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Exploiting Bacterial DNA Repair Systems
as Drug Targets: A Review of the Current
Scenario with Focus on Mycobacteria

Taran Khanam and Ravishankar Ramachandran*

Abstract | Bacterial DNA repair systems as a drug target have been
drawing increasing attention. Recent research has highlighted important
differences between bacteria and humans in these systems. Addition-
ally, most existing drugs are not known to act through inhibition of the
components of these systems, especially involving the principal replica-
tive ligase, and hence afford the possibility to develop new therapeutics
that can overcome present problems of drug resistance. Recent work has
highlighted significant differences in DNA repair systems between myco-
bacteria and others like E. coli, leading to the possibility of developing
inhibitors that can distinguish even between these bacteria. In this review,
present information on these systems from the point of view of new anti-
bacterial development in general is collated. The subsequent focus is
on mycobacterial DNA repair systems, particularly those involving DNA
ligases. Presently available inhibitor scaffolds and new approaches for the
development of potent inhibitors are also discussed.

Keywords: MtbLigA, NAD*-dependent DNA ligase from M. tuberculosis; BER; Base-excision repair
pathway,; NER; Nucleotide excision repair pathway; NHEJ;, Non-homologous end-joining pathway;

HR; Homologous recombination.

1 Introduction

The historic milestone in the fight against patho-
genic bacteria is arguably the breakthrough dis-
covery of penicillin in 1928. This was followed by
numerous discoveries of additional classes of anti-
biotics that form the current arsenal of antimicro-
bials. Excessive use/misuse of antibiotics during
the past years has unfortunately led to many path-
ogenic bacteria mutating into drug resistant
strains. Bacteria exhibit diverse mechanisms of
drug resistance against formerly successful drugs,
a phenomenon called ‘multiple drug resistance’
(MDR), which is extremely difficult to treat.'?
There are several strains that have gained resistance
against all available agents, eg. MRSA (Methicillin-
Resistant Staphylococcus aureus), a gram-positive
bacterium, which is not only resistant to methicil-
lin but also aminoglycosides, macrolides, tetracy-
cline, chloramphenicol, and lincosamides.” A big
threat also comes from gram-negative bacteria like

Acinetobacter and Pseudomonas spp which have
acquired pan-drug resistance.”” Alarmingly, the
emergence of resistant pathogens that is leading
to increasing fatalities is accompanied by relative
stagnation in the development of new antibiotics,
especially those that have new modes of action. It is
clear that inspite of the substantial progress in the
development of modern drug discovery tools that
utilize biological, chemical, informational, and
technological interfaces, there have been dispro-
portionate difficulties in the identification of new
lead therapeutic compounds.®” The emergence of
clinically significant resistant strains of microbial
pathogens has led to an increase in the discovery/
production of antibacterials, but most of them are
derivatives of old traditional classes of antibiot-
ics. Compared to only two systemic antibacterial
agents approved for use in humans by the U.S. FDA
from 2008 to 2013, sixteen were approved from
1983-1987. In particular, there has been no new
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class of antibiotics to treat Gram-negative bacilli
(GNB) for more than 40 years. Amazingly, the
fluoroquinolones were the last new class of antibi-
otics to treat GNB. Resistant bacteria employ var-
ied approaches to escape antibiotic pressure, due
to which there an acute need for the development
of new antibiotics with the rise of novel modes of
action.

More recently, there has been an explosion of
data that significantly augment our knowledge of
bacterial physiology.*"* Informational and tech-
nological developments have given rise to large
amounts of data, especially the complete genome
sequence of thousands of bacterial genomes.!
Systematic high throughput efforts in generating
gene-knockouts of various bacterial species have
shed light on the role and essentiality of numerous
genes.' Structural genomics initiatives have led to
the determination of three dimensional structures
of various crucial and essential proteins that could
be exploited as promising drug targets. These are
expected to be helpful in structure-based new
inhibitor discovery approaches.'? Entire protein-
protein network analyses have been carried out
in model organisms like Escherichia coli."® Studies
like these lead to better understanding of the indi-
vidual gene components against a systems biology
background. Recent advances in technology has
assisted the in vivo studies of proteins inside the
live bacterial organism to support the decades of
in vitro studies.'® The plethora of high-through-
put information available from model organisms
can now be extrapolated to human pathogens. It is
small wonder that this vast knowledge and infor-
mation can pave the way towards the expected
development of new classes of antibiotics that uti-
lise new modes of action and new drug targets.

Antibiotics in current use mostly target a
diminutive number of bacterial targets, most of
which affect peptidoglycan, biosynthesis or gene
expression/translation.”” These targets are either
essential for growth and propagation of patho-
gens, or are absent from their human host and are
conserved across wide range of bacterial patho-
gens." It is evident from enormous high through-
put knock-out and sequencing data that there
remain many additional bacterial cellular targets
essential for pathogen survival, and which are not
the targets of any of the presently available armour
of antibiotics.

2 Bacterial DNA Metabolism

DNA metabolism is a fundamental process car-
ried out by bacteria to maintain its survival.
DNA metabolism involves many vital life-sus-
taining processes like DNA replication, DNA

recombination, DNA repair, transcription etc.
These processes require a large set of proteins and
protein complexes to work in a highly coordi-
nated organized manner. The three indispensable
mechanisms replication, repair and transcription
share many of their functional workers following
‘common enzyme-diverse pathways approach’.
This strategy may be fascinating for the develop-
ment of antimicrobials, as therapeutic interven-
tion with any one critical functional component
can influence more than one vital life processes in
the bug, making it difficult to survive. Moreover,
such inhibitors should also have broad-range
activity as these modules are highly conserved.
There are several reasons that lead to DNA dam-
age in bacteria; but an important reason especially
during bacterial infection involves the release of
chemicals by host cells that leads to bacterial DNA
damage. Such damage is highly mutagenic and
cytotoxic, and if left untreated leads to bacterial
cell death. At the same time if genetic material is
perpetuated with perfect fidelity, the genetic vari-
ation needed to drive evolution would be lack-
ing and new strains such as resistant forms of the
pathogens would not arise. So the success story of
pathogenic life depends on a happy and delicate
balance between mutation and repair. The nature
of mutation decides how the repair action should
take place, and reverse the conceivable change in
the DNA sequence. Some of the repair strategies
employed by bacteria are outlined below.

2.1 Mismatch repair
The replication machinery has high degree of
accuracy due to the proof reading component
of the replisome*, the 3°-5 exonuclease which
removes wrongly incorporated nucleotides.
However, this proof reading is not foolproof
and sometimes incorrectly added nucleotides
escape detection and become a mismatch between
the newly synthesized strand and template strand.
Such mismatches if not detected and replaced
would get lodged in the DNA permanently and
lead to deleterious effect on the growth of the
pathogen. A specialized mechanism of mismatch
repair is reserved to deal with such genomic
sequence alteration. The scanning action for detec-
tion of mismatch is performed by MutS, a protein
that recognises DNA distortion. It further recruits
MutL, a second component of the repair system.
MutL, in turn, activates MutH, which causes an
incision near the site of mismatch, followed by the
unwinding of the DNA strand from the incised
point by UvrD to the mismatched site. Exonucle-
ase progressively digests the displaced strand creat-
ing a single stranded gap that is then filled by DNA
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polymerase III. The nick is subsequently sealed by
the action of DNA ligase. Mismatch repair sys-
tems are highly conserved in bacterial populations
and have evolved from common ancestors, i.e. the
Hex system in Gram-positive Streptococcus pneu-
moniae and the Mut system in Gram-negative
E. coli, Salmonella enteric, Serovar typhimurium'*
and Saccharomyces cerevisiae.” But at times, the
constant stress conditions that prevail in the
human host, cause the repair machinery itself to
get affected. Any alterations in genomic DNA that
leads to mutations or loss of mismatch repair sys-
tem may result in greater chances of mutations
in the pathogens, which can give rise to selected
resistant strains. The resistant mutants may have
altered targets of a drug, reduced permeability to
the antibiotic, increased efflux of the antibiotic
or upregulated antibiotic-inactivating enzymes.
Hypermutability arising due to loss of DNA mis-
match repair systems, can be co-selected with anti-
biotic resistance. This means that mutants with
resistance to one agent are more likely to develop
subsequent resistance to unrelated agents.”
Siegel & Bryson (1967) discovered the MutS gene
in an azaserine-resistant derivative of E. coli that
had a mutator phenotype and carried a deletion in
the MutS gene. The mutator phenotype has been
linked in several bacterial genera to a defect in
the methyl-mismatch repair system, in which the
chief modules are MutS and MutL and UvrD. This
system is involved both in mismatch repair and in
prevention of recombination between homolo-
gous fragments in Escherichia coli. This has been
shown to play an important role in the adaptation
of bacterial populations to changing and stressful
environments including the development of anti-
biotic resistance based on the reasons delineated
here.**

2.2 Base Excision Repair (BER)

Mutations do not arise only from errors in replica-
tion but also as a result of environmental muta-
gens that may be produced inside the pathogenic
host as a defence immune response or outside.
Most frequent mutations arise due to alkyla-
tion and oxidation of nitrogenous bases that
lead to the generation of altered bases which are
highly mutagenic and cytotoxic. The other harm-
ful modifications arise from ionising radiations
which are clastogenic in nature and lead to double
and single-stranded DNA breaks. There are spe-
cialized systems of DNA repair present in bacteria
to deal with the altered bases, namely Base exci-
sion repair (BER) and nucleotide excision repair
(NER) respectively. BER involves an enzyme, gly-
cosylase, which is a lesion specific enzyme. Cells

Exploiting Bacterial DNA Repair Systems as Drug Targets

have multiple DNA glycosylases with different
specificities for lesions like uracil generated by
the deamination of cytosine or oxoG generated
by oxidation of guanine like Ung, UdgB, MutM,
MutY.>*! DNA glycosylases diffuse laterally along
the minor grove until a specific lesion is detected.
They recognise the damaged base which is flipped
out of the DNA double helix. The base is then
removed by hydrolysing the N-glycosidic bond,
resulting in the production of abasic sites. These
abasic sites are highly mutagenic in nature. The
abasic sites are further processed by the action of
AP endonucleases that incise the DNA phosphate
backbone and produce a nick. The nick is then
sealed by downstream processing enzymes like
DNA polymerase and DNA ligase, thereby restor-
ing the intact strand using the undamaged strand
as the template.’>*

2.3 Nucleotide Excision Repair (NER)
Unlike base excision repair, the nucleotide excision
repair enzymes do not recognise any particular
lesion. Rather the NER system works by recognis-
ing the distortion in the shape of the double helix.
The task is largely accomplished by four major
proteins, viz. UvrA, UvrB, UvrC and UvrD. A
complex of UvrA-UvrB scans along the length of
DNA in an ATP-dependent manner. UvrA detects
the distortion and exits leaving behind UvrB to
melt the DNA creating a single stranded bubble
around the lesion. This step is followed by the
recruitment of UvrC that incises both sides of the
lesion. This cleavage creates 12—13 residue long
single-stranded DNA segments made accessible
by DNA helicase, UvrD. Finally DNA polymerase
I and DNA ligase seal the gap.**

2.4 Recombination repair of DNA

Owing to constant assault by the host defence sys-
tem, the maintenance of genomic integrity is a big
task for a pathogen. This might give rise to a situ-
ation whereby the replication fork halts due to the
presence of an unattended DNA lesion, and leav-
ing the lesion in a single-strand gap at the stalled
fork. Alternately, if the replication fork encounters
a DNA strand break, a double-strand break sepa-
rates one branch of the fork. Such stalled repli-
cation forks can be processed by diverse means
to give rise to a DNA end with double stranded
breaks. These broken DNA ends then commence
recombination with homologous DNA molecule
which will in turn heal the break. The cellular
recombinational DNA repair system consists of
flexible set of enzymes that can process whatever
DNA structures might exist at a collapsed repli-
cation fork. The first set of proteins to come into
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Table 1: Structural data available in the Protein Data Bank (http://www.rcsb.org/) for proteins in the different

DNA repair pathways discussed.

Pdb ids of Pdb ids of structures
Gene annotation structures from other relevant
Enzymatic in Mycobacterium from bacterial sources

Proteins actvities Tuberculosis Mycobacterial* (organism)#*

Mismatch Repair Pathway

MutS Methyl-directed ABSENT - 2 WTU(Ec)
mismatch repair 3ZLJ(Ec)
protein/ATPase 10H5(Ec)

1EWR(Ta)
TNNE(Ta)

MutL Methyl-directed ABSENT - 1BKN(EC)
mismatch repair protein/ 3GAB(Bs)
DNA-stimulated
ATPase

MutH Methyl-directed mismatch ~ ABSENT - 1AZO(Ec)
repair endonuclease 2AZ0(Ec)

UvrD ATP-dependent 3’-5' DNA  ABSENT - 3LFU(EC)
helicase Il 21S2(Ec)

Rec) ssDNA 5'-3" exonuclease ABSENT - 27X0O(Tt)

BER/NER Pathway

Ung Class 1 Uracil DNA Rv2976¢ 3A7N 3UF7(Ec)
glycosylase. 1LQJ(EC)

2HJQ(Bs)

Udg Class 5 Uracil DNA Rv1259 -
glycosylase

Fpg Formamidopyrimidine Rv2924 - 1K82(Ec)
DNA glycosylases 3TWL(AL)

Fpg2 Formamidopyrimidine Rv0944 -

DNA glycosylases
Nei1 Endonuclease VIl Rv2464c - 2EAO(EC)
20PF(Ec)
20Q4(Ec)

Nei2 Endonuclease VIl Rv3297 -

Nth Endonucease Il Rv3674 - 2ABK(Ec)

1P59(Gs)

MutY Adenine DNA Rv3589 - TWEF(Ec)
glycosylase 1KG2(Ec)

TagA Glycosylase Rv1210 -

AlkA Methylphosphotriester- Rv1317 - 1DIZ(Ec)
DNA-protein-cysteine 30H6(EC)
S-methyltransferase

Mpg Glycosylase Rv1688 - 2ZU7(Ph)

Nfo Endonuclease IV Rv0670 - 4K1G(Ec)

2NQ9(Ec)
1XP3(Ba)

Xth Exonuclease Il Rv0427 - 1AKO(Ec)

2JC4(Nm)
2VOA(A()

Dut dUTPase and dCTPase Rv2697c 1SM8 1SEH(Ec)
activitites 1SMC 1EUS(EC)

2PY4 TEUW(EC)
4GCY

ISLH

3L0J

1SIX

MutT1 8-0x0(dGTP)/8-0x0(GTP) Rv2985 - 3A6S(Ec)
Hydrolase, dGTP, dTTP 2PQV(Sp)
hydrolase 3HHJ(Bh)

3DUP(Rr)
(Continued)
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Table 1: (Continued).

Pdb ids of Pdb ids of structures
Gene annotation structures from other relevant
Enzymatic in Mycobacterium from bacterial sources

Proteins actvities Tuberculosis Mycobacterial* (organism)**

MutT2 8-oxo0-dGTPase Rv1160 -
activity

MutT3 dNTPases/NTPases Rv0413 -

MutT4 dNTPases/NTPases Rv3908 -

RdgB NTPase for removal of Rv1341 - 1K7K(Ec)
hypoxanthine/xanthenes 2PYU(Ec)
triphosphates 2Q16(Ec)

MazG nucleoside triphosphate Rv1021 - 3CRA(EQ)
pyrophosphohydrolases 3CRC(EQ)

2YF9(Dr)

UvrA ATPase/excinuclease Rv1638 37QJ

UvrB Excinuclease/Stimulates Rv1633 - 1QOJ(EC)
ATPase activity of UvrA 1T5L(Bc)

2D7D(Bs)
2NMV(Bs)
3V4R(Bs)

UvrC Excinuclease/Attiches Rv1420 - 1KFT(Ec)
to UvrA-B and incises 3C65(Bst)
the damaged DNA on
both sides of the
damaged site

Mfd Involved in transcription Rv1020 - 2EYQ(EQ)
coupled repair 2QSR(Sp),

3HJH(EC)
2B2N(Ec)

UvrD1 3'-5' DNA helicase Rv0949 2LQQ 3LFU(Ec)
2IS1(Ec)

UvrD2 3'-5' DNA helicase Rv3198 -

XPB 3'-5' DNA helicase Rv0861 - 2FWR(Af)
2FZL(Af)
2FZ4(Af)

PolA DNA polymerase Rv1629 - 3HQA(EC)
1DPI(EC)
3EYZ(Gb)
AELT(Ta)

DinP Y-family DNA Rv3056 - 4K74(Ec)
polymerases V

DinX Y-family DNA Rv1537 -
polymerases IV

DnaE2 error prone DNA Rv3370 - 1ZDE(Ss)
polymerase

LigA NAD*dependent Rv3014c 1ZAU(adenylation 20WO(Ec)
DNA Ligase domain) 3JSN(Sa)

3SGI(BRCT 3BAC(Hi)
deleted LigA) 1DGS(T)
1VIP(TT)
ligB ATP dependent DNA Rv3062 - 3GDE(Af)
Ligase
LigC ATP dependent DNA Rv3731 -
Ligase

LigD ATP dependent DNA Rv0938 1VSO(ligase domain) 2FAR(Pa)
Ligase. Involved in NHEJ 2IRU(polymerase 3N9B(Pa)

domain) 2FAO(Pa)

2R9L(polymerase
domain)

(Continued)
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Table 1: (Continued).

Pdb ids of Pdb ids of structures
Gene annotation structures from other relevant
Enzymatic in Mycobacterium from bacterial sources
Proteins actvities Tuberculosis Mycobacterial* (organism)#*

Recombination Repair

RecA DNA dependent ATPase Rv2737c
catalysing strand invasion
and strand exchange during
homologous recombination

RecB DNA helicase/nuclease Rv0630c

RecC DNA helicase/nuclease Rv0631c

RecD DNA helicase/nuclease Rv0629c

RuvA Holliday junction DNA Rv2593c
helicase

RuvB Holliday junction DNA Rv2592c
helicase

RuvC Holliday junction resolving ~ Rv2594c

endonuclease

RecG ATP dependent DNA Rv2973c
helicase

RecF ssDNA and ATP binding Rv0003

AdnA Helicase/nuclease Rv3202c

AdnB Helicase/nuclease Rv3201c

1G19 31GD 1UBC(Ms)
TNO3(Ec)
1REA(EC)
1XMS(Ec)

2REB(Ec)

- 1W36(Ec)
3K70(Ec)

2H5X 2ZTE 1C7Y(Ec)
1D8L(Ec)
THJP(Ec)
1CUK(Ec)
1BVS(MI)

- THQC(Tt)
1IN4(Tm)
1IN7(Tm)

- 1GM5(Tm)

= 205V(Dr)

- 3U44(Bs)
3U4Q(Bs)

# Organism designation: Ec, Escherichia coli K-12; Ta, Thermus aqaticus; Bs, Bacillus subtilis; Tt, Thermus thermophilus;

At, Arabidopsis thaliana; Gs, Geobacillus stearothermophilus; Ph, Pyrococcus horikoshii; Ba, Bacillus anthracis, Nm, Nesseria
meningitides; Af, Archaeoglobus fulgidus; Sp, Streptococcus pneumonia; Bh, Bartonella henselae; Rr, Rhodospirillum rubrum;

Dr, Deinococcus radiodurans, Bc, Bacillus caldotenax; Bst, Bacillus stearothermophilus; Ta, Thermus Aquaticus, Gb, Geobacillus
kaustphilus; Ss, Synechocystis sp; Sa, Staphylococcus aureus; Hi, Haemophilus influenzae; Tf, Thermus filiformis; Pa, Pseudomonas
aeruginosa; Ms, Mycobacterium smegmatis; MI; Mycobacterium leprae; Tt, Thermus thermophilus; Tm, Thermotoga maritima.

* Codes shown are Protein Data Bank accession number.
- Structure of the corresponding protein is not available.

play in recombination repair is RecBCD helicase/
nuclease trimolecular complex of three subunits.
It binds to the DNA molecule at double stranded
breaks and unwinds the DNA strands along the
length of DNA using energy from ATP hydrolysis,
accompanied with or without nucleolytic degra-
dation of one or both the DNA strands. The activi-
ties of RecBCD are controlled by specific Chi DNA
sequences (GCTGGTGG). The Chi sites stimu-
lates frequency of homologous recombination by
assisting in the creation of 3’-single stranded DNA
ends by altering the polarity of nuclease activity
of the enzymatic complex.” The single stranded
DNA tail generated by RecBCD must be coated by
RecA protein for recombination to occur, which
is recruited by the enzyme complex itself. RecA is
a strand exchange protein that catalyses the pair-
ing of homologous DNA molecules. The active

form of RecA is the protein-DNA filament. RecA
binds readily to single-stranded DNA, nucleating
and then assembling unidirectionally (5°-3’) into
a nucleoprotein filament. It is within the RecA
filament that the search for the homologous DNA
sequences is conducted and execution of DNA
strands occur.*** After the strand invasion step
of recombination is complete, the two recom-
bining DNA molecules are connected by DNA
branch called Holliday junction. Holiday junc-
tion specific protein RuvA recognizes and binds
to the junction and recruits helicase RuvB that
provides energy for the exchange of DNA pairs
and move DNA branch. RuvC is the major hol-
liday junction resolving endonulcease that further
brings about cleavage and resolution of junction
in complex with RuvA and RuvB by nicking two
of the homologous DNA strands. The 3’-OH and
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5’phosphate ends are created that are then further
ligated by DNA ligase.

Recombination-based DNA repair proteins,
particularly the RecBCD and AddAB helicase-nu-
cleases, are potential targets for development of a
new classes of anti-bacterial agents. These proteins
are the constituents of the major pathway of DNA
repair, broadly dispersed in bacteria and appar-
ently missing from eukaryotes. They are particu-
larly required during infection by several diverse
pathogens, and are responsible for the induction
of mutations that impart resistance to available
antibiotics. Drugs against these enzymes should
self-limit the progress of bacterial resistance. Many
recent studies have resulted in promising results to
exploit these yet untouched novel cellular targets.
The hexapeptide WRWYCR has been recently
identified as an inhibitor of bacteriophage lambda
integrase (Int)-mediated site-specific recombina-
tion. The most effective peptides were found to be
specific for the branched DNA structure itself, in
contrast to the integrase complex. These peptides
have been found to be inhibitory to several hol-
liday junction processing enzymes in vitro that
includes RuvABC junction resolvase complex.*®*
Inhibition of recombination repair constitutes a
novel target for antibiotic therapy and needs fur-
ther investigation.

3 The DNA Repair Systems of
Mycobacteria: A Tool for Evolution/
Adaptation?

Mpycobacterium tuberculosis is a major global

threat to the human population. The co-infection

of TB with HIV increases the risk of death twice
as compared to patient with HIV infection alone*®

(WHO 2010). The integrity of the mycobacterial

genome is protected by dedicated DNA repair

machinery, which is of paramount importance
for its survival within the host. Availability of the
genome sequences from a variety of mycobacte-
rial strains and variants has significantly advanced
our knowledge of DNA repair mechanisms in this
organism.” A growing body of evidence suggests
that these pathogens often behave differently even
from other bacteria like E. coli and B. subtilis espe-
cially in some of the important processes involv-
ing DNA repair.®® The M. tuberculosis genome
contains many of the base excision and nucleotide
excision repair genes found in E. coli. However, it
lacks homologs of the mismatch repair pathway
genes.”™ Interestingly, the bacterium possesses

ERCC3 (XPB) and Mpg, enzymes which were

until then found exclusively in mammalian cells.*

The bacterium also encodes homologs of the

non homologous end joining pathway (NHE]),

Exploiting Bacterial DNA Repair Systems as Drug Targets

which has been established as a major pathway for
repairing double strand DNA breaks in eukaryo-
tes. Proteins such as Ku70, Ku80, DNA ligaseD
that function in this pathway have been identi-
fied in M. tuberculosis and other selected bacterial
members.”** A similar NHE]J process is notably
absent in bacteria, like E. coli. The capacity of
M. tuberculosis to adapt to the ever-hostile and
varying host conditions has been shown by the
emergence of multidrug resistant strains (resist-
ant to both isoniazid and rifampicin that may
or may not demonstrate resistance to any other
antituberculosis drugs) and, more lately, exten-
sively drug-resistant (strains resistant to isoni-
azid and rifampin as well as atleast two of the six
primary classes of second-line drugs, one being
a fluoroquinolone and the other an injectable
drug.” Studies by Dos Vultos et al. demonstrated
predominant high level of variation in the nucle-
otide sequences encoding DNA repair proteins in
the W-Beijing family of resistant strains.* The sig-
nificant role that DNA repair machinery plays in
providing adaptive capability and hence the emer-
gence of drug resistance, comes from the study of
M. tuberculosis W-Beijing strains, a family linked
to increased risk of drug resistance. This fam-
ily carries an accumulation of unique mis-sense
alterations in the three putative anti-mutator genes
including mutT-type genes, mutT2 and mutT4.”
The available evidence points to the importance
and link between the survival/emergence of resist-
ant mycobacterial strains and alterations in their
DNA repair, recombination and replication sys-
tems. Specific mycobacterial DNA repair systems
will be detailed subsequently.

3.1 Components of Mycobacterial Base
Excision Repair (BER) system

The full complement of genes that encode for
homologs involved in base excision repair path-
way have been reported in mycobacteria.**** The
proteins encoded are highly conserved compared
to homologs from other bacteria. BER is initiated
by DNA glycosylases, which as mentioned earlier
are lesion specific enzymes that display high spe-
cificity for damaged bases. They catalyze excision
by hydrolyzing the N—glycosidic bond between
the base and sugar. DNA damage that arises from
oxidative stress frequently involves the oxidation
of guanine resulting in the generation of 7,8-di-
hydro-8-oxoguanine (8-oxoG) or its derivatives
(Fraga et al., 1990; Steenken and Jovanovic, 1997;
Farr and Kogoma, 1991; David et al., 2007). The
presence of 8-0xoG in the template strand results
in the misincorporation of A during replication
resulting in C to A (or G to T) transversions.**
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Figure 1: Schematic representation of Base Excision Repair pathway in Mycobacterium tuberculosis. In
this and the subsequent figures, the gene annotations corresponding to the protein are shown in outlined
boxes. The PDB IDs of the presently available crystal structures of the proteins involved in the pathways,
with references, are in the shaded boxes.
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To check such mutations, organisms have a dedi-
cated pathway called the ‘GO repair system’ involv-
ing atleast two enzymes to locate 8-0x0G lesions in
the midst of predominantly undamaged DNA. The
first one viz. MutM (Fpg-formamidopyrimidine
DNA glycosylase), excises 8-0xoG paired against C,
while the second enzyme viz. MutY (adenine gly-
cosylase) is involved in removing the normal base
A when paired against 8-oxoG, thus preventing
the mis-incorporation of A against 8-0x0G.®"-%
The Mpg gene encodes for 3-methylpurine-DNA
glycosylase which until then was considered to
be present only in mammalian cells.*” Mpg pro-
tein has a broad spectrum of substrates including
altered bases like deaminated purines. The latter
are generated as a result of the action of reactive
nitrogen species produced by macrophages.** The
lack of a mismatch repair system in M. tubercu-
losis makes it more vulnerable to cytosine deami-
nation, although this is yet to be confirmed. The
deamination of cytosine results in the incorpora-
tion of uracil in DNA which brings transversion
mutations and destabilizes genomic integrity. Ung,
uracil DNA glycosylase prevents such mutations
by efficiently excising uracil from DNA and helps
in the maintenance of the pathogen in the reactive
environment of macrophages.®® MtuUdgB excises
ethenocytosine and hypoxanthine from double-
stranded DNA (dsDNA) and may act as backup
for Ung disabled bacteria.® Recent elucidation of
the crystal structure of Ung from M.tuberculsosis
(PDB ID 3A7N, 2ZHX)*"% demonstrated unique
features of its structure and interaction. After the
action of DNA glycosylases that leaves an Apu-
rinic/Apyrimidinic (AP) site, AP endonucleases
come into play to repair them. The accumulation
of abasic sites are extremely mutagenic in nature
as they obstruct vital life processes like replication
and transcription.®~? Two homologs of E. coli AP
endonucleases, viz. Nfo (endonuclease IV) and
XthA (exonuclease I1I) have been reported to exist
in M. tuberculosis. Although the protein elements
of the BER pathway in mycobacteria are highly
conserved they have not yet been exploited for the
development of new inhibitors that target them.

3.2 Components of Mycobacterial
Nucleotide Excision Repair (NER)
system

The NER pathway in bacteria is an important alter-

native to BER, especially in the context of repair

of DNA damage resulting from UV exposure
such as thymine dimers, DNA cross links, strand
breaks, deamination of bases, etc. generated by

ROS and RNI.”>” The protein components of the

NER pathway in mycobacteria remains essentially
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conserved in all mycobacaterial strains as also in
bacteria like E. coli. The components mainly con-
sist of the excinuclease ABC and the DNA helicase
11, i.e. uvrA, uvrB, uvrC and uvrD respectively. This
indicates the significant importance that the NER
system carries in preserving the genomic integrity.
Studies have highlighted the increase in the expres-
sion of UvrA and UvrB in M.tuberculosis on expo-
sure to hydrogen peroxide and amplification in
the production of NER pathway gene transcripts
in human macrophages.””® The UvrB mutant of
M. tuberculosis was shown to be sensitive to acidified
sodium nitrite. Further exploration demonstrated
that the mutant exhibited deficiencies for survival
within mouse.””® Very recently the crystal structure
of UvrA from mycobacterial origin was reported,
which has led to additional understanding about
its reaction mechanism and mode of binding to
UvrB binding domain.” The available information
suggests that mycobacterial NER can prove to be a
useful drug target. In fact, a recent study demon-
strated therapeutic targeting of the mycobacterial
NER pathway by a chemical inhibitor 2-(5-ami-
no-1, 3, 4-thiadiazol-2-ylbenzo[f]chromen-3-one
(ATBC) at micromolar concentrations.®* However,
further investigations are required to exploit this
repair system as a novel target.

3.3 Components of the Mycobacterial
recombination repair system

The continuous stress under which mycobacte-
ria exists inside the host’s macrophage, subjects
its genomic integrity to a high degree of threat.
Maintenance of genome integrity is pivotal for
cell survival, yet the outcome of constant host
assaults, such as double-strand breaks (DSBs)
occur routinely. Such DSBs are induced by endog-
enous sources such as the reactive and genotoxic
environment present inside the macrophage, rep-
lication across nicks etc. Double-strand breaks
(DSBs) are a specific type of DNA lesions that may
act as obstacles during DNA metabolism, eg. when
replication forks encounter single-strand breaks.*'
Understanding of the processes and sequence
of events involved in recombination repair has
largely been based on studies done in E. coli.®*
Nature has evolved two general approaches for
repairing DSBs: homologous recombination (HR)
and non-homologous end joining (NHE]) respec-
tively. Homologous recombination is a template
(homologous donor DNA molecule) dependent
process which is relatively error free and occurs
by either joining the two opposed ends of the
broken DNA molecule or restarting the replica-
tion process from a detached DNA end. In both
the cases, exchange of DNA strands occurs by a
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process called synapsis (‘synapsis’ broadly refers to
the pairing of two recombining DNA molecules)
between homologous DNA molecules.®* The
chief player in the recombination process is DNA-

Schematic representation of Nucleotide Excision Repair pathway in Mycobacterium

dependent ATPase called RecA, that searches for
homology and brings about strand invasion cul-
minating in strand exchange. Consequently, DNA
lesions requiring recombinational repair must first

Journal of the Indian Institute of Science IVOL 94:1 | Jan.—Mar. 2014 | journal.iisc.ernet.in



Exploiting Bacterial DNA Repair Systems as Drug Targets

I

Chi Site
RecD(Rv0629¢)
RecB{RvDG30c)
RecD(Rv0631c) |
v

I

Chi Site

v ; [ J— ol
__‘Degraded DNA

& |

RecA filament

RecA(Rv2737¢) ‘ RecA PDB ID( 1G19):

Strand invasion

olliday junctio

RuvA{Rv2593c) RuvA PDEB ID(2ZTE)s:

[ RuvB({Rv2592c)

RuvC(Rv2594c)

Replication start

Figure 3: Schematic representation of Homologous recombination by the RecBCD pathway in Mycobac-

terium tuberculosis.

Journal of the Indian Institute of Science |VOL 94:11Jan.—Mar. 2014 | journal.iisc.ernet.in

159



160

Taran Khanam and Ravishankar Ramachandran

i \ Double stranded hrealtg’

5}

Recognition and end binding . Ku{Rv0937c)

Processing of ends

LigD Ligase domain
PDB ID{1VS0)s

Ligase domain LigD{RvO938)

Polymerase domain

Nuclease domain

LigD Polymerase domain
PDB ID(2IRU,2R9L)s 1

LigA PDB ID{1ZAU)::s

DMA synthesis for gap filling and
nick sealing

o S5

T

ﬁ l KU[RvO937)-Pol-LigC{Rv3731 )s01.10s
oR

| LigA(Rv3014c)
| L e

Ligh PDB ID(35Gl)

s &

Figure 4: Schematic representation of NHEJ repair pathway in Mycobacterium tuberculosis.

be processed into ssDNA by the action of helicases
and nucleases.®* RecA-dependent pathways
include the RecBCD pathway and the RecF path-
way. Sequencing of the M. tuberculosis genome has

led to the identification of a number of mycobac-
terial homologs of recombination genes including
RecA, RecBCD, RecF, RuvA, RuvB and RuvC.#*!

This indicates that the
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recombination is conserved in mycobacteria. The
elucidation of crystal structures of mycobacterial
RecA and RuvA from have shed more light on
the mechanism of these important proteins. The
information can be exploited for development of
rational design of inhibitors.”** Recently another
heterodimeric helicase—nuclease AdnAB has been
identified in mycobacteria. The studies suggest
that these play an important role in homologous
recombination. They also suggest that mycobacte-
ria are exceptional in that they encode both AdnAB
and RecBCD, and furthermore, point to the exist-
ence of alternative end-resecting motor—nuclease
complexes.”” Analysis of genome sequences iden-
tified potential prokaryotic homologs of two
proteins known to be involved in NHE], namely
Ku and an ‘NHE]J-type’ of DNA ligase, viz. LigD.
NHE]J, was initially assumed to be restricted to
eukaryotes till it was identified in mycobacteria.
NHE] is a error prone repair process that pro-
ceeds without the need of a homologous DNA
molecule, with the direct reattachment of the two
broken DNA ends.”**% Structural and biochemi-
cal characterization of recombinant MtKu and
MtLigD suggests they efficiently process NHE]
functions.””"1%° It has been proposed that in the
stationary phase, bacteria rely on NHE] in a man-
ner analogous to non-cycling eukaryotic cells.>*
However, the present understanding supports that
the NHE] process in mycobacteria is more than
just a two component system comprising MtKu
and MtLigD. Alternate NHE]J processes have been
identified in mycobacteria that are independent
of Ku and LigD. The latter involves the repair of
3’ overhang Double Strand Breaks and the princi-
pal replicative ligase, viz. LigA, is involved in this
pathway. The role of other as-yet-unknown fac-
tors have also to be investigated.'*"'*> There have
been speculations about the cross talk between
the RecA dependent repair pathways and NHE] in
bacterial systems, known to repair similar kind of
DNA damage.'” It has been proposed that myco-
bacteria exploit three genetically distinct DNA
double-strand break repair pathways with recent
identification of another novel repair system
called as ‘Single-strand Annealing’ (SSA) pathway
which involves RecBCD complex.'™ The SSA path-
way is mutagenic as it involves the loss of genetic
material and was initially identified in eukaryotes.
Thus, these proteins involved in recombination-
based DNA repair proteins, emerge as poten-
tial targets for the development of anti-bacterial
agents. Most noteworthy are the RecBCD and
AddAB helicase-nucleases. Being essential in the
DNA repair pathway, their candidature as drug
targets is strengthened by its wide distribution

Exploiting Bacterial DNA Repair Systems as Drug Targets

in bacteria and apparent absence from eukaryo-
tes. Also, they contribute to induced mutations,
which are known causes of resistance to existing
antibiotics. Drugs against these enzymes should
expectedly self-limit the evolution of bacterial
resistance.

4 DNA Ligases: Novel Drug Targets
Waiting for Right Inhibitor

The largest number of new inhibitor classes are
presently available for NAD*-dependent DNA
ligase (LigA), the principal bacterial replicative
ligase. DNA ligases are indispensable enzymes
playing a critical role in DNA metabolic processes
including DNA replication, recombination, and
repair in all living organisms. DNA ligases cata-
lyze the joining of nicks between adjacent bases
of double-stranded DNA by mediating the forma-
tion of phosphodiester bonds at single stranded
or double stranded breaks between adjacent 5
phosphoryl and 3” hydroxyl groups of DNA. The
first step consists of the formation of a covalent
DNA ligase-adenylate intermediate. In the second
step, AMP is transferred from DNA ligase to the
5’phosphate of nicked DNA through a pyrophos-
phate bond. In the third step, a phosphodiester
bond is formed to join adjacent polynucleotides,
with the release of AMP.'”> DNA ligases can be
classified into two groups on the basis of their
specificities of cofactor used for the formation
of DNA ligase-adenylate intermediate: NAD*-
dependent DNA ligases are present in bacteria,
some entomopox viruses and mimi virus while
ATP dependent DNA ligases are ubiquitous.'*'
Mycobacteria contain genes for several ATP-
dependent DNA ligases and a single NAD*-
dependent DNA ligase encoded by ligA.'*""2 LigA
has recently drawn attention as a broad-spectrum
novel antibacterial target because it is essential for
DNA replication, conserved among bacterial path-
ogens, and markedly dissimilar to eukaryotic DNA
ligases. It has particularly drawn attention in case
of mycobacterium as a target with the potential
to combat multiple drug resistance."'®'"*'"” The
recent determination of X-ray crystal structures
of several DNA ligases has provided insights into
substrate binding and the catalytic mechanisms.
The information gained from structural stud-
ies has motivated rational inhibitor design and
identification also with the utilization of informa-
tion gained from of a broad range of techniques
encompassing molecular biology, protein bio-
chemistry and synthetic chemistry. Most of the
present crop of inhibitors bind to the co-factor
binding site, and efforts have involved the design of
inhibitors that can distinguish between NAD* and
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ATP-dependent ligases respectively. In this respect,
a spectrum of inhibitors have been identified that
includes alkaloids from the simple quinoline,
isoquinoline berberine, quinacrine, benzophen-
anthridine alkaloids, flavonoids, flavonoxanthone,
triterpenes, bisquinolines, anthracycline analogs,
and Pyridochromanones.""*"'¢!"813 Qur group,
in the first instance, has searched for diverse com-
pound families which inhibit MtbLigA with sev-
eral fold specificity compared to ATP-dependent
ligases (human DNA ligase I). We have identified
glycosyl ureides, glycofuranosylated diamines, tet-
racyclic indole derivatives, dispiro-cycloalkanones
and hydroxamates as novel inhibitors possessing
the potential to be developed as promising anti-
bacterials against M. tuberculosis. These com-
pounds possess IC, values in the low uM range
and compete with NAD*"""11313 Given the con-
served nature of the cofactor binding site, most of
the inhibitors are expected to exhibit some degree
of general antibacterial activity too. Better inhibi-
tor development is focused on improving the
specificity of the compounds for MtbLigA. The
major approaches in the direction of achieving
better inhibitor development is by utilizing active
site water molecules."”” Other ongoing approaches
involve the design and synthesis of inhibitors that
can bind to other regions of the molecule, eg. the
BRCT domain. The latter inhibitors will expect-
edly block subsequent catalytic steps.”* We have
demonstrated that the BRCT domain of MtbLigA
is important for bacterial survival."" The BRCT
domain has been shown to play an important role
in mediating protein-protein interactions in other
homologous enzymes. Compounds designed to
bind to BRCT domain to disrupt its interactions,
eg. those that disrupt the interactions of impor-
tant conserved residues like a conserved glycine in
MtbLigA"™ should have different modes of action
compared to the earlier LigA inhibitors. As a start,
we modeled the MtbLigA BRCT domain and sug-
gested that it possesses regions with finer struc-
tural differences. The studies'® pave the way for
a full-blown exploration of inhibitors with this
mode of action.

5 Concluding Notes for the Future,
Especially in Tuberculosis Treatment

There is increased international attention on
tuberculosis in the last decade that is in part
attributable to whole genome sequencing of
M. tuberculosis and other mycobacterial variants
and strains. Structural genomics approaches have
also resulted in the spurring of rational design
strategies for new inhibitor design. Presently,
there are at least 8 compounds or combinations

in Phase II clinical trials and 4 compounds in
Phase III trials (http://www.newtbdrugs.org/pipe-
line.php) against tuberculosis. A brief analysis of
those in Phase III trials is in order. Rifamycin, one
of the compounds, is thought to inhibit DNA-
dependent RNA polymerase. Resistance issues to
the compound have been observed and have been
attributed to missense mutations in the rpoB gene.
Delamanid, an oxazole derivative is another com-
pound undergoing trials and was being examined
for its efficacy against multi-drug resistant TB.
However, the committee for medicinal products
for human use (CHMP) of the European Medi-
cines Agency has very recently voted not to rec-
ommend marketing authorization for Delamanid
as its supposed benefits have not been sufficiently
demonstrated. Gatifloxacin, a quinolone antibi-
otic introduced in 1999, which is a DNA gyrase/
topoisomerase IV inhibitor, is also undergoing
trials as a pulmonary TB therapeutic. It is worth
noting that several earlier reports have established
severe side effects for Gatifloxacin including that
of developing severe hyperglycemia. In fact it was
banned in India in 2011 for systemic use. Moxi-
floxacin, another relatively old quinolone antibi-
otic, is also undergoing trials. However, its oral
use is approved with the warning that it may cause
worsening of symptoms for those with Myastha-
nia gravis, a disease associaed with muscle weak-
ness and breathing problems. It is clear that most
of the compounds undergoing Phase III trials
have several problems or are antibiotics that are
being repositioned for TB treatment. Delamanid,
the relatively new experimental drug has severe
problems; however a related molecule, PA-824, a
Nitroimidazole-oxazine, is showing promise in
Phase II trials of being developed as a new thera-
peutic. The latter has a complex novel mechanism
of action and is active against both replicating
and non-replicating TB. PA-824 is a prodrug that
requires reductive activation of an aromatic nitro
group that is carried out by glucose-6-phosphate
dehydrogenase, Rv0407."% TMC207, a diarylquin-
oline, also called bedaquiline, is another promising
new drug that acts by inhibiting the mycobacterial
ATP synthase. Itis also active against drug-resistant
TB. Long-term safety is yet to be tested fully for
this moiety and Phase III trials are presently under
development. However, TMC207 holds out the
exciting promise of reducing treatment duration
by half, as suggested by the preliminary data. It is
clear that upcoming therapeutics are important to
face current and future TB treatment challenges.
They are mainly dependent on the addition of
a single new drug to an already failing (against
drug-resistant TB) treatment regimen or involve
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repositioning old drugs. Based on past history
and the devious means adopted by the pathogen,
there is an urgent need to keep ahead of its resist-
ance mechanisms. It is hoped that sustained glo-
bal interest in the eradication of TB as a universal
health crisis will finally succeed in the not-too-
distant future.

In this context, targeting the DNA repair
and metabolism processes of bacteria seems to
be an attractive strategy for the development
of therapeutics that are expectedly self-limiting
from the point of view of developing resistance,
both in mycobacteria and other drug-resistant
bacteria.

Acknowledgements

TK is a UGC-SRE Funding from the CSIR net-
work project BSC0104 ‘SPLenDID’ is gratefully
acknowledged. This manuscript bears the CSIR-
CDRI communication number 8585.

Received 18 November 2013.

References

1. H. Nikaido (2009) “Multidrug resistance in bacteria.”
Annual review of biochemistry, 78:119—46.

2. M. Lipsitch, and M. H. Samore (2002) “Antimicrobial use
and antimicrobial resistance: a population perspective.”
Emerging infectious diseases, 8(4):347-54.

3. H. De Lencastre, D. Oliveira, and A. Tomasz (2007)
“Antibiotic resistant Staphylococcus aureus: a paradigm
of adaptive power” Current opinion in microbiology,
10(5):428-35.

4. G. H. Talbot (2008) “What is in the pipeline for Gram-
negative pathogens?” Expert review of anti-infective
therapy, 6(1):39-49.

5. A.Y. Peleg, H. Seifert, and D. L. Paterson (2008) “Acineto-
bacter baumannii: emergence of a successful pathogen.”
Clinical microbiology reviews, 21(3):538-82.

6. D.J. Payne, M. N. Gwynn, D. J. Holmes, and D. L. Pom-
pliano (2007) “Drugs for bad bugs: confronting the chal-
lenges of antibacterial discovery” Nature reviews. Drug
discovery, 6(1):29-40.

7. B. Spellberg, J. H. Powers, E. P. Brass, L. G. Miller, and
J. E. Edwards, Jr. (2004) “Trends in antimicrobial drug
development: implications for the future.” Clinical infec-
tious diseases: an official publication of the Infectious Dis-
eases Society of America, 38(9):1279-86.

8. G. M. Rossolini, and M. C. Thaller (2010) “Coping with
antibiotic resistance: contributions from genomics.”
Genome medicine, 2(2):15.

9. N. Suzuki, M. Inui, and H. Yukawa (2008) “Random
genome deletion methods applicable to prokaryotes.”
Applied microbiology and biotechnology, 79(4):519-26.

10. W. S. Reznikoff, and K. M. Winterberg (2008)

“Transposon-based strategies for the identification of

Exploiting Bacterial DNA Repair Systems as Drug Targets

essential bacterial genes.” Methods in molecular biology,
416:13-26.

11. R.Zhang, and Y. Lin (2009) “DEG 5.0, a database of essen-
tial genes in both prokaryotes and eukaryotes.” Nucleic
acids research, 37(Database issue):D455-8.

12. J. Weigelt (2010) “Structural genomics-impact on bio-
medicine and drug discovery” Experimental cell research,
316(8):1332-8.

13. E.Chautard, N. Thierry-Mieg, and S. Ricard-Blum (2009)
“Interaction networks: from protein functions to drug
discovery. A review.” Pathologie-biologie, 57(4):324-33.

14. M. Kanehisa, M. Araki, S. Goto, M. Hattori, M. Hirakawa,
M. Itoh, T. Katayama, S. Kawashima, S. Okuda,
T. Tokimatsu, and Y. Yamanishi (2008) “KEGG for link-
ing genomes to life and the environment.” Nucleic acids
research, 36 (Database issue):D480—4.

15. C. Su, J. M. Peregrin-Alvarez, G. Butland, S. Phanse,
V. Fong, A. Emili, and J. Parkinson (2008) “Bacteriome.
org--an integrated protein interaction database for E. coli.”
Nucleic acids research, 36 (Database issue):D632—6.

16. Z. Gitai (2009) “New fluorescence microscopy methods
for microbiology: sharper, faster, and quantitative.” Cur-
rent opinion in microbiology, 12(3):341-6.

17. R.P.Lange, H. H. Locher, P. C. Wyss, and R. L. Then (2007)
“The targets of currently used antibacterial agents: les-
sons for drug discovery.” Current pharmaceutical design,
13(30):3140-54.

18. T. Baba, T. Ara, M. Hasegawa, Y. Takai, Y. Okumura,
M. Baba, K. A. Datsenko, M. Tomita, B. L. Wanner, and
H. Mori (2006) “Construction of Escherichia coli K-12
in-frame, single-gene knockout mutants: the Keio collec-
tion.” Molecular systems biology, 2:2006—0008.

19. L. T. Haber, P. P. Pang, D. I. Sobell, J. A. Mankovich, and
G. C. Walker (1988) “Nucleotide sequence of the Salmo-
nella typhimurium mutS gene required for mismatch
repair: homology of MutS and HexA of Streptococcus
pneumoniae.” Journal of bacteriology, 170(1):197-202.

20. M. Prudhomme, V. Mejean, B. Martin, and J. P. Claverys
(1991) “Mismatch repair genes of Streptococcus pneumo-
niae: HexA confers a mutator phenotype in Escherichia
coli by negative complementation.” Journal of bacteriology,
173(22):7196-203.

21. R. A. Reenan, and R. D. Kolodner (1992) “Isolation and
characterization of two Saccharomyces cerevisiae genes
encoding homologs of the bacterial HexA and MutS mis-
match repair proteins.” Genetics, 132(4):963-73.

22. 1. Chopra, A. J. O’Neill, and K. Miller (2003) “The role
of mutators in the emergence of antibiotic-resistant
bacteria” Drug resistance updates: reviews and com-
mentaries in antimicrobial and anticancer chemotherapy,
6(3):137-45.

23. P. Hsieh (2001) “Molecular mechanisms of DNA mis-
match repair.” Mutation research, 486(2):71-87.

24. F Taddei, M. Radman, J. Maynard-Smith, B. Toupance,
P. H. Gouyon, and B. Godelle (1997) “Role of mutator
alleles in adaptive evolution.” Nature, 387(6634):700-2.

Journal of the Indian Institute of Science |VOL 94:11Jan.—Mar. 2014 | journal.iisc.ernet.in

163



164

Taran Khanam and Ravishankar Ramachandran

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

. K. Sakumi, and M. Sekiguchi (1990) “Structures and

functions of DNA glycosylases” Mutation research,
236(2-3):161-72.

J. C. Fromme, A. Banerjee, and G. L. Verdine (2004) “DNA
glycosylase recognition and catalysis.” Current opinion in
structural biology, 14(1):43-9.

P. Kumar, S. K. Bharti, and U. Varshney (2011) “Uracil
excision repair in Mycobacterium tuberculosis cell-free
extracts.” Tuberculosis, 91(3):212-8.

T. Srinath, S. K. Bharti, and U. Varshney (2007) “Substrate
specificities and functional characterization of a thermo-
tolerant uracil DNA glycosylase (UdgB) from Mycobacte-
rium tuberculosis.” DNA repair, 6(10):1517-28.

K. Kurthkoti, T. Srinath, P. Kumar, V. S. Malshetty, P. B.
Sang, R. Jain, R. Manjunath, and U. Varshney (2010) “A
distinct physiological role of MutY in mutation preven-
tion in mycobacteria.” Microbiology, 156(Pt 1):88-93.

Y. Guo, V. Bandaru, P. Jaruga, X. Zhao, C. J. Burrows,
S. Iwai, M. Dizdaroglu, J. P. Bond, and S. S. Wallace
(2010) “The oxidative DNA glycosylases of Mycobacte-
rium tuberculosis exhibit different substrate preferences
from their Escherichia coli counterparts.” DNA repair,
9(2):177-90.

R. Jain, P. Kumar, and U. Varshney (2007) “A distinct role
of formamidopyrimidine DNA glycosylase (MutM) in
down-regulation of accumulation of G, C mutations and
protection against oxidative stress in mycobacteria.” DNA
repair, 6(12):1774-85.

B. Demple, and L. Harrison (1994) “Repair of oxidative
damage to DNA: enzymology and biology.” Annual review
of biochemistry, 63:915-48.

D. W. Mosbaugh, and S. Linn (1980) “Further charac-
terization of human fibroblast apurinic/apyrimidinic
DNA endonucleases. The definition of two mechanistic
classes of enzyme.” The Journal of biological chemistry,
255(24):11743-52.

P. W. Doetsch, and R. P. Cunningham (1990) “The enzy-
mology of apurinic/apyrimidinic endonucleases.” Muta-
tion research, 236(2-3):173-201.

S. Xanthoudakis, R. J. Smeyne, J. D. Wallace, and T. Curran
(1996) “The redox/DNA repair protein, Ref-1, is essential
for early embryonic development in mice.” Proceedings
of the National Academy of Sciences of the United States of
America, 93(17):8919-23.

E. Seeberg, L. Eide, and M. Bjoras (1995) “The base
excision repair pathway.” Trends in biochemical sciences,
20(10):391-7.

G. Slupphaug, B. Kavli, and H. E. Krokan (2003) “The
interacting pathways for prevention and repair of oxida-
tive DNA damage.” Mutation research, 531(1-2):231-51.
G. Dianov, and T. Lindahl (1994) “Reconstitution of the
DNA base excision-repair pathway.” Current biology: CB,
4(12):1069-76.

A. Snowden, Y. W. Kow, and B. Van Houten (1990) “Dam-
age repertoire of the Escherichia coli UvrABC nuclease

complex includes abasic sites, base-damage analogues,

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

and lesions containing adjacent 5’ or 3’ nicks.” Biochemis-
try, 29(31):7251-9.

B. Van Houten, and A. Snowden (1993) “Mechanism of
action of the Escherichia coli UvrABC nuclease: clues to
the damage recognition problem.” BioEssays: news and
reviews in molecular, cellular and developmental biology,
15(1):51-9.

J. C. Huang, D. L. Svoboda, J. T. Reardon, and A. Sancar
(1992) “Human nucleotide excision nuclease removes
thymine dimers from DNA by incising the 22nd phos-
phodiester bond 5’ and the 6th phosphodiester bond 3’ to
the photodimer.” Proceedings of the National Academy of
Sciences of the United States of America, 89(8):3664-8.

E. E. Verhoeven, C. Wyman, G. E Moolenaar, and
N. Goosen (2002) “The presence of two UvrB subunits
in the UvrAB complex ensures damage detection in both
DNA strands.” The EMBO journal, 21(15):4196—205.

D. G. Anderson, and S. C. Kowalczykowski (1997) “The
recombination hot spot chi is a regulatory element that
switches the polarity of DNA degradation by the RecBCD
enzyme.” Genes and development, 11(5):571-81.

L. R. Bazemore, E. Folta-Stogniew, M. Takahashi, and
C. M. Radding (1997) “RecA tests homology at both
pairing and strand exchange.” Proceedings of the National
Academy of Sciences of the United States of America,
94(22):11863-8.

J. J. Churchill, D. G. Anderson, and S. C. Kowalczykowski
(1999) “The RecBC enzyme loads RecA protein onto
ssDNA asymmetrically and independently of chi, result-
ing in constitutive recombination activation.” Genes &
development, 13(7):901-11.

C. W. Gunderson, and A. M. Segall (2006) “DNA repair,
a novel antibacterial target: Holliday junction-trapping
peptides induce DNA damage and chromosome segrega-
tion defects.” Molecular microbiology, 59(4):1129-48.

L. Y. Su, D. L. Willner, and A. M. Segall (2010) “An anti-
microbial peptide that targets DNA repair intermedi-
ates in vitro inhibits Salmonella growth within murine
macrophages.” Antimicrobial agents and chemotherapy,
54(5):1888-99.

D. V. Havlir, and P. F. Barnes (1999) “Tuberculosis in
patients with human immunodeficiency virus infection.”
The New England journal of medicine, 340(5):367-73.

S. T. Cole, R. Brosch, J. Parkhill, T. Garnier, C. Churcher,
D.Harris, S.V. Gordon, K. Eiglmeier, S. Gas, C. E. Barry, 3rd,
F. Tekaia, K. Badcock, D. Basham, D. Brown, T. Chilling-
worth, R. Connor, R. Davies, K. Devlin, T. Feltwell, S. Gen-
tles, N. Hamlin, S. Holroyd, T. Hornsby, K. Jagels, A. Krogh,
J. Mclean, S. Moule, L. Murphy, K. Oliver, J. Osborne, M.
A. Quail, M. A. Rajandream, J. Rogers, S. Rutter, K. Seeger,
J. Skelton, R. Squares, S. Squares, J. E. Sulston, K. Taylor,
S. Whitehead, and B. G. Barrell (1998) “Deciphering the
biology of Mycobacterium tuberculosis from the complete
genome sequence.” Nature, 393(6685):537—44.

O. H. Ambur, T. Davidsen, S. A. Frye, S. V. Balasingham,
K. Lagesen, T. Rognes, and T. Tonjum (2009) “Genome

Journal of the Indian Institute of Science |VOL 94:1 | Jan.—Mar. 2014 | journal.iisc.ernet.in



51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

dynamics in major bacterial pathogens.” FEMS microbiol-
ogy reviews, 33(3):453-70.

V. Mizrahi, and S. J. Andersen (1998) “DNA repair
in Mycobacterium tuberculosis. What have we learnt
from the genome sequence?” Molecular microbiology,
29(6):1331-9.

B. Springer, P. Sander, L. Sedlacek, W. D. Hardt, V. Mizrahi,
P. Schar, and E. C. Bottger (2004) “Lack of mismatch cor-
rection facilitates genome evolution in mycobacteria.”
Molecular microbiology, 53(6):1601-9.

A.]J. Doherty, S. P. Jackson, and G. R. Weller (2001) “Iden-
tification of bacterial homologues of the Ku DNA repair
proteins.” FEBS letters, 500(3):186-8.

M. Della, P. L. Palmbos, H. M. Tseng, L. M. Tonkin,
J. M. Daley, L. M. Topper, R. S. Pitcher, A. E. Tomkinson,
T. E. Wilson, and A. J. Doherty (2004) “Mycobacterial Ku
and ligase proteins constitute a two-component NHE]
repair machine.” Science, 306(5696):683-5.

T. Dos Vultos, O. Mestre, T. Tonjum, and B. Gicquel (2009)
“DNA repair in Mycobacterium tuberculosis revisited.”
FEMS microbiology reviews, 33(3):471-87.

T. Dos Vaultos, O. Mestre, J. Rauzier, M. Golec, N. Rastogi,
V. Rasolofo, T. Tonjum, C. Sola, I. Matic, and B. Gicquel
(2008) “Evolution and diversity of clonal bacteria: the para-
digm of Mycobacterium tuberculosis.” PloS one, 3(2):e1538.
M. Ebrahimi-Rad, P. Bifani, C. Martin, K. Kremer,
S. Samper, J. Rauzier, B. Kreiswirth, J. Blazquez, M. Jouan,
D. Van Soolingen, and B. Gicquel (2003) “Mutations in
putative mutator genes of Mycobacterium tuberculosis
strains of the W-Beijing family” Emerging infectious dis-
eases, 9(7):838—45.

M. L. Michaels, and J. H. Miller (1992) “The GO system
protects organisms from the mutagenic effect of the spon-
taneous lesion 8-hydroxyguanine (7,8-dihydro-8-oxogua-
nine).” Journal of bacteriology, 174(20):6321-5.

M. L. Michaels, J. Tchou, A. P. Grollman, and J. H. Miller
(1992) “A repair system for 8-oxo-7,8-dihydrodeoxygua-
nine.” Biochemistry, 31(45):10964-8.

A. P. Grollman, and M. Moriya (1993) “Mutagenesis
by 8-oxoguanine: an enemy within.” Trends in genetics,
9(7):246-9.

K. G. Au, S. Clark, J. H. Miller, and P. Modrich (1989)
“Escherichia coli mutY gene encodes an adenine glycosy-
lase active on G-A mispairs.” Proceedings of the National
Academy of Sciences of the United States of America,
86(22):8877-81.

A.L.Lu,and D.Y. Chang (1988) “A novel nucleotide exci-
sion repair for the conversion of an A/G mismatch to C/G
base pair in E. coli.” Cell, 54(6):805-12.

J. J. Tsai-Wu, H. E. Liu, and A. L. Lu (1992) “Escherichia
coli MutY protein has both N-glycosylase and apurinic/
apyrimidinic endonuclease activities on A.C and A.G
mispairs.” Proceedings of the National Academy of Sciences
of the United States of America, 89(18):8779—-83.

T. Biswas, L. J. Clos, 2nd, J. Santalucia, Jr., S. Mitra,
and R. Roy (2002) “Binding of specific DNA base-pair

Exploiting Bacterial DNA Repair Systems as Drug Targets

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

mismatches by N-methylpurine-DNA glycosylase and
its implication in initial damage recognition.” Journal of
molecular biology, 320(3):503—-13.

K. Purnapatre, and U. Varshney (1998) “Uracil DNA gly-
cosylase from Mycobacterium smegmatis and its distinct
biochemical properties.” European journal of biochemistry/
FEBS, 256(3):580-8.

A. A. Sartori, S. Fitz-Gibbon, H. Yang, J. H. Miller, and
J. Jiricny (2002) “A novel uracil-DNA glycosylase with
broad substrate specificity and an unusual active site.” The
EMBO journal, 21(12):3182-91.

P. S. Kaushal, R. K. Talawar, P. D. Krishna, U. Varshney,
and M. Vijayan (2008) “Unique features of the structure
and interactions of mycobacterial uracil-DNA glycosylase:
structure of a complex of the Mycobacterium tuberculo-
sis enzyme in comparison with those from other sources.”
Acta crystallographica. Section D, Biological crystallogra-
phy, 64(Pt 5):551-60.

P. S. Kaushal, R. K. Talawar, U. Varshney, and M. Vijayan
(2010) “Structure of uracil-DNA glycosylase from Myco-
bacterium tuberculosis: insights into interactions with
ligands.” Acta crystallographica. Section F, Structural biol-
ogy and crystallization communications, 66(Pt 8):887-92.
S.L.Yu, S. K. Lee, R. E. Johnson, L. Prakash, and S. Prakash
(2003) “The stalling of transcription at abasic sites is highly
mutagenic.” Molecular and cellular biology, 23(1):382-8.

S. Boiteux, and M. Guillet (2004) “Abasic sites in DNA:
repair and biological consequences in Saccharomyces cer-
evisiae.” DNA repair, 3(1):1-12.

L. A. Loeb, and B. D. Preston (1986) “Mutagenesis by
apurinic/apyrimidinic sites” Annual review of genetics,
20:201-30.

M. Guillet, and S. Boiteux (2002) “Endogenous DNA aba-
sic sites cause cell death in the absence of Apnl, Apn2 and
Rad1/Rad10 in Saccharomyces cerevisiae” The EMBO
journal, 21(11):2833—41.

P. C. Hanawalt, P. K. Cooper, A. K. Ganesan, and
C. A. Smith (1979) “DNA repair in bacteria and mamma-
lian cells.” Annual review of biochemistry, 48:783-836.

J. J. Truglio, D. L. Croteau, B. Van Houten, and C. Kisker
(2006) “Prokaryotic nucleotide excision repair: the
UvrABC system.” Chemical reviews, 106(2):233-52.

J. E. Graham, and J. E. Clark-Curtiss (1999) “Identifica-
tion of Mycobacterium tuberculosis RNAs synthesized
in response to phagocytosis by human macrophages by
selective capture of transcribed sequences (SCOTS).”
Proceedings of the National Academy of Sciences of the
United States of America, 96(20):11554-9.

H. Rachman, M. Strong, T. Ulrichs, L. Grode, J. Schuch-
hardt, H. Mollenkopf, G. A. Kosmiadi, D. Eisenberg, and
S. H. Kaufmann (2006) “Unique transcriptome signature
of Mycobacterium tuberculosis in pulmonary tuberculo-
sis.” Infection and immunity, 74(2):1233-42.

K. H. Darwin, and C. E. Nathan (2005) “Role for nucle-
otide excision repair in virulence of Mycobacterium
tuberculosis.” Infection and immunity, 73(8):4581-7.

Journal of the Indian Institute of Science |VOL 94:11Jan.—Mar. 2014 | journal.iisc.ernet.in

165



166

Taran Khanam and Ravishankar Ramachandran

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

K. H. Darwin, S. Ehrt, J. C. Gutierrez-Ramos, N. Weich,
and C. F. Nathan (2003) “The proteasome of Mycobac-
terium tuberculosis is required for resistance to nitric
oxide.” Science, 302(5652):1963—6.

E Rossi, J. S. Khanduja, A. Bortoluzzi, J. Houghton,
P. Sander, C. Guthlein, E. O. Davis, B. Springer, E. C.
Bottger, A. Relini, A. Penco, K. Muniyappa, and M. Rizzi
(2011) “The biological and structural characterization of
Mycobacterium tuberculosis UvrA provides novel insights
into its mechanism of action.” Nucleic acids research,
39(16):7316-28.

N. Mazloum, M. A. Stegman, D. L. Croteau, B. Van
Houten, N. S. Kwon, Y. Ling, C. Dickinson, A. Venugopal,
M. A. Towheed, and C. Nathan (2011) “Identification of a
chemical that inhibits the mycobacterial UvrABC complex
in nucleotide excision repair.” Biochemistry, 50(8):1329-35.
S. P. Jackson (2002) “Sensing and repairing DNA double-
strand breaks.” Carcinogenesis, 23(5):687-96.

A.J. Clark, and S. J. Sandler (1994) “Homologous genetic
recombination: the pieces begin to fall into place.” Critical
reviews in microbiology, 20(2):125-42.

S. C. Kowalczykowski, D. A. Dixon, A. K. Eggleston, S.
D. Lauder, and W. M. Rehrauer (1994) “Biochemistry of
homologous recombination in Escherichia coli.” Micro-
biological reviews, 58(3):401-65.

A. Kuzminov (1999) “Recombinational repair of DNA
damage in Escherichia coli and bacteriophage lambda.”
Microbiology and molecular biology reviews: MMBR,
63(4):751-813.

J. W. Szostak, T. L. Orr-Weaver, R. J. Rothstein, and F. W.
Stahl (1983) “The double-strand-break repair model for
recombination.” Cell, 33(1):25-35.

T. Kogoma (1997) “Stable DNA replication: interplay
between DNA replication, homologous recombination,
and transcription.” Microbiology and molecular biology
reviews: MMBR, 61(2):212-38.

S. C. Kowalczykowski (2000) “Initiation of genetic recom-
bination and recombination-dependent replication.”
Trends in biochemical sciences, 25(4):156—65.

M. M. Cox, and I. R. Lehman (1981) “recA protein of
Escherichia coli promotes branch migration, a kinetically
distinct phase of DNA strand exchange.” Proceedings of the
National Academy of Sciences of the United States of Amer-
ica, 78(6):3433-7.

A. L. Roca, and M. M. Cox (1997) “RecA protein: struc-
ture, function, and role in recombinational DNA repair.”
Progress in nucleic acid research and molecular biology,
56:129-223.

T. Shibata, C. Dasgupta, R. P. Cunningham, and
C. M. Radding (1979) “Purified Escherichia coli recA
protein catalyzes homologous pairing of superhelical
DNA and single-stranded fragments.” Proceedings of the
National Academy of Sciences of the United States of Amer-
ica, 76(4):1638—42.

S. Datta, M. M. Prabu, M. B. Vaze, N. Ganesh, N. R.
Chandra, K. Muniyappa, and M. Vijayan (2000) “Crystal

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

structures of Mycobacterium tuberculosis RecA and its
complex with ADP-AIF(4): implications for decreased
ATPase activity and molecular aggregation.” Nucleic acids
research, 28(24):4964-73.

J.R. Prabu, S. Thamotharan, J. S. Khanduja, N. R. Chandra,
K. Muniyappa, and M. Vijayan (2009) “Crystallographic
and modelling studies on Mycobacterium tuberculo-
sis RuvA: Additional role of RuvB-binding domain and
inter species variability” Biochimica et biophysica acta,
1794(7):1001-9.

K.M.Sinha,M. C. Unciuleac,M.S. Glickman,and S. Shuman
(2009) “AdnAB: a new DSB-resecting motor-nuclease from
mycobacteria.” Genes ¢ development, 23(12):1423-37.

L. Aravind, and E. V. Koonin (2001) “Prokaryotic
homologs of the eukaryotic DNA-end-binding protein
Ku, novel domains in the Ku protein and prediction of a
prokaryotic double-strand break repair system.” Genome
research, 11(8):1365-74.

R. Bowater, and A. J. Doherty (2006) “Making ends meet:
repairing breaks in bacterial DNA by non-homologous
end-joining.” PLoS genetics, 2(2):e8.

G. R. Weller, and A. J. Doherty (2001) “A family of DNA
repair ligases in bacteria?” FEBS letters, 505(2):340-2.

G. R. Weller, B. Kysela, R. Roy, L. M. Tonkin, E. Scanlan,
M. Della, S. K. Devine, J. P. Day, A. Wilkinson, F. D’adda
Di Fagagna, K. M. Devine, R. P. Bowater, P. A. Jeggo, S.
P. Jackson, and A. J. Doherty (2002) “Identification of a
DNA nonhomologous end-joining complex in bacteria.”
Science, 297(5587):1686-9.

D. Akey, A. Martins, J. Aniukwu, M. S. Glickman,
S. Shuman, and J. M. Berger (2006) “Crystal structure and
nonhomologous end-joining function of the ligase com-
ponent of Mycobacterium DNA ligase D.” The Journal of
biological chemistry, 281(19):13412-23.

R. S. Pitcher, N. C. Brissett, A. J. Picher, P. Andrade,
R. Juarez, D. Thompson, G. C. Fox, L. Blanco, and A. J.
Doherty (2007) “Structure and function of a mycobacte-
rial NHE] DNA repair polymerase.” Journal of molecular
biology, 366(2):391-405.

N. C. Brissett, R. S. Pitcher, R. Juarez, A. J. Picher,
A. J. Green, T. R. Dafforn, G. C. Fox, L. Blanco, and A.
J. Doherty (2007) “Structure of a NHEJ polymer-
ase-mediated DNA
318(5849):456-9.

C. Gong, P. Bongiorno, A. Martins, N. C. Stephanou,
H. Zhu, S. Shuman, and M. S. Glickman (2005) “Mecha-

nism of nonhomologous end-joining in mycobacte-

synaptic  complex.”  Science,

ria: a low-fidelity repair system driven by Ku, ligase D
and ligase C.” Nature structural and molecular biology,
12(4):304-12.

J. Aniukwu, M. S. Glickman, and S. Shuman (2008) “The
pathways and outcomes of mycobacterial NHEJ depend
on the structure of the broken DNA ends.” Genes and
development, 22(4):512-27.

M. Korycka-Machala, A. Brzostek, S. Rozalska, A. Rumi-
jowska-Galewicz, R. Dziedzic, R. Bowater, and J. Dziadek

Journal of the Indian Institute of Science |VOL 94:1 | Jan.—Mar. 2014 | journal.iisc.ernet.in



104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

(2006) “Distinct DNA repair pathways involving RecA and
nonhomologous end joining in Mycobacterium smegma-
tis.” FEMS microbiology letters, 258(1):83-91.

R. Gupta, D. Barkan, G. Redelman-Sidi, S. Shuman, and
M. S. Glickman (2011) “Mycobacteria exploit three genet-
ically distinct DNA double-strand break repair pathways.”
Molecular microbiology, 79(2):316-30.

I. R. Lehman (1974) “DNA ligase: structure, mechanism,
and function.” Science, 186(4166):790-7.

A. Wilkinson, J. Day, and R. Bowater (2001) “Bacterial
DNA ligases.” Molecular microbiology, 40(6):1241-8.

S. Soderhall, and T. Lindahl (1976) “DNA ligases of
eukaryotes.” FEBS letters, 67(1):1-8.

V. Sriskanda, R. W. Moyer, and S. Shuman (2001) “NAD+-
dependent DNA ligase encoded by a eukaryotic virus.”
The Journal of biological chemistry, 276(39):36100-9.

C. Gong, A. Martins, P. Bongiorno, M. Glickman, and
S. Shuman (2004) “Biochemical and genetic analysis of
the four DNA ligases of mycobacteria.” The Journal of bio-
logical chemistry, 279(20):20594—606.

S. K. Srivastava, R. P. Tripathi, and R. Ramachandran
(2005) “NAD*-dependent DNA Ligase (Rv3014c) from
Mycobacterium tuberculosis. Crystal structure of the ade-
nylation domain and identification of novel inhibitors.”
The Journal of biological chemistry, 280(34):30273-81.

S. K. Srivastava, D. Dube, V. Kukshal, A. K. Jha, K. Hajela,
and R. Ramachandran (2007) “NAD*-dependent DNA
ligase (Rv3014c) from Mycobacterium tuberculosis: novel
structure-function relationship and identification of a
specific inhibitor.” Proteins, 69(1):97-111.

E. L. Benson, P. K. Tomich, M. L. Wolfe, G. H. Choi, J. C.
Hagadorn, V. T. Mutchler, and R. L. Garlick (2004) “A
high-throughput resonance energy transfer assay for Sta-
phylococcus aureus DNA ligase.” Analytical biochemistry,
324(2):298-300.

S. K. Srivastava, D. Dube, N. Tewari, N. Dwivedi,
R. P. Tripathi, and R. Ramachandran (2005) “Mycobacte-
rium tuberculosis NAD*-dependent DNA ligase is selec-
tively inhibited by glycosylamines compared with human
DNA ligase 1. Nucleic acids research, 33(22):7090-101.

H. Brotz-Oesterhelt, I. Knezevic, S. Bartel, T. Lampe,
U. Warnecke-Eberz, K. Ziegelbauer, D. Habich, and
H. Labischinski (2003) “Specific and potent inhibition of
NAD*-dependent DNA ligase by pyridochromanones.”
The Journal of biological chemistry, 278(41):39435-42.

X. C. Chen, N. G. Hentz, F. Hubbard, T. I. Meier,
S. Sittampalam, and G. Zhao (2002) “Development
of a fluorescence resonance energy transfer assay for
measuring the activity of Streptococcus pneumoniae
DNA ligase, an enzyme essential for DNA replication,
repair, and recombination.” Analytical biochemistry,
309(2):232-40.

G. Ciarrocchi, D. G. Macphee, L. W. Deady, and L. Tilley
(1999) “Specific inhibition of the eubacterial DNA ligase
by arylamino compounds” Antimicrobial agents and
chemotherapy, 43(11):2766-72.

Exploiting Bacterial DNA Repair Systems as Drug Targets

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

S. Gul, R. Brown, E. May, M. Mazzulla, M. G. Smyth,
C. Berry, A. Morby, and D. J. Powell (2004) “Staphylococ-
cus aureus DNA ligase: characterization of its kinetics of
catalysis and development of a high-throughput screening
compatible chemiluminescent hybridization protection
assay.” The Biochemical journal, 383(Pt. 3):551-9.

S.N. Cohen, and K. L. Yielding (1965) “Spectrophotomet-
ric Studies of the Interaction of Chloroquine with Deox-
yribonucleic Acid” The Journal of biological chemistry,
240:3123-31.

A. H. Mackenzie (1983) “Antimalarial drugs for rheu-
matoid arthritis” The American journal of medicine,
75(6 A):48-58.

P. V. Scaria, J. C. Craig, and R. H. Shafer (1993) “Differen-
tial binding of the enantiomers of chloroquine and quina-
crine to polynucleotides: implications for stereoselective
metabolism.” Biopolymers, 33(6):887-95.

W. M. Messmer, M. Tin-Wa, H. H. Fong, C. Bevelle,
N. R. Farnsworth, D. J. Abraham, and J. Trojanek (1972)
“Fagaronine, a new tumor inhibitor isolated from Fagara
zanthoxyloides Lam. (Rutaceae).” Journal of pharmaceuti-
cal sciences, 61(11):1858-9.

A. K. Krey, and F E. Hahn (1969) “Berberine: complex
with DNA.” Science, 166(3906):755-7.

B. Havsteen (1983) “Flavonoids, a class of natural prod-
ucts of high pharmacological potency” Biochemical
pharmacology, 32(7):1141-8.

N. Kakiuchi, M. Hattori, T. Namba, M. Nishizawa, T. Yam-
agishi, and T. Okuda (1985) “Inhibitory effect of tannins
on reverse transcriptase from RNA tumor virus.” Journal
of natural products, 48(4):614-21.

K. Shinozuka, Y. Kikuchi, C. Nishino, A. Mori, and
S. Tawata (1988) “Inhibitory effect of flavonoids on DNA-
dependent DNA and RNA polymerases.” Experientia,
44(10):882-5.

J. N. Wang, C. Y. Hou, Y. L. Liu, L. Z. Lin, R. R. Gil, and
G. A. Cordell (1994) “Swertifrancheside, an HIV-reverse
transcriptase inhibitor and the first flavone-xanthone
dimer, from Swertia franchetiana.” Journal of natural prod-
ucts, 57(2):211-7.

T. Pengsuparp, L. Cai, H. Constant, H. H. Fong, L. Z. Lin,
A.D.Kinghorn, J. M. Pezzuto, G. A. Cordell, K. Ingolfsdot-
tir, H. Wagner, and et al. (1995) “Mechanistic evaluation of
new plant-derived compounds that inhibit HIV-1 reverse
transcriptase.” Journal of natural products, 58(7):1024-31.
S. K. Chaudhuri, F. Fullas, D. M. Brown, M. C. Wani, M.
E. Wall, L. Cai, W. Mar, S. K. Lee, Y. Luo, K. Zaw, and et al.
(1995) “Isolation and structural elucidation of pentacyclic
triterpenoids from Maprounea africana.” Journal of natu-
ral products, 58(1):1-9.

K. Raynes, D. Galatis, A. . Cowman, L. Tilley, and
L. W. Deady (1995) “Synthesis and activity of some anti-
malarial bisquinolines.” Journal of medicinal chemistry,
38(1):204-6.

M. Foley, L. W. Deady, K. Ng, A. F. Cowman, and L. Tilley
(1994) “Photoaffinity labeling of chloroquine-binding

Journal of the Indian Institute of Science |VOL 94:11Jan.—Mar. 2014 | journal.iisc.ernet.in

167



168

Taran Khanam and Ravishankar Ramachandran

proteins in Plasmodium falciparum.” The Journal of bio-
logical chemistry, 269(9):6955-61.

131. A. Montecucco, G. Pedrali-Noy, S. Spadari, E. Zanolin,

and G. Ciarrocchi (1988) “DNA unwinding and inhibi-
tion of T4 DNA ligase by anthracyclines.” Nucleic acids
research, 16(9):3907—18.

132. G. Ciarrocchi, M. Lestingi, M. Fontana, S. Spadari, and A.

Montecucco (1991) “Correlation between anthracycline
structure and human DNA ligase inhibition.” The Bio-
chemical journal, 279(Pt 1):141-6.

133.]. J. Dermody, G. T. Robinson, and R. Sternglanz (1979)

“Conditional-lethal ~ deoxyribonucleic acid  ligase
mutant of Escherichia coli” Journal of bacteriology,
139(2):701-4.

134. M. M. Vandna Kukshal, Arya Ajay, Taran Khanam, Rahul

Sharma, Divya Dube, Deepti Chopra, Rama Pati Trip-
athi and Ravishankar Ramachandran (2012) “Synthesis
and bioevaluation of aryl hydroxamates distinguishing
between NAD+ and ATP-dependent DNA ligases.” Med.
Chem. Commun., 3 453—-61.

Ms. Taran Khanam secured the Masters degree
+ ¥ in Biochemistry, with first rank, from Aligarh
% & Muslim University in 2009. She was chosen as

Khorana scholar under an international student
et exchange program at University of Wisconsin,

135. R. Ravishankar, K. Suguna, A. Surolia, and M. Vijayan

(1999) “Structures of the complexes of peanut lectin
with methyl-beta-galactose and N-acetyllactosamine
and a comparative study of carbohydrate binding in Gal/
GalNAc-specific legume lectins.” Acta crystallographica.
Section D, Biological crystallography, 55(Pt 8):1375-82.

136. N. Dwivedi, D. Dube, J. Pandey, B. Singh, V. Kukshal, R.

Ramachandran, and R. P. Tripathi (2008) “NAD(+)-
dependent DNA ligase: a novel target waiting for the right
inhibitor.” Medicinal research reviews, 28(4):545—68.

137. H. Feng, J. M. Parker, J. Lu, and W. Cao (2004) “Effects

of deletion and site-directed mutations on ligation
steps of NAD*-dependent DNA ligase: a biochemical
analysis of BRCA1 C-terminal domain.” Biochemistry,
43(39):12648-59.

138. C. K. Stover, P. Warrener, et al. (2000). “A small-molecule

nitroimidazopyran drug candidate for the treatment of
tuberculosis.” Nature 405(6789): 962-966.

Ph.D from the Indian Institute of Science,

' Bangalore before joining Prof. Robert Hubers
, lab at MPI fuer Biochemie on a Humboldt fel-
lowship. He is presently leading a structural

m Dr. Ravishankar Ramachandran completed
-E

Madison. She is presently pursuing research in the area of
structural biology in the lab of Dr. R. Ravishankar, and is
trying to understand the molecular mechanisms of compo-
nents of the Base excision repair pathway in M. tuberculosis.

biology lab at the CSIR-Central Drug Research Institute. His
group is trying to understand molecular mechanisms under-
lying various components of selected pathways from human
pathogens, primarily Tuberculosis, and exploiting the knowl-
edge using rational approaches for the design of inhibitors.

Journal of the Indian Institute of Science |VOL 94:1 | Jan.—Mar. 2014 | journal.iisc.ernet.in



