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DNA ligases are indispensable enzymes playing a critical role in DNA replication, recombination, and repair in
all living organisms. Bacterial NAD*-dependent DNA ligase (LigA) was evaluated for its potential as a broad-
spectrum antibacterial target. A novel class of substituted adenosine analogs was discovered by target-based
high-throughput screening (HTS), and these compounds were optimized to render them more effective and selective
inhibitors of LigA. The adenosine analogs inhibited the LigA activities of Escherichia coli, Haemophilus influenzae,
Mycoplasma pneumoniae, Streptococcus pneumoniae, and Staphylococcus aureus, with inhibitory activities in the
nanomolar range. They were selective for bacterial NAD*-dependent DNA ligases, showing no inhibitory activity
against ATP-dependent human DNA ligase 1 or bacteriophage T4 ligase. Enzyme kinetic measurements demon-
strated that the compounds bind competitively with NAD™*. X-ray crystallography demonstrated that the adenosine
analogs bind in the AMP-binding pocket of the LigA adenylation domain. Antibacterial activity was observed
against pathogenic Gram-positive and atypical bacteria, such as S. aureus, S. pneumoniae, Streptococcus pyogenes, and
M. pneumoniae, as well as against Gram-negative pathogens, such as H. influenzae and Moraxella catarrhalis. The
mode of action was verified using recombinant strains with altered LigA expression, an Okazaki fragment accu-
mulation assay, and the isolation of resistant strains with ligd mutations. In vivo efficacy was demonstrated in a
murine S. aureus thigh infection model and a murine S. prneumoniae lung infection model. Treatment with the
adenosine analogs reduced the bacterial burden (expressed in CFU) in the corresponding infected organ tissue as

much as 1,000-fold, thus validating LigA as a target for antibacterial therapy.

DNA ligases join adjacent 3'-hydroxyl and 5’-phosphoryl
termini to form a phosphodiester bond in duplex DNA (22,
38). DNA ligases function in DNA replication, by joining Oka-
zaki fragments on the lagging strand of DNA, and are involved
in several DNA repair pathways (e.g., nucleotide excision re-
pair). DNA ligation proceeds in three nucleotidyl transfer
steps. The first step involves 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 pyrophosphate bond. In the third step, a phos-
phodiester bond is formed to join adjacent polynucleotides,
and AMP is released (22, 38).

DNA ligases are grouped into two families based on the
substrate (NAD™ or ATP) used to form the DNA ligase-
adenylate intermediate. The bacterial NAD " -dependent DNA
ligases belong to a distinct, highly conserved phylogenetic clus-
ter of enzymes. In contrast, the ATP-dependent DNA ligases
of mammals, fungi, and viruses form a loosely defined cluster
of associated enzymes (32, 41). The bacterial NAD"-depen-
dent DNA ligases are essential for viability in all Gram-positive
and Gram-negative bacteria tested to date, including Bacillus
subtilis, Staphylococcus aureus, Streptococcus pneumoniae, Sal-
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monella enterica serovar Typhimurium, and Escherichia coli
(12, 18, 23, 31, 33).

NAD™"-dependent DNA ligase has attracted interest as a
prospective broad-spectrum antibacterial target because it is
indispensable for DNA replication, conserved among bacterial
pathogens, and distinctly different from the eukaryotic DNA
ligases (5, 6, 9, 10, 15, 23, 25). X-ray crystal structures have
facilitated a better understanding of substrate binding and the
catalytic mechanism of DNA ligases (14, 16, 28; S. Lahiri and
S. D. Mills, U.S. patent application 2008/0262811). DNA ligase
structures have also stimulated efforts to design small-molecule
inhibitors of LigA activity. Novel inhibitors of LigA with se-
lective antibacterial activity have been reported, but none of
the studies have validated the target of the inhibitors in vivo by
demonstrating efficacy in animal models of infection (6, 23).

Here we describe the discovery of novel substituted adeno-
sine analogs that are selective inhibitors of NAD *-dependent
DNA ligases from a broad spectrum of pathogenic bacteria. In
vitro mode-of-inhibition and mode-of-action studies, as well as in
vivo efficacy data, support the potential therapeutic value of LigA
as an antibacterial target. To our knowledge, this is the first
example of in vivo validation of LigA as an antibacterial target.

(This material was presented in part at the 49th Interscience
Conference on Antimicrobial Agents and Chemotherapy, San
Francisco, CA, 11 to 15 September 2009 [8, 13, 30, 39].)

MATERIALS AND METHODS

Strains and compounds. The strains, plasmids, and DNA primers used in this
study are described in Table 1. All commercially available antibiotics were
obtained from Sigma-Aldrich, Inc. (St. Louis, MO). Adenosine analogs (Fig. 1)
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TABLE 1. Strains, plasmids, and primers
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Strain, plasmid, or primer

Genotype, phenotype, use, or sequence’

Source or reference(s)

Strains

E. coli
W3110; ATCC 27325
ARC523
MG1655; ATCC 700926
TOP10
BL21(DE3)
B

H. influenzae
Rd KW20; ATCC 51907
ARM158
HIN100
HIN101
HIN102

S. pneumoniae
D39; NCTC 7466
Rx1
R6; ATCC BAA-255
SPN100
SPN101
SPN102
SPN103

S. aureus RN4220
M. pneumoniae
M129; ATCC 29342
FH; NCTC 10119
Candida albicans B2630

H. sapiens A549; ATCC CCL-
185

Plasmids and DNA

E. coli bacteriophage T4
H. sapiens cDNA

pGEM-T
pCR4-TOPO
pET21b
pET30
pET28
pUC18K
pASK4
pASKS

pBA467
pWY375
pLP109
pWY473
pLP112
pT4-lig
pHIN-LigA
pSPN-LigA
pECO-LigA

pMPN-LigA
pSAU-LigA

W3110 AtolC::Tnl0
F~ N IVG™ rfb-50 rph-1

Used to propagate T4 DNA according to ATCC protocol (11303-B4)

Wild-type parent

Rd KW20 AacrB::cat; Cm*

Rd KW20 AacrB::aph3-A; Km"

Rd KW20 AacrB::aph3-A AompP1::cat; Km" Cm*

Rd KW20 AacrB::aph3-A AompP1:ligA + cat; Km" Cm"

Unencapsulated transformable derivative of R36

Unencapsulated transformable derivative of R36

Rx1 AgalU::ermR; Erm"

Rx1 AgalU::T4 lig + ermR; Erm"

Rx1 AgalU::T4 lig + ermR AligA::aph3-A; Erm" Km"

Spontaneous D39 mutant, resistant to compound 4; amino acid
substitution in LigA (L75F)

Restriction-deficient mutant of strain 8325-4

Human lung carcinoma cell line

ATCC 11303-B4

Human Universal QUICK-Clone ¢cDNA; catalog no. 7109-1; lot no.
1050696

TA cloning vector; Ap"

TOPO TA cloning vector; Km"

Protein expression vector

Protein expression vector

Protein expression vector

Source of nonpolar aph3-A gene in pUCIS; Ap" Km"

Source of 1,238-bp cat cassette in pGEM-T: Ap" Cm"

Plasmid used for site-directed integration and expression of selected
genes at H. influenzae ompPI (HI0401) locus of Rd KW20;
Ap" Cm"

Plasmid used for site-directed integration and expression of selected
genes at galU (spr1903) locus of S. pneumoniae R6; Ap" Erm"

pGEM-T containing H. influenzae acrB (HI0895) deletion and
insertion of 840 bp of nonpolar aph3-A4 cassette; Ap" Km"

PASKS containing H. influenzae ligA (HI1100) subcloned as Ndel-
Sall fragment from pHIN-LigA; Ap" Cm"

pBA467 containing T4 lig subcloned as Ndel-Sall fragment from
pT4-lig; Ap" Erm"

pGEM-T containing S. pneumoniae ligA (spr1024) deletion and
insertion of 840 bp of nonpolar aph3-A4 cassette; Ap" Km"

pCR4-TOPO containing T4 lig; Km*

H. influenzae LigA expression plasmid; pET30a; Km"

S. pneumoniae LigA expression plasmid; pET30a; Km"

E. coli LigA expression plasmid; pET30a; Km"

M. pneumoniae LigA expression plasmid; pET30a; Km"

S. aureus LigA expression plasmid; pET30a; Km"

ATCC, Manassas, VA
AstraZeneca culture collection
ATCC, Manassas, VA
Invitrogen Corp., Carlsbad, CA
Invitrogen Corp., Carlsbad, CA
ATCC, Manassas, VA

ATCC, Manassas, VA

AstraZeneca culture collection
This study
This study
This study

2

34

17

This study
This study
This study
This study

20
ATCC, Manassas, VA
NCTC, Salisbury, United Kingdom

35

ATCC, Manassas, VA

ATCC, Manassas, VA
Clontech, Mountain View, CA

Promega Corp., Madison, WI
Invitrogen Corp., Carlsbad, CA
EMD4Biosciences, San Diego, CA
EMD4Biosciences, San Diego, CA
EMD4Biosciences, San Diego, CA
24

36, 40

36

This study
This study
This study
This study
This study
This study
This study
This study
This study

This study
This study

Continued on following page
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TABLE 1—Continued

Strain, plasmid, or primer

Genotype, phenotype, use, or sequence’

Source or reference

pHSA-LIGI H. sapiens LIGI expression plasmid (N-terminal truncation and T7 This study
tag); pET21b; Ap"
Primers
LigA protein expression

E. coli ligA-F (Ndel) GCATTGATGGTGCCATATGGAATCAATCG MG1655
E. coli ligA-R (Sall) CGTATTGGCTATTTCAGTCGACTGC MG1655
H. influenzae ligA-F (Ndel) CCGAGAATCATATGACAAATATTCAAACTCAAC KWwW20
H. influenzae ligA-R (Sall) GCCTGTCGACCCTGTCACACCAAGCGTCGG KW20
M. pneumoniae ligA-F (Ndel) CCTACATATGGCAAAGGTCGCACAAATTCG M129
M. pneumoniae ligA-R (Sall) GCATGTCGACTTAGGTCCAAATTGGTTC M129

S. aureus ligA-F (Ncol) GGATTAAGCCATGGCTGATTTATCG RN4220
S. aureus ligA-R (Sall) CGACGTCGACCTCTAACTATTTAATTC RN4220

S. pneumoniae ligA-F (Ndel)
S. pneumoniae ligA-R (Sall)

Expression of other ligases
T4 lig-F (Ndel)
T4 lig-R (Sall)
H. sapiens lig-F (Sacl)
H. sapiens lig-R (Sall)
GTCC

GCGCATATGATTCTTAAAATTCTGAACG
CTTGTCGACTCATAGACCAGTTACCTC

GAGGAGAGCTCGGCTCCAGGAAAGGAGGGAGCTGCTGAGG H. sapiens
GATCGTCGACTTAGTAGGTATCTTCAGGGTCAGAGCCTGA

GGTCTTATGAATAAACATATGAATGAGTTAGTCGCTTTGC R6
CTCTGTCGACAAACGATCCATTACAAACTTTCTAGCC R6

Bacteriophage T4
Bacteriophage T4

H. sapiens

“ Restriction enzyme sites in primer sequences are in boldface italics.

were prepared at AstraZeneca R&D Boston as previously described (M. Cavero-
Tomas, M. Gowravaram, H. Huynh, H. Ni, and S. Stokes, 20 April 2006, inter-
national patent application WO/2006/040558). T4 DNA ligase was purchased
from New England BioLabs (Ipswich, MA).

Recombinant DNA methods. The recombinant DNA methods and reagents
used have been described previously (36). The DNAs of all PCR-generated
clones and selected PCR-generated DNA fragments were sequenced using an
ABI Prism genetic analyzer, model 3100, after the preparation of ABI Prism
BigDye Terminator (version 3.1) cycle sequencing reactions according to the
manufacturer’s instructions (Life Technologies Corp., Carlsbad, CA). The re-
sulting DNA sequence chromatographs were assembled and analyzed with Se-
quencher software (version 4.7; Gene Codes Corporation, Ann Arbor, MI). The
strains, plasmids, and primers used for the overexpression of DNA ligases and
for the characterization of the mode of action can be found in Table 1. The
conditions for growth, cell preparation, and transformation are described in the
supplemental material.

Cloning and expression of bacterial NAD*-dependent DNA ligase isozymes.
DNA fragments containing the /ig4 gene were PCR amplified using primers and
template genomic DNA isolated from Haemophilus influenzae Rd KW20, S.
pneumoniae R6, S. aureus RN4220, Mycoplasma pneumoniae M129, and E. coli
MG1655 (Table 1). The ligA-containing PCR fragments were ligated into
pGEM-T (Promega, Madison, WI) according to the manufacturer’s instructions.
The cloned DNA containing /ig4 from each strain listed above was sequenced
and analyzed relative to the published gene sequence for each strain. The ligA-
containing DNA from each organism was subcloned into pET30a or pET28b
(EMD4Biosciences, San Diego, CA). LigA isozymes were overexpressed in E.
coli BL21(DE3) (Invitrogen, Carlsbad, CA) for purification and activity assay
development. The primers, template DNA, and plasmids used to make the
overexpression plasmids are listed in Table 1.
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Cloning and expression of Homo sapiens DNA ligase 1. The Homo sapiens
DNA ligase 1 gene, encoding amino acid residues 250 to 919 of the full-length
protein, was PCR amplified from H. sapiens cDNA (Clontech, Mountain View,
CA), and was cloned into pGEM-T as described previously (19). Once the
sequence of the cloned DNA was verified, the truncated H. sapiens DNA ligase
1 gene was subcloned as a Sacl-to-Sall fragment into pET21b to create an
in-frame N-terminal fusion with the T7 tag for expression in E. coli BL21(DE3).
The overexpressed T7-tagged protein was extracted and purified. The primers,
template DNA, and plasmids used to make this overexpression plasmid are listed
in Table 1.

Construction of strains for LigA mode-of-action studies. H. influenzae strains
for assessment of the mode of action against LigA were constructed in an
efflux-negative (AacrB::aph3-A) mutant of strain KW20 (HIN100). H. influenzae
HIN101 (AacrB::aph3-A AompPlI::cat) was constructed to serve as an isogenic
control strain, and H. influenzae HIN102 (AacrB::aph3-A AompPI::ligA + cat)
was constructed to overexpress LigA as the experimental strain for assessment of
the mode of action in H. influenzae. In HIN102, the /igA gene was under the
transcriptional control of the strong, constitutively active ompPI promoter (26,
27, 36). The supplemental material describes the construction of HIN101 and
HIN102 (see Fig. S1).

Likewise, S. pneumoniae SPN100 (AgalU::ermR) was constructed to serve as an
isogenic control strain, and S. pneumoniae SPN102 (AgalU:T4 lig + ermR
AligA::aph3-A) was constructed to express T4 ligase in a AligA::aph3-A genetic
background, as the experimental strain for assessment of the mode of action
against S. pneumoniae LigA. The supplemental material describes the construc-
tion of SPN100 and SPN102 (see Fig. S2).

Purification of DNA lig: from H. infl ae, S. p E. coli, S.
aureus, M. p and H. sapi The conditions for the expression and
purification of DNA ligase isozymes are described in the supplemental material.

5 NH,

N N~"SN
7 <xx
o N

FIG. 1. Chemical structures of the adenosine analogs discussed in this study. The 2-position of the adenine ring and the 5’ position of the ribose

are indicated for compound 1.
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DNA ligase assay. A fluorescence resonance energy transfer (FRET) assay was
developed for measuring the DNA ligase activity of H. influenzae LigA by using
a format similar to that previously described (5, 9). The DNA substrate in the
reaction mixture was created by annealing three synthetic oligonucleotides (Eu-
rofins MWG Operon, Huntsville, AL). The longest oligonucleotide (32-mer) was
modified with a fluorescent carboxyfluorescein (FAM) label at its 5’ end. The
shortest oligonucleotide (11-mer) was modified with a 5" phosphate and a tet-
ramethyl carboxyrhodamine (TAMRA) acceptor label at its 3’ end. The third
oligonucleotide (18-mer) was unlabeled. The sequences for the three oligonu-
cleotides were as follows: for the 32-mer, 5'-FAM-TGGATTGATGACTGGG
CTGAATACTGACCTTA-3'; for the 11-mer (complementary to the 5’ end of
the 32-mer with a single mismatch), 5'-PO,-CAGTCATCTAT-TAMRA-3'; and
for the 18-mer (complementary to the 3’ end of the 32-mer), 5'-TAAGGTCA
GTATTCAGCC-3'".

The three oligonucleotides were hybridized to form a DNA duplex with a nick
in one strand and fluorophores on the 5 and 3’ ends of opposite strands.
Ligation of the nick in this substrate DNA resulted in the formation of a ligated
full-length DNA duplex. The ligated product was resistant to denaturation by 4
M urea at pH 10, whereas the unligated substrate was denatured. In the ligated
product, the fluorophores were in close proximity, such that upon excitation of
FAM, FRET occurred from the FAM donor to the TAMRA acceptor, resulting
in enhanced TAMRA fluorescence and reduced FAM fluorescence (e.g.,
quenching). The extent to which FRET persisted after denaturation reported the
fraction of the DNA substrate that was ligated.

Assays for H. influenzae LigA were performed in 96-well black polystyrene
flat-bottom plates in 100-pl reaction mixtures containing the following: 20%
glycerol, 30 mM potassium chloride, 30 mM ammonium sulfate, 10 mM
dithiothreitol, 1 mM EDTA, 0.002% Brij 35, 50 mM morpholinepropanesul-
fonic acid (MOPS; pH 7.5), 100 nM bovine serum albumin, 1 puM NAD™, 40
nM DNA substrate, 16 mM magnesium chloride, and 0.15 nM H. influenzae
LigA. The assay reaction mixtures were incubated at room temperature for
approximately 20 min before the reactions were terminated by the addition of
30 pl Quench reagent (8 M urea, 1 M Trizma base, 20 mM EDTA in water)
to denature any remaining unligated substrate DNA. Plates were read in a
Tecan Ultra plate reader monitoring the ratio of fluorescence intensities at
two emission wavelengths (the TAMRA acceptor at 595 nm and the FAM
donor at 535 nm) upon excitation of the FAM donor at 485 nm. The larger
the ratio of 595- to 535-nm emission values, the larger the fraction of ligated
DNA in the reaction.

Data were initially expressed as a ratio of the 595-nm emission values to the
535-nm emission values, and percentages of inhibition were calculated using
0.2% dimethyl sulfoxide (no compound) as the 0% inhibition control and 50 mM
EDTA-containing reaction mixtures as 100% inhibition controls. For the high-
throughput screening (HTS) campaign, the assay described above was performed
in a 384-well format (30 wl) with a single test compound per well at a final
concentration of 10 wM. For hit follow-up and subsequent structure-activity
relationship (SAR) analysis, compound potency was based on measurements of
the 50% inhibitory concentration (ICs,) in reactions performed as described
above but in the presence of 10 different compound concentrations.

Assays for the other bacterial LigA isozymes, human DNA ligase 1, and T4
DNA ligase were performed as described above for H. influenzae LigA, with the
following changes in order to optimize enzyme performance and normalize
substrate concentrations relative to the individual isozymes’ K,,, values. S. aureus
LigA reaction mixtures contained 0.15 nM enzyme, 72 nM DNA, and 94 pM
NAD™. S. pneumoniae LigA reaction mixtures contained 0.1 nM enzyme, 24
nM DNA, and 6.8 uM NAD™. E. coli LigA reaction mixtures contained 0.1 nM
enzyme, 22 nM DNA, and 5.3 uM NAD™, with potassium chloride and ammo-
nium sulfate concentrations adjusted to 40 mM and 5 mM, respectively. M.
pneumoniae LigA reaction mixtures contained 0.15 nM enzyme, 24 nM DNA,
and 0.13 pM NAD™, with potassium chloride and ammonium sulfate concen-
trations adjusted to 5 mM each. Human ligase 1 reaction mixtures contained 0.5
nM enzyme, 50 nM DNA, and 3 pM ATP (replacing NAD*), with no potassium
chloride and 12 mM ammonium sulfate. T4 bacteriophage DNA ligase reaction
mixtures contained 2 U enzyme, 100 nM DNA, and 100 uM ATP (replacing
NAD™), with potassium chloride and ammonium sulfate concentrations adjusted
to 30 mM each.

To determine the apparent K; of compound 1, the H. influenzae LigA FRET
assay was performed in the presence of increasing concentrations of the com-
pound (0 to 2.6 M) in reaction mixtures with a range of concentrations of the
NAD™ substrate (0.5 to 3.5 uM) and a fixed concentration (60 nM) of the DNA
substrate. Nonlinear regression analysis of the resulting data was performed
using GraFit (Erithacus Software Limited, Surrey, United Kingdom).
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X-ray cocrystallography of the H. influenzae LigA adenylation domain. The
X-ray cocrystal structure of an H. influenzae LigA adenylation domain fragment
(amino acid residues 1 to 324) containing AMP covalently bound to a conserved
lysine residue (K116) and NAD* bound to adenylation subdomain la has been
reported previously (13; Lahiri and Mills, U.S. patent application 2008/0262811).

Susceptibility and cytotoxicity assays. MICs were determined using broth
microdilution and in vitro killing kinetics according to the guidelines of the
Clinical and Laboratory Standards Institute (formerly NCCLS) (11, 29).

Cytotoxicity was assessed in the human lung carcinoma cell line A549 by using
the CellTiter 96 AQ,.,,s One Solution cell proliferation assay with MTS [3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tet-
razolium, inner salt] from Promega Corp. (Madison, WI). A549 cells were grown
at 37°C under 5% CO, in RPMI 1640 medium supplemented with 10% fetal
bovine serum and 1 mM glutamine (Invitrogen, Carlsbad, CA). Cytotoxicity was
quantified by determining the lowest compound concentration at which trans-
mission was increased by 50%. Puromycin and amphotericin B served as con-
trols.

Isolation of resistant mutants. Mutants of S. pneumoniae D39 were isolated as
described previously (7). Briefly, 107 to 10® CFU was spread onto blood agar
plates (BAPs) containing 2-fold serial dilutions of compound 4 and was incu-
bated for 24 h at 37°C. Mutants were isolated from BAPs that contained the
compound at concentrations 4 times the agar dilution MIC or more and were
purified on BAPs with the same compound concentration. Mutants were stored
in growth medium containing 25% (vol/vol) glycerol at —80°C.

Okazaki fragment accumulation assay. The procedure for determination of
cellular Okazaki fragment accumulation in H. influenzae was adapted from the
method described by Dermody et al. for E. coli (12). A description of the adapted
method is in the supplemental material.

Murine infection models. The animals used for the murine infection models
were maintained in accordance with the criteria of the American Association for
Accreditation of Laboratory Animal Care. All animal studies were carried out
according to protocols approved by the Institutional Animal Care and Use
Committee at AstraZeneca R&D Boston.

(i) Neutropenic mouse thigh model. Six-week-old specific-pathogen-free fe-
male CD-1 Swiss mice (Charles River Laboratories, MA) weighing 18 to 22 g
were used for all studies. Mice were rendered neutropenic by intraperitoneal
injection of cyclophosphamide (Sigma-Aldrich, St. Louis, MO) 4 days (150 mg/kg
of body weight) and 1 day (100 mg/kg) before experimental infection (1). Two
hours prior to infection, mice received a single oral administration of aminoben-
zotriazole (ABT) at 100 mg/kg to inhibit cytochrome P450 (CYP450) activity (4).
A frozen stock of S. aureus ARC516 was thawed and diluted to a concentration
of 7 X 10° CFU/ml. Mice were infected to achieve a target inoculum of 5 X 10°
CFU/thigh. Groups of five animals each received an intraperitoneal injection of
5, 15, 30, or 45 mg/kg of body weight of compound 4, prepared with 0.75%
hydroxypropylmethyl cellulose (HPMC), on a q.i.d., q3 (4 times a day, every 3 h)
regimen starting 2 h after infection. An additional group of 10 mice received the
vehicle alone (0.75% HPMC) on the same regimen. Efficacy was determined 24 h
after the start of treatment. Thigh tissue was homogenized with an Omni TH
homogenizer (Omni International, Warrenton, VA), and 100 wl of homogenate
was serially diluted in tryptic soy broth and was plated onto tryptic soy agar plates
for CFU determination (21). Plates were incubated at 37°C overnight.

(ii) Immunocompetent mouse lung model. Six-week-old specific-pathogen-free
female CD-1 Swiss mice (Charles River Laboratories, MA) weighing 18 to 22 g
were used for all studies. Two hours prior to infection, mice received a single oral
administration of 100 mg/kg ABT as described above. A frozen stock of S.
pneumoniae isolate D39 was thawed and diluted to a concentration of 2 X 10°
CFU/ml. Animals were anesthetized by isoflurane inhalation and were then
infected with 105 CFU by delivery of 50 ul of diluted culture directly into the
trachea of each mouse. Groups of 10 mice received an intraperitoneal injection
of 2, 15, or 45 mg/kg of body weight of compound 4, prepared with 0.75%
HPMC, on a q.i.d., q3 regimen starting 18 h after infection. An additional group
of 10 mice received the vehicle (0.75% HPMC) on the same regimen. Efficacy
was determined 24 h after the start of treatment (3). Lung tissue was homoge-
nized and diluted as described above. Dilutions were spread onto blood agar
plates for CFU determination. Plates were incubated overnight at 37°C under
5% CO,.

Protein structure accession number. The coordinates of a refined cocrystal-
lographic structure of compound 1 bound to the H. influenzae LigA adenylation
domain, and the associated methods for protein preparation, have been depos-
ited in the Protein Data Bank (PDB) under accession code 3PN1.
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TABLE 2. Inhibition of bacterial DNA ligase enzymes by the
adenosine analogs®

1C5, (uM) for DNA ligase from:

Compound
H. influenzae E. coli S. pneumoniae S. aureus M. pneumoniae
1 0.507 1.27 0.136 0.081 0.075
2 0.076 0.158 0.052 0.063 0.021
3 0.112 0.370 0.076 0.117 0.019
4 0.106 0.320 0.039 0.158 <0.010
5 0.082 0.180 0.038 0.060 0.062

“ The chemical structures of the adenosine analogs are shown in Fig. 1.

RESULTS

Discovery of LigA inhibitors and progression to antibacte-
rial activity. An HTS campaign was carried out to identify
inhibitors of H. influenzae LigA by using a FRET-based DNA
ligation assay and compounds from the AstraZeneca corporate
library. After confirmation of ICys against H. influenzae LigA
and compound filtering based on physicochemical properties
such as ClogP and solubility, 517 compounds were selected for
testing for selectivity and spectrum of inhibition. ICs,s against
NAD™-dependent DNA ligases from E. coli, S. aureus, S. pneu-
moniae, and M. pneumoniae, in addition to the enzyme from H.
influenzae, were determined. Selectivity for NAD *-dependent
DNA ligases was determined by measuring the ICsys of se-
lected hits against the ATP-dependent ligases human DNA
ligase 1 and bacteriophage T4 ligase.

Several distinct chemotypes were identified from the HTS
campaign, including a cluster of adenosine analogs, exempli-
fied by compound 1 (Fig. 1). Compound 1 had an ICs, of 0.5
wM against H. influenzae LigA and displayed broad-spectrum
biochemical potency for all LigA isozymes tested (Table 2) but
was inactive (ICs,, >200 wM) against human DNA ligase 1
and T4 bacteriophage ligase. Compound 1 also possessed fa-
vorable physical properties for an initial hit from HTS, includ-
ing equilibrium solubility greater than 4 mM at pH 7.4, a
logD, 4, (logD measured at pH 7.4) value of 1.24, and a free
fraction (f,,) in human plasma greater than 0.3.

Kinetics studies using the H. influenzae LigA FRET assay
demonstrated that compound 1 was competitive with NAD™
with an apparent K; of 110 nM (Fig. 2).

The binding mode for compound 1 in the X-ray crystal
structure of the adenylation domain fragment of H. influen-
zae LigA is shown in Fig. 3A. The crystallographic data
revealed interactions between the adenine ring and the side
chains of Glu-114 and Lys-291, as well as the backbone of
Pro-115 and Leu-117, and also revealed an interaction be-
tween the 3’ hydroxyl of the ribose ring and the side chain
of Glu-174. The X-ray crystal structure provided the foun-
dation for an iterative structure-based medicinal chemistry
effort to improve biochemical potency and achieve antibac-
terial activity, ultimately leading to compounds for in vivo
efficacy studies.

Adenosine analogs that inhibited the activities of DNA li-
gase enzymes from a broad spectrum of bacterial species were
synthesized; they are exemplified by compounds 2 to 5, with
1Css ranging from <0.010 pM to 1.27 uM (Table 2). Struc-
ture-activity relationships pertaining to the potency of enzyme
inhibition led to changes at the 2-position of the adenine ring
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and the 5’ position on the ribose ring (Fig. 1). The cocrystal
structure of compound 1 bound to the H. influenzae LigA
AMP-binding pocket helped to define a hydrophobic tunnel
predicted to accommodate the butanethiol at the 2-position of
the adenine ring (Fig. 3B). This tunnel was explored in order to
increase biochemical potency. The butanethiol at the 2-posi-
tion of compound 1 was changed to a cycloalkoxy substituent in
compounds 2 to 5, and the 5’'-hydroxyl of compound 1 was
replaced by either a fluorine (compounds 2 and 4) or a hydride
(compounds 3 and 5). The resulting potencies of inhibition
increased for enzymes from Gram-negative organisms and
were essentially equipotent for enzymes from Gram-positive
species. Any changes to the nitrogens of the adenine ring
resulted in reduced potency; this is in agreement with the
proposed binding mode in which hydrogen bonds to the resi-
dues mentioned above are important for the binding of the
adenosine analogs to the active site of LigA.

Compound 1 exhibited modest antibacterial activity, with
MIC values of 32 pg/ml against S. pneumoniae and activity
against an efflux mutant of H. influenzae lacking the AcrB
subunit of its main efflux pump (37). The lack of activity against
the parental H. influenzae strain suggested that compound 1
was subject to active efflux out of the cell, poor penetration into
the cell, or a combination of efflux and poor penetration. An-
tibacterial activities for compounds 2 to 5 were significantly
improved against the Gram-positive pathogens S. pneumoniae
and S. aureus, atypical M. pneumoniae, and mutants of the
Gram-negative pathogens H. influenzae and E. coli that lacked
components of the major AcrAB-TolC efflux pumps (Table 3).
Although these compounds displayed modest antibacterial ac-
tivity (MICs, 8 to 64 pg/ml) against the wild-type H. influenzae
strain, they were inactive against the wild-type E. coli strain.
Compound 5 displayed potent, broad-spectrum MIC values of
8,4, 1, 1, and 2 pg/ml against wild-type H. influenzae, Moraxella
catarrhalis, S. pneumoniae, Streptococcus pyogenes, and S. au-
reus, respectively. Additional examples of adenosine analogs,
with corresponding ICs,s and MICs, can be found in Table S1
in the supplemental material.

Selectivity for the bacterial target over eukaryotic targets was
maintained for these compounds, as demonstrated by I1Csys of

[Compound 1]uM: ¢ 0 0O0.325 x1.3 @26

0.251
0.201
0.154
0.101
0.051

1/DNA ligated

-2.0 -1.0 0.0 1.0 2.0 3.0 4.0
1/[NAD#]

FIG. 2. Enzyme mode of inhibition for compound 1. The activity of
H. influenzae LigA was measured using a FRET assay in the presence
of rising concentrations of compound 1 (0 to 2.6 pM) and NAD™ (0.5
to 3.5 uM), with a fixed concentration (60 nM) of the nicked DNA
substrate. As represented in the double-reciprocal plot, the resulting
data are consistent with competitive binding between compound 1 and
NAD™. The apparent K; for compound 1 was determined to be 110 nM
by nonlinear regression analysis of the data.
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FIG. 3. (A) X-ray cocrystal structure of compound 1 bound to the
AMP-binding site of H. influenzae LigA. Predicted hydrogen bonds be-
tween the inhibitor and the enzyme are shown as dashed lines. Enzyme
residues proposed to make key interactions with the compound are la-
beled. (B) Surface representation of the hydrophobic tunnel of the bind-
ing pocket containing compound 1. The surface of L82 (corresponding to
L75 in S. pneumoniae LigA) is shown in cyan.

>200 wM against human DNA ligase and bacteriophage T4 li-
gase. General cytotoxicity was not observed for these compounds,
as shown by 50% effective concentrations (ECss) of >64 pg/ml
for the lysis of intact sheep red blood cells, as well as MIC values
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FIG. 4. Time-kill study. Shown are the effects of increasing concen-
trations of compound 4 (multiples of the MIC) on the viability of S.
pneumoniae (measured as CFU/ml).

of >64 pg/ml for the proliferation of the human cell line A549
and the fungus Candida albicans.

Compounds 2 to 5 maintained favorable physical properties
(solubility, >1 mM; logD, 4, <2; f, in human plasma, >0.3)
such that they were amenable to in vivo dosing and efficacy.

Cellular characterization of LigA inhibitors and confirma-
tion of a DNA ligase-specific mode of action. The killing ki-
netics of compound 4 at multiples of the MIC was assessed
against S. pneumoniae D39. When compound 4 was added at
concentrations equal to 8 and 32 times the MIC, a 3-log,, drop
in viability (CFU) was observed within 7 h, demonstrating that
the adenosine analogs are rapidly bactericidal to S. pneu-
moniae (Fig. 4).

In order to determine whether DNA ligase was inhibited in
bacteria, intracellular levels of Okazaki fragments in H. influ-
enzae were measured by fractionating DNA pools on sucrose
gradients upon exposure to adenosine analogs (compounds 2
and 4). DNA extracted from H. influenzae grown in the ab-
sence of antibiotics led to a fractionated sucrose gradient pro-
file with a single broad peak (spanning fractions 9 to 12) rep-
resenting ligated genomic DNA (Fig. 5A to C, open circles).
Incubation with ciprofloxacin (CIP) also led to the detection of

TABLE 3. Antimicrobial activities of adenosine analogs against selected pathogenic bacteria

MIC (pg/ml) for:

Compound H. influenzae E. coli S. pneumoniae S. aureus M. pneumoniae
KW20 ARMI58" W3110 ARC523 D39 ARC516 FH
1 >64 32 >64 >64 32 >64 ND¢
2 8 2 >64 4 2 8 1
3 16 4 >64 8 4 16 2
4 64 2 >64 4 1 2 0.2
5 8 2 >64 4 1 2 ND

¢ A KW20 efflux mutant with an acrB deletion.
> A W3110 efflux mutant with a Tn/0 insertion in tolC.
¢ ND, not determined.
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cpm

cpm

cpm O

fraction

FIG. 5. Accumulation of Okazaki fragments (OF) in [methyl-
*H]thymidine-labeled DNA isolated from H. influenzae ARM158 cells
treated with increasing concentrations of CIP (0, 2, 8, and 31 ng/ml)
(A), compound 2 (0, 16, 250, and 1,000 ng/ml) (B), or compound 4 (0,
63, 500, and 2,000 ng/ml) (C). Symbols represent the absence of the
compound (open circles) or increasing concentrations from lowest to
highest (filled circles, open squares, and filled squares, respectively).
The amount of radioactivity (cpm) was measured in 23 fractions (x
axis) obtained from alkaline sucrose gradients. Okazaki fragments
typically appeared in fraction 4, whereas high-molecular-weight DNA
peaked in fractions 9 to 12.

a single peak, corresponding to ligated DNA, that became less
abundant as the CIP concentration was increased to a level
above the MIC (Fig. 5A). In this case, CIP predictably inhib-
ited thymidine incorporation but did not cause an accumula-
tion of Okazaki fragments. Incubation with adenosine analogs
at concentrations close to their MICs against H. influenzae
ARMIS8 resulted in the accumulation of low-molecular-
weight DNA fragments consistent with Okazaki fragments
(12). These data strongly suggested that the adenosine analogs
inhibit DNA ligase in H. influenzae.

A strain of H. influenzae (HIN102) was constructed in which
H. influenzae LigA expression was controlled by the ompPI
promoter. This promoter is much stronger than the native
LigA promoter (27), and as a result, it significantly increased
the expression level of H. influenzae LigA as determined by
Western blot analysis (see Fig. S2 in the supplemental mate-
rial). It was predicted that the elevated levels of LigA in
HIN102 would lead to elevated MIC values only if the anti-
bacterial activity of the adenosine analogs was mediated by
inhibition of LigA. The control inhibitors levofloxacin (LVX)
and linezolid (LZD) did not have elevated MICs for HIN102,
whereas the MIC values of compounds 1 to 4 for HIN102 were
at least 16-fold higher than those for the parent strain, HIN101
(Table 4). These data demonstrate that the antibacterial activ-
ity of the adenosine analogs was mediated by inhibition of H.
influenzae NAD™ -dependent DNA ligase.
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Since there is precedent for antibacterial compounds with
widely different modes of action against Gram-positive and
Gram-negative pathogens (7), mode-of-action studies were
also performed with S. pneumoniae. A strain of S. pneumoniae
was constructed in which the S. pneumoniae ligA gene was
replaced with the ATP-dependent T4 lig gene (SPN102). ATP-
dependent T4 lig fully compensated for the loss of bacterial
ligA in SPN102. No difference in growth was observed when
SPN102 and the isogenic strain SPN100 were compared. By
virtue of the replacement of S. pneumoniae ligA with T4 lig in
SPN102, it was expected that compounds inhibiting growth by
acting on the native S. pneumoniae LigA would have MICs
higher than those for the isogenic strain SPN100, since the
adenosine analogs had been shown to be inactive against T4
DNA ligase in vitro. Negative-control inhibitors (LVX and
LZD) showed no change in the MIC for SPN102 relative to the
MIC for the parent strain, SPN100. The MIC values of the
adenosine analogs (compounds 1 to 4) were at least 64-fold
higher for SPN102 than for SPN100. These data supported the
premise that the antibacterial mode of action for the adenosine
analog series was LigA inhibition (Table 4).

Finally, spontaneous resistant mutants of S. pneumoniae
D39 were isolated on agar plates containing compound 4.
Sequencing of the lig4 gene from independently obtained mu-
tants, including SPN103, revealed a mutation in the hydropho-
bic tunnel of the adenosine analog binding pocket (L75F)
associated with an elevated MIC (64 pg/ml). The correspond-
ing leucine residue in H. influenzae (L82) LigA is mapped
(cyan surface) to the cocrystal structure shown in Fig. 3B.
These data further supported LigA inhibition as the mode of
action in S. pneumoniae.

In vivo efficacy. Mice received a single oral administration of
100 mg/kg ABT 2 h prior to infection in order to maximize the
potential exposure of bacteria to the compound in the efficacy
experiments by reducing the high hepatic clearance of the
adenosine analogs in rodents (data not shown). At the start of
therapy, mice were colonized with 6.4 = 0.1 log,, CFU/thigh of
S. aureus ARC516 or 5.0 = 0.07 log,, CFU/lung of S. pneu-
moniae D39. The organisms grew by 3.3 = 0.5 log,, CFU/lung
and 2.9 * 0.2 log,, CFU/thigh after 24 h in untreated control
mice in the respective models (Fig. 6). Escalating doses of
compound 4 resulted in concentration-dependent killing of
both strains in the respective tissue compartments. The highest
doses studied reduced the organism burden by 1.8 = 0.3 log,,

TABLE 4. DNA ligase mode-of-action confirmation using
recombinant expression strains

MIC?
Compound” H. influenzae S. pneumoniae
HINIOT HINI2 . PO gpNioo spnioz . Fold
mcrease mcrease

LVX 0.01 0.01 0.5 0.5
LZD 4 4 0.5 0.5
1 32 512 16 ND ND
2 4 >64 >16 2 >064 >32
3 8 >64 >8 2 >64 >32
4 2 32 16 1 >064 >064

4 LVX, levofloxacin; LZD, linezolid.
 MICs for strains are given in micrograms per milliliter. ND, not determined.
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FIG. 6. In vivo activity of compound 4 on infection. (A) S. aureus
ARCS516 in the thighs of neutropenic mice; (B) S. pneumoniae D39 in
the lungs of immunocompetent mice. Results are plotted as means; the
error bars represent the standard errors of the means. Dosing regi-
mens are given in milligrams per kilogram per day. g.i.d., 4 times per
day; g3, every 3 h.

S. aureus CFU/thigh and 2.9 = 0.06 log,, S. pneumoniae CFU/
lung from the inocula (input) administered to the mice at the
beginning of the studies (Fig. 6). No adverse reactions were
observed in the mice dosed with compound 4 in efficacy ex-
periments.

DISCUSSION

DNA ligases are essential in all organisms. Bacterial NAD " -
dependent DNA ligases are distinct from eukaryotic and viral
ATP-dependent ligases and therefore represent a potentially
selective target for the discovery and development of novel
antibacterial agents (38).

The adenosine analog series discovered and further elabo-
rated in this report is attractive from the standpoint of physical
properties as well as potency. The adenosine analogs retained
good physical properties (solubility, >1 mM; logD, 4, <2; f, in
human plasma, >0.3) throughout the medicinal chemistry ef-
forts to improve potency. Compounds 2 to 5 showed broad-
spectrum enzyme inhibition of LigA with similar ICsys. In
general, the adenosine analogs were more potent against LigA
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from Gram-positive species than against LigA from Gram-
negative species. The boundaries of the hydrophobic tunnel
(depicted in Fig. 3B) were explored and found to accommo-
date both large and small nonaromatic hydrophobic substitu-
ents at the 2-position of the adenine ring. The cyclic alkoxides
appeared either to fit more favorably in the binding pocket or
to be less flexible, and therefore more entropically favored,
than the linear side chains and had improved ICs,s. Com-
pounds 1 to 5 were all selective for the bacterial DNA ligases
over human and bacteriophage T4 DNA ligases.

Antibacterial activity was improved significantly by replace-
ment of the 5" hydroxyl with fluorine or hydride. This was
presumably due to improved permeation of the bacterial cell
envelope, resulting from the higher lipophilicity of compounds
2 to 5 than of compound 1. Optimization of the 2-position
cycloalkoxy substituent led to compounds with improved anti-
bacterial activity, especially against the Gram-positive organ-
isms S. pneumoniae and S. aureus.

The adenosine analogs exhibited bactericidal activity. Inhi-
bition of S. pneumoniae NAD"*-dependent DNA ligase re-
sulted in concentration-independent bactericidal activity,
based on the time-kill experiment performed in this study (Fig.
4). Brotz-Oesterhelt et al. similarly demonstrated that pyrido-
chromanone LigA inhibitors were rapidly bactericidal for S.
aureus, although the activity was concentration dependent (6).
Further, the antibacterial activity of the adenosine analogs was
selective in that they displayed no cytotoxic activity against the
fungus C. albicans or the human cell line A549.

Several lines of evidence indicated that the adenosine ana-
logs represented by compounds 1 to 5 specifically inhibit the
target enzyme, NAD *-dependent DNA ligase, in the bacteria.
Addition of adenosine analogs to growth medium inhibited the
incorporation of radiolabeled thymidine into DNA and pro-
moted the accumulation of polynucleotide fragments of a size
consistent with Okazaki fragments (Fig. 5). Overexpression of
LigA in H. influenzae or replacement of lig4d with T4 lig in S.
pneumoniae desensitized the bacteria to the growth-inhibitory
action of the adenosine analogs (Table 4). Furthermore, selec-
tion for spontaneous resistance to the adenosine analogs re-
sulted in the consistent isolation of an S. pneumoniae mutant
strain with a lig4 target-based mutation (L75F) in the inhibi-
tor-binding pocket of LigA. Modeling with the phenylalanine
residue in place of leucine (L82F) in the H. influenzae structure
predicts that the cycloalkoxy substituents at the 2-position of
the adenine ring would be occluded or altered in binding (Fig.
3B; data not shown).

The in vivo efficacy of the adenosine analogs was evaluated
in murine models of infection. Compound 4 was efficacious in
a neutropenic-mouse model of S. aureus thigh infection and an
immunocompetent-mouse model of S. pneumoniae lung infec-
tion. In both models of infection, the compounds caused a
dose-dependent decrease in CFU over 24 h, with maximal
responses occurring at 120 mg/kg/day and 60 mg/kg/day, re-
spectively. We believe this is the first publication to demon-
strate in vivo efficacy with a bacterial DNA ligase inhibitor.
Ultimately, to attain clinically relevant in vivo efficacy with the
adenosine analog series, further optimization of potency and in
vivo pharmacokinetic properties is required.

In summary, the target-based drug discovery approach de-
scribed was successful in identifying a novel series of adenosine
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analogs that exhibited selective inhibition of bacterial NAD -
dependent DNA ligase. The inhibition of cellular growth by
the adenosine analogs was mediated by inhibition of NAD™-
dependent DNA ligase. Furthermore, LigA was validated in
vivo with the demonstration of efficacy in a murine S. aureus
thigh infection model and a murine S. prneumoniae lung infec-
tion model. These data support the potential use of NAD™-
dependent DNA ligase as a target for antibiotic therapy.
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