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Discovery of Inhibitors of 4’-Phosphopantetheine Adenylyltransferase
(PPAT) To Validate PPAT as a Target for Antibacterial Therapy
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Inhibitors of 4’-phosphopantetheine adenylyltransferase (PPAT) were identified through high-throughput screening of the
AstraZeneca compound library. One series, cycloalkyl pyrimidines, showed inhibition of PPAT isozymes from several species, with
the most potent inhibition of enzymes from Gram-positive species. Mode-of-inhibition studies with Streptococcus pneumoniae
and Staphylococcus aureus PPAT demonstrated representatives of this series to be reversible inhibitors competitive with phos-
phopantetheine and uncompetitive with ATP, binding to the enzyme-ATP complex. The potency of this series was optimized
using structure-based design, and inhibition of cell growth of Gram-positive species was achieved. Mode-of-action studies, using
generation of resistant mutants with targeted sequencing as well as constructs that overexpress PPAT, demonstrated that growth
suppression was due to inhibition of PPAT. An effect on bacterial burden was demonstrated in mouse lung and thigh infection
models, but further optimization of dosing requirements and compound properties is needed before these compounds can be
considered for progress into clinical development. These studies validated PPAT as a novel target for antibacterial therapy.

Bacterial infections remain a significant cause of mortality and
morbidity worldwide, in main part due to the emergence of
resistance to clinically approved antibacterial drugs (1, 2, 3, 4). As
aresult, novel drugs are needed to treat infections caused by these
resistant isolates (5, 6). Rather than optimizing existing classes of
antibacterial agents, an alternative avenue to pursue new drugs is
to seek out targets that have not been used previously in antibac-
terial therapy, as this approach avoids cross-resistance on the
compound level as well as the target level. Advancements in
genomics, high-throughput screening of compound libraries, and
structure-based design have allowed the exploration of many
novel targets for antibacterial therapy (7, 8, 9). One of the targets
explored was 4’-phosphopantetheine adenylyltransferase (PPAT)
(8,10). Validation of this target for antibacterial therapy remained
uncertain, however, since none of the efforts using this target re-
sulted in inhibitors that suppressed bacterial growth (8, 10, 11).
PPAT, encoded by the gene coaD, is involved in the biosynthe-
sis of coenzyme A (CoA), a cofactor that functions as an acyl group
carrier in a number of central biochemical transformations, such
as the tricarboxylic acid (TCA) cycle and fatty acid metabolism
(12, 13, 14). It forms a hexamer and catalyzes (in the biological
forward direction) the reversible transfer of the adenylyl group of
ATP to 4'-phosphopantetheine, yielding dephospho-coenzyme A
and inorganic pyrophosphate (Fig. 1) (15, 16). PPAT was shown
to be essential for growth through genetic knockout experiments
(17). It is present with high sequence conservation in most bacte-
ria (18). Since bacterial PPAT has low sequence homology with
human PPAT, identification of selective, broad-spectrum bacte-
rial PPAT inhibitors appears to be feasible (18, 19, 20). To that end,
a campaign of high-throughput screening with the AstraZeneca cor-
porate library was initiated using Streptococcus mutans PPAT. Sev-
eral hits were identified, but only one series showed potential for
broad-spectrum PPAT inhibition. This series was optimized and
yielded analogs that suppress growth in vitro and in animal effi-
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cacy models through inhibition of PPAT, validating for the first
time PPAT as a novel target for antibacterial therapy.

MATERIALS AND METHODS

Reagents and compounds. All chemicals were from Sigma-Aldrich unless
otherwise specified. 4'-Phosphopantetheine, obtained from Syncom
(Groningen, Netherlands), was prepared according to a published
method (21). Compounds used in this study (Fig. 2) were synthesized
in-house (see the supplemental material).

Bacterial strains and genetic constructs. Strains, plasmids, and oligo-
nucleotides used in this study are listed in Table 1. Overexpression of
Streptococcus pneumoniae coaD in S. pneumoniae was achieved by driving
expression from the galU promoter (22).

Measurement of cellular activity. MICs were measured according to
CLSI guidelines (23). As trailing was observed with some strains, MICs
were defined as the lowest concentration that inhibited >80% of cell
growth. MIC,,s were determined on large panels of clinical strains iso-
lated from various geographic locations with different resistance geno-
and phenotypes and were defined as the lowest concentrations that inhib-
ited growth of =90% of the strains.

Inhibition of a human lung carcinoma cell line, A549, was measured
by using the CellTiter 96 Aqueous One Solution cell proliferation assay
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FIG 1 Pathway of CoA biosynthesis and reaction of PPAT.

with MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl)-2H-tetrazolium, inner salt] from Promega Corp.
(Madison, WI). A549 cells were grown at 37°C under 5% CO, conditions
in RPMI 1640 medium supplemented with 10% fetal bovine serum and 1
mM glutamine (Invitrogen, Carlsbad, CA) for 72 h. Cytotoxicity was
quantified by determining the lowest compound concentration at which
transmission was increased by 50%.

Cidality of compounds was measured with killing kinetic assays (24)
using Staphylococcus aureus ARC516 and a LytA ™ strain for S. pneumoniae
(25).

Spontaneous resistance frequencies for S. aureus ARC516 and S. pneu-
moniae D39 were measured by plating in triplicate high inocula of cells on
compound-containing plates at up to 8 X MIC. Plates were incubated at
37°C, and colonies were counted after 48 h. Spontaneous resistance fre-
quencies were calculated as the ratios of average CFU in the presence and
absence of compound.

Cloning and production of bacterial and human PPAT. PPAT from
the different organisms was cloned and overexpressed in Escherichia coli
and purified through column chromatography (see the supplemental ma-
terial). Final proteins were determined to be =95% pure by SDS gel elec-
trophoresis, except for the S. aureus isozyme, which was obtained at
=90% purity.

PPAT biochemical inhibition. Values for 50% inhibitory concentra-
tions (ICss) in activity against Streptococcus mutans, E. coli, and Haemo-
philus influenzae PPAT were measured in the reverse direction. The S.
mutans isozyme was assayed in the reverse direction because a sensitive
and balanced (26) high-throughput screening (HTS) assay could be for-
matted that way at acceptable cost. Assays for E. coli and H. influenzae
enzymes were assayed in the reverse direction to maintain consistency of
analysis for the Gram-negative isozymes and to avoid issues arising from
the 4'-phosphopantetheine substrate inhibition observed for H. influen-

zae. Detection of ATP formation was measured either through a hexoki-
nase/glucose-6-phosphate dehydrogenase coupling system analogous to
that reported previously for E. coli PPAT (16) (S. mutans PPAT) or
through the ATPlite detection solution system (PerkinElmer) (E. coli and
H. influenzae PPAT). Levels of inhibitory activity of compounds against S.
pneumoniae, S. aureus, and Homo sapiens PPAT were measured in the
forward direction. For S. aureus and H. sapiens, formation of pyrophos-
phate was measured (after conversion to orthophosphate) using a mala-
chite green molybdate solution, prepared as previously described (27).
For S. pneumoniae PPAT, formation of dephospho-coenzyme A was mea-
sured through mass spectrometry analysis. (For experimental details on
each of the assays, see the supplemental material.)

S. aureus and S. pneumoniae PPAT mechanism of inhibition. Reac-
tions were conducted in quadruplicate at room temperature in buffer
containing 50 mM MOPS (morpholinepropanesulfonic acid)-NaOH
(pH 7.0), 8 mM MgCl,, 1 mM dithiothreitol (DTT), 75 mM NaCl, 0.5 mM
EDTA, 0.01% (wt/vol) Brij 35, 0.4 U/ml yeast inorganic pyrophosphatase
(Roche), and either 4 nM S. aureus or 3 nM S. pneumoniae PPAT (calcu-
lated as monomers). A matrix of final ATP and 4'-phosphopantetheine
concentrations was studied with 2-fold dilutions of each substrate; ATP
was adjusted from 1,000 M to 15.6 uM in both studies. For S. aureus, the
4'-phosphopantetheine concentration was adjusted between 150 WM and
2.3 uM and the inhibitor was used at concentrations of 8.1, 2.7, 0.9, 0.3,
0.1,and 0 uM. For S. pneumoniae, the 4'-phosphopantetheine concentra-
tion was adjusted with doubling dilutions between 800 wM and 50 M,
and the inhibitor was tested at 150, 83, 47, 26, 15, and 0 nM. Reactions
were performed in untreated clear polystyrene 384-well plates (Costar) in
a 30-pl volume with a 45-pl malachite green molybdate solution quench.
Quenched reactions were allowed to incubate for 5 min, and then absor-
bance at 650 nm was read on a Spectramax plate reader (Molecular De-
vices). Detection standard curves were made between 0 and 30 M phos-
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FIG 2 Structures of compounds used in this study.
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TABLE 1 Strains, plasmids, and oligonucleotides used in this study

Inhibition of Phosphopantetheine Adenylyltransferase

Strain, plasmid, or

oligonucleotide Description

Source or reference

Strains

E. coli BL21(DE3)

E. coli BL21 pLysS(DE3)

S. mutans UAB159

S. aureus RN4220

S. pneumoniae R6

H. influenzae Rd (KW20)
E. coli MG1655 (K-12)

S. pneumoniae D39

S. pneumoniae ATCC 10813
S. pyogenes ARC838

S. aureus ARC516

E. faecium ARC521

H. influenzae ATCC 51907
E. coliW3110

E. coli ARC534

C. albicans ARC527

E. coli strain used for protein overexpression

E. coli strain used for protein overexpression with pET23a-Spn CoaD
Source for coaD of species

Source for coaD of species

Source for coaD of species

Source for coaD of species

Source for coaD of species

Used in susceptibility testing

Clinical isolate used in in vivo studies

Clinical isolate used in susceptibility testing

Clinical isolate used in susceptibility testing and in vivo studies
Used in susceptibility testing

Used in susceptibility testing

E. coli W3110 tolC gene knockout, used in susceptibility testing
Clinical isolate used in susceptibility testing

Clinical isolate used in susceptibility testing

EMD Chemicals
EMD Chemicals
ATCC

22

22

22

22

22

ATCC

AZ culture collection”
AZ culture collection
AZ culture collection
ATCC

AZ culture collection
AZ culture collection
AZ culture collection

Plasmids
pET23a General overexpression plasmid EMD Chemicals
pET30a General overexpression plasmid EMD Chemicals
pCR4-TOPO Subcloning plasmid Invitrogen
pET30a-Eco coaD Expression plasmid for E. coli PPAT This study
pET30a-Hinf coaD Expression plasmid for H. influenzae PPAT This study
pET30a-Hsap coaDE Expression plasmad for H. sapiens PPAT This study
pET30a-Sau coaD Expression plasmid for S. aureus PPAT This study
pET30a-Smu coaD Expression plasmid for S. mutans PPAT This study
pET23a-Spn coaD Expression plasmid for S. pneumoniae PPAT This study
PpBA467-Spn coaD Plasmid to construct overexpression of PPAT in S. pneumoniae This study

Oligonucleotides
Eco coaD F 5'-GACTCATATGCAAAAACGGGCGATTTA-3" (Ndel site underlined) This study
Eco coaD R 5'"-GTCAGTCGACCTACGCTAACTTCGCCATCA-3’ (Sall site underlined) This study
Eco coaD mutF 5"-GAAATGCAGCTGGCGCACATGAATCGCCACTTAATGCCGG-3' This study
Eco coaD mutR 5'-CCGGCATTAAGTGGCGATTCATGTGCGCCAGCTGCATTTC-3’ This study
Hinf coaD F 5'-GCTACATATGACGAGCGTGATTTATCC-3" (Ndel site underlined) This study
Hinf coaD R 5'-GCTAGTCGACTCATCGTGCTTTTAACGCAT-3" (Sall site underlined) This study
Hsap coaDE F 5'-CACCATGGCCGTATTCCGGTCGGGTCTCC-3" (Ncol site underlined) This study
Hsap coaDE R 5'-ACGTGTCGACTCAGTCGAGGGCCTGATGAGTCTTGG-3" (Sall site underlined) This study
Sau coaD F 5'-ACGTCATATGGAACATACAATAGCGGTC-3" (Ndel site underlined) This study
Sau coaD R 5'-ACGTGTCGACTTACTTAAATTTCTTCTTCAATGCC-3’ (Sall site underlined) This study
Smu coaD F 5'-GACTCATATGTCAGATAGAATTGGACTC-3" (Ndel site underlined) This study
Smu coaD R 5'-GATCGTCGACTTAAATTTTTTGTTTGTTTT-3" (Sall site underlined) This study
Spn coaD F 5'-ACGTCATATGTCAGATAAGATTGGCTTATTC-3" (Ndel site underlined) This study
Spn coaD R 5'-ACGTGTCGACCTAATCTTTTTTTTCATTTCTTATTTCC-3' (Sall site underlined) This study

“ AZ, AstraZeneca R&D Boston.

phate under both low- and high-ATP and -4'-phosphopantetheine Vinax[A][B]

conditions to confirm the linearity of the detection system under all assay v= 1 T

conditions. Initial rates were calculated from reactions of 0, 10, 20, 30, and (KoK, + Kma[B])<1 + 7) + (Kyp [A])(l + 7) + [A][B]

40 min. Rates are expressed as nM pyrophosphate product min~' per nM Ky Ky

enzyme (calculated as a monomer) for units of min~ . Initial rate data
were fitted by nonlinear least-squares regression to equations in Grafit
5.0.13 (Erithacus Software). Models for a sequential mechanism of sub-
strate binding were fitted, allowing inhibitor to bind to free enzyme
and/or ATP-enzyme complex (see equation 1 below). Here, [A], [B], and
[I] are the concentrations of the substrates and inhibitor, K,,,, and K, are
the Michaelis constants for substrates A and B, and K, K, and K, are the
dissociation constants (K s) for substrate A from complex EA, inhibitor I
from complex EI, and inhibitor I from complex EAI respectively, as in-
dicated in equation 1:

December 2013 Volume 57 Number 12

Isothermal titration calorimetry. Measurements were made with a
VP-ITC instrument (Microcal/GE Healthcare, Piscataway, NJ). Solutions
of PPAT (generally less than 2 ml) were dialyzed against 2 liters of 50 mM
MOPS-NaOH (pH 7.0), 75 mM NaCl, 8 mM MgCl,, and 1 mM Tris(2-
carboxyethyl)phosphine hydrochloride overnight at 4°C. Titrations were
conducted at 25°C. PPAT protein was placed in the instrument cell at a
concentration of 60 WM (calculated as a monomer), and compound B was
injected at a concentration of 400 wM. Data were analyzed using the
software provided by the manufacturer (Origin) and were fitted to both
single-site and two-site binding models.
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Measurement of physical chemical and pharmacokinetic (PK)
properties. LogD, plasma protein binding, equilibrium solubility, and
clearance in rats for compounds were measured as described before (28).

X-ray crystallography studies. Initial crystallization conditions were
obtained using sparse matrix crystallization screens (29). The best crystals
were grown from 14% to 19% polyethylene glycol 3350 (PEG 3350)-200
mM ammonium sulfate—0.1 M propionic acid cacodylate Bis-tris pro-
pane buffer (pH 7.5) (Molecular Dimensions) at 20°C by using the vapor
diffusion sitting drop method with a drop size of 2.5 pl protein and a
2.5-pl reservoir. To obtain an inhibitor-complexed PPAT structure, a 2
mM final concentration of the inhibitor was included in the protein buf-
fer. The crystals grew in 5 to 7 days and were cryoprotected with Para-
tone-N and flash-frozen in liquid nitrogen prior to data collection. Data
for the inhibitor protein cocomplex were collected at Structural GenomiX
in Advanced Photon Source. Data processing was done with MOSFLM
and scaled with Scala (CCP4 suite). The autoBUSTER software suite (30)
was used to index, integrate, and scale the data. Crystallographic refine-
ment was performed using REFMAC, and model building and placement
of water molecules was done using COOT (31). The final model quality
was assessed using PROCHECK (32). Structural analysis and figures were
prepared using Pymol.

In vivo efficacy studies. Activity of compounds was assessed in im-
munocompetent mouse lung and thigh infection models (22, 28). All
animal studies were approved by the Institutional Animal Care and Use
Committee of AstraZeneca and were conducted in accordance with the
guidelines of the American Association for Accreditation of Laboratory
Animal Care. Pathogen-free, female CD1 mice, each weighing ca. 20 g
(Charles River Laboratories), received oral administrations of aminoben-
zotriazole (ABT) at 50 mg/kg of body weight 2 h prior and 10 h postin-
fection to inhibit cytochrome P450 (CYP450) activity (33).

Infection in the lung was established by intratracheal inoculation of S.
preumoniae ATCC 10813 (1 X 10° CFU/mouse) (34). Therapy with com-
pounds C and D (Fig. 1) was started 2 h postinfection. Groups of 10 mice
each were exposed to 100 mg/kg twice daily (b.i.d.) or four times daily
(q.i.d.) every 4 h (q4h). Pyrrolamide compound 26 (35) was dosed orally
at 80 mg/kg b.i.d./q12h as a positive control. Control mice received vehi-
cles 15% SBEbCD (Captisol) for compound C and 10% 2-pyrrolidone—
0.18% polyvinylpyrrolidone-K30-0.225 M SDS for compound D q.i.d./
q4h. All treatments were administered intraperitoneally in a volume of 0.2
ml, and 24 h after the start of compound exposure, mice were euthanized
and CFU/lung were determined.

Thigh infections were established with administration of S. aureus
ARC516 postlaterally into the right thigh muscle to achieve a target start-
ing inoculum of 1 X 10° CFU/thigh. Therapy with compound C was
administered intraperitoneally starting 2 h after infection, and groups of
10 mice each were exposed to 100 mg/kg twice daily (b.i.d.) or four times
daily (q.i.d.) every 4 h (q4h). Linezolid was administered at 160 mg/kg
orally once as a positive control, whereas control mice received 15% Cap-
tisol (vehicle for compound C) q.i.d./q4h. Mice were euthanized 24 h after
the start of treatment, and thighs were homogenized for CFU determina-
tions.

Protein structure accession numbers. Coordinates and structure
factors have been deposited in the Protein Data Bank under accession
numbers 4NAT, 4NAH, and 4NAU.

RESULTS

Identification of PPAT inhibitors. A high-throughput screen of
the AstraZeneca compound library with S. mutans PPAT identi-
fied a dimethoxypyrimidine as an inhibitor. In addition to potent
activity against PPAT from S. mutans (IC5, <100 nM), this HTS
hit (Fig. 2) also showed activity against PPAT isozymes of other
species (Table 2), indicating a potential to achieve inhibition of
PPAT isozymes of both Gram-positive and Gram-negative species
with this series. A medicinal chemistry program was initiated to
improve the potency of the compounds against PPAT isozymes.

6008 aac.asm.org

TABLE 2 Activity for compounds”

Value for compound:

HTS
Parameter hit A B C D
Biochemical activity
S. mutans 1Cy, (nM) 98 ND ND ND 2.6
S. pneumoniae 1C, (nM) 205 ND 40 0.13 0.065
S. aureus IC5, (nM) 7,300 330 490 041 0.87
H. influenzae IC, (nM) 8,800 860 9,500 740 120
E. coli 1C5, (nM) ND ND 4,800 330 110
H. sapiens ICy, (nM) ND >5,000 ND >200,000 24,000
Cellular activity
S. pneumoniae MIC (ng/ml) >64 >64 >64 2 0.03
S. pyogenes MIC (jg/ml) ND ND ND 1 2
S. aureus MIC (jg/ml) >64 >64 >64 1 0.12
E. faecium (pg/ml) ND ND ND 64 2
H. influenzae MIC (ng/ml)  >64 >64 >64 >64 >64
E. coli MIC (j.g/ml) ND ND ND >64 >64
E. coli MIC (jg/ml) >64 >64 >64 >64 >64
efflux-compromised
C. albicans MIC (pug/ml) >64 >64 >64 >64 >64
A549 human cell line MIC ND ND ND >o64 32
(g/ml)
Mode of action
MIC for S. pneumoniae ND ND ND 1 0.03
(pg/ml)
MIC for S. pneumoniae (ng/ ND  ND ND 8 0.25
ml) PPAT-overexpressing
construct
Other
LogD >3 >3 0.69 0.68 24
Solubility (uM) 8 <1 850  >1000 73
Human protein binding—f, 4.6 0.3 1.5 2.0 4.2
(%)
Mouse protein binding—f, ND  ND ND 13 11
(%)
Rat CL (ml/min/kg) ND ND ND 96 23

“ For structures, see Fig. 1. ND, not determined; f,, fraction unbound.

w

This program was guided by structure-based design based on co-
crystal structures that were obtained with PPAT and dimethoxy-
pyrimidine analogues.

Optimization of PPAT inhibitors. Cocrystal structures ob-
tained with PPAT from S. mutans, H. influenzae, and S. aureus
showed analogues to be bound in the phosphopantetheine site, in
a pocket formed between two monomers. This is exemplified for
S. aureus PPAT through the comparative overlay of a cocrystal
structure of compound A with known substrate-bound structures
(36) (Fig. 3A). Polar and hydrophobic interactions were observed
between compound and enzyme (Fig. 3B). Hydrogen bonds were
observed with the side chains of residues Glul35, Asn107, and
Tyr99, and the dichlorophenyl and cyclohexyl moieties of the
compound were stabilized by van der Waals interactions with
Leu75, Leu38, Met106, Leul03, and Ile87. The cocrystal structure
with compound A, obtained early on in the program, indicated
room for expansion from the pyrimidine ring toward residues in
the ATP-binding pocket and opportunities to establish interac-
tions with residues from the neighboring substrate recognition
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Inhibition of Phosphopantetheine Adenylyltransferase

ATP

FIG 3 Cocrystal structures of the inhibitors in S. aureus PPAT. (A) Structure with compounds A and B overlaid on the ATP- and phosphopantetheine-bound
structures of E. faecalis PPAT (3ND6 and 3ND7). The image represents the crystal structure of PPAT from E. faecalis in the ligand-unbound state and in complex
with ATP and pantetheine (36). The compounds bound to the S. aureus structure are depicted in the form of a stick model, while substrates ATP (blue) and
4'-phosphopantetheine (black) are shown in a line diagram. The S. aureus protein backbones of the two monomers are depicted in green and gray cartoons,
respectively. (B) View of the interaction in the binding pocket to compounds A and D showing additional interactions resulting in improved potency. Residues
with close interactions are depicted in the form of a stick diagram with the primary monomer colored in green and the adjacent monomer colored in gray.
Compound A is shown in pink and compound D is drawn as yellow sticks, while the ATP is shown in cyan. The protein backbone for compound A cocomplex

is depicted in pink, while that of compound D is depicted in green and gray.

loop (Ser 41 and Lys43) to improve potency in the series. On the
other hand, few improvements in potency could be envisaged with
the other rings, as the tight hydrophobic pockets surrounding
these groups do not allow for enhanced interactions. Analogues
with substitutions on the pyrimidine ring, designed to reach to-
ward the ATP-binding pocket, were synthesized and showed, as
expected, potent inhibition of Gram-positive isozymes, with ICss
in the picomolar range (Table 2, compounds C and D). A cocrystal
structure of compound D showed that potency was gained
through additional interactions with Ser41, Tyr139, and Lys43
(Fig. 3B). As expected, no significant potency enhancements were
achieved through modifications on the benzyl and cyclohexyl
rings, except for an additional chloro substitution on the benzyl
ring (Table 2; compare HTS hit with compound A). Whereas po-
tency improvements were made against all bacterial isozymes, the
improvements were more substantial against Gram-positive
isozymes (Table 2).

Mode-of-inhibition studies. Steady-state inhibition by com-
pound B of the PPAT enzymes from S. aureus and S. pneumoniae
was studied in the forward reaction direction using a matrix of
ATP, 4'-phosphopantetheine, and inhibitor concentrations. Ini-
tial inspection of reciprocal plots clearly indicated that the enzyme
mechanism proceeds through a ternary complex (37), which is
consistent with earlier kinetic and structural studies on the E. coli
enzyme (16, 38, 39). For the S. aureus enzyme, the kinetics are
complex, with significant substrate inhibition observed for both
ATP and 4'-phosphopantetheine substrates (see Fig. S1 in the
supplemental material). In contrast, no signs of substrate inhibi-
tion were observed for S. pneumoniae.

Attempts to fit the S. aureus data via nonlinear least-squares
methods to common models incorporating substrate inhibition

December 2013 Volume 57 Number 12

(40) produced only results with significant deviations between the
data and fits, so K; for the inhibitor with this enzyme is not re-
ported. However, reciprocal plot analysis clearly demonstrated
competitive behavior with respect to 4’-phosphopantetheine and
a mixed inhibition profile relative to ATP (Fig. 4).

Analysis of S. pneumoniae inhibition data were consistent with
inhibitor being competitive with 4'-phosphopantetheine and un-
competitive with ATP (Fig. 5). The inhibition data were fitted to
equation 1 via nonlinear least-squares analysis, and parameters
from this model are summarized in Table 3. The more potent
inhibitor binding mode (K, = 12.2 = 0.4 nM) was for the inhib-
itor binding to the enzyme-ATP complex. In addition, a weaker
inhibitor binding mode (K;; = 0.29 = 0.05 M) was identified for
inhibitor binding to the free enzyme. The relatively weak binding
of compound B to free S. pneumoniae PPAT was confirmed via
isothermal titration calorimetry. In agreement with the kinetic
studies, compound B was bound to S. pneumoniae PPAT in the
absence of ATP. Analysis of binding thermograms produced sig-
nificantly better fits to a model with two different classes of bind-
ing sites than to a model with only one class (see Fig. S2 in the
supplemental material). Parameters determined for the first class
of binding sites are K; (dissociation constant) = 0.27 = 0.05 pM,
stoichiometry (per hexamer) = 2.2 * 0.08, and AH = —19.7 =
0.3 kcal/mole; for the less potent class of binding sites, K; = 6.3 =
0.9 uM, stoichiometry (per hexamer) = 1.9 * 0.2, and AH =
—9.6 = 0.2 kcal/mole.

Cellular activity. Increased potency of enzyme inhibition re-
sulted in inhibition of growth for Gram-positive bacteria, with
IC,,s of less than 20 nM needed to achieve measurable MICs (=64
pg/ml), and continued optimization for enzyme inhibition (IC5,s <
1 nM) resulted in analogues that showed potent (=8 g/ml) MIC
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FIG 4 Reciprocal plot analysis of compound B inhibition of S. aureus PPAT. For clarity, plots are shown at only one concentration each for the paired substrates.
The concentrations of inhibitor were 0 uM (open circles), 0.1 uM (filled circles), 0.3 wM (open squares), 0.9 nM (filled squares), 2.7 uM (open triangles), and
8.1 uM (filled triangles). Panel A shows the results obtained with 37.5 WM 4’-phosphopantetheine; panel B shows those obtained with 0.25 mM ATP.

values (Table 2). Such analogues were active (MICy,s = 2 pg/ml)
against a variety of clinical Gram-positive isolates, including me-
thicillin-resistant and quinolone-resistant S. aureus, macrolide-
resistant S. pneumoniae, and vancomycin-resistant enterococci, as
illustrated for compound D (Table 4). Despite the potent activity
against Gram-positive species, no measurable inhibition of
growth (MIC > 64 pg/ml) of Gram-negative species was seen,
even with efflux-compromised strains (Table 2). The compounds
did not inhibit growth of yeast or of a mammalian cell line (MIC >
64 pg/ml), with the exception of compound D, which showed
some effect against a human cell line (Table 2).

To confirm that bacterial growth suppression was due to PPAT
inhibition, mutants resistant to compound D were isolated, and
the coaD gene of these mutants was sequenced. Resistant mutants
could be generated for S. aureus and S. pneumoniae at frequencies
of 1077 to 10~°, depending on the species and the selection con-
centration (Table 5), and the MICs of these mutants were elevated
at least 8-fold (Table 6). Cross-resistance only to relevant project
compounds and not to other chemical classes was seen (data not

01
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0.06

0.04

1/rate (min?)

0.02

0 0.02 0.04 0.06
1/ATP (M)

shown). Sequencing of the coaD gene from these mutants showed
mutations resulting in amino acid modifications in PPAT (Table
6), indicating that growth suppression in S. aureus and S. pneu-
moniae was due to inhibition of PPAT. This was confirmed for S.
pneumoniae through genetic transformation of a PCR product
containing altered coaD or chromosomal DNA from a S. pneu-
moniae coaD-resistant mutant into a susceptible strain, which re-
sulted in transformants with mutated PPAT and elevated MICs
against the dimethoxypyrimidines (data not shown). In addition,
relevant project compounds showed elevated MIC values with a
PPAT-overexpressing S. pneumoniae construct, supporting the
notion that growth suppression occurred through PPAT inhibi-
tion in this species (Table 2).

Compounds in this series were bacteriostatic, with almost no
reduction in culture viability for S. aureus, even after 24 h of com-
pound exposure (Fig. 6). Although sterilization was achieved for
S. pneumoniae in the killing kinetics experiment, the rate of killing
was not accelerated compared to the rate seen with an untreated
culture (Fig. 6). For both species, the compounds showed a delay

03

1/rate (min'")

0 0.004

0.008

0.012 0016 0.02

1/PPant] (uM)

FIG 5 Mode-of-inhibition studies with compound B and S. pneumoniae PPAT. The dominant inhibition modality of compound B with S. pneumoniae PPAT
is uncompetitive with ATP and competitive with 4’-phosphopantetheine. Lines indicate the best fit of data to equation 1. (A) Double reciprocal plot of 1/velocity
versus 1/[ATP]. In the plot, only data for 800 uM 4’-phosphopantetheine are shown. The ATP concentration ranged from 15 to 1,000 .M, with concentrations
of inhibitor fixed at 0 nM (open circles), 15 nM (filled circles), 26 nM (open squares), 47 nM (filled squares), 83 nM (open triangles), and 150 nM (filled triangles).
(B) Double reciprocal plot of 1/velocity versus 1/[PPant]. Data for 1,000 .M ATP are shown. The 4'-phosphopantetheine concentration was adjusted from 50
to 800 wM, and inhibitor concentrations were fixed as described for panel A. The data were fitted by the nonlinear least-squares method to a sequential kinetic
mechanism, with inhibitor binding to both enzyme and enzyme-ATP complex. Initial velocity data were calculated as nM pyrophosphate produced min ™' per
nM of enzyme monomer min ™ '.
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TABLE 3 Summary of mechanism-of-inhibition parameters for
compound B with S. pneumoniae PPAT

Inhibition of Phosphopantetheine Adenylyltransferase

TABLE 5 Spontaneous resistance frequencies for compound D for S.
pneumoniae and S. aureus

Parameter” Fitted value®
ke (min™") 125 + 2

K, (kM) 121£9

Ko (LM) 54+ 4

Ky (LM) 223 +9

Ky (kM) 0.29 = 0.05

K, (pM) 0.0122 * 0.0004

@ Substrate A (ma), ATP; substrate B (mb), 4’ -phosphopantetheine.
b Error data represent standard errors based on the fit of data to equation 1.

¢ Determined as V,,,,,/E, with E, being the enzyme monomer concentration (3 nM).

in the onset of growth inhibition (growth continued upon initial
exposure to compound; Fig. 6), which probably reflects the time
required for depletion of an existing coenzyme A pool.

Efficacy in mouse infection models. Compounds C and D
were tested in an immunocompetent mouse lung S. pneumoniae
infection model. Mice were pretreated with ABT to reduce hepatic

TABLE 4 Activity of compound D against Gram-positive clinical isolates®

Organism Selection condition Frequency of resistance
S. pneumoniae 1X MIC 2.6E-7

2X MIC 3.7E-9

4X MIC <3.1E-10
S. aureus 1X MIC 1.8E-9

2X MIC 2.7E-9

4X MIC 7.7E-10

metabolism of the compounds in order to maximize exposure
(33). While this pretreatment had limited effect on the clearance
of compound C, clearance of compound D was reduced 6-fold
from 64 to 11 ml/min/kg of body weight, indicative of P450 me-
tabolism for this compound. For both compounds, dosing at 100
mg/kg four times a day resulted in stasis compared to the start of
treatment (Fig. 7). PK analysis of these doses showed that the free

Value(s)

Organism and parameter Compound D Linezolid Erythromycin Levofloxacin Ceftriaxone Vancomycin
S. pneumoniae (n = 70)

MICs, (pg/ml) 0.004 1 0.125 1 ND ND

MICy, (pg/ml) 0.008 1 >16 1 ND ND

MIC range (pg/ml) =0.001 to 0.016 0.5t02 0.031 to >16 0.5to 16 ND ND
S. pyogenes (n = 69)

MICs, (pg/ml) 0.125 2 ND 0.5 =0.063 ND

MICy, (g/ml) 0.5 2 ND 1 =0.063 ND

MIC range (pg/ml) 0.031to1 1to 32 ND 0.25t0 2 =0.063 to =0.063 ND
S. aureus (n = 105)

MICy, (pg/ml) 0.031 2 ND 0.25 8 ND

MICy, (pg/ml) 0.062 4 ND >3 >64 ND

MIC range (pg/ml) 0.016 t0 0.125 lto4 ND 0.0625 to >8 1to >64 ND
MRSA (n = 25)

MICs, (pg/ml) 0.062 2 ND >8 >64 ND

MICy, (pg/ml) 0.125 4 ND >3 >64 ND

MIC range (jg/ml) 0.016 to 0.025 1to4 ND 4to>8 >64 to >64 ND
Enterococci (n = 32)

MICs, (pg/ml) 1 2 ND 16 ND 2

MICy, (pg/ml) 2 8 ND >16 ND >32

MIC range (g/ml) 0.125 to 4 1to >16 ND 1to>16 ND 0.5to >32
E. faecalis (n = 16)

MICs, (pg/ml) 0.5 2 ND 1 ND 2

MICy, (pg/ml) 1 2 ND >16 ND >32

MIC range (pg/ml) 0.125t0 1 2to2 ND 1to>16 ND 0.5to >32
E. faecium (n = 16)

MICs, (jug/ml) 1 2 ND >16 ND >32

MIC,, (j1g/ml) 2 8 ND >16 ND >32

MIC range (pg/ml) 0.5to 4 1to>16 ND 1to>16 ND 0.5to >32
Other species

S. agalactiae MIC (g/ml) 4 ND ND 2 ND 16

S. milleri MIC (p.g/ml) 2 ND ND 1 ND 16

S. mitis MIC (pg/ml) =0.016 ND ND 2 ND 8

S. mutans MIC (pug/ml) 0.25 ND ND 1 ND 8

S. sallvarius MIC (j.g/ml) 0.25 ND ND 2 ND 8

S. sanguis MIC (pg/ml) =0.016 ND ND 2 ND 8

S. epidermis MIC (ug/ml) =0.016 ND ND 0.5 ND 8

S. saprophyticus MIC (j.g/ml) 0.25 ND ND 0.5 ND 32

“ MRSA, methicillin-resistant S. aureus; ND, not determined.
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TABLE 6 Characterization of compound D-resistant mutants of S.
aureus and S. pneumoniae

Selection Compound D PPAT
Organism condition MIC (ug/ml) mutation
S. pneumoniae wild type NA? 0.031 NA
S. pneumoniae mutant 1 2X MIC 1 N107H
S. pneumoniae mutant 2 2X MIC 0.125 F8L
S. pneumoniae mutant 3 2X MIC 0.5 T117N
S. aureus wild type NA 0.06 NA
S. aureus mutant 1 2X MIC 4 N106H
S. aureus mutant 2 2X MIC 4 N106Y
S. aureus mutant 3 2X MIC 1 V136F

“NA, not applicable.

plasma concentrations of the compounds were above the MICs
for at least half the duration of the experiment (see Fig. S3 in the
supplemental material). A weaker response was observed in the
mouse thigh S. aureus infection model. In that model, the same
dose of compound C did not provide stasis compared to the start
of treatment but a reduction of the bacterial burden of only about
1 log compared to the untreated control results (Fig. 7). Dosing at
higher concentrations could not be attempted due to lack of sol-
ubility (compound D) or adverse effects (compound C).

Drug-like properties of compounds. Whereas activity of the
molecules could be optimized, despite numerous efforts, other
important compound properties, such as low protein binding,
high solubility, sufficient in vivo stability, and low toxicity, could
not be reconciled favorably with good biological activity. For ex-
ample, compounds C and D both showed potent MIC values, but
while compound C was highly soluble, it was rapidly cleared, and
while compound D was improved in clearance, its solubility was
low and signs of toxicity became apparent through weak activity
against a mammalian cell line (Table 2). The potency against the
mammalian cell line may be masked by the relatively high protein
binding of the analogues (90% to 95%, depending on the species;
Table 2), since mammalian cytotoxicity is measured in the pres-
ence of protein. Protein binding appears to affect the potency of
the compounds, as the drug MIC for S. aureus measured in the
presence of 50% human serum increased 16-fold.

DISCUSSION

This report describes efforts to identify novel antibacterials acting
through inhibition of PPAT, an essential enzyme in CoA biosyn-
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FIG 7 Efficacy in mouse S. pneumoniae lung infection model (left) for com-
pounds C (dark gray bars) and D (light gray bars) and in mouse S. aureus thigh
model (right) for compound C. Mice were treated at 100 mg/kg of body weight
b.i.d. q4h (dashed outlines) or q.i.d. q4h (solid outlines). Data from pretreat-
ment (white bars), vehicle growth controls for compounds C and D (no out-
line), and positive controls (black bars; see Materials and Methods) are in-
cluded for comparison. The horizontal black dashed line indicates the level of
stasis (left) or level of vehicle growth control (right). *, P < 0.05 compared to
vehicle growth control (Mann-Whitney test).

thesis. Whereas inhibitors of this enzyme were identified previ-
ously (10, 11), none of these showed activity at the cellular level.
The series of PPAT inhibitors described in this report represent
the first reported set of compounds that not only inhibit the en-
zyme but, as a result, also suppress bacterial growth in vitro and
affect bacterial burden in animal models, validating PPAT as a
legitimate target for therapy against Gram-positive bacteria. These
inhibitors were discovered through high-throughput screening
with the isolated enzyme followed by optimization through me-
dicinal chemistry efforts guided by X-ray crystallography. Al-
though this approach may not always yield success (7, 8), this
study provides another example of the ability of target-based
screening to identify novel antibacterial agents. Unfortunately,
while the activities led to a series with desirable activity, further
progress into clinical development was hampered by the inability
to reconcile this with favorable pharmacokinetics, high solubility,
and low protein binding and/or low toxicity, as well as the poten-
tial for resistance development that is often encountered with
agents directed against single gene targets (7).

Biochemical characterization of PPAT inhibitors. Kinetic
and isothermal titration calorimetry studies with S. prneumoniae
PPAT were in agreement, showing compound B of the cycloalkyl
pyrimidine series to be competitive with 4’-phosphopantetheine and
cobinding with ATP in an uncompetitive manner, in addition to a
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FIG 6 Killing kinetics for compound D with S. pneumoniae (left) and S. aureus (right). Cells were exposed to 0X (open circles), 1X (filled triangles), 2X (filled
squares), 4X (filled circles), and 8 X (filled diamonds) the MIC, and killing of cells was measured by plotting CFU/ml over time. Compound D was added at 0 h.
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second weaker mode of inhibition with the compound binding to
free enzyme. Analysis of kinetic data for the S. aureus enzyme showed
similarities to S. pneumoniae PPAT, with an inhibition modality for
compound B competitive with 4'-phosphopantetheine but with a
mixed-type inhibition profile with respect to ATP.

The results from the kinetic and isothermal titration calorimet-
ric experiments were supported by analyses of cocrystal struc-
tures, which showed that the compounds bind to the 4’-phospho-
pantetheine pocket, with an accompanying ATP molecule
present. While the most thorough kinetic studies were done with
the S. pneumoniae enzyme and crystallography studies succeeded
with the S. aureus enzyme, the high degree of PPAT sequence
homology between these isozymes (see Fig. S4 in the supplemental
material) reduces concerns that general findings for one species
cannot be translated to others.

The cycloalkyl pyrimidines represent a new class of PPAT in-
hibitors, with activity against multiple bacterial PPAT isozymes.
The compounds did not inhibit human PPAT enzyme, thereby
showing desired antibacterial drug selectivity. Although members
of this scaffold were more potent inhibitors of Gram-positive
PPAT enzymes, they also had submicromolar IC,s against PPAT
of Gram-negative species (Table 2). Earlier studies reported on
other 4’-phosphopantetheine-competitive PPAT inhibitors. Di-
peptide-based inhibitors were designed to act as 4’-phospho-
pantetheine mimics, and crystallographic studies confirmed them
to be bound in the 4’-phosphopantetheine site (11). This series
was optimized for inhibition of E. coli PPAT, and the most potent
compound in that series (compound 8) had a 6 nM ICs, but all
lacked activity against bacteria. Pyrazoloquinolones (10) were
identified by screening with E. coli PPAT and were characterized as
ATP-competitive inhibitors. Although balanced activity against E.
coli and E. faecalis PPAT was achieved, these compounds showed
relatively low potency only, with K; values at the single-digit mi-
cromolar level.

Activity of PPAT inhibitors against bacteria. Cycloalkyl py-
rimidines represent the first reported series of compounds to
show suppression of bacterial growth through inhibition of PPAT.
The mode of action of the compound series was unequivocally
established through genetic means, by generation of resistant mu-
tants that were shown to have mutations in coaD, and by showing
reduced susceptibility for a PPAT-overexpressing construct (Ta-
ble 2). To achieve growth inhibition, very potent enzyme inhibi-
tion (ICs,s < 20 nM) was required. The reason for the high bio-
chemical potency requirement is unclear, but it may have been
due to poor compound penetration into the cell and/or may have
been the result of a requirement to inhibit this enzyme to a high
extent in order to achieve growth suppression, similar to the
mechanism proposed for inhibitors of DNA ligase (41). It would
be highly beneficial for a bacterium to express excess biosynthetic
capacity for CoA, a cofactor that plays a central role in many
cellular processes, to absorb minor disturbances in biosynthesis
without disrupting growth.

The compounds showed a spectrum of activity limited to
Gram-positive species. As expected for compounds with a novel
mode of action, cycloalkyl pyrimidines were equally active against
strains susceptible to and strains resistant to clinically approved
drugs (Table 4). The lack of growth inhibition for Gram-negative
species was probably due to lower potency for inhibition of Gram-
negative PPAT enzymes (Table 2), combined with poor com-
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pound penetration. Compound penetration into Gram-negatives
is a general issue for many compounds (42).

The compounds did not accelerate killing kinetics for S. aureus
or S. pneumoniae compared to the results for untreated cultures
that reached stationary phase. In addition, onset of growth sup-
pression was delayed, most likely due to the time required for
depletion of an existing CoA pool (14). These findings are similar
to those from another class of cofactor biosynthesis inhibitors, the
sulfonamides, which inhibit dihydropteroate synthetase, an en-
zyme involved in biosynthesis of the cofactor folate (43). It can be
anticipated that inhibitors of biosynthesis of other cofactors, such
as riboflavin and biotin, may show similar microbiological prop-
erties. Although a delay in the onset of growth inhibition and slow
killing kinetics might be expected to negatively impact the efficacy
of treatment, compounds with such properties have been success-
fully used in the clinic, as evidenced by the sulfonamides. Further-
more, the consensus is that there is no evidence supporting use of
cidal over static drugs for bacterial diseases aside from endocardi-
tis and meningitis (44).

Resistant mutants could be isolated with high frequency but
only at concentrations of compound of less than 4-fold the MIC
(Table 5). The drug MIC values for the mutants were significantly
elevated for PPAT inhibitors due to target modifications (Table
6), and coverage of such mutants would require significant higher
compound exposures. Moreover, at least for S. aureus, inhibition
of PPAT is not a rapidly cidal event and allows selection of resis-
tant mutants when compound exposure drops below therapeutic
levels. However, the reduced isolation of spontaneous resistant
mutants at elevated compound concentrations, and the fact that
no resistant mutants emerged during killing kinetics experiments,
even upon prolonged incubation, may indicate a low mutant pre-
vention concentration (MPC) (45) for these compounds. Thus,
the disadvantage of PPAT as a target with poor cidality that allows
for selection of mutants with significantly elevated drug MIC val-
ues may be offset by a low MPC. Further experimentation, using
multiple strains, would be required to test this hypothesis.

Efficacy in animal models. The lead compounds in the series
showed an effect on bacterial burden in two animal models, with
stasis achieved in the S. pneumoniae lung model (Fig. 7). Higher
doses and/or prolonged duration of dosing, to take into consider-
ation the observed delayed onset of growth inhibition and poor
killing kinetics seen in vitro, would likely lead to an improved
response. However, these could not be attempted with the current
compounds due to poor solubility and lack of tolerability. In the S.
aureus thigh model, even stasis was not achieved at the same doses,
but given the even slower killing kinetics observed in vitro with this
species compared to S. pneumoniae, this outcome could have been
expected. Alternatively, poor compound penetration into thigh,
and/or higher CoA pool levels in S. aureus, may have contributed
to the poorer response in this model.

In conclusion. A series of cycloalkyl pyrimidines was identified
through high-throughput screening and optimized through a me-
dicinal chemistry program guided by crystallography. The lead
compounds of the series suppressed growth of Gram-positive bac-
teria through inhibition of PPAT and demonstrated effects on
bacterial burden in two mouse efficacy models, thereby validating
PPAT as a novel target for antibacterial therapy. Reconciling these
favorable biological properties with other properties needed for
drugs appeared not to be possible, preventing progression of this
series into clinical development. Additional efforts will be re-
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quired to identify PPAT inhibitors that can progress into the
clinic, hopefully leading to other potent compounds with low re-
sistance potential that can be used in treatment of infections for
which current therapies have become limited as a result of resis-
tance development.
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