging from 0.8 m\2 tmM
resulted in more or less the same result as indi@uB. It has been noted however, that
certain C. glutamicumstrains possess very strong restriction systeras éfficiently
degrade foreign DNA or DNA with a foreign methytatipattern (Liebét al, 1989).

It was also suspected that the ¢-tizg could be interfering with the folding of theotein,
and it was consequently undertaken to clone andesgghemtr gene without the His
tag. A fresh PCR product of thmetr gene was prepared and cloned into the p8Rint

as described previously.
3.1.11 Generation of pEC-XK99E-mtr

The pCF-Blunt containing themtr gene PCR product was cleaved with kpnl and Xbal
for 16 hrs (figure 3.7), the band correspondingh® mtr gene excised and the DNA

extracted and purified.

4507 bp <—
PCRBlunt

1650 bp <—

mtr,

1000 bp *+—

Figure 3.7: Restriction digests of plasmid DNA exts. Lane 1, 1 kb ladder, lanes 2, 3, 5, and 6 DNA
extracts digested with Kpnl and Xbal. DNA was asedyon a 0.8% agarose gel, and was visualised using

ethidium bromide staining.
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The purifiedmtr gene was then ligated into pEC-XK99E previousbagked with Kpnl
and Xbal. Transformed TOP10 cells were grown &C3fbr 1 hour in SOC medium and
plated on LB plates supplemented with kanamycin (80nL). Plasmid isolation and
restriction digests were carried out using the abmentioned enzymes to confirm the
presence of the insert (figure 3.8). Figures 3.90,33.11 show the nucleotide and protein
alignments of the clone and publishedr, sequencing experiments were carried out at
the University of Cape Town, Molecular and Cell Bgy department (as previously
described).

1 2 3 45 67 829

pEC-XK99E, 7020 bp

mtr, 1380 bp

Figure 3.8: Restriction digests of plasmid DNA agts to confirm if thentr gene was successfully cloned
into pEC-XK99E. Lane 1, 1 kb ladder, lanes 2-9 Diracts digested with Kpnl and Xbal. DNA was
analysed on a 0.8% agarose gel, and was visuddistildium bromide staining.
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MTB-mycoth ACCGGTTCGGGCAACAGCATTCTCGACGAACGCTATGCCAGCAAGCGGGCGGCGATCTGC
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MTB-mycoth GAGCAGGGCACCTTCGGCGGCACCTGCCTCAATGTCGGGTGCATCCCCACAARRATGTTC
clone GAGCAGGGCACCTTCGGCGGCACCTGCCTCAATGTCGGGTGCATCCCCACAAARATGTTC
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MTB-mycoth GTCTACGCCGCCGAGGTGGCCAAGACCATCCGAGGCGCGTCGCGTTACGGTATCGACGCG
clone GTCTACGCCGCCGAGGTGGCCAAGACCATCCGAGGCGCGTCGCGTTACGGTATCGACGCG
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MTB-mycoth CACATCGACCGGGTGCGATGGGACGACGTCGTCTCGCGCGTCTTCGGGCGCATCGATCCG
clone CACATCGACCGGGTGCGATGGGACGACGTCGTCTCGCGCGTCTTCGGGCGCATCGATCCG
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MTB-mycoth ATCGCGCTGAGCGGCGAGGACTATCGAAGGTGTGCGCCCAACATCGACGTGTACCGCACA
clone ATCGCGCTGAGCGGCGAGGACTATCGAAGGTGTGCGCCCAACATCGACGTGTACCGCACA
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MTB-mycoth CACACCCGTTTCGGGCCGGTTCAGGCCGATGGCCGCTACCTGTTGCGCACTGACGCGGGT
clone CACACCCGTTTCGGGCCGGTTCAGGCCGATGGCCGCTACCTGTTGCGCACTGACGCGGGT
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MTB-mycoth GAAGAGTTCACCGCCGAGCAGGTGGTGATAGCCGCCGGATCGCGGCCGGTGATTCCGCCG
clone GAAGAGTTCACCGCCGAGCAGGTGGTGATAGCCGCCGGATCGCGGCCGGTGATTCCGCCG
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MTB-mycoth GCCATCCTCGCGTCCGGCGTCGACTATCACACCAGCGATACCGTCATGCGGATCGCCGAG
clone GCCATCCTCGCGTCCGGCGTCGACTATCACACCAGCGATACCGTCATGCGGATCGCCGAG
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MTB-mycoth TTGCCGGAGCACATCGTGATCGTCGGAAGCGGCTTCATTGCAGCGGAATTCGCACATGTG
clone TTGCCGGAGCACATCGTGATCGTCGGAAGCGGCTTCATTGCAGCGGAATTCGCACATGTG

’
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MTB-mycoth TTTTCCGCTCTGGGCGTACGGGTCACCCTGGTGATCCGGGGCAGCTGCTTACTACGGCAT
clone TTTTCCGCTCTGGGCGTACGGGTCACCCTGGTGATCCGG
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MTB-mycoth TGTGACGACACCATCTGCGAACGGTTCACCCGCATCGCATCGACCAAATGGGAGCTGCGC
clone TGACGACACCATCTGCGAACGGTTCACCCGCATCGCATCGACCAAATGGGAGCTGCGC
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MTB-mycoth ACCCATCGCAACGTTGTGGACGGCCAGCAGCGCGGCTCGGGCGTCGCGCTGCGGCTAGAC
clone ACCCATCGCAACGTTGTGGACGGCCAGCAGCGCGGCTCGGGCGTCGCGCTGCGGCTAGAC

790 800 810 820 830 840

Figure 3.9: Nucleotide sequence alignment of thalipiedmtr andmtr cloned into pEC-XK99E, dashes
(residues 640-662) indicate a gap (region not aa/éry the primers during sequencing experimentsg. T
first 30 nucleotides on the clone that do not cgpoad taMtb-mycothiol disulfide reductase belong to the
vector.
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Figure 3.10 Continuation.
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Figure 3.11: Protein alignment of the cloned Mtd grublished Mtb Mtr. BioEdit was used to conves th
nucleotide sequence into a protein sequence. Ddstmdues 214-221) indicate a gap (region not i@le
by the primers during sequencing experiments)
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3.1.12 C. glutamicum electroporation with pEC-XK 99E-mtr

Electroporation of compete@. glutamicumwas carried out as previously described in
2.1.14.2

3.1.13 Induction of pEC-XK99E-mtr

Induction at 18 and 2% was attempted as before using IPTG (1mM). The BRGE
result was the same as in section 3.1.10, fig@@eThe promoter region was suspected to
have been disrupted or undergone some form of foaotaluring electroporation, as a
result, large scale plasmid isolation was carried im preparation for sequencing
experiments, which showed the promoter region tstitientact.

Moreover, at the time, no background activity cobkl detected when testing tke
glutamicumcrude extract, a€. glutamicumelectroporated with pEC-XK99E was used
as a control. Since MSH is the major thiol founcdatenomycetes, it was speculated that
perhap<C. glutamicumuses a different thiol as opposed to the MSH d@ baen thought

to utilise. We therefore, proceeded to isolate @eglutamicumthiol for structural

comparisons with the published MSH structure (dsed in chapter 4).

3.1.14 Expression of themtr genein M. smegmatis (pSD26-mtr)

Since the expression aitr gene inC. glutamicumwas not successful, expressionMn
smegmatisvas attempted using pSD2@+ recombinants prepared in our lab. pSD26
(Daugelatet al, 2003, is an M. smegmatisvector with an inducible acetamidase
promoter, and allows expression of foreign genestrbgslational fusion with a C-
terminal his-tag. This expression vector is baliaimodification of a pSD24 vector that
is derived from a promoterless episorgatoli-mycobacteriashuttle expression vector,
pMV206-Hygro (Patel and Blanchard 2001 cross refesg the difference between
pSD26 and the pSD24 vector being the C-terminugdgsn the former, as shown in
figure 3.12.
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Figure 3.12: Map of pSD2#.coli-mycobacteriashuttle plasmid containing the inducible acetamséda
promoter. pSD24 is derived from a promoterless p®B/BIygro plasmid, the pSD26 is a derivative of
pSD24. Partial sequences are shown below. The mlasap and the partial sequences were taken from
Daugelatet al.,, 2003.
BamH1Pvull
pSD24 ... atg ccc gag gta gtt ttt atc_cat pgagc tg aga .......
MPEVVFI HGSZ &R

(acetamidase)

BamH1EcoRV
pSD26 ....... atg ccc gag gta gtt ttt atc_cat gpggat atccac cac cac cac cac cactga .......
MPEVVFI HGSS3 HMHHHHH *
(acetamidase) this tag

Since the acetamidase promoter is tightly reguldf@dugelatet al, 2003) andM.
smegmatiss phylogenetically closer thitb, we expected the expressionmfr gene to
proceed without difficulties. However, as can bersén figure 3.13, no significant

change in the band intensities could be seen, thghexception of Issabelle medium
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(lane 7), where there was a slight increase inhki#ed intensity, but not conclusive

enough for us to proceed.

A starter culture containing pSD26t was used to inoculate LB, Middlebrook and
Issabelle and superbroth media (100 mL) supplesdewith hygromycin and grown for

16 hrs. Small samples were then transferred toragp#asks and cultured separately as
control (uninduced). When Qg had reached 1, acetamide (0.2%) was added (immehucti
flasks) and the cultures incubated at this tempesdobr 16 hrs. Figure 3.9 shows an SDS

PAGE of the attempted induction. Media componergsshown in appendix 1A.

3.1.15 Induction of PSD26-mtr

According to experiments performed by Parethal, 1997, which demonstrated that
certain growth media contribute to the regulatidntiee acetamidase gene, we were
encouraged to also explore the use of differentian@d an attempt to resolve the
expression of thentr gene. As such, four different media (LB, supeitbrddiddlebrook

and Issabelle medium) were used to determine wh#tkeexpression of the acetamidase

gene can be enhanced and consequently expresgrtbene.

Unfortunately, there was no difference in the bantdnsities with all the growth media
used (except for an elevation of a band betweekDE8and 66 kDa in the presence of
acetamide, the inducer) (figure 3.13), activityagsswere thus carried out, and instead of
utilising the natural substrate, MSSM as before,SW&h was used as an alternative
substrate (discussed in chapter 4) as it was fdande versatile and showed better
activity than MSSM. Activity assays showed expressin M. smegmatisgrown in
Issabelle to be promising as comparetMtesmegmatigrown in LB media (compared in
section 3.1.16). In addition longer SDS PAGE geblsrevperformed to effect better
resolution (figures 3.14, 3.15, 3.16).
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Figure 3.13: Attempted time course induction of tie genein C. glutamicumLane 1, molecular weight
markers, lanes 2 and Bl. smegmatigransformed with pSD263tr grown in LB (uninduced and induced
respectively), Lanes 4 and B. smegmatistransformed with pSD26itr grown in Middlebrook
(uninduced and induced respectively), lanes 6 amptofvth in Issabelle medium (uninduced and indjced
lanes 8 and 9, growth in superbroth (uninducediaddced). No Mtr bands corresponding to the exmecte
50 kDa could be conclusively identified. Althoudtetband below 67 KDa (lane 3) was suspected ofjbein
Mtr, activity assays carried out in section 3.1ek8luded LB as growth media supportive of exprestie

mtr gene.
3.1.16 Activity assays

Cells were grown (in LB, Middlebrook, Superbrotiddasabelle media respectively) and
induced with acetamide as described in 3.1.14; was followed by sonication and
separation of cell debris from the cytosolic cotdeifhe latter was dialysed overnight in
1 mM Tris-HCI (pH7.6) and activity assays conduatethg dialysed extracts.

Activity results (from crude extracts) suggesteat thnly cells grown in Issabelle and to a
lesser extent LB media, showed potential for trduation of themtr gene. Cells grown
in Issabelle medium gave activities of 115 pmol/migp as opposed to 62.7
pmol/min/mg noted for those grown in LB media, whilninduced cells grown in
Issabelle medium gave activities of 48.2 umol/migV/rAs a result, it was decided to
optimise the induction of thatr gene in Issabelle medium, in conjunction with tise of

other modified media.



80

3.1.17 Expression of the mtr genein M. smegmatis, using different media at 20 °C

Since expression in Issabelle medium seemed prognisi was decided to attempt
expression in Issabelle and in rich media, Middbelr (containing tryptone and yeast
extract) media only using three different concdidres of acetamide (0.1, 0.2, and
0.3%), and sampling after 15 hours. Induction warsied out at 26C (figure 3.14). The
figure below showed mycothiol disulfide reductageébe expressed as inclusion bodies,
as a result, variables such as temperature anddbeer were further investigated in an

attempt to optimize the expression of the targetgan in a soluble fraction.

12 345 6 7 8 910 11 12131%416 1718 1

11€kDa

66 kD¢

50 kD¢

45 kDe

Figure 3.14: Attempted concentration dependentdtidn of themtr genein M. smegmatisLanes 2-4,
pellet fractions of cells transformed with pSD@é grown and induced (0.1%, 0.2% and 0.3% acetamide
respectively) in Issabelle medium. Lanes 6-8, pétections of cells transformed with pSD2&f grown

and induced (0.1%, 0.2% and 0.3% acetamide respégtiin enriched Middlebrook media. Lane 10,
molecular weight markers. Lanes 12-14, cytosolactions of cells transformed with pSD&&f grown

and induced in Issabelle medium. Lanes 16-18, ojito$ractions of cells transformed with pSD#g¥
grown and induced in enriched Middlebrook mediurané 19: marker lane: 10. The composition of the

media used is described in appendix 1A
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Since the temperature used for induction was saanfly lower and judging from the
SDS PAGE in figure 3.10 it seemed as if in additionthe acetamide, there was also
autoinduction by some components in the complewtiranedia used, as the protein still
expressed as inclusion bodies in just 15 hrs. Tiem@menon of autoinduction has been
described by Studier, 2005, and Grossnearal, 1998, who observed that cultures
growing in certain complex media tend to inducensigant amounts of target protein

upon approach to elevated cell growth in the alesenthe inducer.

However, in this case, there seemed to be thisofambluction even before the saturation
point is reached. This prompted us to grow cult@ate20°C in the absence of acetamide

to verify if autoinduction described by Studier whs issue here.

3.1.18 Expression of Mtr in M. smegmatis, using different media at 20 °C in the

absence of theinducer (acetamide).

A starter culture containing pSD26tr was used to inoculate Middlebrook and Issabelle
media supplemented with hygromycin. Sampling wasedat 15 hrs. Figure 3.15 shows
an SDS PAGE of the attempted induction. Once mtre, Mtr was found to be
concentrated in the insoluble fraction from cellevgn in Issabelle medium in particular,
and to a lesser extent in Middlebrook and the LEBlime
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Figure 3.15: Confirmation of autoinduction expressofmtrin M. smegmatisLanes 1-4, soluble fractions
of cells transformed with pSD2&ir grown in normal Middlebrook, Issabelle, LB and iehed
Middlebrook media without acetamide. Lane 6: molacweight markers. Lanes 8, 9, 10 and 11: pellet
fractions of cells transformed with pSD&@&¥ grown in normal Middlebrook (lane 8), Issabellang 9),

LB (lane 10) and enriched middlebrook media (labgwithout acetamide.

The SDS PAGE above shows samples grown 8C2@ithout acetamide for 15 hrs. The
fact that the enzyme goes into inclusion bodieddea speculations that there may be
certain components in the media responsible fordbgerved induction as noted by
Studier and others. It was therefore, decided ta thra glycerol in the Middlebrook and

carry out the expression in the absence of thecieat 20°C.
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3.1.19 Expression of the mtr genein M. smegmatis, using I ssabelle and Middlebr ook

media at 17 °C in the absence of theinducer.
SDS PAGE analysis of Issabelle and Middlebrookurak incubated at 1%C in the

absence of the inducer also showed the expressetbMe in inclusion bodies (figure
3.16).

66 kD¢

50 kDs
45 kD¢

Figure 3.16: Lanes 1 and 3, soluble fractions ddeansformed with pSD26str grown in Issabelle and
Middlebrook media without acetamide. Lane 5, mol@cweight markers. Lanes 7 and 9 pellet fractiohs
cells transformed with pSD2®r grown in Issabelle (lane 7), Middlebrook (lane 9).

Due to unsuccessful attempts at expressing MtigusitC-XK99E and pSD26, pMV261
was obtained from the Dept of Medical Microbiology UCT and was used for the
cloning and expression of Mtr. Briefly, the genecating M. tuberculosis mtr was
expressed inM. smegmatisas described by Patel and Blanchard, with minor
modifications: The forward primer was 5-CCC CTA BATT TAA ACG TAC GAC-

3. To lower the level of constitutive expressionRv2855 the transformed cells were
cultured at 30 °C and expression was induced Isyngithe temperature to 42 °C. Under
these conditions a ~160-fold increase in the levehtr specific activity was achieved as
compared tovl. smegmatisacking the pMV261 plasmid with Rv2855 insert.
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3.1.20 Conclusion

The unsuccessful expression of MtrGn glutamicumcould not be explained, and more
studies in the feasibility of using pEC-XK99E twmwre and expreshitb proteins are
required. One of a few published works dealing veitipression oMtb related proteins

in C. glutamicumwhich laid precedent to the adaptation of expngsthemtr gene (in

this study) was carried out by Engelsal., 2004. These authors successfully managed to
express &lgR gene (a transcriptional activator involved in thgulation and expression
of theclpP1P2operon) inC. glutamicumusing a different expression vector (pXMJ19).
It is therefore possible to express foreign geneS.iglutamicumand perhaps the only

difference lies in the expression vectors.

Experiments involving the use of pSD26 as an egmwasvector suggested that the
induction and subsequent expression of MtMinsmegmatisvas influenced by certain
components in the Issabelle medium since therestthexpression of the enzyme (as
seen by the intense band at 50 kDa, figure 3.1@n ewith the inducer absent.
Middlebrook medium on the other hand seemed to ¢ackponents capable of inducing
the enzyme, as can be seen when comparing figutdsa®d 3.15, the common factor
between the two being the absence of acetamideeirtatter. Whilst Issabelle medium
contains yeast extract, peptone, MNa&,.H,O, and Ferric ammonium citrate;
Middlebrook is much more complex in its compositiand it's not clear whether the
expression of thentr gene observed with Issabelle (despite being ild®jthas to do

with its simplicity and why it was unsuccessful WwitB media which contains both

peptone and the yeast extract.

The only successful Mtr expression system so fahésone carried out by Patel and
Blanchard, 1999, that utilises the pMV261 vectaromporating a heat shock promoter.
Stoveret al, 1991, successfully utilised pMV261 as an expogssector for someétb
proteins and managed to show that the regulatayesees of the BCGsp60andhsp70
genes were capable of driving the expression @idgorantigen genes in BCG. Eckstein

et al, 1998, have also demonstrated the generatioraoimbinant gene products .
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smegmatis when foreign genes are cloned under the controlhsp&0promoter using
the abovementioned pMV261 (Stoweral., 1991). It is therefore plausible that certain

Mtb genes express better if placed under the control of a heat shock promoter.
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Chapter 4
Results and Discussion
I solation and characterization of mycothiol from C. glutamicum and

evaluation of M SSnaph as an alter native substrate for Mtr

4.1 Substrate preparation for activity assays

MSSM was prepared as described by Steenkamp and, 2004, briefly, S-2-
(mycothiolyl)-6-hydroxynaphthyldisulfide (MSSnaph(igure 4.1) was generated
from a reaction betweeM. smegmatis crude extract and 2-S-(2’-thiopyridyl)-6-
hydroxynaphthyldisulfide. MSSnaph was purified b¥IHC followed by reduction
with NaBH,, the resultant MSH was then oxidised with diantolegenerate MSSM.
While MSSM was essentially needed for Mtr assayes,had anticipated to evaluate
MSSnaph as a possible and alternative substrat®tio(discussed in section 4.3).
Most importantly, the major thrust of this chaptentred on the characterisation of a

C. glutamicum thiol and its comparison with authentic MSH.

HO

(6]
HO HO
HN NH
o) 7 OH
0] HO OH

Figure 4.1: Structure of MSSnaph

The inability to detect MSSM reduction using crileglutamicum extracts (induced,
uninduced and the wild type) prompted us to stmady verify the major low

molecular mass thiol i€. Glutamicum.
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4.2  lsolation of C. glutamicum thiol
4.2.1 Activity assaysusing C. glutamicum thiol

Initially a crudeC. glutamicum thiol extract was injected on HPLC and the frattio
that eluted at 21 minutes was oxidised with diam&lace this is the normal retention
time for authentic MSH, based on conditions outine section 2.1.19, it was
reasoned that the thiol fror@. glutamicum should have more or less the same

retention time.

Activity assays were once again carried out udmegaxidized sample glutamicum
isolated thiol) instead of MSSM as substrate anltl red activity was detected. A
small scale thiol extraction was then carried odérivatised with 2-bromo-
acetonaphthone (BAN) and incubated at’G@7with mycothiol s-conjugate amidase
(Mca). MSH-BAN (MSH previously isolated fromdl. smegmatis treated with BAN)
was used as a control to assess the extent of NMewed MSH-BAN fromC.
glutamicum. The reaction samples were then spotted and the gérformed with
butanol: acetic acid: water/2:1:1, as a mobile phase plates were air-dried and the

spots detected under UV light, to assess the egfariéavage by Mca.

The Mca activity observed gave preliminary indioas that the thiol could be similar
to mycothiol, however, this was not conclusive egitodue to incomplete conversion
of the starting material, MSH-BAN (Rf = 0.015). fact, the spot corresponding to
the productp-DGI (Rf = 0.65) on the TLC was very faint, eveteaflong incubation

periods. As a result, a large scale thiol extracti@s carried out in preparation for

structural studies.
4.2.2 C. glutamicum thiol isolation and structural elucidation

C. glutamicum thiol extract was derivatised with BAN at pH 8 apdrified on a
Vydac C18 low pressure column using acetonitril®%) The extracts were
spectrophotometrically monitored at 248nm, the dimaoce maximum of BAN
(molar extinction coefficient, 34000 fcm™) (figure 4.2). These fractions were

pooled and purified by HPLC on a preparative phédredyl column, lyophilised and



88

submitted for 600MHz NMR analysis at the CentralaMical Facility at the
University of Stellenbosch. A small scale comparatlution was carried out using
M. smegmatis extract derivatised with BAN (figure 4.3, panelsaAd B). The thiol
extracts fromC. glutamicum showed the same retention time (21 min) asNhe
smegmatis extract, both of which corresponded to MSH-BAN. tAis stage, it was
becoming even more evident ti@tglutamicum contained MSH. Nevertheless, it was
decided to continue and carry out a full NMR anialysf the compound isolated as
the BAN derivative so as to conclusively substdatithe C. glutamicum thiol as
MSH.

08

06 o

0.4 4 “

024

Absorbance

oo 4

200 300 400 00 B00
Wavelength (nm)

Figure 4.2: The absorption spectrum of BAN in 508tanitrile with an absorbance peak at 248 nm
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BAN ) A

C. glutamicum-BAN derivatised thiol

Abenrbance

|
|

Time (min)

BAN

M. smegmatis-BAN derivatised thiol
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I he ol
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Figure 4.3: Analytical HPLC traces showii@ glutamicum thiol extract (Panel A) and that od.
smegmatis (Panel B). Both extracts had the same retentioe is MSH-BAN. HPLC was carried out
in accordance with the gradient conditions in tableelow, using a phenyl-hexyl column at a flonerat

of 0.8 ml/min and at a wavelength of 248 nm.

Table 4: HPLC conditions for monitoring the fornmatiof C. glutamicum-BAN thiol (Panel A) and M.
smegmatis-BAN thiol (Panel B)

Time (min) 0 5 30 33 35 37

TFA (0.1%) A 90% | 75% 65% 10% 10% 90%

CH;CN B| 10% | 25% 35% 90% 90% 10%
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Analysis of the'H-NMR spectrum (figure 4.4) showed consistency witiblished
data for MSH (Spies and Steenkamp, 1994), with ekeeption of the downfield
region where the BAN moiety substituted the bimased to derivatise the original
isolate. Expansions on figure 4.4 confirmed theyadastic features (figure 4.5) of the
glucosamine, inositol and the acetyl-cysteine nnesetof MSH-BAN from C.

glutamicumto be comparable to published MSH data.

Standard 1H parameters

e LTS .

L e e s B B e s s B B B B s S L L
8 7 6 5 4 3 2 1 ppm

Figure 4.5: Structure of MSH derivatised with BA$blated frontC. glutamicum
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The stereochemistry at C-1, C-2" and C-2 was cordd by a doublet, a triplet and a
doublet of doublets in the 600MHE-NMR spectrum shown above and expanded in
figure 4.6 below ab 4.979,6 4.04, and 3.816 respectively, with coupling constants
of 3.66Hz, 2.81Hz for H-1 and H-2’ respectively and integrating @ore proton each
whilst H-2 had a J value of 108z, 3.66 Hz also integrating for one proton. The
expanded spectrum below also showed d¥roton with a chemical shift of 4.495
ppm and appearing as a doublet of doublets withugling constant of 8.9z, 5.13

Hz, also integrating for one proton. H-3 and H-4 apd at 3.694 ppm (dd= 10.74

Hz, 8.79Hz) and 3.31 ppm (t)= 9.32) respectively. H-3 could be easily identfie
from expanding the region between 3.8 to 3.6 ppouié 4.7).

Standard 1H parameters ’7

Pulse Sequence: s2pul

\\

) }\UJ \\\%J LJ«M VJU RJL

[E— [ [ e E—
1.16 1.28 5.09
1.02 1.19 1.41

Figure 4.6"H NMR expanded region showing the anomesié 979), H-2' 6 4.04), H-2 § 3.816), H-
3 (6 3.694) protons and theproton ¢ 4.495), all integrating for one proton each. Tkalpat 4.2 ppm
is a solvent peak. (The appearance of a minor @vwtb 5 ppm indicates the presence of a minor

glycoside which has not been identified.)
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INDEX  FREQUENCY PPM HEIGHT
1 2296.640 3.828 43.3
2 2292.978 3.822 39.1
3 2286.142 3.810 58.5
4 2282.480 3.804 53.1
5 2251. 3.753 38.5

2250. 750 49.1

2239.267 3.732 79.8
8 2232.187 3.720 40.5
9 2226.328 3.711 83.8
10 2217.539 3.696 64.7
11 2215.830 3.693 50.9
12 2206.552 3.678 71.1
2196. .661 85.2
2186.533 3.644 52.7
15 2170.175 3.617 45.1
16 2164.072 3.607 47.2
157.968 3.597 44.9

2151.865 3.587

Figure 4.7:*H NMR expanded region showing H-2 3.816), H-3 § 3.694), H-5 and H-,, protons in

detail.

H-5, H-6a and H-6b were also identified from figyr& above where H-5 and H-6a
appeared as multiplets between 3.76 and 3.715 pitst H-6b also appeared as a
multiplet between 3.67 and 3.64 ppm. This is furthgstantiated by the integration
of four protons in figure 4.6 (3.76-3.64 ppm), whiacludes H-3.

The remaining signals corresponding to the inogimition were detected at 3.417
ppm for H-1' (dd,J= 10.01Hz 2.93H2), 3.35 ppm for H-3' (dd,)= 9.89Hz 2.81
Hz), 3.476 ppm for H-4’ (dd, J= 9.8z, 9.11H2z), 3.135 ppm for H-5' (t, 3.5H2)
whilst H-6’ appeared as a multiplet (figures 4.6l @n7) between 3.63-3.58 ppm and
integrating for one proton. Figure 4.8 shows ¥HeNMR spectrum for the remainder
of the inositol protons mentioned above as welHg3¢g protons of acetyl cysteine
moiety, where H3a appeared at 2.99 ppm (dik 14.04Hz, 5.13Hz) and H-Bg at
2.795 ppm (ddJ= 14.04Hz, 8.79H2).
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Standard 1H parameters

Pulse Sequence: s2pul

Figure 4.8:"H NMR spectrum showing chemical shifts and integret for H-1' (3.417 ppm), H-3'
(3.35 ppm), H-4’ (3.476 ppm), H-5' (3.135 ppm),fd{(2.99 ppm), and Hg (2.795 ppm).

The N-acetyl-methyl group of the thiol appearedainglet at 1.901 ppm integrating
for three protons.

Figure 4.9 H NMR spectrum showing chemical shift for the —Qfoup (1.901 ppm).
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The assignment of the BAN portion of the molec@eealed a total of seven protons
as expected (figure 4.10), where H-6 and H-7 (BAdtipn) appeared as triplets
integrating for one proton each. Since H-5 and && equivalent, they appeared at

around 8.74 ppm integrating for two protons, whils and 4 appeared as doublets at
around 8.02 and 7.92 ppm respectively.

Standard 1H parameters

Pulse Sequence: s2pul

f f
. f//,
] d %
N A /vj MVM_.I_./J\/LJ\/KMQ__,
‘ - T ‘ . S N 0 U A — . ‘ . ‘
8.6 8.4 8.2 8.0 7.8 7.6 7.4 7.2 ppm
e e S R -

Figure 4.10: Figure 4.10: Downfield region of the-NMR spectrum showing the BAN protons.
However, the CH2 signal could not be detected dubd protons being in enol-keto tautomerism and,
therefore, exchangeable with the solvent deuterilime. interconversion of the two forms involves the

movement of a proton and the shifting of bondingcebns where the carbonyl group is in rapid
equilibrium with an enol tautomer.



Table 4.1 below summarizes published mycothiol grassignments in comparison

with mycothiol isolated fron€. glutamicum.

Table 4.1: Spectral data of published MSH and M&#hkited fronC. glutamicum
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Published MSH datéspies & Steenkamp, 1994)

MSH data from theé. glutamicum isolate

Compound Proton Chemical | Compound Proton Chemical
shift (ppm) shift (ppm)
and J Hz) and J H2)

Glucosamine 1 5.097 (d, 3.7)| Glucosamine |1 4979  (d,

3.66)
2 3.940 (dd, 2 3.816 (dd,
10.8, 3.7) 10.5, 3.66)
3 3.790 (dd, 3 3.694 (dd,
10.8, 8.9) 10.74, 8.79)
4 3.456  (dd, 4 3.31 (t,
9.9, 8.9) 9.32)
5 3.83 5 & 6, m,  3.76-
3.715
6A 3.84
6B 3.76 6s m  3.67-
3.64
Inositol r 3.552  (dd,| Inositol r 3.417 (dd,
10.1, 2.8) 10.01, 2.93)
2 4.165 (t, 2.8) 2 4.04 (t,
2.81)
3 3.498  (dd, 3 3.35 (dd,
10.0, 2.8) 9.89, 2.81)
4 3.605 (dd, 4 3.476 (dd,
10.0, 9.1) 9.5,9.11)
5 3.262 (t, 9.3) 5 3.135 (1,
9.52)
6’ 3.740  (dd, 6’ 3.63-3.58
10.1, 9.5) (m)




Continuation of table 4.1
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N-Acetylcysteine | g 4548  (dd,| N-Acetylcysteine | ¢ 4.495 (dd,
8.4,5.2) 8.91, 5.13)
Ba 3.123  (dd, Ba 2.99 (14.04,
13.9,5.2) 5.13)
Bs 2.939 (dd, Bs 2.795
13.9, 8.4) (14.04,
8.79)
-CH; 2.017 (s) -CH;, 1.901 (s)
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In addition to the HNMR data shown above, mass spectral data alsdrcmf the
isolate as MSH-BAN as shown in figure 4.11 belowaddl spectroscopy was carried
out at the Central Analytical Facility, University Stellenbosch, South Africa, on a
Waters API Q-TOF Ultima.

A
100 45115
' 6319
w2
Bad 21
J_.—"
Kot 16
] d F55.20
O e e e e e e
200 400 600 ] 1do0 - 1200 1400 1600
- 45118 .
. 409.17
"5\.\_\._
] 452,19
{19900 o5
- o711 9T hsaaz
a ""|""'|""|""|""'|""|""|| N AR Ry RN Ry aas n | (P

100 200 300 400 200 go0 oo goo

Figure 4.11: Mass spectrometric analysis of MSH-BANe analysis worked best in the ESI negative
mode. Panel A shows the ESI negative spectrunti8esignal is the M-1 ion. The m/z 451 (panel B)

is a fragment ion as was proven with the MSMS spetbf m/z 653.
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It is interesting to note that soon after we hadficmed mycothiol to be the major
low molecular mass thiol i€. glutamicum, Fenget al., 2006, published similar data
where they had isolated mycothiol from the sameawisgm and showed that
maleylpyruvate isomerase from this bacterium uses & cofactor. In addition, they
demonstrated that mycothiol functions as an esaagowth factor foiC. glutamicum
when gentisate and 3-hydroxybenzoate were suppledarbon sources. However,
this is the first time that mycothiol fro@. glutamicum has been characterised using
NMR and mass spectroscopy and compared with thginati published data. In
addition, this study was able to show BAN as aeradtive derivatising agent as
compared to monobromo-bimane. Over and above beltgosensitive, bimanes

have a tendency to be carcinogenic.
4.3 MSSnaph as an alternative substrate for Mtr

During the isolation of MSH fronM. smegmatis using the procedure described in
materials and methods and briefly examined in thenog section of this chapter
(section 4.1 and figure 4.1), MSSnaph is formed gsecursor to MSH, and whilst
MSH can be easily oxidised to MSSM it was of ingt® investigate MSSnaph as a
possible substrate for Mtr. In addition, MSSnaph ba easily converted to MSSM
should the need arise (as described in sectioh®.2.

The double reciprocal plot (figure 4.12) generatethe exploration of MSSnaph as a
substrate for Mtr resulted in kinetic parameterscisuggested that MSSnaph was a
better substrate for the reductase as comparéx toatural substrate, where thgakp
was found to be 28M, whilst keaand kalkm Were calculated to be 15.58 and 8.17

x 10 respectively. This was an improvement to the kinparameters observed for
MSSM with a higher k app (73 pM) and a lower k/kn (1.64 X 16). Studies in our
lab have also shown MSSnaph to be versatile aantatso be used to assay Mca
activity, eliminating the need to reduce it to gette MSH and then derivatising with

monobromobimane.
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Figure 4.12: Double reciprocal plot of MSSnaph. M&s incubated with the substrate (10 gB%) and

used NADPH as an electron donor.

Since Mtr inhibition studies are severely restdctey the scarcity of MSH and
MSSM, which are difficult to prepare in sufficiegtiantities via chemical (Jardimee
al., 2002 and Nicholast al., 2002) or whole cell synthesis (Steenkamp andt\Vog
2004). Hamiltoret al., 2009, recently synthesized the mixed disulfifigure 4.13a)

to establish its suitability as an Mtr substrate.
OH

HO,C
OBn
O,N S—S
NHAc

Figure 4.13a: 5-(benzyl 2(-N-acetyl-L-cysteinyl) iam2-deoxy-a-D-glucopyranoside)-dithio-2-

nitrobenzoate.

Interestingly, the authors found the Km value of té3be approximately 1.5-fold
lower than that of the symmetrical disulfide, 4#gyre 4.13b discussed in section
1.6), and only twice as large as that of the nativestrate MSSM. In terms of overall
substrate efficiency, the kcat/Km value for 43 i@snd to be nearly 5-fold greater
than that of 44 and 70% of that observed for MS8Wilst, our study finds the Km
of MSSnaph to be 11.6 and 19 fold lower than 434hdespectively.
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OH

OBn
_63
5 e}

NHAc

Figure 4.13b: Benzyl 2-acetyl-L-cysteinyl) amino-2-deoxy-D-glucopyranoside disulfide
4.4 Conclusion

Isolation of MSH fromC. glutamicum was largely based on the fact that no reductase
activity could be observed when investigating Mtprssion (chapter 3), and as
explained before, this consequently led to speimatthat perhaps this bacterium

makes use of a different substrate.

The successful isolation of mycothiol and its chteasation reinforced the notion
that indeed all actinomycetes depend on this lodeoutar mass thiol for regulating
their redox chemistry, and offefS. glutamicum as an alternative for the study of
mycothiol dependant enzymes pathways and theiatisol. Moreover, given the
resurgence oftliphtheriae infections in recent years, particularly withinetleastern
European regions (Dovet al., 2004) targeting MSH dependant pathways may lead

to the development of new drugs agaf@stiphtheriae.

The demonstration that MSSnaph is a better subdivatMtr than MSSM which has
a significantly higher k than MSSnaph leads to speculations that the astieeof

Mtr is perhaps capable of accommodating aromafiss| derivatives, which may be
a valuable feature in the design of drugs targehitig However, this remains to be

established until the crystal structure of the otdse is solved.

The fact that both Mtr and Mca can concurrentlyisgiMSSnaph as an alternative
substrate means that it is possible to design doaged on the-DGI scaffold that
can target both enzymes. Yet again, this wouldrbatty facilitated once both crystal

structures are solved and compare
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Chapter 5
Synthesis of compounds 35-38

The goal of this work was to prepare compoundshefdeneral typé shown below,
where the core 2-deoxy-2-amino-glucose unit hasitalsle aglycone Rand is tethered
to plumbagin via its amino group.

O (@] X‘z
(@)

Synthesis of suitable glycoside of 2-deoxy-2-amirfep-glucose

The first goal of the synthetic work was to preparsuitably protected glycoside of
glucosamine, having a free amine for later couptmghe substituted naphthoquinone.
The initial focus was on the synthesis of the prate pseudodisacchariée(scheme 1),
via glycosylation ofb-2,3,4,5,6-pent&®-acetyl-myo-inositol2 with the protected (2’,4-
dinitrophenylamino)-2-deoxy-D-glucosyl bromide4. The resulting glycoside could
then be selectively deprotected to form the cooedmg 2-deoxy-2-amino glucoside, for

subsequent amide coupling.

The selectively deprotected-2,3,4,5,6-pent®-acetylimyo-inositol 2 and glucosyl
bromide4 were prepared from precursdrand3 respectively (Scheme 1) according to a
literature procedure (Jardirge al., 2002). The attempted Koenings-Knorr coupling?of
and4 to afford the desired-linked glycosideb was, however, not successful, and use of

a different glycosyl donor, the trichloroacetimield, Scheme 2), also did not give rise
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to the desired glycoside, but instead gave a nm@joduct tentatively identified as the

unexpected TMS glucosid® (scheme 3).

e
AcO - OAc 84% AcO - OAc

OAc OAc OAc OAc

1 2 / OAc
o
AcO
OAc OAc AcO o
o OAc
0 ii O AcO OAc
AcO — » AcO OAc OAC

AcO 42% AcO
HNDNP  OA HNDNP °

3 4 Br
Scheme 1: Reagents and conditionsH{/Pd, EtOAc, RT, 3 hrsjij HBr (30% in acetic acid), C{€I, RT,
8hrs; {ii) AgOTf, CH,Cl,, 2,4,6-lutidine, RT, 30 hrs

OH

HO
HO
g NH2. ™oy
HCI
i
OAc OAc OAc
o . 1)
c C 0 o CCl
46% 59% AcO 3
Ns  “oac ° N3 ™oH N3 I
7 8 9 NH

Scheme 2: Reagents and conditions: (i) NaOMe, MelN;, RT, 18hrs, then A©, pyridine, RT, 10hrs.
(ii) THF, piperidine, RT, 16hrs. (iii) CKCl,, CLCCN, K,COs, RT.

However, the glycosylation of inosit@ using the imidat® also proved unsuccessful
despite attempts to optimize reaction conditionduiding increasing the number of
equivalents of2, raising the temperature, ensuring anhydrous stdyeaddition of

powdered molecular sieves (4A) and use of TMSOT& asomoter. In all cases, TLC
revealed the conversion of the starting materiatis & new product, but after separation
by column chromatography the major (least polagdpct was tentatively identified as

the unexpected TMS glucosid8 (scheme 3).
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OAc /
. (@]
0 OAc i AcO
Acm o ~ cc, * AcO - OAc / AcO N
N3 OAc OAc 3 o OAc
9 ° 2 i Am OAc
/! OAc OAc
OAc
AcO
10 OTMS

Scheme 3: Reagents and conditions;Clk} TMSOTTf, 4A molecular sieves,%T to RT, 30 hrs.

These failed attempts prompted a further changefacous towards producing

thioglycosides as analogues for the inositol glides This was justified, as mentioned
earlier, from the observation that the phenylthyogkide analogue of the mshB substrate
had been shown to be a competitive substrate,hadHhioglycosides have been found to

be more resistant towards glycosidases than thhespwndingD-glycosides.

The 2-azidoa-phenylthioglycosidel2 was identified as a key precursor for generating
the amine required for subsequent coupling to regejuinone-bearing carboxylic acids
and was prepared as shown in Scheme 4. Glucoséyiinechloride §) was treated with
triflic azide followed by acetylation with acetimlaydride to give the acetylated 2-
azidoglucose7 in 50% yield Treatment of this with thiophenol in the preserafe
BF:.ELO gave an inseparable mixture (3u83) of phenyl glycosidesll. However,
crystallization of the product mixture from absel@thanol gave the puseisomerl2in
65% vyield (scheme 4). Confirmation of thestereochemistry was obtained from
appearance in théd NMR spectrum of a doublet for H-1 &t5.61 ppm, with coupling
constantJ; ») of 5.6Hz consistent with an axial-equatorial dowp, whilst the diagnostic
signals for the phenyl group were also observetthénregion 7.51-7.29 ppm integrating
for five protons.

The 2-azido-thioglucosid&2 was then reduced witholdver Pd/C in ethanol to generate
phenyl-3,4,6-triO-acetyl-2-amino-2-deoxy-1-thia-D-glucopyranoside 13. *H NMR
spectroscopy confirmed the reduction, with the @mes of the -NK protons evident
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from the signal at 1.50 ppm with all the other sigrconserved as for phenyl 3,4,6@x-
acetyl-2-azido-2-deoxy-1-thia-D-glucopyranosidd 2.

O QAc OAc
0 0
HO i AcO il (6}
HO ) —» AcO
NH,. OH N3 AcO N
OAc 3
6 HC1 7 11 SPh

65% | iii

AcO
CACO AcO
AcO
50%

Scheme 4: Reagents and conditions: (i) NaOMe, MelN;, RT, 18hrs, then A©, pyridine, RT, 10hrs;
(i) PhSH, BR.E%O; (iii) crystallize from EtOH; (iv) H Pd/C, EtOH

First attempt at developing coupling strategy to igorporate tethered

naphthoquinone

With 2-amino-phenylthioglucosidd3 in hand attention was turned to methods for
coupling this to the naphthoquinone unit via sugabpacers. Our initial attempts to
derivatize plumbagin (see below) involved insertengide chain terminated by an amine,
in the hope that a simple strategy for coupling tamines could be developeda
suitable derivatization of one amine. Initiallyxatyl chloride was tried as a coupling
agent (scheme 5), in the hope that intermediaté edioride14 could be isolated, but
although starting material was consumed in thistrem, TLC analysis of the reaction

mixture did not show formation of a single prodwsttggesting that4 may not be stable.

To ascertain ifl4 had indeed formed, a one pot reaction was attemplede, upon the

disappearance of the starting material, aniline added to try to trap the acid chloride.
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Although several products were isolated from thipegiment, they did not show the
spectroscopic features of the expected produch thié anomeric proton signal absent
and the integration of signals for the acetoxy geoindicating less than the expected
nine protons. Th&*C NMR spectra of the three isolated products aldmndt reveal the

expected two amide carbonyls.

:gzsph
Scheme 5: Reaction and conditions:,CH, pyridine, oxalyl chloride, 6C, 30 mins.

In an alternative approach, treatment1@ with chloroacetyl chloride in CHglgave
phenyl-3,4,6-tri©O-acetyl-2-chloroacetamido-2-deoxy-1-thieD-glucopyranosidel() in
excellent yield (scheme 6). TLC showed completeveasion of the starting material and
no side products, such thes could be recovered after washing with 1M HCI anderna
and used without further purification.

The 'H NMR spectrum ofL5 confirmed the presence of a chloromethylene gifooim
the two-proton singlet at 3.98 ppm whilst tH%C NMR spectrum exhibited the
corresponding chloroacetyl carbon signal at 42 ppitl, a DEPT experiment confirming

that this was a methylene carbon.

15
Scheme 6: Reagents and conditions: 2,4,6-lutidinleroacetyl chloride, CHGJ|0°C, 2hrs.
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Preparation of first set of naphthoquinone derivatves

Taking into account the objective of the study yoteesize naphthoquinone derivates
that would be more potent and specific to Mib reductase, and the fact that the catalytic
residues of the enzyme’s active site have not genlcharacterised, it was decided to
incorporate alkyl chains of variable length as spscbetween plumbagin and
thioglucosidel3 for the purposes of probing the active site. Thetlsgsis of plumbagin
derivatives was carried out following the approa€isalmon-Chemirt al, 2001, where
Boc-protected amino acids where attached to plumbagsing an oxidative
decarboxylation.

The Boc-protected amino acidi3a-dwere prepared from the corresponding amino-acids
by reported methods. The spectroscopic data faetlas consistent with that reported
by Salmon-Chemirt al, 2001, with the diagnostic signals for tieet-butyloxycarbonyl
group in*H NMR spectra appearing at 1.36 ppm and integrafimgnine protons as
expected, and the secondary amine appearing &slei that integrates for one proton.
The *C NMR spectrum revealed the presence of methylpgdtom the single peak at
28.94 ppm.

The butyloxycarbonyl-amino acids7a-d were then reacted with 5-hydroxy-2-methyl-
1,4-naphthoquinon&6 (plumbagin) to give alkylated naphthoquinod@s-d (scheme 7)

in low to moderate yields. In these reactions, #@swobserved thal6 was never
completely consumed, while reaction times longantiO hrs generated side products
that complicated the purification process. Reastiorere therefore not carried out for
longer than 8 hrs. In trying to improve the yidlde number of equivalents of ammonium
persulfate added was varied whilst maintaininges{ly in catalytic amounts, and in all
attempts the average yield obtained was 58% witsmeall amount of unreacted

plumbagin recovered after purification.
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o) O
[, 1]
i
O‘ + BocHNMO—i N
17 @ n=1 _
oH O ) n=2 OH O (a n:;
=3 18 ®) n=
16 ©n © n=3
@ n=4 @ n=4

Scheme 7: Reagents and conditions: 30%;@N (NH,),S,04, AgNGQ;, 7.5hrs, 70°C. 18a-d were
recovered in yields of 34%, 31%, 32%, and 31% rethypaly.

Spectroscopic values dfBa-d were consistent with those reported in literatdtee *H
NMR signals for the aromatic protons in the quinaneiety appeared as expected
between 7.6 ppm and 7.2 ppm, with the hydroxyl greignal appearing at around 12
ppm and integrating for one proton. The diagnosigmal for the Boc-protected amino
acids appeared at around 1.4 ppm, integrating ifioe protons. The conjugated 1,4-
dicarbonyl unit was evident from two characteristignals in thé*C NMR spectrum at
190 and 184 ppm respectively.

Oxidative decarboxylation of butyloxycarbonyl-amiaocids was also attempted with 5-
hydroxy-1,4-naphthoquinone (juglone), an analogue ptumbagin which is not

substituted at C-2 or C-3 of the quinonoid ring. tms case both mono- and di-
substitution is possible, and this was evident ffbbC of the reaction products which
showed two overlapping spots. Attempts to sepaletdwo products were unsuccessful
and NMR analysis of the crude sample was complichiethe presence of a further side
product in proximity to the two products of interelk was therefore decided to only

proceed with the plumbagin derivatives.

Acid hydrolysis of the butyloxycarbonyl-amino acigave the amine%9 — 22 in yields
around 60% (scheme 8). The absence oftéhebutyloxycarbonyl group was evident
from both’H and**C NMR spectra, which also confirmed the presencéhefprimary

amine whose protons appear at 1.6 ppm as a brogletsi
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0 0
—_—
n NHBoc 60% n O NH;,
OH O OH O
19 n=1
20 n=2
21 n=3
22 n=4

Scheme 8: Reagents and conditions;ClH TFA, 0°C, 1hr. 19-22were recovered in yields of 30%, 27%,
29%, and 28% respectively.

Attempted coupling of naphthoquinonylalkylamines 19- 22 to alkyl chloride 15

Having successfully generated 3-substituted quisd®e 20, 21, and22, the next step
involved coupling them to the chloroacetylated awgincosidel5, described earlier.
Refluxing 21 or 22 with 15in CH;CN afforded23 or 24 (schemes 9) in poor yields and
low levels of purity. The reactions did not go tompletion even after 2 days, whilst
column purification was complicated by the co-elatiof the side products associated
with the target compound. Relatively pure samplesreweventually obtained by
preparative TLC so that the structures of the petxleould be confirmed by NMR
spectroscopy. The presence of the proton signalseofjuinone and phenyl moieties was
evident from the signals between 7.6 and 7.2 pgegmating for 8 protons. The hydroxyl
signal appeared at 12.05 ppm, which was consistétfit previous naphthoquinone
spectra. In addition, the diagnostic signal for ém@meric proton of the glucopyranosyl
moiety was detected at 5.82 ppm, with an axial-sagigd coupling constantl{ ;) of 5.64
Hz confirming thea-configuration, whilst the signals for the acetaxpups appeared at
around 2 ppm, integrating for 12 protons as expkdt®owever, despite the detection of
these diagnostic signals, the NMR revealed sigioalsontaminants which were difficult

to remove.

The naphthoquinone derivativé® and 20 (scheme 10) were however not successfully

converted to the desired products, with a substhathount of unreactets recovered
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together with unidentified minor products. In arteatpt to drive the reactions to

completion reagents and reaction conditions weredavithout success.

(@) O

Ac Ac
o] 0
AcO AcO
AcO : AcO
SPh 10% SPh
NH, O:S OIS
Cl

HN

%o

(¢] OH

OAc (0]
O,

Ac
o
AcO AcO
AcO : AcO
+ NH — 1 . NH
NH SPh 15% SPh
2 OIS © o OH
OH O
Cl HN
22

?"O R

Scheme 9: Reagents and conditions: (ixCK, NaHCQ, 80°C, 48hrs.

OH (0]
Cl
19
OAc

(0]

o

AcO
AcO
+ NH
NH, OZS SPh
OH (0]
Cl

20

Scheme 10: Reagents and conditions: (iyCK, NaHCQ, 80°C, 48hrs
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Alternative strategy: use of naphthoquinonyl carboylic acids

The mixed success of the coupling approach destabeve prompted consideration of a
different strategy, illustrated in scheme 11. Tihiolved formation of naphthoquinone-
terminated carboxylic acid$ via oxidative decarboxylation of diacids with pluagn,
and coupling of these to amid& using well-established coupling reagents HOBt and
EDC. In this method the carbodiimide EDC reacthwitcarboxyl group to form a highly
reactiveO-acylisourea intermediate that readily reacts withines. However, since the
O-acylisourea is inclined to contribute to racemaat hydroxybenzotriazole, HOBY, is
normally used as a reactive nucleophile to intertdepO-acylisourea and form a further
reactive intermediate (Montalbetti and Falque, 2005

Ac Q
Ac
13
EDC, HOBt HN g
oH O Qo \©
OH HQ o
n
o

(]
1

Scheme 11: Envisaged formation of naphthoquinoasth@xylic aciddl and coupling via amide bonds to
aminel3.

A series of naphthoquinonyl carboxylic acidg — 30 was therefore prepared, from
plumbagin 16) and dicarboxylic acids succinic, glutaric, adjmaad pimelic acid, using

the oxidative decarboxylation procedure employedHe preparation df8.
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OH O OH O
29 30

The spectroscopic data far, 28, 29, and30 was consistent with that fdm, 20, 21, and

22 prepared earlier, where the signal for the 5-hygrgroup appeared at 12.09 ppm in
the 'H NMR spectrum, and thEC NMR signal for the carboxyl group was detected at
173.64 ppm. The signals for the three protons efghenyl appeared in tHel NMR
spectrum between 7.7 and 7.26 ppm. All of thesgmdistic signals, together with those
for the alkyl methylene groups in thel NMR and**C NMR spectra confirmed the
assigned structures.

With compound£7-30 in hand, we then proceeded to form peptide bonts 18 using
HOBt and EDC. The amidel, 32, 33, and34 were obtained in reasonable yields (39%,
56.6%, 42.6%, and 50% respectively) from the reacbf 13 and each oR7-30 in a
mixture of CHCI,/THF in the presence of EDC and HOBt. The reactaidsnot go to
completion and there was difficulty in obtainingttee yields even when reaction times
were prolonged. Interestingly, improved yields webtained when the number of molar
equivalents of HOBt was reduced from 1.1 to 0.5Tdds observation is consistent with
data published by Nozaki, 1999, where it was notieat 0.02-0.1 HOBt molar
equivalents were sufficient in enhancing chemideldg of tripeptides. Unfortunately,
due to insufficient starting material the reacticcmuld not be repeated, in order to

attempt to optimize yields for this step.
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The'H NMR spectra for31-34 showed signals for the anomeric proton as a dowaile

5.72 ppm with an axial-equatorial coupling constaht5.2Hz confirming the alpha

configuration of the thioglycoside. The presencetli# naphthoquinone portion was
confirmed by the appearance of the signal for #gdroxyl group at 12.0 ppm, whilst

the three aromatic protons together with those friiva aromatic portion of the

phenylthioglycoside appeared between 7.59 and pp2§ integrating for 8 protons. The
acetoxy groups were accounted for by the signgieaing at 2.05, 2.04, and 2.03 ppm,
and integrating for nine protons, whilst th&c NMR revealed the carbonyls of the
acetoxy groups and the naphthoquinone between 206814.80 ppm, with the carbonyl

of the peptide bond appearing at 173.6 ppm.

Treatment of acetylated derivativesl-34 in methanol with catalytic NaOMe and
subsequent neutralisation with Dowex-50WX-200 re@ifi form) gave the target
compounds35-38 in 34%, 46%, 60%, and 52% vyields respectively (sehd2). The'H
NMR and **C NMR spectroscopic data was consistent with theteoved for31-34,
except that the signals corresponding to the agegoaups were absent, indicating the

formation of the respective triols. The presenceuaprotected triols was further
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confirmed by'H NMR spectra of BO-washed samples, which made it possible to

identify exchangeable protons and assign the &trattures.

OAc
. o)
A o) [0} RO
cO —_— RO
AcO RI
N: *0oAc 7a s

[ 12R=Ac,R'=Nj
(@in)

L »14R=Ac, Rl = NH, OR

" ‘
Lo O OH O 5
HO
(i) n ‘O 31-3 R=Ac,n=25
i) —
o V)
3 35-38 R=Hn=2-5
o o
/&\/ﬂ\ n=2-5
HO OH —

Scheme 12: Reagents and conditions: (i) PhSH,BO, 55 °C, 12 h, followed by crystallization from
EtOH. (ii) H, Pd/C, EtOH, rt, 5 h. (iii) HGC(CH)NCO,H, 30% aqg CHCN, AgNG;, NH4(S0g),, 70 °C, 8
h. (iv) EDC, HOBt, CHCI,/THF, rt, 18 h. (v) cat. NaOMe, MeOH, Dowex-50WXe0esin, rt, 1 h.

Plumbagin and diacids were commercial.
Experimental
General procedures

All solvents used were freshly distilled. Dichlorethane was distilled over phosphorus
pentoxide, while lutidine and tetrahydrofuran welistilled over sodium wire under
nitrogen. Other solvents were purified using estdbld procedures (Perrin, Armarego,

1963). Commercially available reagents were usébowt purification unless otherwise



114

stated. All reactions were performed under an iagmosphere of nitrogen in flame dried

glassware.

Reactions were monitored by thin-layer chromatogyafrLC) carried out on Merck
F254 silica plates and products visualised underight and by wetting the plate with a
solution of anisaldehyde and sulphuric acid in etthafollowedby heating. Column
chromatography was performed on glass columns tbadth Merck silica gel 60 (70-
230 mesh) eluting with mixtures of light petroleamd ethyl acetate.

Nuclear magnetic resonance spectitd and °C) were recorded on either a Varian
Mercury (300 MHz) or Varian Unity (400 MHz) with GI) as the solvent and TMS €
0 ppm) as the internal standard. All chemical shéfte reported in ppm. Melting points

were determined using a Reichert-Jung Thermovaplaté microscope.

Materials

5-hydroxy-2-methyl-1,4-naphthoquinone, 5-hydroxg-haphthoquinone, 2-hydroxy-
1,4-naphthoquinone, adipic acid, 6-amino-hexanoid, $-alanine, 4-aminobutyric acid,
5-amino-hexanoic acid, 5-amino-pentanoic acid, aglat acid, acetic anhydride,
trifluoromethanesulfonic acid, acetic anhydride;tént-butyl dicarbonate, acetonitrile;d
DMSO-d;, acetone- ¢ CD;OD, D,O, glucosamine hydrochloride, pyridine, silver aiir,
trifluoroacetic acid, thiophenol, hydroxybenzottzo hydrate, N-(3-
dimethylaminopropyl)-N’-ethylcarbodiimide hydrochide, chloroacetyl chloride, oxalyl
chloride, Lawesson’s reagent, cyclohexene and naeid were purchased either from
SigmaAldrich or Fluka. Lutidine, sodium azide, afdCl, were obtained from BDH.

They were all used as received. The rest of thencdads were analytical reagent grade.

2-azido-2-deoxy-3,4,6-tri-O-acetyl,-D-glucopyranosyl acetate Martin-Lomaset
al., 2000) 7)
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OAc

(0]
AcO
AcO OA

N3 c

To a round bottomed flask equipped with a nitrogdat containing NaRl (0.17 mol,
3.69) water (32 mL) was added followed by £ (30 mL). The emulsion was stirred
and cooled at 0C, dry THO (0.0354 mol, 6mL) added via syringe and the feact
mixture was stirred at @ for 2 hrs, then at 2% for 15 min. The organic layer was then
extracted with CBICl, (2x10 mL) And the combined organic layers weretradiged with

a saturated solution of NaHGQwvashed with water, and dried over MgSnd filtered

to recover the triflic azide (TfH.

In a separate 3 necked flask equipped with a retnaglet,D-glucosamine hydrochloride
(0.0167 mol, 3.6g) was dissolved in anhydrous nmreth@00 mL), and NaOMe (32 mL
of 0.5 M solution in MeOH) was added and the rescstirred for 30 min. DMAP (29)
was then added and the reaction mixture was dilfutegtier with additional MeOH (40
mL). The freshly prepared solution of TfNvas added to this reaction mixture via
syringe and the reaction left to stir at room terapge for 18 hrs. The solvent was then
removed in vacuo to give a dark yellow oil whichsathen acetylated by dissolving in
anhydrous pyridine (100 mL) at4PC and adding anhydrous acetic anhydride (100 mL),
then stirring for 10 hrs at room temperature. Omgletion, the reaction mixture was co-
evaporated with toluene (4x100 mL) to give a brastioky residue. Chromatography of
the crude product on silica (EtOAc/petroleum ed@60) gave the desired produg} é&s

a mixture ofoa andp anomers as colourless oil (3g , 5095).NMR (CDCk): & 6.27 (d,
1H, J = 3.66 Hz, H-1), 5.52 (d,J = 8.57 Hz, H-B), 5.01 (m, 3H), 5.42 (t, 1H] = 8.0,
5.14 Hz), 5.1-4.8 (m 3H), 4.29-4.23 (m 2H), 4.1@-@n, 4H), 3.79-3.75 (m, 1H), 3.65-
3.61 (m, 2H), 2.16 (s, 6H), 2.065 (s, 3H), 2.063(3), 2.04 (6H), 2.01 (s, 3H), 1.98 (3H).
13Cc NMR (CDCB): 6 170.5, 170, 169.7, 169.6, 169.5, 168.5, 168.4,980, 72.8, 72.8,
70.8, 69.8, 68, 67.9, 62.6, 61.5, 61.4, 60.4, 22098, 20.6, 20.6, 20.5



116
Phenyl 3,4,6-tri-O-acetyl-2-azido-2-deoxy-1-thioa-D-glucopyranoside(12)

OAc

AcO

N3
SPh

BF;.OEL (2.6 mL, 18.1 mmol,) was added to a solution7of1.5 g, 4.0 mmol) and
thiophenol (0.862 mL, 8.0 mmol) in GAl, (30 mL) at 0°C. The reaction mixture was
stirred at 55'C for 12 hrs. On completion, the reaction mixturswdiluted with CkCly,
washed with brine and the organic layer separdtled.aqueous layer was extracted with
CHyCI,. The combined organic layers were dried over Mg&ad concentrated under
reduced pressure. Silica gel chromatography (EtQ@etfoleum ether 10: 90) of the
crude mixture afforde® as ano/p mixture (1.03g, 61%). The-anomer was obtained as
white crystals by crystallization from absolute athl: mp 93 - 97C. H-NMR (400
MHz) 7.51-7.47 (m, 2H, Ar-H), 7.34-7.29 (m, 3H, M 5.61 (d, 1H, H-1, J=5.6Hz),
5.31 (dd, 1H, H-3, J=9.2Hz, J=10.5Hz), 5.01 (dd, H#4, J=9.2Hz, J=10.3Hz), 4.56
(ddd, 1H, H-5, J=2.3Hz, J=5.1Hz, J=10.3Hz), 4.4@®, (LH, H-6a, J=5.1Hz, J=12.4H2z),
4.04 (dd, 1H, H-6b, J=6.1Hz, J=11.1Hz), 2.07 {8, GH3), 2.02 (s, 3H, E3), 1.99 (s,
3H, CH3). *C-NMR (CDCE) 5 170.4, 169.7, 132.4, 132.2, 129.2, 128.0, 86.5)J6.6,
72.0, 68.7, 68.5, 61. 9, 61.5, 20.6, 20.5. Andtdtdor GgH»1N307S: C 51.06, H 5.19, N
9.92, S 7.57; found: C 51.64, H5.11, N 9.94, 7.2

Phenyl-3,4,6-tri-O-acetyl-2-amino-2-deoxy-1-thiax-D-glucopyranoside(14)

OAc

AcO
AcO
NH

SPh
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A suspension of2 (0.844 g, 2.0 mmol,) and palladium on carbon (8.42 in ethanol
(48 mL) under hydrogen (1 atm.) was stirred for® &t room temperature. The reaction
mixture was then filtered through celite and furthgurified by silica column
chromatography (EtOAc/petroleum ether 60:40) tddyik4 (0.739g, 93%)as a white
solid, m.p. 72-72C. *H NMR (CDCkL):[0 § 7.425-7.23 (m, 5H, Phenyl), 5.56 (d, 1H,
= 5.2 Hz, H-1), 5.05 (dd, 2H] = 2.2, 10.25 Hz, H-4, H-6a), 4.6 (m, 1H, H-5),2(@d,
1H,J = 5.12, 12.29 Hz, H-2), 4.07 (dd, 18= 2.3, 12.25 Hz, H-3), 3.32 (dd, 1H=
5.19, 10.22 Hz, H-6b), 2.1 (s, 3H), 2.04 (s, 6#).NMR (CDCk): § [1170.70, 170.57,
169.78, 133.50, 131.88, 129.13, 127.74, 91.23,2{49.00, 62.30, 55.15, 20.68

Phenyl-3,4,6-tri-O-acetyl-2-chloroacetamido-2-deoxy -thio-a-D-  glucopyranoside
(16)

OAc

AcO
AcO
NH

SPh
Cl

To a solution ofl4 (1.723 mmol, 0.684 g) and 2.6 lutidine (2.585 mn@801 mL) in
chloroform (7 mL), chloroacetyl chloride (1.723 mim®.137 mL) was added at -1G.
The reaction mixture was allowed to stir betwee® 2C and 0°C for 1 hr. On
completion, the mixture was diluted with chlorofoemd washed twice with HCI (1 M).
The organic layer was separated and the aqueoas éayracted with chloroform. The
combined organic layers were then washed with at@ NaHCQ, then with water, dried
over MgSQ and evaporated under reduced pressure to ¥&(0.99, 75%) as off-white
crystals. m.p. 112-112C.*H-NMR (400 MHz) 7.44-7.42 (m, 2H, Ar-H), 7.31-7.26,
3H, Ar-H), 6.91(d, 1H, M, J=8.5 Hz), 5.65 (d, 1H, H-1, J=5.4Hz), 5.17 gH, H-3&4,
J=9.3Hz, J=20.7Hz), 4.55- 4.48 (m, 2H, H-2&5),&@d, 1H, H-6a, J=4.9Hz &12.3
Hz), 4.08 (dd, 1H, H-6b, J=2.3Hz, J=12.4Hz), 3.882H, COG,-, J=1.3Hz), 2.04,
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2.03, 2.02 (s, 9H, 3x-CQO43). *C-NMR (CDCk) 6 171.2, 170.5, 169.3, 166.2, 132.7,
131.8, 129.2, 128.0, 87(C-1), 70.9, 69.1, 68.08,621.9, 53.08, 42.2, 20.61

General procedure for the preparation for (N-tert-Butyloxycarbonyl) aminoalkyl

acids

To a solution of aminoalkyl acid (11.2 mmol, 1 g)dioxane/HO (30 mL) was added 1
M NaOH (10 mL). Upon cooling to &, BogO (10.5 mmol, 2.3 g) was added and after
stirring at room temperature for 16 hrs, the salweas removed and the residue was
taken up in EtOAc. The organic layer was washeith W6 citric acid (100 mL), dried
over MgSQ, filtered and the solvent evaporated to give Mhtert-Butyloxycarbonyl)-
amino acid. as a white solid.

(N-tert-Butyloxycarbonyl)-g-alanine (Salmon-Chemiret al., 2001)(17a)

O

BocHN/\)J\OH

Solid (1.36g, 69%). White solid*H NMR (DMSO-d) & 11.93 (bs, 1H, COOH,
exchanged with B), 6.72 (t, 1H, 5.06Hz, NH), 3.11 (t, 2H, J=7.01188,-NH), 2.34 (t,
2H, J=7Hz, ®1,-COOH), 1.34 (s, 9H, Boc}’C NMR (DMSO-@) § 172.2, 154.3, 76.7,
35, 33.2, 29.1.

4-(N-tert-Butyloxycarbonyl)-aminobutanoic acid (17b)
0

BocHNM
OH
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Solid (0.73g, 93%)'HNMR (DMSO-d) & 12.01 (bs, 1H, COOH, exchanged withOR
6.75 (t, 1H, J=5.07Hz, NH), 2.90 (q, 2H, J=6.211@H,-NH), 2.17 (t, 2H, J=7.44Hz,
CH,-COOH), 1.58 (qt, 2H, J=7.3Hz, GH 1.37 (s, 9H, Boc)**C NMR (DMSO-d) &
174.8, 156.3, 78.1, 60.4, 31.7, 28.9, 25.6.

5-(N-tert-Butyloxycarbonyl)-aminopentanoic acid(17¢

(0]

BocHNMOH

Solid (1.32g, 71%)'HNMR (DMSO-a) & 11.91 (bs, 1H, COOH) 6.72 (t, 1H, 5.06Hz,
NH), 2.90 (q, 2H, J=6.68Hz, K-NH), 2.19 (t, 2H, J=7.21Hz, i§-COOH), 1.52-1.33
(m, 13H, (CH),, Boc).XC NMR (DMSO-@) & 174.2, 155.5, 77.24, 39.7, 28.9, 24.5.

6-(N-tert-Butyloxycarbonyl)-aminohexanoic acid(17d)

o}

BOCHNM
OH

Solid (1.4g, 79.5%).HNMR (DMSO-&) & 11.94 (bs, 1H, COOH), 6.69 (t, 1H,
J=5.15Hz, NH), 2.87 (q, 2H, J=6.88HzZHENH), 2.16 (t, J=7.37Hz, B,-COOH), 1.47
(qt, 2H, J=7.25Hz, CH), 1.35-1.14 (m, 13H, (Chk, Boc);**C NMR (DMSO-@) & 175,
156.3, 78, 60.4, 34.3, 28.9, 26.5, 24.9.

General procedure for the preparation ofN-Bocaminoalkyl derivatives
A solution of 5-hydroxy-2-methyl-1.4-naphthoquinof®2 mmol, 0.6 g) and Boc amino

acid (9.66 mmol, 1.8 g) in 30% GEN (26 mL) was stirred at 6% for 1 hr, after which
AgNO; (0.96 mmol, 0.163 g) was added. A solution of amimm persulphate (4.152
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mmol, 0.947 g) in 30% C4€CN (6.6 mL) was then added drop wise over a pewic8l5
hrs. The mixture was maintained between 65 an@C7for a further 4 hrs. On cooling,
the mixture was diluted with EtOAc, then the orgalalyer was separated, washed with
water, dried over MgS§) and the solvent removed under reduced pressiiea §el
chromatography (EtOAc/petroleum ether 10:90), ef¢hude extract affordetBa (34%)
(light orange solid)18b (47%) (light orange solid) 18c(40%) (deep yellow solid)and
18d (31%) (yellow solid).

N-tert-Butyloxycarbonyl-2-(8-hydroxy-3-methyl-1,4-dioxo-14-dihydronaphthalen-2-
yl)ethylamine (Salmon-Chemiret al., 2001) (83).

(6]
(CH2)2'NH Boc
OH (0]

'H-NMR (CDCk) 5 (400 MHz) 12.09 (OH, 1H), 7.69 (dd, 1H, H-6, J4125 J=8.4Hz),
7.57 (dd, 1H, H-7, J=1.1Hz, J=7.5Hz),7.25 (dd, H45, J=1.1Hz, J=8.4Hz), 4.73 (bs,
1H, NH-CO), 3.33 (g, 2H, J= 6.6 Hz,H3z-NH), 2.87 (t, 2H, J=6.82 Hz, G} 2.23 (s,
3H, CHy), 1.39 (s, 9H, Boc)'*C-NMR (CDCk) & 190.1, 184.3, 161.3, 155.1, 146.4,
143.8, 136, 132.2, 123.8, 119, 115, 79.5, 39.5, 2.4, 13.1.

N-tert-Butyloxycarbonyl-2-(8-hydroxy-3-methyl-1,4-dioxo-14-dihydronaphthalen-2-
yl)propylamine (18b) .
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(0]

! I (CHy)3-NHBoc

OH (0]

'H-NMR (CDCL) § (400 MHz) 12.13 (s, 1H, OH), 7.69 (dd, 1H, H-6,7FHz,
J=8.4Hz), 7.57 (dd, 1H, H-7, J=1.1Hz, J=7.5Hz), 7@, 1H, H-5, J=1.1Hz, J=8.4Hz),
4.74 (bs, 1H, M-CO), 3.18 (q, 2H, J=6.53 Hz,Hz-NH), 2.66 (m, 2H, Ch), 2.18 (s,
3H,CH), 1.68 (qt, 2H, J=7.53 Hz,H3-CH,-NH), 1.44 (s, 9H, Boc)**C-NMR (CDCk)

5 190.2, 184.3, 161.3, 155.9, 146.3, 145.1, 136,213123.8, 118.9, 114.9, 79.3, 40.3,
29.7,23.6, 12.8.

N-tert-Butyloxycarbonyl-2-(8-hydroxy-3-methyl-1,4-dioxo-14-dihydronaphthalen-2-
yl)butylamine (180).

(0]

! I (CH)4-NHBoc

OH (0]

'H-NMR (CDCL) § (400 MHz) 12.12 (s, 1H, OH), 7.69 (dd, 1H, H-6,7FHz,
J=8.4Hz), 7.57 (dd, 1H, H-7, J=1.1Hz, J=7.48HZ57dd, 1H, H-5, J=1.1Hz, J=8.4Hz),
4.56 (bs, 1H, M-CO), 3.17 (g, 2H, J=6 Hz,K-NH), 2.79 (t, 2H, 7.0 Hz, CH), 2.17 (s,
3H, CHy), 1.64-1.42 (m, 13H, B,-CH,-NH, CH,-(CHy)»-NH, Boc).*C-NMR (CDCE) &
190, 183, 160, 156, 174.3, 143, 135.2, 130, 129.8,4, 115, 78, 40.2, 28, 26.2, 13.4.

N-tert-Butyloxycarbonyl-2-(8-hydroxy-3-methyl-1,4-dioxo-14-dihydronaphthalen-
2-yl)pentylamine (18d).
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(0]

! I (CHy)s5-NHBoc

OH (0]

'H-NMR (CDCl) & (400 MHz) 12.1 (s, 1H, OH), 7.69 (dd, 1H, H-6, B#iz, J=8.4Hz),
7.57 (dd, 1H, H-7, J=1.1Hz, J=7.48Hz), 7.25 (dd, H-b, J=1.1Hz, J=8.4Hz), 4.53 (bs,
1H, NH-CO), 3.12 (g, 2H, J=6.5Hz,H3-NH), 2.6 (t, 2H, J=7.1 Hz, C}} 2.16 (s, CH),
1.56-1.43 (m, 15H, By-CHy-NH, CHy-(CHy)>-NH, CHp-(CHy)s-NH, Boc). *C-NMR
(CDCly) & 190, 184.5, 161.2, 156, 146.9, 144.6, 135.9, 1323.7, 118.8, 114.9, 77.4,
40.4,29.9, 28.4, 27, 26.3, 12.7.

General procedure for the preparation of napthoquironyl carboxylic acids

A similar procedure to the one outlined fiBa-d was followed except that 5-hydroxy-2-
methyl-1,4-naphthoquinone (2.66 mmol, 0.5 g) andappropriate diacid (7.98 mmol,
0.942 g) were used. Preparative thin layer chrography (MeOH/DCM 2.5:97.5) gave
27 as a dark orange solid (32923 as an orange solid (4099 as an orange solid
(40%), and30 as a red solid (50%)

3-(8-hydroxy-3-methyl-1,4-dioxo-1,4-dihydronaphthaén-2-yl)propanoic acid (27)
o}

Cro
COOH

OH O

'H-NMR (Acetone-g) & (300 MHz) 12.09 (OH, 1H), 7.70 (dd, 1H, H-6, BHz,
J=8.4Hz), 7.57 (dd, 1H, H-7, J=1.1Hz, J=7.5HZ267(dd, 1H, H-5, J=1.2Hz, J=8.4Hz),
2.96 (t, J=8.2, 2H, B,-COOH), 2.58 (t, 2H, ®l»-CH,- COOH,J=7.9Hz), 2.22 (s, 3H,
CHs); ®*C-NMR (Acetone-g) & 190.4, 184, 173, 162, 145.7, 145, 136.4, 133,523.
118.6, 114.9, 31.9, 22.1, 12.
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3-(8-hydroxy-3-methyl-1,4-dioxo-1,4-dihydronaphthaén-2-yl)butanoic acid (28)

O

CH3

OH O

'H-NMR (Acetone-@) & (400 MHz) ppm 12.09 (OH, 1H), 7.69 (dd, 1H, H-67FHz,
J=8.4Hz), 7.57 (dd, 1H, H-7, J=1.1Hz, J=7.5HZz),1@%, 1H, H-5, J=1.1Hz, J=8.4H2z),
2.74 (t, J=7.9, 2H, B-COOH), 2.44 (t, J=7.2, 2H,H3-(CH,)- COOH), 2.21 (s, 3H,
CHj3), 1.84 (m, 2H, El,-CH,- COOH).13C-NMR 190.4, 184, 173.4, 161, 146, 145, 136,
132, 123, 118, 115, 32.9, 25.5, 23.3, 12.

3-(8-hydroxy-3-methyl-1,4-dioxo-1,4-dihydronaphthaén-2-yl)pentanoic acid (29)

Cr
COOH

OH O
'H-NMR (Acetone-g) & (400 MHz) ppm 12.1 (OH, 1H), 7.69 (dd, 1H, H-6:7FHz,
J=8.4Hz), 7.56 (dd, 1H, H-7, J=1.1Hz, J=7.5Hz)257dd, 1H, H-5, J=1.1Hz, J=8.4Hz),
2.69 (t, J=7.8, 2H, By-(CHp)s- COOH), 2.36 (t, J=7.3, 2H, HB-COOH), 2.2 (s, 3H,
CHs), 1.73 (id, 2H, €»-CH,- COOH, J=7.1Hz, J=14.5Hz), 1.60 (m, 2H4&(CH,),-
COOH); ®C-NMR 190.4, 184, 174, 162, 146.5, 144.7, 136, 123, 119, 115, 33, 25.9,
25, 11.9.

3-(8-hydroxy-3-methyl-1,4-dioxo-1,4-dihydronaphthaén-2-yl)hexanoic acid (30)



124

CH3

OH O

'H-NMR (Acetone-g) & (400 MHz) ppm 12.1 (OH, 1H), 7.69 (dd, 1H, H-6:7FHz,
J=8.4Hz), 7.56 (dd, 1H, H-7, J=1.1Hz, J=7.5Hz)57(@d, 1H, H-5, J=1.1Hz, J=8.4Hz),
2.67 (t, J=7.9, 2H, B,-COOH), 2.31 (t, J=7.3, 2H,H3-(CH,)s- COOH), 2.2 (s, 3H,
CH3), 1.67 (td, 2H, ®l-CH,-COOH, J=7.2Hz, J=14.6Hz), 1.54 (m, 4HH&>-(CH,)-
COOH); ®C-NMR 190.2, 184.4, 173.8, 161, 146.6, 145, 1363.3, 12.43, 118.4,
114.9, 33.3, 25.9, 24.3, 11.9.

General procedure for coupling reactions:

A mixture of phenyl-2-amino-1-thioglycosid&4 (0.378 mmol, 0.15 g), and each of
carboxylic acid7, 28, 29and 30 (0.090 g, 0.34 mmol), EDC (0.0797 g, 0.416 mmol),
and HOBt (0.0562 g, 0.416 mmol) were dissolved imiature of CHCI, (5 mL) and
THF (10 mL) under nitrogen. After stirring for 18shat room temperature, the solvents
were evaporated. The residue was washed with 5%HN&0nL), 0.5 M HCI (2.5 mL),
and then dried under vacuum. Preparative TLC (MélH 2.5:97.5) was performed to
yield 31 as an orange solid (57%), mp 163-46532 as a yellow solid (84%), mp 157-
158C; 33 as a red solid (64%), mp 127-130; and34 as a red solid (78%), mp 55-58
°C.

Phenyl-3,4,6tri-O-acetyl-2-deoxy-2-[3'-(8"-hydroxy-3"-methyl-1",4""-dioxo-1",4"-
dihydronaphthalen-2"-yl)propanamido]-1-thio- a-D-glucopyranoside (31)
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OAc

o
AcO
AcO
NH O  OH
0

'"H-NMR (CDCl) 6 (300 MHz) 12.0 (s, 1H, OH), 7.59-7.52 (m, 2H, A);H.42-7.39 (m,
2H, Ar-H), 7.31-7.26 (m, 5H, Ar-H), 6.00(d, 1H,H\ J=8.5 Hz), 5.72 (d, 1H, H-1,
J=5.2Hz), 5.18-5.14 (m, 2H, H-3&4), 4.61- 4.47 @k, H-2&85), 4.27 (dd, 1H, H-6a
J=5.0Hz, J=12.4Hz),4.07(dd, 1H, H-6b, J=2.3Hz, 213#iz), 2.93 (dd, J=6.6Hz,
J=8.5Hz, , 2H, €>CONH ), 2.41 (dd, 2H, B,-CH,- CONH, J=6.6Hz, J=8.5Hz), 2.2
(3H, CH3), 2.05, 2.04, 2.03 (s, 9H, 3x-COK). *C-NMR: & 190, 184, 171.8, 171.4,
170.7, 169.4, 161.5, 145.9, 145.1, 136.2, 132.9,31331.7, 129.4, 128.09, 124.1, 119.2,
115.0, 87.6(C-1), 71.5, 69.2, 68.3, 62.2, 53.09,322.7, 20.8, 20.8, 13.0. Anal. calcd. for
Cs2H3aNO44S: C, 60.08; H 5.2; N 2.19; S 5.01; found: C 591215.21; N 1.65; S 4.27.
[M-H] " calcd for GH3aNO1;S: 638.1695; found 638.0262.

Phenyl-3,4,6tri-O-acetyl-2-deoxy-2-[3'-(8"-hydroxy-3"-methyl-1",4""-dioxo-1",4"-
dihydronaphthalen-2"-yl)butanamido]-1-thio- a-D-glucopyranoside (32)

OAc

o
AcO o
AcO
NH
o SPh
O  OH

'H-NMR (CDCl) & (300 MHz) 12.0 (s, 1H, OH), 7.6-7.56 (m, 2H, Ar;F)44-7.41 (m,
2H, Ar-H), 7.30-7.20 (m, 5H, Ar-H), 6.08(d, 1H,H\ J=8.5 Hz), 5.76 (d, 1H, H-1,
J=5.4Hz), 5.21-5.16 (m, 2H, H-3&4), 4.65- 4.48 @h], H-2&5), 4.28 (dd, 1H, H-6a
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J=4.9Hz, J=12.4Hz), 4.09(dd, 1H, H-6b, J=2.3HZA2]13Hz), 2.73-2.56 (M, 2H, G-
CONH), 2.29 (t, 1H, J=7.1Hz,H3-(CH,),- CONH), 2.15 (3H, El3), 2.06, 2.049, 2.048
(s, 9H, 3x-COEls), 1.80 (m, 2H, El,-CH,- CONH).*C-NMR: § 189, 184, 172, 171.5,
170.5, 169.2, 161.2, 145.9, 145.4, 136, 132.8,113181.4, 129.2, 127.8, 123.9, 118.9,
114.9, 87.5(C-1), 71.2, 68.9, 68.2, 62, 52.7, 38596, 24.1, 20.7, 20.6, 20.5, 12.7. Anal.
calcd. for GsH3sNOy;S: C 60.63; H5.4; N 2.14; S 4.91; found: C 59.7Bt 5.75; N
1.71; S 4.0. [M-H] calcd for GsH3sNO13S: 652.1852; found 652.1981.

Phenyl-3,4,6tri-O-acetyl-2-deoxy-2-[3'-(8"-hydroxy-3"-methyl-1",4""-dioxo-1",4"-
dihydronaphthalen-2"-yl)pentanamido]-1-thio-a-D-glucopyranoside (33)

OAc

(e}
AcO
AcO
NH O OH
0 SPh
(6]

'H-NMR (CDCL) § (300 MHz) 12.0 (s, 1H, OH), 7.6-7.56 (m, 2H, Ar;H)44-7.41 (m,
2H, Ar-H), 7.30-7.20 (m, 5H, Ar-H), 5.9(d, 1H,H\y J=8.5 Hz), 5.76 (d, 1H, H-1,
J=5.4Hz), 5.17-5.13 (m, 2H, H-3&4), 4.65- 4.48 (@h, H-2&5), 4.28 (dd, 1H, H-6a
J=4.9Hz, J=12.4Hz), 4.09(dd, 1H, H-6b, J=2.3HZ2]13Hz), 2.63 (dt, 1H, J=1.5Hz,
J=7.1Hz, ®1,-CONH), 2.25 (dt, 1H, J=2.3Hz, J=7.2Hz H&(CH,)s- CONH), 2.15 (3H,
CHs), 2.05, 2.04, 2.03 (s, 9H, 3x-C®K), 1.7-1.6 (m, 2H, €,-CH,- CONH),1.5-1.4(m,
2H, CH>-(CHy),- CONH). 13C-NMR 190, 184, 172, 171.6, 170.5, 169.2, 161.5.44
144.8, 136.8, 135.9, 132.8, 132.1, 131.4, 129.2,8,2123.8, 118.8, 114.9, , 87.6(C-1),
71.3, 68.9, 68.1, 62, 52.7, 36.1, 27.9, 25.9, 2805/, 20.66, 20.6, 12.7. Anal. calcd. for
C34H37/NO13S: C 61.16; H 5.59; N 2.1; S 4.8; found C 60.2754.6l7; N 1.63; S 3.91. [M-
H]" caled for G4H3/NO,1S: 666.2008; found 665.8366.
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Phenyl-3,4,6tri-O-acetyl-2-deoxy-2-[3'-(8"-hydroxy-3"-methyl-1",4""-dioxo-1",4"-
dihydronaphthalen-2"-yl)hexanamido]-1-thio-a-D-glucopyranoside (34)

OAc

AcO
AcO Q

'H-NMR (CDCL) & (300 MHz) 12.0 (s, 1H, OH), 7.6-7.56 (m, 2H, Ar;H)44-7.41 (m,
2H, Ar-H), 7.30-7.20 (m, 5H, Ar-H), 5.9(d, 1H, NH=8.5 Hz), 5.76 (d, 1H, H-1,
J=5.4Hz), 5.17-5.13 (m, 2H, H-3&4), 4.65- 4.48 (@h, H-2&5), 4.28 (dd, 1H, H-6a
J=4.9Hz, J=12.4Hz), 4.09(dd, 1H, H-6b, J=2.3Hz]12I18Hz), 2.6-2.5(m, 2H, 18,-
CONH), 2.2-2.18 (m, 2H, B»-(CH,)s- CONH), 2.2 (3H, El3), 2.058, 2.056, 2.04 (s, 9H,
3x-COCHS3), 1.6-1.5 (M, 2H, E,-CH,- CONH),1.5-1.4(m, 4H, (85),-CH,- CONH).
13C-NMR 190, 184, 172, 171.6, 170.5, 169.2, 161.5.44144.8, 136.8, 135.9, 132.8,
132.1, 131.4, 129.2, 127.8, 123.8, 118.8, 114.9%(871), 71.3, 68.9, 68.1, 62, 52.7,
36.1, 27.9, 25.9, 25.5, 20.7, 20.66, 20.6, 12.7alAralcd for GsH3gNOy;S: C 61.66; H
5.77; N 2.05; S 4.7; found: C 63.9; H 6.14; N 5563.47. [M-HJ calcd for GsHzgNO1;S:
680.2165; found 679.5982.

General procedure for deacetylation:

A portion of 0.2 M NaOMe in MeOH was added to arstl suspension of acetylated
glycoside (31-34 respectively) in MeOH, at room temperature. WhenCT&howed
complete conversion to a single product with lowelarity (typically after 1h) Dowex-
50WX-200(H) ion exchange resin was added to the reactionungixintil a neutral pH
was reached. The dowex resin was then removed ltogtibn and the clear filtrate
concentratedn vaccuo to give deacetylated produ@5 as a red/brown solid (18mg,
34%), mp 238-242C; 36 as a yellow/brown solid (25mg, 46%), mp 196-£8937 as a
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brown solid (32mg, 60%), mp 170-1°C3 and38 as a brown/orange solid (30mg, 52%),
mp 157-159C.

Phenyl-2-deoxy-2-[3'-(8"-hydroxy-3"-methyl-1",4''-dioxo-1",4"-
dihydronaphthalen-2"-yl)propanamido]-1-thio- a-D-glucopyranoside (35)

OH

'H-NMR (DMSO-d) 5 (400 MHz) 12.0 (s, 1H, OH),8.09 (d, 1HH\J=6.5Hz), 7.69 (t,
1H, H-7, J=8.0Hz), 7.5- 7.4 (m, 1H, H-5,1H), 7.9835(2H, m, Ar-H), 7.31-7.24(4H, m,
Ar-H), 5.60 (d, 1H, H-1, J=5.1Hz), 5.12 (d, 1HHOJ=5.6Hz), 4.85 (d, 1H, @
J=5.6Hz), 4.51 (t, 1H, B, J=6.0Hz), 3.87-3.80(2H, m, H-2&3), 3.58-3.54 (2H, H,
5&63), 3.46-3.40(1H, m,H+6), 3.3-3.2 (1H, m, H-4), 2.8-2.7 (m, 2HHECONH ),
2.38-2.34 (M, 2H, B,-CH,- CONH), 2.1 (3H, Els). *C-NMR 183.8, 172, 171.9, 159.7,
145.1, 136.2, 134.2, 131.6, 130.9, 129.08, 124.88,9, 127, 123.3, 118.4, 114.5, 87(C-
1), 73.8, 70.37, 70.30, 70, 60, 54.5, 54.4, 33FR48, 22.2, 12.4. [M+H] calcd for
CaeH27NOgS: 514.1536; found 514.1544.
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Phenyl-2-deoxy-2-[3'-(8"-hydroxy-3"-methyl-1",4''-dioxo-1",4"-
dihydronaphthalen-2"-yl)butanamido]-1-thio- a-D-glucopyranoside (36)

OH

HO o

HO
NH
o SPh

(0] OH

'H-NMR (DMSO-d&) & (300 MHz) 12.0 (s, 1H, OH), 7.86 (d, IHHN=6.6Hz), 7.69
(dd, 1H,J=7.6Hz,J=8.3Hz), 7.51 (dd, 1H}=1.1Hz,J=7.5Hz), 7.40-7.37(m, 2H, Ar-H),
7.29-7.18(m, 4H, Ar-H), 5.64 (d, 1H, H-D=5.1Hz), 5.01 (d, 1H, B, J=5.6Hz),
4.76(d, 1H, ®, J=5.6Hz), 4.39 (t, 1H, 8, J=5.6Hz), 3.9-3.8(m, 2H,H-2&3 ), 3.6-
3.5(m, 2H, H-5&6 ), 3.49-3.41(m, 1H, H, 3.29-3.23(m,1H, H-4), 2.6-2.5(2H, m,
CH2-CONH), 2.3-2.2(2H, m, B2-(CHy)>- CONH ), 2.0(3H, s, Cf), 1.7-1.6(2H, m,
CH»-CH,- CONH).13C-NMR 189, 184, 172, 160, 146, 145, 136, 135, 134, 129, 127,
123, 118, 88(C-1), 74, 71, 70, 61, 55, 34, 28,225,12. [M-HJ calcd for G/H,gNOsS
526.1536; found 526.1526.

Phenyl-2-deoxy-2-[3'-(8"-hydroxy-3"-methyl-1",4"'-dioxo-1",4"-
dihydronaphthalen-2"-yl)pentanamido]-1-thio-a-D-glucopyranoside (37)
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'H-NMR (DMSO-t) § (300 MHz) 12.0 (s, 1H, OH), 7.86 (d, 1HHNJ=6.5Hz), 7.69
(dd, 1H, J=7.6Hz, J=8.3Hz), 7.51 (d, 1HJ=7.4Hz), 7.40-7.3(m, 2H, Ar-H), 7.26-
7.16(m, 4H, Ar-H), 5.6 (d, 1H, H-1]=5.1Hz), 5. (d, 1H, ®, J=5.5Hz), 4.76(d, 1H,
OH, J=5.5Hz), 4.39 (t, 1H, 6, J=5.8Hz), 3.9-3.8(m, 2H, H-2&3), 3.6-3.5(m, 2H, H-
5&62), 3.5-3.4(m, 1H, H-§, 3.3-3.2(m,1H,H-4), 2.6-2.5(2H, m, H3-CONH), 2.2-
2.1(2H, m, -®-(CH,)s- CONH), 2.0(3H,s, Ch, 1.63-1.57(2H, m, B,-CH,- CONH),
1.5-1.4(2H, m, El»-(CHy)- CONH). *C-NMR 189, 184, 173, 160, 146, 144, 136, 135,
132, 131, 129, 128, 127, 123, 118, 114, 87(C-1)704, 70.1, 61, 55, 35, 27, 26, 25,12.
[M-H] * calcd. for GgHaiNOsS: 540.1692; found 540.1685.

Phenyl-2-deoxy-2-[3'-(8"-hydroxy-3"-methyl-1",4"'-dioxo-1",4"-
dihydronaphthalen-2"-yl)hexanamido]-1-thio-a-D-glucopyranoside (38)

OH

HO
HO Q

'H-NMR (DMSO-d;) & (300 MHz) 12.0 (s, 1H, OH), 7.86 (d, 1HHNJ=6.5Hz), 7.7 (t,
1H, J=8.3Hz), 7.51 (d, 1HJ)=7.5Hz), 7.4(td, 2HJ)= 1.2 & 8.2, Ar-H), 7.3-7.2(m, 4H,
Ar-H), 5.6 (d, 1H, H-1J=4.8Hz), 5.1 (d, 1H, 6, J=5.7Hz), 4.8(d, 1H, 6, J=5.8Hz),
4.5 (t, 1H, 1, J=6.1Hz), 3.9-3.8(m, 2H, H-2&3), 3.6-3.5(m, 2H, H-5§63.5-3.4(m,
1H, H-6), 3.3-3.2(m,1H, H-4), 2.6-2.5(2H, mH3-CONH), 2.2-2.1(2H, m, B,-(CHy)s-
CONH), 2.1(3H, s, Ch), 1.63-1.57(2H, m, B,-CH,- CONH), 1.5-1.4(4H, m, (8,)»
CH,- CONH ).13C-NMR 189.7, 184, 173.5, 160, 146.8, 144.5, 13635%, 132, 131.5,
129, 127, 123.6, 118, 114, 87.9(C-1), 74, 70.86,760.7, 55, 35, 29, 27.9, 26, 25,12.6.
[M-H] " calcd for GgH33NOgS: 554.1849; found 554.1843.
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Chapter 6
Results and Discussion
Evaluation of subversive substrates (35-38), thiogtosides O-glycosides
and INH-NAD(P) adducts against Mtr

6.1 Effects of INH-NAD(P) adducts on crucialMtb proteins: Overview

Isoniazid (INH) and ethionamide (ETH) are essentialigs in the treatment of
tuberculosis, even though ETH is generally congidex second line drug for TB. The
use of ethaniomide has significantly increased dkeryears due to the appearance of
cases of MDR and XDR (Argyrogt al., 2006b and Wane al., 2007).

INH and ETH are pro-drugs that require activation KatG, a catalase peroxidase
(Johnssoret al., 1995 and Zhang al., 1992), andthA, a flavin monooxygenase (Wang
et al., 2007) respectively to form adducts with NARsulting in concomitant inhibition
of InhA, an NADH-dependant enoyl-acyl carrier pioteeductase of the fatty acid
biosynthesis type Il system (Rozwarskial., 1998; Vilchezeet al., 2006; Leiet al.,
2000 and Marrakchgt al., 2000). The formation of these adducts proceleasigh the
oxidative activation of INH by KatG to generateiaanicotinoyl radical that reacts non-
enzymatically with NAD(P) to generate a mixtureldH-NAD(P) isomers (figure 6.1)
(Nguyenet al., 2001). Over the last few years, it has also becevident that INH

resistance is predominantly due to mutations irki#€ andinhA genes.

In addition to the NADH-dependant enoyl-ACP redaetalNH-NAD(P) adducts have
also been shown to inhibit th#&l. tuberculosis NADPH-dependant dihydrofolate
reductase (DHFR) with nanomolar affinity (Argyretial., 2006a). A proteome wide
profiling of Mtb using both the INH-NAD and INH-NADP adducts idéieal 16 other
proteins, most of which were predicted to be pyedinucleotide-dependant
dehydrogenases/reductases, to bind to these additlatdigh affinity (Argyrou,et al.,
2006Db).
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ADPR(P) ADPR(P) ADPR(P)
2 3 5

Figure 6.1: Chemical structures of the INH-NAD dhgH-NADP adducts. The adenosine diphosphoribose
(for INH-NAD) and 2’-phosphoadenosine diphosphosi&gfor INH-NADP) moieties of the molecules are
designated by ADPRP(P). The acyclic forms are imildgium with the corresponding pair of

diastereomeric, cyclic, and hemiaminal forms. Tigare was adapted from Argyratial., 2007.
6.2Percentage inhibition of Mtr by INH-NAD(P) adduct mixture

INH-NAD and INH-NADP adduct mixtures were prepaged purified using Sep-pak C-
18 cartridges as described by Ducasse-Cabetnalt, 2004. Briefly, 2mM INH, 2mM
NAD* and 4mM MA'-PyrPh in 100 mM sodium phosphate buffer, pH7, vircaibated
for 20 min at room temperature to generate INH-NADe INH-NADP adduct was
prepared in exactly the same way except that NAiZas replaced with NADP
Unfortunately, the preparation of ethionamide adsi(ETH-NAD(P)) using the same
procedure was not successful, as no product peatketbat 326 nm even after 1 hr of
incubation, whilst INH-NAD(P) adducts formed af% mins as reported.

Although ETH is structurally similar to INH and lattugh the primary target for both
drugs is the mycolic acid biosynthetic pathway @wdmaet al., 1972; Winderet al.,
1971), it has been demonstrated that while INH iregLactivation by KatG to form INH-
NAD(P), activation of ETH involvesthA, which encodes a flavin monooxygenase that

catalyzes the Baeyer-Villiger reaction (Fraagteal., 2004). To date, in-vitro activation
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of ETH has not been possible by either chemicanaymatic methods, the only viable

method being a cell based approach devised by (\&faalg 2007).

Even though Mtr has been shown to have a 13-fadfepence for NADPH over NADH
based on V/K values (Patel and Blanchard, 199@Jjminary percentage inhibitions of
Mtr by INH-NAD(P) adducts were carried out using DA due to the fact that the,k
value for the binding of NADPH by Mtr is only M, at which concentration the
absorbance at 340nm will be only 0.0435. This wdwge made it difficult to obtain

accurate results.

Inhibition experiments were thus performed as deedr in section 2.2.9, where
increasing concentrations of INH-NAD and INH-NADRBdact mixtures were incubated
with MSSnaph, NADH for 1 minute at 3C and the reaction initiated by the addition of
Mtr. The percentage inhibitions shown in table @trease with increasing adduct
concentration and show more than 50% inhibitiorabee MSSNaph and MSSM are not
saturating (MSSnaph and MSSM concentrations weapedanstant at 25 uM), moreover,
the amount of data presented is rather limited.
Control experiments showed that INH, NADr Mn"
to 1mM) had no effect on Mtr activity. When MSSnaphs substituted with MSSM, a
similar trend was observed where the highest INHE{®) adduct concentration used
(10 uM) resulted in 66% inhibition, comparable tmatt obtained with 10 pM INH-
NAD(P) when MSSnaph was used as a substrate.

-PyrPh alone (concentrations of up
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Table 6.1: Percentage inhibitions of Mtr by INH-NAD(P) adducts, MSSnaph and MSSM were kept

constant at 25 pM.

MSSnaph use| [INH-NAD] Percentag
as a substrate inhibition
2 uM 29.5 %
4 uM 35.4%
6 uM 545 %
10 uM 60.9 %
MSSnaph use| [INH-NADP]
as a substrate
2 uM 16.4 %
4 uM 37.7%
6 uM 555 %
10 uM 65.5 %
MSSM used as | [INH-NADP]
substrate
2 uM 16.8 %
4 uM 26 %
6 uM 53 %
10 uM 66 %
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6.3 Inhibition of Mtr by INH-NAD(P) adduct mixture

The classic double reciprocal plots of Mtr inhibiti by INH-NAD(P) adducts showed
variable inhibition (figures 6.2, 6.3, 6.4), whereénibition was initially mostly slope
effects, approximating competitive inhibition atMdnhibitor concentrations and then
slowly changing over into uncompetitive inhibitiomhere the uncompetitive part seemed
to suggest that INH-NAD(P) could also bind to teduced enzyme in such a way that it
cannot be reversed by NADH.

Moreover, the adducts only showed incomplete iioibiwhen either substrate (NADH
or MSSnaph) was varied at five fixed levels of INAD(P). Figure 6.5, shows the
degree of incomplete inhibition of Mtr by INH-NADRt substrate saturation.
Incidentally, Blanchard and Patel, 1999, also fothat the reduction of Mtr by NADPH

was only partial (reducing only one FAD in the dine

Whilst the inhibition observed on double recipropfdts with INH-NADP starts with
slope effects, because INH-NADP competes with NARIH the same binding site,
another type appears which could be binding ofandi to the reduced enzyme resulting
in no further slope effects. Moreover, the factt timnibition appears to be incomplete
suggests probable half sites reactivity. The stisdgtill ongoing to fully clarify the
mechanism of inhibition of Mtr by INH-NAD(P) addsct
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INH-NAD, NADH as a variable substrate
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Figure 6.2: Representative plot of 1/V vs 1/ [NADHRAssays contained 24 nM Mtr, 25 uM MSSnaph,
variable NADH (19, 28, 38, 47, and 67 uM) at fiweel levels (0, 3.5, 7, 10.5, and 14 uM) of INH-NAD

Data points represent the average of duplicatarmetations.

Slope vs [INH-NAD] re-plot
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Figure 6.2.1: Slope vs [INH-NAD]. Re-plot of figue2
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INH-NAD, MSSnaph as a variable substrate
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Figure 6.3: Representative plot of 1/V vs 1/ [MS@ma Assays contained 24 nM Mtr, 105 uM NADH,
variable MSSnaph (8, 10, 20, 30, and 40 uM) atfiixed levels (0, 3.5, 7, 10.5, and 14 uM) of INHADI.

Data points represent the average of duplicataretations.
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Figure 6.3.1: Slope vs [INH-NAD]. Re-plot of figue3
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INH-NADP, NADH as a variable substrate
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Figure 6.4: Representative plot of 1/V vs 1/ [NADHRAssays contained 24 nM Mtr, 25 uM MSSnaph,
variable NADH (19, 28, 38, 47, and 67 uM) at fiweetl levels (0, 3.5, 7, 10.5, and 14 uM) of INH-NRD

Data points represent the average of duplicatametations.

Slope vs INH-NADP
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Figure 6.4.1: Slope vs [INH-NADP]. Re-plot of figu6.4. The data of the inhibitor experiments showed
that slopes change dramatically for INH-NADP upatsout 2micromolar INH-NADP and then less so,

while intercepts change. This also seems to diftemtitatively for INH-NAD. Inhibition of Mtr by INH-
NADP is thus not a continuous process but a stgp wme signified by a jump at 3.5 pM.
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Although data points (figure 6.4) were all collettitom 3.5 micromolar upwards, the
experiment has been repeated several times, Bubaticromolar concentrations of INH-
NADP, where the inhibition was found to be truly ngoetitive (unpublished
observations, this laboratory).

Vmax Vs INH-NADP

0.25

0.20 A

0.15 A

Vmax

0.10 A

—— Col 1 vs Predicted
® Col6vsCol7

0.05 A

000 T T T T T T T T
0 2 4 6 8 10 12 14 16

INH-NADP (M)

Figure 6.5: Represents the rate of the enzyma#ctien as a function of INH-NADP at different fixed

levels of the variable substrate (NADH). The dote axperimental data (intercepts) and the curve
represents the theoretical values of the param(gefrom Equation 1 (shown below) fitted to these
experimental points. The fact that hyperbolic defisythe data quite well suggests that a maxinegree

of inhibition exists.

The equation used to generate figure 6.5 is thefon@a three parameter hyperbolic

decay, equation 1:

Y=Y+ ab

Then the Vmax values fit the predicted curve of yibere y= 0.08914 +.01605, a =
0.1307_+.01557 and b = 7.485 2.196. So when INH-NADP is very large y 7 and
when there is no INH-NADP y ¥y, + a which equals (0.089140t01605) + (0.1307
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+ 0.01557). Given the relatively large standardrsran the parameters, at infinite INH-
NADP the inhibition at Waxis about 60%, which means that thefét the uncompetitive
part of the inhibition could be as high as 7 485 Equation 1 can also be rearranged to
show that:

Y—Yo=aK = a where a, is the extenthefinhibition and b is K
I+K 1 + I/K

6.3.1 Conclusion (INH-NAD(P) adducts)

An interesting observation made in this study &t tlhile Mtr is inhibited by both INH-
NAD and INH-NADP, most of the other enzymes (e.trydrofolate reductase and the
enoyl-ACP-reductase) are specifically inhibiteddne of the two adducts (as discussed
in section 6.1). The effects of these INH-NAD(P)mmexes on Mtr are thus likely to be
additive. Moreover, INH will likely generate bothNH-NADH and INH-NADP, both of
which will inhibit Mtr and that the inhibition cotents that can be estimate fall probably
below 1uM for the competitive part of inhibition by the @etINH-NADP mixture and at
about 7.5.M for the uncompetitive part of the inhibition, ag&or the mixture. However,

is not yet known what the effect of mixtures of INNADP and INH-NAD will be on
Mtr. While insights with regard to the mechanism of [oition of the mycobacterial fatty
acid biosynthesis pathway (FAS lII), the enoyl-AG#RI &he dihydrofolate reductases by
INH have been provided by a number of studies asudsed in section 6.1, it was only
recently that Argyrou,et al., 2006b managed to identify a number of additional
reductases in mycobacteria that can bind adducteefd between INH and NAD(P).

However, Mtr was not amongst the newly identifiadhets.

In this study, the use of INH-NAD(P) adducts agaM#$ indicated that the enzyme was

not completely inhibited (noted in section 6.3)aasesult, the inhibition observed was

mainly of interest from a mechanistic point of viawd also in practical terms, because it
means complete inhibition by the adducts in the toleromolar range is not attainable.

Despite this, the study was able to demonstrateadtx possible target for INH, however,

more in depth studies (e.g. crystallography) acgiired to explain the exact interaction

of Mtr with activated INH.
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One of the problems frequently encountered with gheparation of the INH-NAD(P)
adducts was that although they were quick and ¢éasyrepare, they seemed to be
unstable immediately after the Sep-pak C18 stegefgby the decline of absorbance at
326 nm). Moreover, after storage overnight a breddorbance peak at 4-500 nm
develops and it was also found that even whendtatre80°C the mixture was no longer
inhibitory. As a result, it became extremely impaoit to collect the kinetic data as

quickly as possible and certainly within a day.

A possible explanation for the observed declin@bsorbance was attributed to the fact
that perhaps an equilibrium between the differesmimieric forms had not yet been
established, or that the adduct itself undergo@s@és that go beyond that of isomeric
equilibrium. Because of this, it is not certain Wier the different phases of Mtr
inhibition can be ascribed to interactions withfeliént isomers in the mixture, whereas,
with DHFR and InhA, the inhibition was observedbi very tight and selective for one
isomer. Also, because the inhibition was classicabmpetitive, although bisubstrate
competitive, it was possible to obtain reliablgsKwhile in our case, a mixture of
different inhibition types was observed which matelifficult to assign Ks to the
different stages.

6.4 Evaluation of 35-38

6.4.1 Effect of 35-38 against MshB

Given the fact that naphthoquinones can readilgtcelectrons from flavoproteins, we
envisaged that naphthoquinones linkeditDGI or, as in our case, a thiophenol moiety,
would offer specificity towards Mtr whilst discrimating against the host’s glutathione
reductase, and with the successful synthesi8%88 (discussed in chapter 5), we

proceeded to the next phase which involved theilobical evaluation.



142

Compounds$35-38 were tested (Marakalala, M.J., 2008) for inhibitaf MshB utilising a
fluorescence-detected HPLC assay in which aeefylsl was used as substrate.
Inhibition of MshB was obtained by measuring théeax of acetyla-DGI cleavage in
the presence of each 86-38. Compound38 was found to be the most active against
MshB, inhibiting the enzyme by 94.8% at 504, whilst 37 and36 exhibited about 81%
inhibition, with moderate levels displayed 8y (57.4%).

Inhibition of MshB seemed to be directly correlatiedthe length of the alkyl chain

linking the quinone and the glucosamine moietythes deacetylase activity decreased
when35was present and was virtually absent V@& Since the compounds were limited
to a five-carbon spacer, the use of longer spawerdd be of much interest in future

studies. The K(uM) values for35, 37 and 38 were found to be 162.7 + 15, 93.9 + 11,
and 16.8 £ 1.9 respectively. Comparing the activitythese compounds to the reported
Km of about 340 + 80 uM (Newtoe al., 2006b) for the cleavage of GIcNAc-Ins by
MshB it becomes apparent tg&8, 37, and38 are the most potent inhibitors of MshB yet

described.

6.4.2 Effect of 35-38 against Mca

MshB is not essential for growth or synthesis of HMf& Mtb, since Mca exhibits low
levels of the deacetylase activity that allowstfoe formation of MSH in the absence of
MshB. The compounds were therefore, also tésiedvica inhibitors, but were found to

be less potent inhibitors of this enzyme than ohBls

The crystal structures of the two enzymes w38 co-crystallised may reveal
interesting information with regard to interactidmstween the enzyme’s active site and
the inhibitors. However, in light of the difficuits frequently experienced in obtaining
suitable crystals of proteins, perh&& which exhibited the highest inhibition with both
enzymes will have to be utilised for crystal antdssequent docking studies. Indeed, the

inhibition of Mca by35-38 is an interesting and useful foundation on whittbraative
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and more potent inhibitors can be designed to add those that have already shown

significant inhibitory properties, as describedtiapter 1.

Rawatet al., 2004, suggested that MSH can form stable S-gat@s (figure 6.6) when
exposed to naphthoquinones, and as such, thesageteg may be suitable substrates for
Mca. An interesting observation made w@5-38 is that they inhibited both MshB and
Mca’, confirming that substituted (on carbon 3) naphtlinones may be a suitable basis

for the design of compounds targeted at Mca.

OH O
AcCys-5-hydroxy-2methyl-1,4-naphthoquinone

Figure 6.6: Hypothetical formation of mycothiol 8mugate when mycothiol is exposed to plumbagin.
Cleavage by Mca results in the generation-&fG| with AcCys-5-hydroxy-2-methyl-1,4-naphthoquite
being disposed out of the cell. However, with ttse wf compound85-38 the C-3 position is already

occupied preventing any further substitution.
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6.4.3 Effect of 35-38 against Mtr

The use of naphthoquinones as subversive substoatesductases is well documented
and previous studies have successfully demonstrdtedutility of quinones against
trypanothione reductases of pathogens such as tfidsgpanosoma congolense (Cenas

et al., 1994) andTrypanosoma cruzi (Salmon-Cheminet al., 2001). And recently,
towards the completion of the synthesis of subversubstrates used in this study
Mahapatreet al., 2007, reported on the use of 7-methyljuglonevdéres as subversive

substrates for Mtr and their activity agaiiib.

In this study plumbagin derivatives linked to a agsamine through variable chain
lengths were assessed as alternative substratibsgwiew of using them as subversive
substrates) and inhibitors of Mtr. Investigation 3§-38 as alternative substrates was
limited to 40uM since they were predominantly hydrophobic andrlyosoluble above
this concentration, and their specific activitiesrevcompared to that of plumbagin. They
were thus evaluated and compared at the same doateem The hydrophobicity of the
compounds became evident when evaluating themeictisgphotometric assays, and this
made the generation of catalytic constants diffiand unreliable.

6.4.4 Specific activities of 35-38

Since naphthoquinones are readily reduced by radest(discussed in chapter 1) and
since compounds35-38 are conjugates of plumbagin and phenyl-2-amino-1-
thioglycoside it was of interest to observe howytiaduld compare with unconjugated
plumbagin when reduced by Mtr. The ability of M&r teduce35-38 was assayed as
described in materials and methods. High specitivitly was found with37 (0.42
umol/min/mg) followed by36 (0.37 umol/min/mg),38 (0.32pmol/min/mg) and35 (0.29
umol/min/mg) with the least activity, whilst plumbaglemonstrated a specific activity

of 0.32umol/min/mg, which was comparable to that obserce@®8 (figure 6.7).
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Since the compounds showed comparable activitiés plumbagin, further quinone
reductase activity utilising cytochrome c¢ was ntempted. Coupling semiquinone
formation to the reduction of cytochrome c, is Ulsuased to measure the amount of one
electron reduction of the naphthoquinones by rexhss.

The results do not show any direct correlation leetwthe specific activity observed and
the spacer used. CompouB8 employs a 2-carbon spacer as opposed to the Brcarb
spacer found ir88, and both of these compounds have more or lesgasispecific
activities as plumbagin. Compoun86 and37 with 3 and 4-carbon spacers respectively
proved to be slightly better substrates as comparetlimbagin.

Comparative specific activities
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Figure 6.7: Comparative specific activities of pheuin, 35, 36, 37, and 38. The capability of Mtr to
reduce plumbagir35-38was determined by monitoring the oxidation of NADRt 340 nm. The reaction
mixture contained, in a final volume of 1 mL: 50 miMis/HCI (pH 7.6), NADPH (0.11umoles), and5
38 (each compound measured aty#®) at 30°C. The reaction was started by adding Mtr (48 nSthck

solutions of35-38were prepared in DMSO. Data points represent ¥eeage of duplicate determinations.

6.4.5 35-38 as competing substrates or inhibitors of Mtr

The biological activities o35-38 (tested at a concentration of 40 pukly competing
substrates or inhibitors of Mtr were evaluated adicy to the procedure described in

section 2.2.3. As far as the percentage inhibiti@s concerned, the compounds were
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not found to be promising inhibitors (table 6.2)twihe highest inhibition displayed by
38 at 14%, as a result no further exploration wasngted. The poor activities displayed
by these compounds (which lack the N-acetyl grouthe N-acetyl moiety as found in
MSH) seem to support the observation made by Newtoa., 2005, in which the
activity of Mtr was found to be more substantiathwihe natural substrate than with
desacetylmycothiol or N-succinylated mycothiol G@ys-GIcN-Ins). This indicates
that the presence of the N-acetyl group of the ébydenoiety of mycothiol seems to be
crucial for the activity of mycothiol analogues sisbstrates for Mtr, features that are

absent on compoun@&-38.

Table 6.2 Compound35-38 and their percentage inhibitions against Mtr. Tbempounds were evaluated

at a concentration of 40 uM.

compounds 35-38 Percentage inhibition
OH
%
HO
HO
35
NH O  OH
o SPh
I 0%
OH °
(0]
(0]
36 H%o
NH
0 SPh 4%
OH
o (0] OH
HOT
H
37
NH O  OH

(o
O

HO Q
38 HO Q
NH
o={ sen ‘O 14%
(e}
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Despite the minimal inhibition shown in figure 6tfAg relationship between the kind of
spacer used and inhibition displayed appears telaged. Compound5 with a 2-carbon
spacer showed 0% inhibition as oppose88dutilising a 5-carbon spacer) showing 14%
inhibition. It would be interesting to explore tledfects of these compounds when
concentrations above 4(M are used. Studies looking at substituting thenghgroup
with inositol are in progress (using a fused bimythioglycoside) in a bid to encourage

solubility, and consequent evaluation at high cotregions.
6.4.6 Anti-mycobacterial activities of 35-38

Anti-mycobacterial activities of the compounds towditb are shown in figure 6.8.
Bactericidal activity was shown only [3p, whilst 36 and37 resulted in growth indexes
of 87, 38 did not show significant inhibitory properties eaft4 days, a trend almost

similar to that observed for the control.

Bactec results for Naphthoquinones at®b of each compound
250
—e— control
2 150 +—36
é —— 37
3 100+ —*— 38
O
50 -
0
1 2 3 4
Days

Figure 6.8: Anti-mycobacterial activities 85-38 on Mtb were assessed using the radiometric respiratory
technique based on the Bactec system. The assagawasd out by Dr Wiid, Department of Medical

Biochemistry at the University of Stellenbosch, BoAfrica.

The trend observed in figure 6.8 is in direct casitrto that observed in figure 6.7 and

table 6.2, wher@5 was shown to exhibit low specific activity and @oezyme inhibition
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but elevated antimycobacterial properties as coetpar36 and37. It is possible thaB5
interacts with other metabolic pathways not congden this study or that perhaps
metabolic products @5 are more active thaBb. This remains an intriguing observation
worth investigating further. The lack of correlatibetween antibacterial activity and
kinetic parameters has also been observed in @opiestudy involving the activity of 7-
methyljuglone derivatives against Mtr (Mahapadral., 2007).

Mahapatreet al., also postulated that the reason their methydjoglderivatives lacked
specificity between antitubercular activity and wefisive substrate efficiency with Mtr
could be ascribed to a possible interaction witheptflavoproteins such as lipoamide
dehydrogenase and thioredoxin. It is also prob#idée35, which showed more or less
the same specific activity as plumbagin, had antdoigu interactions with other
flavoproteins, hence the observed diminished gromtlex of Mtb after 4 days (figure
6.8).

6.5 Thioglycosides as Mtr inhibitors

The necessity to assess whether thioglycosidesacaras possible Mtr inhibitors is
derived from established observations where amymogides have been shown to act as
broad spectrum antimicrobial agents that are widelgd in the treatment of a range of
Gram-positive and negative bacterial infectionsligvliet al., 1995; Wright, 1995). And
since an aminoglycoside based pseudodisacchar@&s() is the foundation of MSH
and subsequent MSSM, it was thought necessargt@teariety of these compounds so
as to find a lead compound that might be usefuhi establishment of a potent Mtr

inhibitor. The range of thioglycosides evaluatedhinbiting Mtr is shown in table 6.3.
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Table 6.3: Structures of the thioglycosides usatitheir percentage inhibition of Mtr. The thioglygides
used in this study were obtained from Prof. SpeKeapp, Rutgers University chemistry department Th
compounds were evaluated at a concentration ofi500

OH
HO
HO
R» R,
R, R, Percentage inhibition
NH
SPh2 g\sm O:‘S 1.86%
Cl

s\ —NH, 0%

SPh4 3\s© —NH, 5.25%

NH
CHs

SPh6  §_
N
SN 17.1%

Ss N\ o<, 12.75%

O

The maximum inhibition achieved with this set abtjlycosides was 17% (SPh6).
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6.6 O-glycosides as Mtr inhibitors

As a comparative measure a serie©gjlycosides was also tested as inhibitors of Mtr

and is shown in table 6.4.

Table 6.4: Structures and percentage inhibition#/tf by O-glycosides.The O-glycosides were obtained from
Prof. D.G Gammon, Chemistry department, UniversitfCape Town, South Africalhe compounds were

evaluated at a concentration of 500 uM.

OH
HO A
HO
R Percentage inhibition
(B-anomer of Th2) Thi "\F 0%

Th3 37 " 0%

Tha ¥ Y 3.39%
HO

s & 3.65%
0]

The 3~ <Y 12%

Th? &7 Y 20.2%
O
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As observed for the thioglycosides tested in sactob5, the maximum inhibition
achieved with this range @-glycosides was 20% (Th7), followed by Th6 with 12%
whereas, Th1-Th3 showed 0% inhibition. In generdijbition observed with botl®-
glycosides and thioglycosides includiB§-38 was extremely poor and raises questions
over the use of a thiophenol or cyclohexane ashatsute for inositol in designing Mtr
inhibitors. Efforts aimed at solving the crystalusture of Mtr are currently underway,
and until such time studies pertaining to structrsvity relationships will be valuable
in establishing a framework for the design of potehibitors for this enzyme.

6.7 Conclusion

The consistenMtb infections and increasing prevalence of drug tastisstrains is of
great concern; hence the search for new anti-mytebals as outlined in this chapter
and by numerous other studies. Whilst our effoesenfocused on the development of a
class of compounds3%-38) targeted against Mtr, it was their observed #gtisgainst
MshB and Mca that proved valuable. As this showmnt as lead compounds to which
further modifications such as improving their salityg incorporating an N-acetyl group
(mentioned in section 6.4.5) may lead to the dgualkent of a dual inhibitor for the two
enzymes (MshB and Mtr).

Evaluation of O-glycosides (Th1-7) and thioglycosides (SPh2-7) westivated by
studies carried out by Patel and Blanchard, 1988, %tewartt al., 2008 where the O-
benzyl, O-methyl and des-myoinositol-glycoside datives of MSSM have previously
been shown to be recognised as alternative substibgt Mtr. The Km values for these
substrates were found to be 3-6 fold greater tleanMSSM, which demonstrated a
relatively modest compromise in substrate recogmitor quite significant changes to the
aglycone moiety. For all the compounds tested asimfibitors, the weak inhibition is
more likely attributed to the collective effectsrabdification of the aglycone as well as

modifications to the glucosamine N-substituent.
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General

Conclusons

Although Mtr from Mycobacterium tuberculosis had been cloned, expressed in
Mycobacterium smegmatis and purified (Patel and Blanchard, 1999), thislgtattempted

to explore alternative expression systems in atquersecover increased enzyme yields
since the original expression resulted in modespveries as discussed in chapter 3.
Unfortunately, the two expression systems triedewaot successful. However, whilst
exploring the use ofC. glutamicum, MSH was isolated using an alternative and
inexpensive derivatizing agent (2-bromoacetonapteh®AN), purified, characterised
and confirmed to be a low molecular mass thiol esigkely used byC. glutamicum as
had been expected. Furthermore, MSSnaph was stwba &an alternative substrate for
M. tuberculosis Mtr with a Kq app vValue of 23 pM which is 3-5 times lower than value

previously reported for the reduction of MSSM.

As discussed in section 1.6, the suitability obw fdifferent aglycons instead of inositol
in mycothiol were explored in an attempt to shetitlion the substrate specificity of Mtr,
and the benzyl group was found to be the mostldei{Gtewart et al., 2008). In addition,
an earlier study by Knapg al., 2002 showed that Mca was active against a miadefa
bimane analogue. These findings provided the ingpftua successful design of a set of
compounds35-38) targeted at Mtr in which plumbagin was tethered2/to 5 methylene
carbons and an amide linkage to phenyl-2-deoxy-Rvat-thio-ab-glucopyranoside.
Although the compounds did not show promise asmpiatiesubversive substrates as had
been initially envisaged, they were however, fotmde the most potent inhibitors of
MshB, and also displayed some activity against f&ammon et al., 2010). In spite of
the compound’s poor activity against Mtr, only carapd 35 showed bactericidal
activity. An interesting and unexpected finding made in 8tigly is that Mtr is also
inhibited (although incomplete) by both INH-NADPdINH-NAD adducts. Although
the adducts were easy to prepare, they were ndasthenstable, most probably due to
the re-oxidation of the nicotinamide ring over tin@ produce a more conjugated

molecule as being the decomposition product. Thdysis still in progress and more in
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depth studies (e.g. crystallography) will be required to explain the exact interaction of
Mtr with activated INH.
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Appendix 1A: Composition of growth media used in chapter 3.

Middlebrook

4.7g Middlebrook in 800 mL dH20
50 mL glycerol
0.5g Tween 80

Made up to 1L with dH20 and autoclaved

LB media

10g Tryptone
59 Yeast extract
5g NaCl

Dissolved in 800 mL, pH adjusted to 7.5, made upltevith dH20 and autoclaved
Superbroth

359 Tryptone

20 Yeast extract

5g NaCl

Dissolved in 800 mL, pH adjusted to 7.5, made upltavith dH20 and autoclaved.

Issabelle media

409 Glucose

159 Yeast extract
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159 Peptone

1.75g NaH2P0O4.H20

0.04g Ferric ammonium citrate

Dissolved in 900 mL, pH adjusted to 7.5 and autcsda

N.B. Glucose was filter sterilised

Appendix 1B: pEC-XK99E sequence. The multiple cloning siteis
underlined.

LOCUS AY219683 7018 bp DNA circular SYN 05-
SEP-2003

DEFINITION Shuttle expression vector pEC-XK99E, quete sequence.
ACCESSION AY219683

VERSION AY219683.1 GI:29164935

KEYWORDS .

SOURCE Shuttle expression vector pEC-XK99E
ORGANISM Shuttle expression vector pEC-XK99E

other sequences; artificial sequences; vectors.
REFERENCE 1 (bases 1 to 7018)

AUTHORS Kirchner,O. and Tauch,A.

TITLE Tools for genetic engineering in the amimmadaproducing
bacterium

Corynebacterium glutamicum

JOURNAL J. Biotechnol. 104 (1-3), 287-299 (2003)
PUBMED 12948646

REFERENCE 2 (bases 1 to 7018)

AUTHORS Kirchner,O. and Tauch,A.



TITLE Direct Submission

JOURNAL Submitted (15-JAN-2003) Department of Gerse University
of Bielefeld, Universitaetsstrasse 25, Bielefel@8615,
Germany

FEATURES Location/Qualifiers

source 1..7018

/organism="Shuttle expression vector pEC-XK99E"
/mol_type="genomic DNA"

/db_xref="taxon:224638"

/note="Escherichia coli-Corynebacterium glutamicsimattle
vector"”

terminator 263..306
/note="terminator T1"
terminator 438..465
/note="terminator T2"

gene complement(705..920)
/gene="per"

CDS complement(705..920)
/gene="per"

/note="positive effector of replication”

/codon_start=1

/trans|_table=11

/product="Per"

/protein_id="AA065195.1"

/db_xref="Gl:29164936"
[translation="MDLSDVALESDALDAAVDLKTVIGFFRALDTTDAPASRDWASAA

SDLETLVADLEELADELRARQRQEDAQ"
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gene complement(1563..3026)
/gene="repA"

CDS complement(1563..3026)
/gene="repA"
/note="replication protein”
/codon_start=1
/trans|_table=11
/product="RepA"
/protein_id="AA065196.1"

/db_xref="Gl:29164937"

/translation="MTLADPQDTVTASAWKLSADLFDTHPEAMRCGSRGWAEDRREL

LAHLGRESFQGSKTRDFASAWIKNPDTGETQPKLYRAGSKALTRCQYVALHAQHA
AVIVLDIDVPSHQAGGKIEHVNPQVYAILEKWARLEKAPAWIGVNPLSGKC QLIWLI
DPVYAAAGKTSPNMRLLAATTEEMTRVFGADQAFSHRLSRWPLHVSDDPTAKWH
CQHDRVDRLADLMEIARTMTGSQKPKKYIEQDFSSGRARIEAAQRATAEAKALAILD
ASLPSALDASGDLIDGVRVLWTNPERARDETAFRHALTVGYQLKAAGERLKDAKIID
AYEVAYNVAQAVGADGREPDLPAMRDRLTMARRVRGYVAKGQPVVPARRVETQS
SRGRKALATMGRRGAATSNARRWADPESKYAQETRQRLAEANKRREMTGELELR
VKTAILDARSQSVAD PSTRELAGELGVSERRIQQVRKALGMEAKRGRPREN"

gene 3556..4350

/gene="aph(3")-lla"

CDS 3556..4350

/gene="aph(3")-lla"

/note="aminoglycoside phosphotransferase"
/codon_start=1

/trans|_table=11

/product="Aph(3)-lla"

/protein_id="AA065197.1"
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/db_xref="Gl:29164938"
/translation="MIEQDGLHAGSPAAWVERLFGYDWAQQTIGCSDAAW¥RLSAQGR

PVLFVKTDLSGALNELQDEAARLSWLATTGVPCAAVLDVVTEAGRDWLLLG EVPG
QDLLSSHLAPAEKVSIMADAMRRLHTLDPATCPFDHQAKHRIERARTRMEAGLVDQ
DDLDE
EHQGLAPAELFARLKARMPDGEDLVVTHGDACLPNIMVENGRFSGFIDCGRGVAD
RY QDIALATRDIAEELGGEWADRFLVLYGIAAPDSQRIAFYRLLDEFF"

rep_origin 5038
/note="oriV"

gene 5628..6710
/gene="laclq"

CDS 5628..6710
/gene="laclq"
Inote="Lac-repressor"
/codon_start=1
/trans|_table=11
/product="Laclq"
/protein_id="AA065198.1"

/db_xref="Gl:29164939"

ftranslation="MKPVTLYDVAEYAGVSYQTVSRVVNQASHVSAKTREKEAAMAE

LNYIPNRVAQQLAGKQSLLIGVATSSLALHAPSQIVAAIKSRADQLGASVVVSMVER
SGVEACKAAVHNLLAQRVSGLIINYPLDDQDAIAVEAACTNVPALFLDVSD QTPINSI
IFSHEDGTRLGVEHLVALGHQQIALLAGPLSSVSARLRLAGWHKYLTRNQIQPIAERE
GDWSAMSGFQQTMQMLNEGIVPTAMLVANDQMALGAMRAITESGLRVGADISVV
GYDDTEDSSCYIPPSTTIKQDFRLLGQTSVDRLLQLSQGQAVKGNQLLPMS/KRKTT
LAPNT QTASPRALADSLMQLARQVSRLESGQ"

promoter 6767..7012
/note="Ptrc"

ORIGIN



1 gaattcgagc tcggtacccg gggatcctct agagtcgacce tgcaggcatg caagcttgge

61 tgttttggcg gatgagagaa gattttcagc ctgatacagatttaga acgcagaagc

121 ggtctgataa aacagaattt gcctggegge agtageggtgregcc tgaccccatg
181 ccgaactcag aagtgaaacg ccgtagcgec gatggtagigidtee ccatgcgaga
241 gtagggaact gccaggcatc aaataaaacg aaagggaagdeact gggcctttcg
301 ttttatctgt tgtttgtcgg tgaacgctct cctgagtagapatccgc cgggagcgga

361 tttgaacgtt gcgaagcaac ggcccggagg gtggcgg@aaoergce cataaactge
421 caggcatcaa attaagcaga aggccatcct gacggattyjmrgt tictacaaac

481 tctttttgtt tatttttcta aatacattca aatatgtattacagaa ttaattccgce

541 tagatgacgt gcggcttcga cctcctggge gtggegaugticget cgeggetgge
601 tgcggcacga cacgcegtctg agcagtattt tgcgegetegtgygt caggecgggg
661 tgggatcagg ccaccgcagt aggcgcagct gatgcgametactyg cgegtectee
721 tggcgctgee gagecacgceag ctegtcggece agctcttdagagrac aagegtttet
781 aggtcgctcg cggceacttge ccagtcgegt gatgetgguggtggt atcgagggceg
841 cggaaaaatc cgatcaccgt ttttaaatcg acggcggagtigogitc ggactccagce
901 gcgacatcgg agagatccac cgctgatgct tcaggctgafiittt cgtcgtgaag

961 gtcatgacac cattataacg aacgttcgtt aaaaatttaagttc tgataatttc

1021 ttccggceact cctgcgaaaa cctgcgagac ttcttg@aasgacgc caagcgcage
1081 ggttaccgca ctttttttcc aggtgatttc accctgacgaagcggc actttagtgce
1141 atgaggtgtg cccctggttt cccctctttg gagggticaa@aaaag cacacaagca
1201 aaaatgaaaa tcatcatgag caagttggtg cgaagcaporiage tccaaaaagg
1261 tctccaggat ctcgaggaga titttgaggg ggagggagigaggage cagagcagaa
1321 ggcggggaac cgttctctge cgacagegtg agecccaadiadcagg ccggggagga
1381 accggggagg gatcagagct aggagcgaga caccc@g@ggpgacc gttttctgcet
1441 gacggtgttt cgtttattag ttttcagccc gtggatagmypgtgagg gcaagtgaga

1501 gccagagcaa ggacgggacc cctaaagggg ggaactgityacyg gtgtttegtt

1561 tattagtttt cagcccgtgg acggecgegt ttagcttocaagtge ctttctgact
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1621 tgttggatgc gcctttcact gacacctagt tcgcctgcsmggagt cgagggatca
1681 gcaaccgatt gagaacgggc atccaggatc gcagtiitgaagttc gagcaactcg
1741 cctgtcattt ctcggcgttt gtttgcttcc gctaatcdcgggtctc ctgcgceatac

1801 ttactttctg ggtcagccca tctgegtgea ttcgatgtgggreccg tcgecccatce
1861 gtcgctagag ctttccgecce tcggcetgctce tgcgtttacgacgage agggacgact
1921 ggctggcctt tagccacgta gccgecgceaca cgacgeggiaggeg atcacgcatg
1981 gcgggaagat ccggctececeg gecgtetgca ccgaccggehgegtt gtacgecact
2041 tcatacgcgt cgatgatctt ggcatctttt aggcgctagcaycttt gagctggtat
2101 cccacggtca acgcgtggeg aaacgcggtce tcgtcgeggetetgg atttgtccag
2161 agcactcgca cgccgtcgat caggtcgeccg gacgcgiieractcgg caggcetcgeg
2221 tccaaaatcg ctagcgcctt ggcttctgcg gtggcegegeicgcettc aatgcgggceg
2281 cgtcecgcetgg aaaagtcectg ctcaatgtac tttttcgtgtgiatcc ggtcatcgtt

2341 cgagcaatct ccattaggtc ggccagccga tccacaatgatggca gtgecattta
2401 taggctgtcg gatcgtctga gacgtgcagc ggccaccggcedtatg cgaaaaagcc
2461 tggtcagcgc cgaaaacacg agtcatttct tccgtcgggcagcag gecgcatattt
2521 gggctggttt tacctgcetge ggcatacacc gggtcaatgaggtgag ctggcatttc
2581 ccgctcageg gattcacgcec gatccaagec ggegedtyegtge ceatttetct
2641 aaaatcgcgt agacctgcgg gtttacgtgce tcaatatmmgcectg gtggetggge
2701 acatcgatgt caagcacgat caccgcggca tgttgcggptamcgc aacgtactgg
2761 caccgcgtca gcgcttttga gccagceccgg tagagdtgggittc gecggtatce
2821 gggtttttaa tccaggegct cgcgaaatct cttgtctgeatggaa getttcgegt
2881 cccaggtgag cgagcagttc gcggcgatct tctgecgmmpagtga gecgecagege
2941 atagcttcgg ggtgggtgtc gaacagatcg gcggacaatigcget agcetgtgact
3001 gtgtcctgeg gatcggctag agtcatgtct tgagtgttticagctg atgactgggg
3061 gttagccgac gccctgtgag ttccegcetca cggggcegttttdca ggtatttgtg
3121 cagcttatcg tgttttcttc gtaaatgaac gcttaadtgttaaac gtggcaaata

3181 ggcaggattg atggggatct agcttcacge tgccgcadgagagcy caagggcetge
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3241 taaaggaagc ggaacacgta gaaagccagt ccgcagégagarc ccggatgaat
3301 gtcagctact gggctatctg gacaagggaa aacgcaagagagaaa gcaggtagct
3361 tgcagtgggc ttacatggeg atagctagac tgggcedjdcage aagcgaaccg
3421 gaattgccag ctggggcgcec ctetggtaag gttgggadgcaaagt aaactggatg
3481 gctttcttgc cgccaaggat ctgatggcgc aggggatmatggica agagacagga
3541 tgaggatcgt ttcgcatgat tgaacaagat ggattg@agmgtctcc ggccgcettgg
3601 gtggagaggc tattcggcta tgactgggca caacagaggetdctc tgatgecgece
3661 gtgttccggce tgtcagcgca ggggegececg gttetittiggaccga cetgtceggt
3721 gccectgaatg aactccaaga cgaggcageg cggctatigggeac gacgggcegtt
3781 ccttgcgcag ctgtgctcga cgttgtcact gaagcgggagaciggct gctattggge
3841 gaagtgccgg ggcaggatct cctgtcatct caccttggocgagaa agtatccatc
3901 atggctgatg caatgcggceg gctgcatacg cttgatdeggtgecc attcgaccac
3961 caagcgaaac atcgcatcga gcgagcacgt actcggaioepgtct tgtcgatcag
4021 gatgatctgg acgaagagca tcaggggctc gcgccagctggtagc caggctcaag
4081 gcgcggatgc ccgacggcga ggatctcgtc gtgacccgaggrctg cttgccgaat
4141 atcatggtgg aaaatggccg cttttctgga ttcatcgggtgggct gggtgtggcg
4201 gaccgctatc aggacatagc gttggctacc cgtgatg@éggagct tggcggcgaa
4261 tgggctgacc gcttcctegt getttacggt atcgeccgogattcgca gegeatcgece
4321 ttctatcgcc ttcttgacga gttctictga gcgggaajggeicgcg gaatcatgac
4381 caaaatccct taacgtgagt tttcgttcca ctgagcgicecggtag aaaagatcaa
4441 aggatcttct tgagatcctt tttttctgcg cgtaatogttjcaaa caaaaaaacc
4501 accgctacca gcggtggttt gtttgccgga tcaagagetzctcttt ttccgaaggt

4561 aactggcttc agcagagcgc agataccaaa tactgagtjiage cgtagttagg



4621 ccaccacttc aagaactctg tagcaccgcc tacatartctggiaa tcctgttacc

4681 agtggctgct gccagtggcg ataagtcgtg tcttacdggadtcaa gacgatagtt
4741 accggataag gcgcagcggt cgggctgaac ggggggtiagacage ccagettgga
4801 gcgaacgacc tacaccgaac tgagatacct acagcgitgagaaa gcgecacgct
4861 tcccgaaggg agaaaggcgg acaggtatce ggtaaggogic@gaa caggagageg
4921 cacgagggag cttccagggg gaaacgcctg gtatattadtgtcg ggtttcgcca
4981 cctctgactt gagcgtcgat ttttgtgatg ctcgtcagggrggagcc tatggaaaaa
5041 cgccagcaac gcggcctttt tacggttcct ggcecttggcdttttg ctcacatgtt

5101 ctttcctgeg ttatccectg attctgtgga taaccgtatgectttg agtgagcetga

5161 taccgctcge cgcagccgaa cgaccgageg cagcgdgsgrgagg aagcggaaga
5221 gcgcctgatg cggtatttte tecttacgea tctgtgetytacacce geatatggtg

5281 cactctcagt acaatctgct ctgatgccgc atagttaagjatacac tccgctatcg

5341 ctacgtgact gggtcatggc tgcgccccga cacccger@agetga cgecgecctga
5401 cgggcttgtc tgctcccggce atccgcettac agacaagatggtctc cgggagcetge
5461 atgtgtcaga ggttttcacc gtcatcaccg aaacgcgpmpygagat caattcgcge
5521 gcgaaggcga agcggcatgc atttacgttg acaccagggeaaa acctttcgeg
5581 gtatggcatg atagcgcccg gaagagagtc aattcagtygtaggtg aaaccagtaa
5641 cgttatacga tgtcgcagag tatgccggtg tctcttedcagittcc cgcgtggtga

5701 accaggccag ccacgtttct gcgaaaacgc gggaaamagioggcg atggcggagce
5761 tgaattacat tcccaaccgc gtggcacaac aactggegggagtcg ttgctgattg
5821 gcgttgccac ctccagtctg gecctgcacg cgcecgtcaftgiegcg gecgattaaat
5881 ctcgcgcecega tcaactgggt gccagegtgg tggtgtagaggacga agcggegtceg
5941 aagcctgtaa agcggceggtg cacaatcttc tcgcgcaéaaptggg ctgatcatta
6001 actatccgct ggatgaccag gatgccattg ctgtggaagtgtact aatgttccgg
6061 cgttatttct tgatgtctct gaccagacac ccatcaattdtttc tcccatgaag

6121 acggtacgcg actgggcgtg gagcatctgg tcgcatt@gggdgcaa atcgcgcetgt
6181 tagcgggccc attaagttct gtctcggegce gtctgecgjetgyctgg cataaatatc
6241 tcactcgcaa tcaaattcag ccgatagcgg aacggggadmgagt gecatgtecg

6301 gttttcaaca aaccatgcaa atgctgaatg agggcetcgctgcg atgctggttg
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6361 ccaacgatca gatggcgctg ggcgcaatgc gcgcecagegtccggg ctgegcegttg
6421 gtgcggatat ctcggtagtg ggatacgacg ataccgaagécatgt tatatcccgce
6481 cgtcaaccac catcaaacag gattttcgcc tgctggggeagegtg gaccgcttge
6541 tgcaactctc tcagggccag gcggtgaagg gcaatctigetepte tcactggtga
6601 aaagaaaaac caccctggceg cccaatacgc aaacegecgrycg ttggecgatt
6661 cattaatgca gctggcacga caggttticcc gactgo@@agagtga gcgcaacgca
6721 attaatgtga gttagcgcga attgatctgg tttgacagettgac tgcacggtgc
6781 accaatgctt ctggcgtcag gcagccatcg gaagcigtggctgtg caggtcgtaa
6841 atcactgcat aattcgtgtc gctcaaggceg cactcdrgataatg ttttttgcge

6901 cgacatcata acggttctgg caaatattct gaaatgeigatgatt aatcatccgg

6961 ctcgtataat gtgtggaatt gtgagcggat aacaataggaaac agaccatg

Appendix 1C: Mycothiol disulfide reductase protein sequence
[Mycobacterium tuberculosis H37Rv]

LOCUS YP_177910 459 aa linear BCT 29-
MAR-2010

DEFINITION mycothione reductase [Mycobacterium trdasosis H37Rv].

ACCESSION YP_177910

VERSION YP_177910.1 GI:57117030

DBLINK Project:224

DBSOURCE REFSEQ: accession NC_000962.2
KEYWORDS complete genome.

SOURCE Mycobacterium tuberculosis H37Rv
ORGANISM Mycobacterium tuberculosis H37Rv
Bacteria; Actinobacteria; Actinobacteridae;

Actinomycetales;
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Corynebacterineae; Mycobacteriaceae; Mycobacterium
Mycobacterium tuberculosis complex.

REFERENCE 1

AUTHORS Camus,J.C., Pryor,M.J., Medigue,C. ance(xI.

TITLE Re-annotation of the genome sequence of Mgcterium
tuberculosis H37Rv

JOURNAL Microbiology (Reading, Engl.) 148 (PT 1@R67-2973 (2002)
PUBMED 12368430

REFERENCE 2 (residues 1 to 459)

AUTHORS Cole,S.T., Brosch,R., Parkhill,J., GarfierChurcher,C.,
Harris,D., Gordon,S.V., Eigimeier,K., Gas,S., Ba.E. Il

Tekaia,F., Badcock,K., Basham,D., Brown,D., Chdlvorth,T., Connor,R., Davies,R.,
Devlin,K., Feltwell, T., Gentles,S., Hamlin,N., Hoyd,S., Hornsby,T., Jagels,K., Krogh,A.,
McLean,J., Moule,S., Murphy,L., Oliver,K., Osbojhe Quail,M.A., Rajandream,M.A.,
Rogers,J., Rutter,S., Seeger,K., Skelton,J., &gqiRyr, Squares,S., Sulston,J.E., Taylor,K.,
Whitehead,S. and Barrell,B.G.

TITLE Deciphering the biology of Mycobacterium tubelosis from the complete genome
sequence

JOURNAL Nature 393 (6685), 537-544 (1998)

PUBMED 9634230

REMARK Erratum:[Nature 1998 Nov 12;396(6707):190]
REFERENCE 3 (residues 1 to 459)

CONSRTM NCBI Genome Project

TITLE Direct Submission

JOURNAL Submitted (13-SEP-2001) National CenterBmtechnology
Information, NIH, Bethesda, MD 20894, USA

COMMENT REVIEWED REFSEQ: This record has been mddiy NCBI staff. The
reference sequence was derived from CAE55526.

Method: conceptual translation.



FEATURES Location/Qualifiers

source 1..459

/organism="Mycobacterium tuberculosis H37Rv"
[strain="H37RV"

/db_xref="taxon:83332"

Protein 1..459

/product="mycothione reductase"

/EC_number="1.8.1.7"

/function="INVOLVED IN REDUCTION OF MYCOTHIOL."

/calculated_mol_wt=49815

Region 3..459

/region_name="PRK07846"
/note="mycothione/glutathione reductase; Reviewed;
PRKO7846"

/db_xref="CDD:136532"

Region 174..252
/region_name="NADB_Rossmann"
/note="Rossmann-fold NAD(P)(+)-binding proteins;
cl09931"

/db_xref="CDD:164178"

Region 345..454

/region_name="Pyr_redox_dim"
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/note="Pyridine nucleotide-disulphide oxidoredseta dimerization domain; pfam02852"

/db_xref="CDD:145812"
CDS 1..459

/gene="mtr"
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/locus_tag="Rv2855"
/coded_by="NC_000962.2:3165205..3166584"
/lexperiment="experimental evidence, no additional
details recorded"

/note="catalyzes the reduction of mycothione or
glutathione to mycothione or glutathione

disulfide"

/trans|_table=11

/db_xref="GenelD:887773"

ORIGIN

1 metydiaiig tgsgnsilde ryaskraaic eqgtfggtcl npganf
vyaaevakiti

61 rgasrygida hidrvrwddv vsrvfgridp ialsgedyrr nagvyrt
htrfgpvgad

121 gryllrtdag eeftaeqvvi aagsrpvipp ailasgvdydivisiriae
Ipehivivgs

181 gfiaaefahv fsalgvrvtl virgsclirh cddticerfastkwelr
thrnvvdgqq

241 rgsgvalrld dgctinadll Ivatgrvsna dlldaeqagedigrvivd
eyqrtsargv

301 falgdvsspy llkhvanhea rvvghnlicd wedtgsmivtyitpaavf
tdpgiaavgl

361 tengavakgl disvkiqdyg dvaygwamed tsgivklitegidigah
imgyqassili

421 gpligamsfg Itaaemargq ywihpalpev venallglr
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