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DNA binding ligands with in vivo efficacy in murine models of
bacterial infection: optimization of internal aromatic amino acids
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Abstract—DNA binding ligands with potent antimicrobial activity against Gram-positive bacteria were further optimized by
variation of the internal aromatic amino acids. This modification led to compounds with improved in vivo efficacy in lethal murine
models of peritonitis (methicillin-resistant S. aureus, MRSA) and lung infection (S. pneumoniae).
� 2004 Elsevier Ltd. All rights reserved.
We have identified a novel class of antimicrobial com-
pounds with high activity against drug resistant, Gram-
positive bacteria. These molecules have been shown to
exercise bactericidal activity by interacting with func-
tionally important A/T-rich sites of bacterial DNA and
thereby inhibiting DNA replication and RNA tran-
scription.1 Previous lead optimization to improve anti-
bacterial spectrum, potency, tolerability, and in vivo
efficacy was focused on C-terminal amines and N-ter-
minal hetero-aromatic groups2;3 and resulted in well-
tolerated compounds with broad and potent activity
against Gram-positive bacteria. One of these prototypic
antibiotics, 1, was used to demonstrate the in vivo proof
of concept in a murine lethal peritonitis model using
methicillin-sensitive S. aureus (MSSA).3 However, the
same compound failed in this model using MRSA. The
increasing threat by multi-drug-resistant bacteria,
MRSA in particular,4 indicates the importance of this
milestone. This article focuses on the optimization of the
internal, aromatic amino acids using 1 as the starting
point with the goal to achieve in vivo efficacy in murine
models of MRSA infection while retaining antibacterial
spectrum and potency and in vivo tolerability. We chose
1, not the most potent compound, for our initial inves-
tigations based on the large available dataset. In addi-
tion, we anticipated that the influence of subtle
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structural modifications on the biological parameters
would be easily detected with a moderately potent lead
structure.

Previous optimization studies have identified 4-(2-amino-
ethyl)morpholine and 2-carboxy-3-chlorothiophene as
valuable end caps for this class of DNA-binding anti-
biotics.3 In order to better understand the importance of
internal N-methylpyrrole-2-carboxamide units (Py), we
synthesized a small library of 1 analogs, in which a
single Py unit is replaced by various aromatic amino
acids in all three positions (Table 1, Scheme 1). In the
context of larger DNA minor-groove binding ligands,
referred to as polyamides, substitution of a Py by des-
methyl pyrrole (Ds) has led to compounds with similar
binding affinity, but reduced sequence specificity.5

Hence, demethylation of a Py unit was expected to only
minimally affect DNA interaction, but alter other
physicochemical parameters such as lipophilicity and
molecular weight. Each replacement (2–4) resulted in
loss of potency, as evidenced most dramatically for Ds
in position 3 (4). The novel building block N-isoprop-
ylpyrrole6 (iPrPy) was investigated in order to study the
effect of increased steric bulk on solubility and/or
aggregation; we anticipated a positive influence on these
parameters due to steric interference on the stacking
properties of these molecules (5–7). However, the
aqueous solubility remained low. Nevertheless, 6 and 7
retained good antibacterial potency and 7 was further
evaluated in vivo. The compound passed the acute tol-
erability screen but failed to protect infected mice in the
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Scheme 1. Structures and abbreviations of internal aromatic amino acids. The compounds were prepared either in solution3 or on solid support23

using a thiol resin.24 The building blocks were incorporated as N-Boc protected derivatives. Py,23 Im,23 Ds,5 Pz,11 and 2Th14 have been previously

described; mBz,14 pBz,14 and bAla are commercially available and iOxa was prepared as described.16 All compounds were characterized by 1H NMR

and mass spectrometry and showed purity of at least 90% by analytical reversed phase HPLC. The isolated yields after HPLC purification ranged

from 10–30%.3

Table 1. Antimicrobial activity of single aromatic substitutions in analogs of 1
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Entry BB1 BB2 BB3 MRSAa 27660 VSEFa 29212 PISPa 49619

1 Py Py Py 2–4 0.5–1 0.13–1

2 Ds Py Py 8 2 2

3 Py Ds Py 8 2–8 0.5–2

4 Py Py Ds 16 32 8

5 iPrPy Py Py 4 4 2

6 Py iPrPy Py 1 1 0.5

7 Py Py iPrPy 1 1 0.25

8 Im Py Py 2–4 0.13–1 0.03–0.13

9 Py Im Py >32b >32 16

10 Py Py Im >32 >32 >32

11 Pz Py Py 8 8 0.25

12 Py Pz Py 32 >32 1–32

13 Py Py Pz >32 >32 >32

14 mBz Py Py >32 >32 >32

15 Py mBz Py >32 >32 >32

16 Py Py mBz 16 16 8

17 pBz Py Py 32 16 32

18 Py pBz Py 8 2 1

19 Py Py pBz >32 >32 >32

aMIC values against ATCC strains are given in lg/mL and were measured according to standard guidelines.25 MRSA, methicillin-resistant S. aureus
VREF, vancomycin-resistant E. faecalis VSEF, vancomycin-susceptible E. faecalis PISP, penicillin-intermediate S. pneumoniae. Ranges of values

are given for multiple determinations.
bDetermined with MSSA (ATCC 29213).
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peritonitis model (MSSA, 50mg/kg). Similar results
were obtained with the N-isobutyl pyrrole derivative, an
analog of the previously described isoamylpyrrole7 (data
not shown). N-Methyl-imidazole-2-carboxamide (Im)
has been studied extensively in polyamides; when paired
with Py in a side-by-side mode, it specifically recognizes
a G/C base pair.8 In a one to one binding mode, how-
ever, Im has been shown to interact with A/T-rich
sequences albeit lacking the specificity of Py.9;10 Inter-
estingly, the in vitro potency of Im-containing com-
pounds is highly dependent on the position: as
compared to 1, an Im in positions 2 or 3 led to complete
loss of activity (9, 10), while the analogous modification
in position 1 improved potency (8). Unfortunately, 8
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was not tolerated well in the acute murine screen as
demonstrated by 11% weight loss of animals after three
days (single dose at 50mg/kg). A similar effect was
observed for the pyrazole derivatives (Pz; 11–13).11 In
this case, even the most potent derivative 11 revealed a
decrease of antibacterial activity as compared to the
parent compound 1.

Little investigation has been reported for the replace-
ment of internal five-membered ring systems by their
higher homologues in Py-containing polyamides.12–14

Six-membered aromatic amino acids have a different
geometry and consequently are expected to affect
DNA interaction by influencing the curvature of the
crescent-shaped ligands. However, derivatization and
lead optimization of six-membered rings would be
straightforward and was considered potentially benefi-
cial. Replacement of Py by meta-aminobenzoic acid
(mBz; 14–16) resulted in almost complete loss of activity,
irrespective of the position of the newly introduced ring.
The isomeric series with para-aminobenzoic acid (pBz)
revealed an unexpected result; while substitution in
positions 1 and 3 (17, 19) yielded compounds with lim-
ited or no potency, replacement in position 2 (18)
retained most activity (2–4-fold less than 1). In sum-
mary, five-membered ring analogs of pyrrole appear to
be better tolerated in positions 1 and to a lesser extent 2,
whereas para-substituted six-membered rings are best
placed in position 2.

Next, we intended to identify the optimal five-membered
hetero-aromatic groups in positions 1 and 2 (Table 2).
Rather than repeating part of the work done with 3-
chlorothiophene, we used the isoquinoline N-terminus.
This group proved very useful in earlier studies with
respect to antibacterial potency, tolerability, molecular
Table 2. Antimicrobial activity of various five-membered heteroaromatic gr
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Entry BB1 BB2 MRSA

20 Py Py 0.5

21 Ds Py 1–2

22 Py Ds 0.25–1

23 Im Py 1

24 Pz Py 1

25 Py Pz 0.5

26 iOxa Py 0.06

27 2Th Py 1–2b

28 Py 2Th 8

29 bAla Py 32

See legend to Table 1 for details.
weight, and solubility.3 The parent compound contain-
ing three internal Py units (20) demonstrated improved
in vitro potency as compared to the 3-chlorothiophene
derivative 1, but failed to protect mice in the MSSA
peritonitis model at 20mg/kg. The Ds substitution in
position 2 (22) yielded a derivative with equal potency
against MRSA and improved in vivo efficacy in the
murine peritonitis model (MSSA: 60% protection at
10mg/kg, MRSA: 100% at 50mg/kg, no protection at
20mg/kg).15 The compound was safe in mice (single dose
at 50mg/kg), but indicated poorer tolerability in the
multiple dose evaluation (four daily doses of 30mg/kg)
with loss of body weight (5%), elevated BUN (blood
urea nitrogen), AST (aspartate amino transferase), ALT
(alanine amino transferase), and triglycerides (all
roughly 2-fold increased) and 2–3 fold decreased glucose
levels.

In contrast to the findings with the 3-chlorothiophene
derivatives, Im-substitution in position 1 (23) did not
improve antibacterial potency in the isoquinoline series.
This indicates that optimized groups in various positions
are not simply additive, but have to be evaluated in the
context of the entire molecule. Replacement of Py by Pz
supported this statement: in contrast to the 3-chloro-
thiophene series, substitution in position 2 (25) resulted
in a compound with good in vitro activity. Unfortu-
nately, 25 did not protect mice in the peritonitis model
(MSSA, 20mg/kg) and displayed mild lethargy in ani-
mals when tested for acute tolerability (50mg/kg). Based
on antibacterial potency, the isooxazole16 (iOxa) in po-
sition 1 (26) looked promising. However, the poor sol-
ubility of this compound did not allow formulation for
an in vivo experiment. The last heterocycle evaluated
was 4-amino-2-carboxy-thiophene (2Th).14 When intro-
duced in position 1 (27), it resulted in moderately good
oups in positions 1 and 2
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potency, even though the S. aureus activity did not meet
our requirements. Among multiple non-aromatic sub-
stituents, b-alanine (bAla) has previously been proven a
valuable module for DNA-binding polyamides9 and
indeed performed best compared to a variety of non-
aromatic replacements (data not shown). However, 29
still revealed a dramatic loss of antibacterial potency
indicating that the use of non-aromatic internal building
blocks is not a promising avenue for advanced lead
optimization.

Finally, we studied compounds containing pBz at posi-
tion 2 and various N-terminal caps that have led to
highly potent molecules in the Py3 series (Table 3).

3

Interestingly, neither 3-chloro-benzothiophene (30), its
des-chloro-dioxolane derivative (31),17 nor 2,4-difluoro-
benzene (32) yielded compounds with good activity
against MRSA, whereas the isoquinoline 33 showed
Table 3. Antimicrobial activity of pBz containing compounds (position 2) w
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See legend to Table 1 for details.
cDetermined with S. pneumoniae ATCC 51422.
excellent antibacterial potency. Attempts to better
understand this unique combination of the N-terminal
isoquinoline and pBz at position 2 revealed that pyr-
idines, pyrimidines, or pyrazines (34–36) were not equal
substitutes for the isoquinoline. The position of the ring
nitrogen and connection point appeared to be crucial for
activity (37, 38). Even the dioxolane analog, a derivati-
zation that previously has led to compounds with im-
proved properties in the context of benzothiophenes,3

did not enhance potency (39).

Even though compound 33 appears to kill bacteria by
interacting with A/T-rich DNA target sites (Kd¼
7.5 nM15;22) as demonstrated with earlier prototype
molecules,1–3 its unique properties cannot be explained
in a rational way. We observed a general correlation
with exceptions between DNA-interaction and antibac-
terial activity, however, this correlation has expectedly
ith various end-caps
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16 0.25

>32 0.5

8 0.5
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>32 0.5
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2 1

1 0.25
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Figure 2. Dose dependence of 33 in the mouse pneumococcal pneu-

monia model. Murine lung infection model with S. pneumoniae (ATCC

6303, penicillin sensitive):27 The organism was grown overnight in

M€uller–Hinton broth (BD Biosciences, Sparks, MD) containing 5%

lysed horse blood to a concentration of �5· 106 cfu/mL. Mice (ICR)
were anesthetized with isoflourane (Baxter, Deerfield, IL) and 50 lL/
mouse of the inoculum above was instilled via the intranasal route.

Compound or vehicle was administered IV at 1 and 5 h post-inocul-

ation and survival was monitored over 5 days.
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limitations due to the comparison between a molecular
interaction and a whole cell assay. Whereas we never
characterized compounds in this series that had anti-
bacterial activity but did not bind A/T-rich DNA, we
found a few compounds with opposite properties
(strong DNA interaction with little or no antibacterial
activity). These observed differences originate presum-
ably in varying properties of membrane transport; a
hypothesis that still needs to be validated experi-
mentally. We also assumed a beneficial influence of
isoquinoline on the physico-chemical properties of cor-
responding compounds. Even though isoquinoline
derivatives appeared generally to have slightly higher
solubility as compared to other bicyclic moieties, aque-
ous solubility of 33 at pH7.4 was still poor (<1 ng/mL,
data not shown) and protein binding remained high at
94% within the same range as measured for other rep-
resentative compounds of this class.15

Based on its promising profile, 33 was examined in a
recently isolated strain of vancomycin-resistant S. aur-
eus (VRSA) and, not surprisingly, found to be active
(MIC¼ 0.25 lg/mL).21

In the murine lethal peritonitis model (MRSA infection,
Fig. 1), 33 showed remarkable efficacy with an ED50 of
roughly 11mg/kg (IV administration) even though it is
0

20

40

60

80

100

0 1 2 3 4 5

days

%
 a

ni
m

al
s 

su
rv

iv
in

g

Control 5 mg/kg 9 mg/kg

12.5 mg/kg 25 mg/kg

Figure 1. Dose dependence of 33 in the mouse peritonitis model

(MRSA). The mouse peritionitis model26 was performed as previously

described.15 Fresh colonies of ATCC 27660 (MRSA, b-lactamaseþ)
were grown in Brain Heart Infusion broth (BHI, International Bio-

Products, Bothell, WA) at 37 �C with gentle agitation and adjusted to a
concentration of 2· 107 cfu/mL. A solution of 10% gastric mucin

porcine (ICN Biomedicals Inc., Aurora, OH) was added at an equal

volume to achieve the final inoculum of 1.0 · 107 cfu/mL in 5% mucin,

representing a 5–10· LD50 inoculum with 100% mortality rate in

vehicle treated animals by 48 h. Groups of 5 ICR female mice (�25 g
from Taconic Farms) were inoculated intraperitoneally with 0.5mL of

the inoculum described above. Groups were treated intravenously with

vehicle, positive control (Vancomycin, Linezolid) or test articles with a

single dose 1 h post infection. Clinical observations were monitored

over 5 days with a primary endpoint of survival. For all in vivo studies

described herein, test antibacterials were formulated in 40% hydroxy-

propyl-b-cyclodextrin/10% D-mannitol/50mM NaOAc buffer pH4.5±

0.1 to achieve concentrations necessary for in vivo profiling. Number

of animals represented in the graph above: control (vehicle alone; 27),

5mg/kg (5), 9mg/kg (6), 12.5mg/kg (9), 25mg/kg (24).
still inferior to vancomycin (ED50 varies between 1.0 and
4.4mg/kg).15 The compound was also efficacious in a
lethal murine model of lung infection by S. pneumoniae
(Fig. 2). Compound 33 was the first one to demonstrate
in vivo efficacy in these tough murine models at dose
levels that are well tolerated.15

Safety profiling was undertaken with 33 to assess its
potential as candidate for therapeutic development.
Acute and short-term multi-day toxicity studies in mice
were encouraging in that no adverse effects were
observed at dose levels (30mg/kg) above efficacious
doses.15 Importantly, the extensive evaluation of the
potential for genotoxic properties was negative, indi-
cating that reversible DNA binding does not necessarily
result in undesirable genetic effects on mammalian cells.

In conclusion, optimization of internal building blocks
combined with optimized terminal groups yielded 33,
the first DNA-binding ligand with potent Gram-positive
antibacterial potency and in vivo efficacy against MRSA
at safe doses in relevant murine models of infection.
Further optimization of this promising scaffold has been
initiated and will be reported shortly.
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