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We report the structure-guided discovery, synthesis, and initial characterization of 3,5-diamino-piperidinyl
triazines (DAPT), a novel translation inhibitor class that targets bacterial rRNA and exhibits broad-spectrum
antibacterial activity. DAPT compounds were designed as structural mimetics of aminoglycoside antibiotics
which bind to the bacterial ribosomal decoding site and thereby interfere with translational fidelity. We found
that DAPT compounds bind to oligonucleotide models of decoding-site RNA, inhibit translation in vitro, and
induce translation misincorporation in vivo, in agreement with a mechanism of action at the ribosomal
decoding site. The novel DAPT antibacterials inhibit growth of gram-positive and gram-negative bacteria,
including the respiratory pathogen Pseudomonas aeruginosa, and display low toxicity to human cell lines. In a
mouse protection model, an advanced DAPT compound demonstrated efficacy against an Escherichia coli
infection at a 50% protective dose of 2.4 mg/kg of body weight by single-dose intravenous administration.

About half of all chemical classes of antibiotics affect bac-
terial translation by binding to the ribosome and thereby in-
terfering with protein synthesis. The bacterial ribosome is a key
target for naturally occurring antibiotics, including the macro-
lides, tetracyclines, chloramphenicol, and aminoglycosides, as
well as the recently discovered synthetic oxazolidinones (8, 30).
Over the past 5 years, structural analyses of the ribosome, its
components, and drug complexes thereof have revealed that
antibiotics interact predominantly with the rRNA (1). Indeed,
bacterial ribosomes contain the only validated RNA targets for
which approved drugs are currently available. Aminoglycosides
were among the first antibiotics for which direct interaction
with rRNA was demonstrated, initially by biochemical meth-
ods and later by structural studies (25).

Aminoglycoside antibiotics, such as paromomycin and gen-
tamicin, target the ribosomal decoding site within 16S rRNA,
where they bind to an internal loop structure that is involved in
maintaining translational fidelity (Fig. 1A and B). Upon asso-
ciation with the decoding-site loop, aminoglycosides reduce
the energetic cost of a conformational transition in the ribo-
some that is required for monitoring the accurate match be-
tween the mRNA codon and the anticodon of cognate amino-
acylated tRNA (18). The availability of three-dimensional
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structural information on aminoglycoside-RNA complexes has
spurred efforts to design novel improved ligands for the de-
coding-site target to overcome limitations of the natural drugs
that suffer from widespread bacterial resistance, low bioavail-
ability, and toxicity (9, 13, 14, 24).

Here, we report the structure-guided discovery of a novel
chemical class of antibacterial translation inhibitors that were
conceived as mimetics of the natural aminoglycoside antibiot-
ics. Information derived from crystal structures of aminoglyco-
side-RNA complexes was used to design synthetic molecule
classes that contained structural features required for RNA
recognition by the natural drugs. As a result of this effort, we
identified 3,5-diamino-piperidinyl triazines (DAPT) (Fig. 1D
and Table 1) as antibacterial agents that target the bacterial
decoding-site RNA in vitro and inhibit bacterial growth by a
translation-dependent mechanism.

MATERIALS AND METHODS

Reagents. Antibiotics were purchased from Sigma (St. Louis, MO). Decoding-
site RNA for calorimetry experiments and fluorescence binding assays was pre-
pared by annealing gel-purified complementary oligonucleotides purchased from
Dharmacon Research (Lafayette, CO). RNA annealing was performed by heat-
ing in buffer at 75°C for 1 min, followed by snap cooling on ice.

Strains. All strains used for MIC testing are listed in Table 2 and were
obtained from the American Type Culture Collection. Escherichia coli strains
CSH102, CSH103, CSH104, and CSH105, used for the misincorporation exper-
iments, were obtained from Jeffrey H. Miller, UCLA (16).

Chemical synthesis. Reaction conditions for the synthesis of DAPT com-
pounds 1a to 1i (Fig. 1D and Table 1) and their precursors (Fig. 2) and their
characterization will be reported elsewhere.

ITC. Isothermal titration calorimetry (ITC) experiments were performed at
25°C on a MicroCal VP-ITC instrument (MicroCal, Northampton, MA). The
buffer for both the RNA target (see Fig. 3C) and the compounds was 10 mM
2-morpholinoethanesulfonic acid buffer (pH 6.7) that contained 60 mM NaCl
and 0.1 mM EDTA. For a typical titration, 10-ul aliquots of 25 or 200 pM
compound solution were injected into a 5-pM RNA solution. Each experiment
was accompanied by a control titration in which compound solution was injected
into buffer alone under identical conditions. The duration of each injection was
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FIG. 1. (A) Natural aminoglycoside antibiotics that target the bacterial ribosomal decoding site. The natural products are derived from 2-DOS

by glycosidic substitutions at positions 4 and 5 (paromomycin) or 4 and 6 (gentamicin). Gentamicin is a mixture of gentamicin C1 (R' = R* =

gentamicin C1A (R!

CH,),

= R? = H), and gentamicin C2 (R' = CH;, R? = H). (B) Secondary structure of the bacterial decoding site (A-site) within

16S rRNA. Residues that are involved in aminoglycoside interactions are labeled. (C) Scaffolds that were designed and studied as structural
mimetics of the aminoglycoside 2-DOS core (2, 22, 28). 3,5-Diaminopiperidines are described in this report. (D) Structure of DAPT antibacterials
(compounds designated by the number 1). Compounds 1a to 1c contain at least one cis-3,5-diamino-piperidinyl group.

10 s, and the delay between injections was 240 s. Analysis of ITC curves
by integration and buffer correction was performed using ORIGIN software
(MicroCal).

Decoding-site fluorescence binding assay. Compounds were tested for binding
to the decoding-site target by using an RNA fluorescence assay (20) which
determines the binding affinity of a ligand based on its ability to quench or
enhance emission of a fluorescent label attached at the positions of the flexible
adenines A1492 or A1493 upon association with a model oligonucleotide (Fig. 3C).
Fluorescence measurements were performed with 3-methylisoxanthopterin (3-
MI)-labeled decoding-site RNA in cacodylate buffer (30 mM, pH 6.8) on an
RF-5301PC spectrofluorometer (Shimadzu, Columbia, MD) at 25°C. Emission
spectra were recorded at a 1-uM RNA concentration in 1-cm-path-length quartz
cells. The excitation wavelength was at 350 nm, while emission was monitored at
430 nm. Complete experimental details of the assay have been reported else-
where (20).

Bacterial in vitro transcription-translation assay. Test compounds were in-
cubated in a 384-well plate with bacterial S30 extract (Promega, Madison, WI),
followed by addition of a mixture of nucleotide triphosphates, amino acids, and
pBESTIuc plasmid DNA (Promega) encoding the luciferase reporter (20 ul final

reaction volume). Plates were incubated at 25°C for 20 min. After the mixture
was cooled on ice, SteadyGlow luciferin substrate (Promega) was added, fol-
lowed by incubation for 15 min at room temperature. Light emission from the
plates was recorded with a TopCount luminescence counter (Perkin Elmer,
Wellesley, MA). Each compound was tested in a dose-response fashion at con-
centrations ranging from 1 mM to 100 nM. Values of 50% inhibitory concen-
tration (ICs,) were determined from light units versus log(concentration) plots
fit to a variable-slope dose-response equation. Six replicate experiments were run
per concentration. To rule out inhibition of the bacterial RNA polymerase or
firefly luciferase reporter enzyme, selected DAPT compounds were counter-
screened against polymerase and luciferase.

Antibacterial susceptibility determination (MIC). Bacterial strains were
tested in Mueller-Hinton broth by the microdilution method as described by the
National Committee for Clinical Laboratory Standards (17).

Eukaryotic cytotoxicity assay. Eukaryotic cytotoxicity of compounds was
assessed with a proliferation assay measuring the mitochondrial reduction of 2,
3-bis(2-methoxy-4-nitro-5-sulfophenyl)-5-[(phenyl-amino)carbonyl]-2H-tetra-
zolium hydroxide (XTT) into an orange formazan dye by CEM T cells (5). After
cells were incubated with series of compound concentrations for 72 h, XTT
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TABLE 1. Structure-activity relationships for DAPT compounds®
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“ For structures of 1c and the aminoglycosides paromomycin and gentamicin, see Fig. 1D. For experimental details, see Materials and Methods.
b 1Cs, values were determined by a coupled transcription-translation assay using E. coli extract.
¢ MICs are for E. coli ATCC 25922 (first value) and S. aureus ATCC 25923 (second value).

4 Bukaryotic cytotoxicity (CCs,) was determined with CEM T cells.
¢ ND, not determined.

solution was added and fluorescence was read at 450 nm and 650 nm. The 50%
cytotoxic concentration (CCs,) was determined as the compound concentration
required to reduce by 50% the number of viable cells.

Test of concentration-dependent bactericidal activity. Pseudomonas aerugi-
nosa strain ATCC 27853 was grown to early log phase in Mueller-Hinton broth
at 37°C. The culture was diluted to 5 X 10° CFU/ml in fresh media containing
various concentrations of DAPT compound 1b (1 to 64 pg/ml). Samples were
then collected at various times, serially diluted, and plated. After overnight
growth, viable colonies were counted.

Test of translation-dependent bactericidal activity. The method used to access
bacterial killing has been described previously (15). Briefly, E. coli strain
MG1655 was grown in Mueller-Hinton broth to mid-log phase and then diluted
10,000-fold into fresh prewarmed media. As indicated, prior to the addition of
test compound, cultures were preincubated with chloramphenicol (20 pg/ml) for
5 min at 37°C. Test antibiotics gentamicin, polymyxin B, and 1a were added at
64-fold above MICs. Aliquots from each treatment tube were removed at the

indicated times, serially diluted, plated, and incubated overnight at 37°C. CFU
were counted, and the CFU/ml was calculated.

Translation misincorporation assay. E. coli strains CSH102, CSH103,
CSH104, and CSH105 each contain a different mutation in the active-site glu-
tamate residue of B-galactosidase (16). In these strains, codon 461 has been
changed to, respectively, GGG (glycine), CAG (glutamine), GCG (alanine), or
GTG (valine). To assay for misincorporation, triplicate cultures were grown in
Luria broth over a range of compound concentrations. The concentration of
compound that allowed an unshaken overnight culture to reach an optical den-
sity at 600 nm of approximately 0.3 was chosen for analysis (23). B-Galactosidase
assays were done as described by Miller (16). The degree of misincorporation
was defined by the increase in activity compared to that of the no-additive
control.

In vivo efficacy testing. A lethal dose (2.5 X 10® CFU/mouse) of E. coli ATCC
25922 was used to induce systemic infection in mice by the intraperitoneal (i.p.)
route. For these studies, male BALB/c mice of 5 to 6 weeks of age (20 to 22 g)
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TABLE 2. Antibacterial spectra of DAPT compounds and gentamicin as a control
MIC (pg/ml) of:
Organism Strain Resistance phenotype”
la 1b 1lc Gentamicin
E. coli ATCC 25922 2 1 4 <0.5
MG1655 1 <0.5 4 <0.5
P. aeruginosa ATCC 27853 <0.5 1 1 <0.5
ATCC 39324* 4 4 2 <0.5
ATCC 51674 1 1 8 <0.5
ATCC 25619 <0.5 <0.5 2 <0.5
BAA-47 <0.5 0.5 2 <0.5
Enterobacter cloacae ATCC 23355 Bla" 2 1 4 <0.5
Klebsiella oxytoca ATCC 51983 Bla" 2 1 4 4
Haemophilus influenzae ATCC 49247 >64 >64 ND¢ 2
Burkholderia cepacia ATCC 25416 >64 >64 >64 16
Bacillus cereus ATCC 14579 32 8 32 1
Bacillus thuringiensis ATCC 33679 64 32 64 2
S. aureus ATCC 25923 16 2 8 <0.5
BAA-38“ Met" Pen" Str' Tet" 16 8 16 <0.5
BAA-40¢ Met" Spt* 32 8 16 >64
BAA-44¢ Amp" Ery" Gen" Met" Oxa' Pen" Tet" 32 8 16 >64
Enterococcus faecalis ATCC 29212 >64 >64 >64 8
ATCC 51299 Van' >64 >64 32 >64

¢ Clinical isolate.

> Amp, ampicillin; Bla, B-lactams; Ery, erythromycin; Gen, gentamicin; Met, methicillin; Oxa, oxacillin; Pen, penicillin; Spt, spectinomycin; Str, streptomycin; Tet,

tetracycline; and Van, vancomycin.
¢ ND, not determined.

were chosen. Each group contained 10 mice, and each mouse was dosed with
DAPT compound by the intravenous (i.v.) route 1 h postinoculation. Compound
1c was formulated in a 140-mM sodium acetate buffer (pH 5.5). Mice were then
monitored for 7 days. These studies were conducted as contracted research by
NAEJA Pharmaceutical, Inc. (Edmonton, Alberta, Canada), in compliance with
all standard procedures for use of animals in research.

RESULTS AND DISCUSSION

Design and synthesis of DAPT compounds. In the past, our
group has extensively used three-dimensional structure data of
aminoglycoside decoding-site complexes for the design and
synthesis of novel RNA-targeted ligands based on fragments of
the natural products (2, 21, 22, 27-29). Studies of semisynthetic

aminoglycoside mimetics in our laboratory, along with find-
ings published by others (26), have led us to identify 2-deoxy-
streptamine (2-DOS) (Fig. 1A) as a key pharmacophore of
the natural aminoglycosides. In previous work, we designed
simplified structural mimetics of the 2-DOS scaffold to re-
duce the complexity of the natural products and to facilitate
synthesis of aminoglycoside mimetics (Fig. 1C) (2, 22, 28).
The cis-3,5-diamino-piperidinyl (DAP) moiety, which re-
tains the signature cis-1,3-diamino fragment of 2-DOS while
disposing of additional stereocenters, proved to be a partic-
ularly suitable building block for RNA-targeted small-mol-
ecule libraries. The DAP scaffold possesses an intrinsic meso
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FIG. 2. Exemplary synthesis of a DAPT compound (la) starting from 1,3,5-trichloro-triazine (marked by the number 2). Reagents and
conditions are as follows: (a) diisopropyl-ethyl amine (‘Pr,NEt) and tetrahydrofuran (THF); —25°C, 12 h; (b) ‘Pr,NEt and THF; 80°C, 48 h; (c)
HC], 1,4-dioxane, and methanol; room temperature, 12 h. Syntheses of anilide (marked by 3) and protected 3,5-diamino-piperidine (marked by
5) as well as those of other DAPT compounds will be reported elsewhere. Boc, tert-butoxycarbonyl.
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FIG. 3. ITC of the interaction of DAPT compound 1b with an oligonucleotide representing the bacterial decoding site (for experimental details,
see Materials and Methods). (A) ITC trace (top) and integrated curve (bottom) for the initial binding events at low ligand concentration (25 pM
ligand, 5 uM RNA). (B) ITC trace (top) and integrated curve (bottom) for the saturating titration (200 uM ligand, 5 pM RNA) merged with the
titration at low ligand concentration. Binding parameters were calculated from fitting a two-site binding model to the integrated curve. Results
forsite 1: K = (2.0 = 0.2) X 10° M~ '; AH = —64 = 0.4 kcal/mol; stoichiometry = 1.00 = 0.01. Results for site 2: K = (1.3 = 0.1) X 10’ M };
AH = —21 * 0.1 kcal/mol; stoichiometry = 5.28 = 0.01. K, binding constant; AH, binding enthalpy. (C) Secondary structure of the RNA target

used for ITC experiments.

symmetry, reducing the complexity of stereoisomer forma-
tion during synthesis, and is readily linked to other groups
via an achiral nitrogen atom.

Among the different classes of DAP derivatives that we
studied, a series of symmetrically substituted DAPT proved to
be amenable to optimization based on structure-activity rela-
tionship data (Table 1). The triazine core provided access to a
straightforward synthetic route (Fig. 2) that contained two
DAP scaffolds in a desirable stereochemical orientation that
we identified in our modeling studies. Elaboration of the DAPT
series produced numerous biologically active molecules, among
them the representative compounds la, 1b, and the asymmetri-
cally substituted triazine 1c (Fig. 1D and Table 1) (31). The
following sections outline experiments conducted with these
subseries representatives, producing results that were typical
for the general DAPT series.

RNA target binding of DAPT compounds. To test DAPT
compounds for binding to the decoding-site target, we used a
fluorescence assay and isothermal titration calorimetry. Struc-
tural studies of decoding-site RNA-aminoglycoside complexes
have demonstrated that small oligonucleotides can accurately
reproduce the natural state of the decoding site bound to
antibiotics as seen within the whole 30S subunit and, therefore,
provide authentic and readily accessible models (26). Addi-
tional validation of the use of oligonucleotide models for the
decoding site is provided by fluorescence experiments that
probed the conformational flexibility of the unpaired adenine
residues 1492 and 1493 (Fig. 1B), which are locked in one state
upon binding of aminoglycoside antibiotics (4). RNA con-
structs of the decoding-site sequence that have either A1492 or
A1493 replaced by fluorescent bases such as 2-aminopurine or

3-MI can be used to monitor ligand binding by measuring
fluorescence quenching or enhancement upon titration with a
potential binder (12, 20). While these experiments do not nec-
essarily reveal the exact binding place or orientation of a li-
gand, interaction in an aminoglycoside-like fashion can be sur-
mised as long as RNA complex formation induces a change in
the chemical environment of the fluorescent base. We used our
RNA fluorescence assay (20) to assess target interaction of
DAPT compounds. The results suggested that 1a, 1b, and 1c
bind with <1 pM affinity to a 3-MI-labeled oligonucleotide
containing the bacterial decoding-site sequence. Precise quan-
titation of the binding affinity was not possible due to optical
interference of the aromatic DAPT compounds with the emis-
sion signal of the fluorescent label.

To obtain an independent quantitative measure of DAPT
binding to the decoding site, we performed ITC, adding 1b to
an unlabeled RNA construct as a target (Fig. 3). Similar ITC
experiments have been used to investigate aminoglycoside
binding to the decoding site (10, 11, 19). These studies further
support oligonucleotides as authentic models of the ribosomal
decoding site. Our ITC experiments, which adopted buffer
conditions optimized for the aminoglycoside-RNA interaction
(10, 19), confirmed high-affinity binding of 1b to decoding-site
RNA (Fig. 3). The integrated ITC data were readily fitted to a
model of two independent sets of binding sites with distinct
affinity and stoichiometry. The highest-affinity binding site cor-
responded to the complex formation of one DAPT ligand with
one RNA target molecule (n = 1) at a K, of 2 nM. These data
suggest tight RNA binding of the DAPT compound 1b, which
is comparable to the most potent aminoglycosides whose bind-
ing abilities have been measured by ITC (10, 19). The high
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FIG. 4. Concentration-dependent bactericidal activity of DAPT
compound 1b. Viability of P. aeruginosa ATCC 27853 was tested after
exposure to increasing concentrations (1- to 64-fold over MIC) of 1b
(for experimental details, see Materials and Methods). The MIC of 1b
against this strain is 1 pg/ml (see Table 2).

affinity of 1b for the decoding-site RNA along with the pres-
ence of a second set of lower-affinity sites within the model
oligonucleotide raises the possibility of nonspecific binding to
other cellular RNA targets. Similarly, target promiscuity is well
documented for RNA binding aminoglycosides, specifically
neomycin (25), which is less problematic for the therapeutic
use of aminoglycosides since eukaryotic cells are impermeable
to these cationic drugs (24). The extent of nonspecific binding
of the DAPT compounds and their potential consequences for
eukaryotic compound toxicity will have to be addressed by
future studies. Cytotoxicity measurements of DAPT com-
pounds suggest however that, as with the aminoglycosides,
off-target effects may have only limited impact (see below).

In vitro activity of DAPT compounds. Biological activity of
DAPT compounds was assessed in vitro by testing inhibition of
a cell-free bacterial transcription-translation assay with E. coli
S30 extract and a luciferase reporter plasmid. As a control,
bacterial RNA polymerase and luciferase enzyme were as-
sayed. DAPT compounds showed inhibition of the translation
assay (ICs,) at low micromolar concentrations (Table 1) but
were inactive against the control enzymes (data not shown).
The DAPT compounds were 30- to 40-fold less potent than the
aminoglycoside paromomycin, which had an ICs, (230 nM)
comparable to published values (6, 7).

Antibacterial potency of DAPT compounds was routinely
measured by MIC against standard strains of E. coli and Staph-
ylococcus aureus. While symmetrical decoration of the triazine
core with two DAP moieties yielded compounds active against
cell-free translation, an additional aromatic substituent was
required to confer reasonable in vitro antibacterial activities
(Table 1). Structure-activity relationship data derived from the
in vitro translation assay in combination with MICs were used
to direct compound improvement, as outlined briefly for the
anilide series that led to compounds la, 1b, and lc. Such
optimized DAPT compounds showed MICs against E. coli
comparable or superior to those of the aminoglycoside paro-
momycin but weaker than those of gentamicin (Table 1).

In vitro specificity of DAPT compounds for bacterial targets
was assessed by testing cytotoxicity against eukaryotic CEM T
cells (CCsy). A standard cell proliferation assay revealed
potential for eukaryotic cytotoxicity for the symmetrically bi-
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FIG. 5. Translation-dependent bactericidal activity of DAPT com-
pound la (for experimental details, see Materials and Methods).
(A) Control experiments with the misincorporating aminoglycoside
gentamicin (Gen) and the translation-independent membrane-target-
ing antibacterial polymyxin B (Pmx). Both gentamicin and polymyxin B
rapidly kill bacteria. Chloramphenicol (Chl) is a bacteriostatic agent.
Preincubation with chloramphenicol (pre-Chl) blocks translation and
hence prevents misincorporation and killing caused by gentamicin. The
bactericidal action of polymyxin B is not affected by chloramphenicol
preincubation. (B) Antibacterial action of the DAPT compound 1la is
prevented by preincubation with chloramphenicol, similarly to the
gentamicin behavior, while 1a alone kills bacteria rapidly. Compound
concentrations: chloramphenicol, 20 pg/ml; gentamicin and polymyxin
B, 16 pg/ml; la, 32 pg/ml.

substituted triazine core (Table 1, compound 1d). This prob-
lem was successfully addressed by aromatic scaffold extensions
at the third substituent on the triazine core, which resulted in
less cytotoxic compounds of the anilide series. The molecular
causes for the cytotoxicity and the beneficial effect of the aro-
matic extension are not clear.

Antibacterial spectrum of DAPT compounds. After target
binding and in vitro translation assays indicated that DAPT
compounds were likely to interfere with bacterial protein syn-
thesis, we studied the antibacterial activities of selected mole-
cules. Testing of DAPT compounds against standard strains of
E. coli and S. aureus during elaboration of several chemical
subseries revealed a general tendency for better activity against
the gram-negative organism. This trend was supported by the
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FIG. 6. Translation misincorporation induced by DAPT compounds la and 1c. Misincorporation of a missense mutation within an active-site
residue of B-galactosidase was measured in isogenic strains of E. coli (for experimental details, see Materials and Methods). Four missense
mutations within codon 461 were tested (see inset). The signal for untreated cells (Control) was normalized to 1. The translation inhibitor
tetracycline (Tet) and misincorporating aminoglycoside gentamicin (Gen) were used, respectively, as negative and positive controls. Error bars
were calculated from three independent experiments. Compound concentrations: tetracycline, 0.25 pg/ml; gentamicin, 2 pg/ml; and DAPT,

0.5 pg/ml.

assessment of selected DAPT compounds for antibacterial ac-
tivity in a broader spectrum of strains (Table 2). The advanced
DAPT compounds la and 1b were most potent against E. coli
and P. aeruginosa, showing MICs comparable to or slightly
above those of gentamicin. Importantly, several clinical isolates
of the respiratory tract pathogen P. aeruginosa were susceptible
for DAPT compounds. While activity against gram-positive
organisms was generally weaker, 1a and 1b retained antibac-
terial potency against multidrug-resistant S. aureus, including
strains that carried aminoglycoside resistance (BAA-40 and
BAA-44).

Mechanistic studies of DAPT antibacterial activity. To study
similarities of the antibacterial activity of DAPT compounds
with that of aminoglycosides, we tested the concentration de-
pendence of the bactericidal action over a range from 1- to
64-fold over the MIC (Fig. 4). Bacterial killing was accelerated
with increasing DAPT concentration, which is comparable to
the concentration-dependent killing of aminoglycosides (15).
Also, growth experiments with P. aeruginosa (ATCC 27853), in
which the DAPT concentration was reduced 1,000-fold below
the MIC following a 2-h incubation, showed a 1- to 2-h post-
antibiotic effect on cell growth (data not shown).

Investigations of rRNA target binding and inhibition of in
vitro translation were in agreement with the conception of the
DAPT compounds as ligands directed at the bacterial ribo-
some. To further investigate whether DAPT compounds exert
antibacterial activity via interference with bacterial protein
synthesis in vivo, we tested whether their bactericidal activity
was translation dependent (Fig. 5). In an established assay
(15), bacteria whose ribosomes were blocked by chloramphen-
icol from synthesizing protein were incubated with la. Over a
time course of 6 h, viable colonies were obtained from the
chloramphenicol-blocked organisms, while bacteria with trans-
lating ribosomes (no chloramphenicol) were rapidly killed by
the DAPT compound (Fig. 5B). The aminoglycoside gentami-
cin showed similar behavior (Fig. SA). Temporary arrest of

protein synthesis by chloramphenicol prevents the misincorpo-
rating action of aminoglycosides and presumably the DAPT
compounds, which exert translation-dependent bactericidal ac-
tivity by stimulating synthesis of erroneous proteins. In con-
trast, polymyxin B, which acts on the bacterial membrane and
not the ribosome, retains its activity against bacteria preincu-
bated with chloramphenicol (Fig. SA).

To test if in vivo interaction of DAPT compounds with the
bacterial ribosome involves the decoding site, which is consis-
tent with the molecular-design concept, we measured the stim-
ulation of misincorporation by la and lc in four isogenic
strains of E. coli (Fig. 6). These strains carried different mis-
sense mutations in an active-site residue of B-galactosidase
(16). Misincorporation at the mutated codon enhances pro-
duction of functional reporter enzyme. The control antibiotic
tetracycline, which targets the ribosome but does not interfere
with translation fidelity (3), does not stimulate misincorpora-
tion. In contrast, the aminoglycoside gentamicin and DAPT
compounds significantly increased B-galactosidase activity and
hence misincorporation (Fig. 6). Gentamicin reduces transla-
tion fidelity two- to fourfold, depending on the missense
codon, while DAPT compounds display an even stronger effect
(three- to fivefold).

In summary, in vivo results from translation-dependent bac-
tericidal activity and misincorporation are consistent with a
mechanism of action of the DAPT compounds as antibacteri-
als that target the ribosomal decoding site.

In vivo efficacy of DAPT compound 1c. To explore the po-
tential of the DAPT anilide series for the development of novel
antibiotics, we tested for in vivo efficacy of 1c against a mouse
systemic infection (Fig. 7). Mice that were infected i.p. with a
lethal dose of E. coli were treated with 1c via the i.v. or i.p.
route. A correlation between compound dose and protective
effect was observed for i.v. administration of 1c over a range of
5 to 1.25 mg/kg of body weight, suggesting a calculated 50%
protective dose of 2.4 mg/kg (Fig. 7). For the iv. route, 100%
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FIG. 7. Efficacy of DAPT compound lc in a mouse protection
model against a lethal dose of E. coli ATTC 25922 (for experimental
details, see Materials and Methods). A single dose of compound was
administered 1 h after inoculation by an i.v. route (at 1.25, 2.5, and 5
mg/kg). The i.v. 50% protective dose was calculated as 2.4 mg/kg. Ten
animals were used with each dose level.

protection was achieved by 5 mg/kg of DAPT compound. Two
doses (5 and 10 mg/kg) were tested for the i.p. route, both of
which resulted in 100% protection (data not shown). All ani-
mals survived treatment regimens at the highest concentration
levels, without showing signs of acute compound toxicity, in-
dependently of the route of administration.

Conclusions and perspective. Our efforts to develop a novel
chemical class of antibacterials directed at the ribosome have
led to the discovery of the DAPT compounds (31). Biological
activity of the DAPT series was improved by using medicinal
chemistry and guidance from in vitro testing, eventually yield-
ing lead compounds that were efficacious in vivo. Preliminary
characterization of lead compounds suggests a mechanism of
action in agreement with the compound design objective, that
is, interference with the ribosomal decoding site. Therefore,
the DAPT antibacterials represent the first novel class of an-
tibacterials, active in a murine model, that were designed
guided by structural information of the bacterial ribosome.
Future mechanistic and structural studies could reveal a de-
tailed picture of the interaction of DAPT compounds with the
ribosome and provide a basis for further optimization of these
novel antibacterials.
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