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Abstract—An efficient synthesis of DNA binding molecules consisting of four heterocyclic carboxamide units and various sub-
stituents at both termini is described. The minor-groove binding ligands showed excellent activity against a broad range of Gram-
positive bacteria; no cross-resistance to known antibacterial drugs was observed. © 2002 Elsevier Science Ltd. All rights reserved.

There has been an alarming increase in resistance of
numerous Gram-positive bacterial strains to different
classes of antibiotics such as pB-lactams, macrolides, and
quinolones; more recently, resistance has also been
observed to the glycopeptide vancomycin and the oxa-
zolidinone linezolid."? Thus, there is an increasing need
for novel classes of antibiotics, particularly for agents
with a novel mechanism of action and no cross-resis-
tance to known antibacterial drugs. Bacterial DNA
could potentially serve as an attractive and novel target
for the development of new antibiotics. Specifically,
bacterial promoter regions contain highly conserved
RNA polymerase binding sites, including the c-subunit
regulatory elements for the initiated transcription of
essential genes.>® The DNA replication origin is
another potential target conserved among bacterial
species.” DNA binding ligands targeting important
sequences within these regions could potentially inter-
fere with bacterial RNA transcription and/or DNA
replication and kill the bacterial organism.*!2

The natural product distamycin, a DNA minor-groove
binding ligand, has shown weak antibacterial activity.!3
However, its DNA binding affinity is low (micromolar
range) and the chemical stability is limited due to the
terminal formamido group. Nevertheless, distamycin
has served as a prototype for the development and
refinement of minor-groove binding ligands with
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subnanomolar binding affinity and remarkable
sequence-specificity.'*!> Analogous minor-groove bind-
ing ligands have recently been reported to show anti-
microbial activity.'®

We herein report an efficient synthesis of DNA minor-
groove binding molecules with enhanced binding affi-
nities to a functionally relevant target sequence and
excellent activities against various drug sensitive and
resistant bacterial strains.

The tetrameric acid 5, consisting of an isothiazole and
three N-methyl pyrrole carboxamide units, is the com-
mon intermediate for the preparation of the anti-
bacterial compounds shown in Table 1. It has been
synthesized from the known starting materials 1 and 4
(Scheme 1):!7-18 Saponification of the trimer 1 and Boc-
deprotection of the resulting carboxylate 2 led to the
amino acid 3 in excellent yields.

Subsequent coupling of this amino acid to the iso-
thiazole 4 resulted in the desired intermediate 5. This
tetramer was converted in a one-pot synthesis (3 steps)
to the final products: in situ activation of 5, coupling of
the C-terminal amine, and nucleophilic aromatic sub-
stitution at C(5) of the isothiazole using excess of the
N-terminal amine. The regioselectivity of the SNy,
reaction has been reported and was confirmed by an
X-ray analysis of a model compound (data not
shown).!® The final compounds were purified by HPLC
and characterized by 'H NMR and mass spectrometry.
A representative protocol is given below.!?
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Table 1.
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Antimicrobial activity and DNA binding affinity of compounds 6-25

R} R? M, °*MRSA “MSSA °“VREF *VSEF *PRSP *PSSP *C.albicans  “Kq(app.) (nM)
27660 29213 51559 29212 51422 49619 38247 5-ACAATTAA-3
6 N CHZ\/\Il\l/ 686 1 2 24 1 4 0.5 8 1.74 (£0.55)d
7 HNTTon, CHZ\ArI( 700 2 2 1 1 1 0.5 8 1.04 (£0.19)¢
8 HzN@CHz CHZ\/\r‘u’ 742 32 32 1 8 16 32 >32 1.30
6
9 N2y A 7000 025 0.5 0.25 0125  0.125  0.064 0.25 0.53
H CHs ™""NH
0 (R, 5 2 754 2 2 16 2 16 1 4 2.00
HoN">"cH H R
1 H 2 () T 1 0.5 2 0.5-2 4 1 32 0.43
H H
2 (N g ) 822 1 1 2 2 0.5-2 2 16 1.19
N\
13 770 4 12 2 0.25 0.25 0.062 32 9.09
CN_\CHZ CHg_N\_P =z
14 Cz*'z /—NC}) 725 12 1 12 1 0.062  0.125 >32 4
H, CHy
I\ ¢
15 Q_\ ~_p 82 2 1 4 0.5 0.5 0.125 32 0.83
CH2 CH;
\ M\ ¢
16 ~N_p 762 1 1 2 0.25 0.25 0.062 >32 0.29
— H, CHy
17 d ) @N 762 0.5 0.125°¢ 0.25 0.062 0.5 0.062 >32 435
\_/\‘_\:Hz CH; —
18 MO, /—ND) 715 2 1 0.5 0.125  0.031 0.5 >32 1.03 (£0.97)¢
CHy
19 ciy M 715 a3 >32 >32 32 1 32 >32 32.1 (£11.7)4
Oy, o (+117)
20 EOch, /—NC>) 743 2 1 2 0.25 0.125 0.25 32 1.34 (£0.59)
CH,
/N OEt
21 d CHy ™ 743 16 16 4 16 1 0.5 >3 83.3 (£16.2)4
N en, 2 ( )
2 [—cH, ,—NC/o 711 1 0.5 1 0.25 0.125  0.125 >3 1.01
CH,
7\
23 cH—< 711 8 16 1 0.5 0.5 1 32 208
AR 2
24 HNT"cH, PRV 728 4 4 16 4 0.5 0.5 8 0.37
CHy
25 OJJ ,—NC/O 796 8 2 16 2 0.25 0.062 16 0.59
~"CH, CH,

AMIC values in [pg/mL]. MRSA, methicillin-resistant S. aureus. MSSA, methicillin-susceptible S. aureus. VREF, Vancomycin-resistant E. faecalis.
VSEF, Vancomycin-susceptible E. faecalis. PRSP, penicillin-resistant S. pneumoniae. PSSP, penicillin-susceptible S. prneumoniae.
PEquilibrium dissociation constants determined by quantitative DNase I footprint titrations (22°C, pH 7.0, 10 mM Tris-HCI, 10 mM KCI, 10 mM

MgCl,, and 5 mM CaCl,).
°Tested against MSSA 13709.
dMean values from at least two experiments.

Screening our library of DNA minor-groove binding
molecules for antimicrobial activity identified the two
diamines 6 and 7 as active against Staphylococcus aur-
eus, Enterococcus faecalis, and Streptococcus pneumo-
niae (Table 1).20-21

Both compounds showed similar activity against those
strains regardless of their susceptibility to other classes
of antibiotics. They also had moderate activity against
yeast (Candida albicans), but no activity against a
Gram-negative species (Escherichia coli, data not
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Scheme 1. Synthesis of compounds 6-25: (a) 3M NaOH, MeOH, H,0, 50°C, 30 h, 87%; (b) AcOEt (sat. HCI), 0°C, 45 min, 97%; (c) 4 (1.2 equiv),
HBTU (1.14 equiv), DMF/Pr,EtN (9:2), rt, 11 h, 91%; (d) BOPCI (1.2 equiv), R*NH (2 equiv), NMP/Pr,EtN (10:1), 3 h, 37°C; then, R’NH, (20

equiv), 60°C, 24 h.

shown). A DNase I footprint analysis revealed that both
compounds bind at low nanomolar concentrations at
the sequence 5-ACAATTAA-3/, a site proximal to the
070 RNA polymerase subunit binding site within the E.
coli Trc promoter.?2-23

We set out to investigate the influence of the nature (i.e.,
basicity, steric demand) of the terminal amino groups
on the antimicrobial potency, the spectrum of activity,
and the DNA binding affinity, while keeping the het-
erocyclic core intact. Given that all marketed anti-
bacterial agents that are systemically administrated have
good selectivity without significant antifungal activity,
one of our objectives for lead optimization was to syn-
thesize compounds with improved antibacterial and
reduced antifungal potency.

Extension of the N-terminal amino propyl/butyl group
of the first leads 6 and 7 to an aminoheptyl moicty
(compound 8) significantly decreased the antibacterial
activity despite its high DNA binding affinity. Modify-
ing the C-terminal dimethylaminopropyl group of the
diamine 6 to a dimethylaminobutyl group (C4-homo-
logue 9) increased the potency against all strains,
including yeast. A set of compounds bearing the steri-
cally more demanding cyclohexylaminopropyl group at
one or both termini showed good antimicrobial activity,
but still had moderate antifungal potency (compounds
10-12). DNA binding studies for these molecules indi-
cated that the bulkier six-membered ring did not greatly
affect DNA interaction as determined for the target site.

All molecules discussed so far are mostly protonated
under biological conditions; the pK, value of propyl
ammonium groups ranges between 9 and 10.?* Repla-
cing these amino groups by less basic functions such as
the ethylmorpholine or ethylpyridine groups (pK,
values ca. 6 and 5, respectively),” led to antimicrobial
agents with a modified spectrum of activity; compounds
13-23 bearing the ethylmorpholine group as the most
basic function showed no activity against C. albicans.
Some of these molecules exhibited excellent potency
against Gram-positive bacteria. Among these less basic
compounds, we have studied four isomeric pairs in which
the position of the terminal R? and R* substituents is
interchanged (16/17, 18/19, 20/21, and 22/23). The dibasic
pyridino-morpholines 16 and 17 bind with high affinity to
their target sequence (K3=10.29 and 4.35 nM, respectively)

and show similar anti Gram-positive activity. In contrast,
the DNA binding affinity and antibacterial activity of
the monobasic compounds 18-23 appeared to strongly
depend on the position of the basic function: the mole-
cules bearing the basic group at the C-terminus (18, 20,
and 22) consistently showed higher DNA binding affi-
nity and better antibacterial potency than their corres-
ponding isomers (19, 21, and 23). This correlation of
DNA binding affinity and antibacterial activity for iso-
meric pairs may indicate that DNA binding plays an
important role in the antibacterial mechanism of action.
For non-isomeric structures, such a correlation is of
limited value as uptake/efflux characteristics and meta-
bolic stability could influence the potency. Interestingly,
the dibasic compounds 24 and 25 bearing a C-terminal
morpholine unit and a more basic 4-aminobutyl or
3(cyclohexylamino)propyl substituent at the isothiazole
showed antifungal activity, suggesting that the spectrum
of activity strongly depends on the basicity of the
molecule and not only on the presence of a morpholine
unit.

A small library of minor-groove binding ligands con-
sisting of a four-ring core element and diverse sub-
stituents at both termini was studied for antimicrobial
activity and DNA binding affinity. The nature and
position of the basic groups in the molecules appeared
to strongly influence both parameters. For a series of
isomeric pairs bearing the basic group at either of the
termini, we observed better in vitro activity and higher
DNA binding affinity for the isomer with the basic
function at the C-terminus. The antifungal activity
appeared to strongly depend on the basicity of the
compounds; less basic molecules showed significantly
reduced antifungal activity.

Molecules with reduced antifungal potency might also
be more selective and tolerated by other eukaryotic sys-
tems. Studies regarding the tolerability as well as phar-
macokinetics and in vivo efficacy are under investigation
and will be reported in due course.
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