
Bioorganic & Medicinal Chemistry Letters 14 (2004) 5257–5261
Optimizing the antibacterial activity of a lead structure
discovered by �SAR by MS� technology
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Abstract—We report on lead optimization of a compound that was originally discovered to bind bacterial 23S rRNA near the L11
binding site and inhibit translation in vitro, but lacked detectible antibacterial activity. In this study, we were able to generate com-
pounds with antibacterial activity against Gram-negative and Gram-positive pathogens, including a methicillin-resistant S. aureus
strain.
� 2004 Elsevier Ltd. All rights reserved.
Figure 1. Weak binding motifs 1 and 2 and high affinity ligand 3 to the

U1061A subdomain of 23S rRNA.
In recent years, the emergence and spread of multi-drug
resistant pathogens has become a serious problem in
treating infectious disease.1,2 As a result of this urgent
health concern, there is a need to identify new antibacte-
rials with unexploited modes of action.

Ribonucleic acids (RNAs) represent attractive antibac-
terial targets3–5 since they are universally conserved in
pathogens and critical to their life cycle.6 We recently re-
ported a strategy for lead discovery against RNA targets
utilizing a mass spectrometry (MS) screening method.7

Structure–activity relationships (SAR) are derived from
identifying weak binding motifs and then elaborating
them through chemical ligation to high affinity ligands.
We applied this strategy to the 23S rRNA–L11 protein
interaction, an underdeveloped target for small molecule
drug intervention.8–10 The rRNA subdomain is known
to interact with the protein L11 and is the site of binding
for thiostrepton, a poorly soluble drug useful only in
topical veterinary medicine.11 Using the �SAR by MS�
approach, weakly binding motifs 1 and 2 were ligated
to provide biaryl 3 with improved affinity (6.5lM)
for the 23S rRNA U1061A subdomain (Fig. 1). Lead
structure 3 inhibited bacterial protein synthesis
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(IC50 = 14lM) in a cell-free system,12 but lacked anti-
bacterial activity in MIC assays13 against E. coli and
S. aureus pathogens.

A group at RiboTargets recently reported a structure-
based design strategy for targeting the 23S rRNA–L11
interaction.14 The most potent compounds from this
study are at least 5-fold less inhibitory than 3 in their
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cell-free bacterial protein synthesis assay. The com-
pounds also lacked detectible antibacterial activity in
MIC assays.

In this paper we report modifications to structure 3 that
led to the identification of a set of compounds with anti-
bacterial activity against Gram-positive and Gram-
negative bacterial strains. Relatively few follow-up
compounds to parent 3 were synthesized and evaluated,
highlighting the effectiveness of our �SAR by MS� drug
discovery strategy for this antibacterial target.7

Biaryl 3 inhibits protein synthesis in a cell-free E. coli ex-
tract but fails to display antibacterial activity against E.
coli and S. aureus strains at 100lM. The lack of activity
may be due to poor cell penetration and/or the action of
Table 1. Bacterial protein synthesis inhibitory activity of biaryls

Compd X Structure IC5

3c A 14

4 A >10

5 A >10

6 A 1

7 A 4

8 A >10

9 A >10

10 A >10

11 A >10

a In vitro bacterial translation inhibition (E. coli extract).
b Compounds did not display antibacterial activity at 100lM (<75% inhibit
c IC50 = 14lM for enantiomer.
efflux pumps, resulting in inadequate compound availa-
bility inside the cell.15,16 As an initial attempt to obtain
derivatives of compound 3 that are active in MIC
assays, we decided to focus on the quinoxalinedione
end-group (Table 1, compounds 4–11). Analogs of
parent 3 were conveniently prepared, following the solid
phase route outlined in Scheme 1. In the synthesis, an
Fmoc-protected amino acid is coupled to piperazine-
derivatized ArgoGelTM Wang resin, deprotected, and
then allowed to react with 5-bromofuroic acid. A key
Suzuki cross coupling reaction with 3-nitrophenyl-
boronic acid provides the biaryl core. After aryl nitro
group reduction, the amine is reacted with either a carb-
oxylic acid or a sulfonyl chloride. All compounds were
cleaved from the resin in >80% purity and purified by
reversed-phase HPLC to >95% homogeneity (isolated
0
a,b (lM) Compd Structure IC50

a,b (lM)

12 B 3

0 13 B >100

0 14 B 33

5 15 B 1

6 16 B 5

0 17 B 20

0 18 B 15

0 19 B 13

0 20 B >100

ion) against E. coli and S. aureus bacterial strains.



Table 2. Bacterial protein synthesis inhibitory activity of biaryls

Compd X IC50
a,b (lM)

23 >100

24 >100

25 6

26 40

27 38

28 4

29 2

a In vitro bacterial translation inhibition (E. coli extract).
b Compounds did not display antibacterial activity at 100lM (<75%

inhibition) against E. coli and S. aureus bacterial strains.

Scheme 1. Reagents and conditions: (a) HATU, FmocNHCHR1CO2H, collidine, DMF; (b) piperidine, DMF; (c) 5-bromofuroic acid, HATU,

collidine, DMF; (d) 3-nitrophenylboronic acid, Pd(PPh3)4, Na2CO3, EtOH, DME, 70�C; (e) H2, Pd/C, MeOH; (f) carboxylic acid (R2 = COX),

HATU, collidine or sulfonyl chloride (R2 = SO2X), DCM/NMP (10:1); (g) TFA/TIS (95:5).
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as AcOH salts in most cases). Spectral data was
obtained for all compounds (LC–MS and 1H NMR)
and was consistent with the proposed structures.

Biaryl 4, lacking the quinoxalinedione functionality was
inactive in the protein synthesis inhibition assay (<75%
inhibition at 100lM). Replacing the quinoxalinedione
amide linkage with a sulfonylamide linkage (compound
5) also afforded an inactive structure. Since we hypoth-
esized that a reduction in hydrophilicity of biaryl 3
may improve cell penetration in antibacterial MIC
assays, the quinoxalinedione moiety was replaced with
more lipophilic groups.

With the dimethylquinoxaline substitution (biaryl 6) the
antibacterial inhibitory activity was maintained. How-
ever, the quinoline substitution (biaryl 7) led to �3-fold
reduction in activity compared to parent 3. Biaryls 6 and
7 failed to display antibacterial activity against E. coli
and S. aureus pathogens. The fused bicyclic end-group
appears to be an important feature for activity as the
quinoline, pyridine, piperazine, and thiadiazole deriva-
tized structures (8–10) are noninhibitory in the protein
synthesis assay at 100lM. The larger bicyclic end-group
may be advantageous at filling a hydrophobic pocket in
the binding site. A cationic functionality was also incor-
porated in the end-group SAR and found to be nonin-
hibitory at 100lM (biaryl 11). This finding also
supports our hypothesis that the end-group is interact-
ing with a hydrophobic site.

Since in vitro antibacterial activity was not found by
replacing the quinoxalinedione functionality with a ser-
ies of less hydrophilic substituents, we decided to modify
an alternative structural region of biaryl 3. From our
�SAR by MS� strategy, it was found that analogs of mo-
tif 1 lacking cationic side chains bound poorly to the
A1061 23S rRNAMS screening construct.7 Presumably,
the cationic aminoethyl side chain interacts with a neg-
atively charged phosphate in the binding site. Other
RNA-targeted drug discovery programs identified dime-
thylaminoalkoxy as an RNA-recognition motif.17,18 As
a result of these reports, we decided to substitute the
aminoethyl side chain of 3 with a similar type of motif.
Since both enantiomers of biaryl 3 gave identical IC50

values in the bacterial protein synthesis assay, we
decided to incorporate a cationic tyrosine-derived side
chain into our SAR plan via the commercially available
racemic building block (Scheme 1).19

We were pleased to discover that the closest analog of
our lead structure with the new modification was �5-
fold more potent (Table 2, compound 12, IC50 = 3lM).
Unfortunately, the compound still lacked antibacterial
activity in our initial antibacterial screens at 100lM.



Table 3. Antibacterial activity of biaryls

Compd X IC50
a (lM) MIC (lM)b

E. coli S. aureus

30 5 6–13 13–25

31 10 25–50 50–100

32 5 6–13 13–25

33 0.78 13–25 >100

34 9 6–13 3–6

a In vitro bacterial translation inhibition (E. coli extract).
b Bacterial strains: E. coli ATCC 25922, S. aureus ATCC 13709.
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Incorporating the new side chain into our SAR study,
we decided to re-explore the end-group modifications
made to our parent lead structure 3. As with biaryl 4,
removing the quinoxalinedione group abolished the
antibacterial activity for biaryl 13. However biaryl 14,
with the sulfonylamide link is >3-fold more potent than
analog 5 and dimethylquinoxaline-substituted biaryl 15
is �15-fold more potent than analog 6. Furthermore,
the activity of the quinoline-substituted biaryl 16 was
improved �10-fold relative to biaryl 7. With the dimeth-
ylaminopropoxyphenyl side-chain modification, the
monocyclic end-group analogs are tolerated (biaryls
17–19). Some fragmented structures were also explored
to assess the importance of the piperazine and the biaryl
pharmacophores (Fig. 2). Biaryl 21, lacking the pipera-
zine functionality, is �3-fold less potent than 12 while
compound 22, lacking the biaryl core, is inactive at
200lM. Like the aminoethyl series, the cationic end-
group of 20 was not tolerated. Compounds 13–22 were
inactive in our initial MIC assays at 100lM, presumably
still suffering from poor cell permeability and/or intra-
cellular efflux.

Since a wider variety of end-groups are tolerated in the
new biaryl series, we decided to explore some additional
substitutions, including more hydrophobic substitutions
(Tables 2 and 3). The acetamide and cyclohexane end-
group substitutions (compounds 23 and 24) abolished
the in vitro antibacterial activity. The quinoline-substi-
tuted analogs (25 vs 16) gave similar inhibitory activi-
ties. The phenyl-substituted biaryl gave similar
inhibitory activity as the 2-iodophenyl analog (26 vs
27). The dichlorophenyl-substituted analog was �10-
fold superior with an IC50 of 4lM. The more lipophilic
quinoline end-group gave a 3-fold improvement in anti-
bacterial activity compared to quinoline-substituted bi-
aryl 25. However, none of the compounds in Table 2
displayed antibacterial activity in our preliminary
screens at 100lM.

As we continued to explore additional end-group
modifications, some biaryls were discovered to display
antibacterial activity (Table 3). The bromophenyl-
substituted analog displayed low lM inhibitory activity
similar to its dichlorophenyl analog (30 vs 28). Unlike
biaryl 28, biaryl 30 gave good antibacterial activity
against E. coli and S. aureus pathogens. The naphthal-
ene substituted analog gave a 4-fold better IC50 than
its phenyl analog in the cell-free assay (31 vs 26) as well
as displaying some weak antibacterial activity. The aryl-
bromo substitution also improves antibacterial activity
Figure 2. Fragmented analogs of biaryl 12.
(32 vs 31 and 30 vs 26) and the incorporation of ethyl
to the end-group of 29 led to analog 33 with antibacte-
rial activity.

The biphenyl substitution improves in vitro antibacterial
activity 4-fold compared to the phenyl substitution (34
vs 26). Furthermore, unlike 26, biaryl 34 shows good
antibacterial activity in our initial screens (MIC = 3–
6lM vs S. aureus and 6–13lM vs E. coli). Biaryl 34
was evaluated against some additional bacterial strains.
The analog shows antibacterial activity against Gram-
positive Enterococcus faecalis and Streptococcus pyo-
genes (3–6lM) as well as Gram-negative Klebsiella
pneumoniae (13–25lM) and Proteus vulgaris (50–
100lM).20 Furthermore, biaryl 34 was found to be
active against a methicillin-resistant S. aureus strain at
13–25lM. This is an especially important finding as
multi-drug resistant S. aureus is a serious clinical
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problem. We also confirmed that biaryl 34 is selective
for bacterial protein synthesis inhibition over eukaryotic
protein synthesis inhibition (<75% at 200lM).12

In summary, we have taken a lead from an �SAR by MS�
strategy and uncovered new structures with antibacterial
activity against Gram-negative and Gram-positive bac-
terial strains, including a methicillin-resistant S. aureus
strain. This relatively quick optimization of the initial
lead structure highlights the usefulness of our high-
throughput �SAR by MS� screening program for RNA-
targeted therapeutics. We are continuing to explore the
SAR of these promising antibacterial agents.
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