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Bacterial protein synthesis is the target for numerous natural and synthetic antibacterial agents. We have developed a poly(U)
mRNA-directed aminoacylation/translation (A/T) protein synthesis system composed of phenylalanyl-tRNA synthetases
(PheRS), ribosomes, and ribosomal factors from Pseudomonas aeruginosa. This system has been used for high-throughput
screening of a natural-compound library. Assays were developed for each component of the system to ascertain the specific tar-
get of inhibitory compounds. In high-throughput screens, 13 compounds were identified that inhibit protein synthesis with 50%
inhibitory concentrations ranging from 0.3 to >80 �M. MICs were determined for the compounds against the growth of a panel
of pathogenic organisms, including Enterococcus faecalis, Escherichia coli, Haemophilus influenzae, Moraxella catarrhalis, P.
aeruginosa, Staphylococcus aureus, and Streptococcus pneumoniae. Three of the compounds were observed to have broad-spec-
trum activity and inhibited a hypersensitive strain of P. aeruginosa with MICs of 8 to 16 �g/ml. The molecular target of each of
the three compounds was determined to be PheRS. One compound was found to be bacteriostatic, and one compound was bacte-
ricidal against both Gram-positive and Gram-negative pathogens. The third compound was observed to be bacteriostatic against
Gram-positive and bactericidal against Gram-negative bacteria. All three compounds were competitive with the substrate ATP;
however, one compound was competitive, one was uncompetitive, and one noncompetitive with the amino acid substrate. Mac-
romolecular synthesis assays confirm the compounds inhibit protein synthesis. The compounds were shown to be more than
25,000-fold less active than the control staurosporine in cytotoxicity MTT testing in human cell lines.

Bacterial infections are a continuing major worldwide health
problem. Infections can be minor, such as skin rashes and

common ear infections in infants, or potentially lethal, such as
those in many immunocompromised patients. Pseudomonas
aeruginosa is an opportunistic Gram-negative bacterial pathogen
and the causative agent in a wide range of infections and is respon-
sible for one-seventh of all nosocomial infections (1, 2). Among
clinical isolates of P. aeruginosa, antimicrobial resistance is in-
creasing (3) and has become a major problem in the hospital set-
ting (4). However, the most serious medical problem caused by P.
aeruginosa is chronic lung colonization associated with cystic fi-
brosis patients (5), and it is the leading cause of morbidity and
mortality in these patients (6).

Antibiotics block cellular processes which are essential for bac-
terial survival. Many of the current antibiotics, both naturally oc-
curring and synthetic, target protein synthesis as a mechanism of
action (for a complete list, see reference 7). Antibiotics that target
protein synthesis include the macrolides, clindamycin, chloram-
phenicol, the aminoglycosides, and the tetracyclines (8–10). Lin-
ezolid, one of the newest antibiotics and a protein synthesis inhib-
itor, is a member of the synthetic oxazolidinone class and is the last
line of defense against many bacterial infections (11, 12). The fact
that protein synthesis is the most frequent target of naturally oc-
curring antibacterials provides compelling evolutionary evidence
for the use of this system in the discovery of new antibacterial
compounds (11).

The ribosome has been a central focus for development of in-
hibitors in drug discovery; however, other components involved
in protein synthesis also offer attractive targets. Elongation factor
Tu (EF-Tu) (13), elongation factor Ts (EF-Ts) (14), and elonga-
tion factor G (EF-G) (15) all play central roles in the elongation
phase of protein synthesis. Antibiotics that target the activity of
EF-Tu and EF-Ts include kirromycin and pulvomycin and, more

recently, a compound series has been identified that includes: in-
dole dipeptides, benzimidazole amidines, 2-arylbenzimidazoles,
and N-substituted imidazoles and guanidines (7). EF-G is bifunc-
tional and is also involved in ribosome recycling in a GTP-depen-
dent fashion (16). Fusidic acid is an antibiotic that inhibits protein
synthesis by trapping EF-G in the posttranslocation site on the
ribosome after hydrolysis of GTP. Indirectly, the amino-acyl
tRNA synthetases (aaRS) are essential enzymes involved in pro-
tein synthesis and individually provide attractive targets for dis-
covery of antibiotics (17).

Recently, attempts have been made by several groups, with
limited success, to screen for inhibitors of bacterial protein syn-
thesis using cell extracts that contain native transcription and
translation systems from Escherichia coli, Streptococcus pneu-
moniae (18), and Staphylococcus aureus (19). The use of cell ex-
tracts for screening can be problematic due to numerous prob-
lems (20). To avoid these problems we previously developed a
polyuridylic acid [poly(U)]-directed aminoacylation/translation
(A/T) protein synthesis system composed of PheRS, ribosomes,
and ribosomal factors from Escherichia coli. Using this system as a
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platform for screening, we discovered a compound series (4H-
pyridopyrimidine) capable of inhibiting protein synthesis in vitro
and in whole-cell assays (21, 22). We describe here the develop-
ment of an A/T protein synthesis system from P. aeruginosa and its
use to screen natural compounds for inhibitors of function. We
identified and characterized three compounds that inhibit protein
synthesis in vitro, as well as broad-spectrum inhibition of bacteria
in cultures.

MATERIALS AND METHODS
Materials. The MicroSource Natural Products Library (Discovery Sys-
tems, Inc., Gaylordsville, CT) is an 800-compound collection of pure
natural products and their derivatives. The collection includes simple and
complex oxygen heterocycles, alkaloids, sesquiterpenes, diterpenes, pen-
tacyclic triterpenes, sterols, and many other diverse representatives. The
compounds have a minimal purity of 95%. Compounds were supplied as
10 mM stocks dissolved in dimethyl sulfoxide (DMSO), stored at �20°C,
and thawed immediately before analysis. Radioactive amino acids were
from Perkin-Elmer (Waltham, MA). All other chemicals were obtained
from either Sigma-Aldrich (St. Louis, MO) or Fisher Scientific (Pittsburg,
PA). E. coli tolC efflux pump mutant, P. aeruginosa PAO200 (efflux pump
mutant), and P. aeruginosa hypersensitive strain (ATCC 35151) were
kindly provided by Urs Ochsner (Crestone Pharma-Boulder, Boulder,
CO). All other bacteria were from American Type Culture Collection
(ATCC; Manassas, VA).

Purification of ribosomes and proteins. Early-phase ribosomes from
P. aeruginosa (ATCC 47085) were prepared in the Hill laboratory at the
University of Montana (Missoula, MT) as previously described (23). P.
aeruginosa EF-Tu and EF-Ts (24), EF-G (25), and PheRS (26) were puri-
fied as described previously.

Aminoacylation/translation assays. A scintillation proximity assay
(SPA) was developed for the P. aeruginosa A/T assay as described previ-
ously (21). The complete assay (50 �l) contained 50 mM Tris-HCl (pH
7.5), 25 mM KCl, 10 mM MgCl2, 0.03 mM spermine, 1.5 mM ATP, 0.5
mM GTP, 40 �M [3H]phenylalanine (Phe), and 0.3 mg of poly(U)
mRNA/ml. To maintain constant levels of ATP and GTP the assay con-
tained a nucleotide regeneration system composed of 4 mM phosphoe-
nolpyruvate and 0.025 U of pyruvate kinase/�l. The concentrations of P.
aeruginosa ribosomes and proteins in the assay were as follows: ribosome
(0.2 �M), PheRS (0.1 �M), EF-Tu (1 �M), EF-Ts (0.05 �M), and EF-G
(0.2 �M). These concentrations were determined through sequential
rounds of optimization: each concentration represents the concentration
just below the saturation point of the titration.

The screening reactions were carried out in 96-well microtiter plates
(Costar). Test compounds were equilibrated by the addition of 33 �l of
the protein/substrate mix (without tRNA) to 2 �l of chemical compound
(3.3 mM) dissolved in 100% DMSO. This mixture was allowed to incu-
bate at ambient temperature for 15 min, and then reactions were initiated
by the addition of 15 �l of E. coli tRNA (20 �M), followed by a 2-h
incubation at room temperature (comparable to 1 h at 37°C). Reactions
were stopped by the addition of 5 �l of 0.5 M EDTA. A 200-�g portion of
SPA beads (RNA binding beads [YSI]; Perkin-Elmer) in 150 �l of 300 mM
citrate buffer (pH 6.2) was added. The plates were analyzed using a 1450
Microbeta (Jet) liquid scintillation and luminescence counter (Wallac).
Assays to determine the 50% inhibitory concentrations (IC50s) were as
described above, with the test compounds serially diluted from 200 to 0.4
�M. The concentration ranges of antibiotic in control plates were as fol-
lows: spiramycin (0.02 to 20.0 �M) and fusidic acid (4 to 512 �M).

PheRS assays. Assays to determine inhibition of PheRS by chemical
compounds were as described previously (27), except that the enzyme mix
was preincubated with 132 �M compound for 15 min prior to the addi-
tion of tRNA (80 �M total tRNA or 2 �M tRNAPhe). The reactions were
stopped by the addition of 5 �l of 0.5 M EDTA. A 400-�g portion of
yttrium silicate (Ysi) poly-L-lysine-coated SPA beads (Perkin-Elmer) in
150 �l of 300 mM citrate buffer (pH 2.0) was added, and the plates were

analyzed as described above. To determine the mechanism of action of the
inhibitory compounds with respect to PheRS substrates ATP and Phe,
competition assays were carried out as previously described (26).

EF-Tu GDP exchange assay. Nitrocellulose binding assays were used
to determine the inhibition of GDP exchange by EF-Tu, as previously
described (28), except that the enzyme (1 �M) was preincubated with 132
�M compound for 15 min prior to the addition of [3H]GDP. EF-Ts stim-
ulates the exchange of GDP bound by EF-Tu. The ability of compounds to
inhibit EF-Ts stimulation of GDP exchange by EF-Tu was measured in
assays, as described for the EF-Tu/GDP exchange, except that EF-Ts was
present at 0.05 �M and the time for the reaction was decreased from 30
min to 30 s (24).

EF-G GTPase assay. Assays for ribosome-dependent GTP hydrolysis
by EF-G were carried out in 50-�l reaction mixtures containing 50 mM
Tris-HCl (pH 7.5), 10 mM MgCl2, 70 mM NH4Cl, 1 mM dithiothreitol
(DTT), 1.8 mM GTP, 0.4 �M P. aeruginosa ribosomes, and 0.2 �M EF-G.
Reactions were performed at 37°C for 30 min, and the assays were stopped
by the addition of 150 �l of 50 mM EDTA. The amount of GTPase activity
was determined by measuring the amount of Pi liberated using a colori-
metric GTPase assay kit (Novus Biologicals) according to the manufac-
turer’s directions (25). The final concentrations of compounds in the
assays were 132 �M.

Eukaryotic protein synthesis assays. Reactions to determine the in-
hibitory effect of compounds on eukaryotic protein synthesis were per-
formed using wheat germ cell extracts as described previously (21). The
concentrations of the compounds in these assays ranged from 0.8 to 100
�M, and the concentration of the cycloheximide in the control reactions
ranged from 0.3 to 300 �M.

Assays were carried out to test the inhibitory effect of compounds on
the activity of human mitochondrial PheRS (hmPheRS). Human mito-
chondrial PheRS was prepared as described previously (27). The assay
mixture (50 �l) contained 50 mM Tris-HCl (pH 7.5), 1 mM spermine, 10
mM magnesium acetate, 2.5 mM ATP, 1 mM DTT, 75 �M [3H]Phe, and
0.5 �M hmPheRS. The mixture was incubated for 15 min with various
concentrations of the compound (0.8 to 200 �M), and the reaction was
then initiated by the addition of E. coli tRNAPhe (2 �M). The reaction was
stopped by dilution into 3 ml of ice-cold 5% trichloroacetic acid and
filtration through glass fiber filters as described previously (21).

Microbiological assays. Broth microdilution MIC testing was per-
formed in 96-well microtiter plates according to Clinical and Laboratory
Standards Institute (CLSI) guidelines (29). MIC values were determined
for E. coli (ATCC 25922), E. coli tolC efflux pump mutant, Enterococcus
faecalis (ATCC 29212), Haemophilus influenzae (ATCC 49766), Moraxella
catarrhalis (ATCC 25238), P. aeruginosa (ATCC 47085), P. aeruginosa
PAO200 (efflux pump mutant), P. aeruginosa hypersensitive strain
(ATCC 35151), S. aureus (ATCC 29213), and Streptococcus pneumoniae
(ATCC 49619).

Time-kill experiments were performed according to CLSI guidelines
(30). Growth media were brain heart infusion and Trypticase soy broth
from Remel (Lenexa, KS). For the experiments, 10 ml of broth medium
was inoculated with 0.1 ml of a fresh overnight culture and grown at 35°C
with shaking (200 rpm) for 2 to 3 h. Prewarmed flasks containing 10 ml of
medium alone or 10 ml of medium containing a test compound at 4� the
MIC were then inoculated with 0.1 ml of the exponentially growing cul-
tures. The samples were removed at 0, 2, 4, 6, and 24 h, and serial dilutions
were plated on blood agar to allow for colony enumeration and calcula-
tion of the live cell density.

Macromolecular synthesis (MMS) assays were performed in cultures
of E. faecalis as previously described (21). Levofloxacin, rifampin, tetracy-
cline and vancomycin were used as quality controls in assays to measure
inhibition of DNA synthesis, RNA synthesis, protein synthesis and cell
wall synthesis, respectively.

In vitro cytotoxicity test. To determine the effect of hit compounds
on the growth of human cell cultures, in vitro cytotoxicity testing was
carried out as described previously using human embryonic kidney 293
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cells (HEK-293) (31). A Trevigen TACS MTT cell proliferation assay kit
(Trevigen, Gaithersburg, MD) was utilized to assess impacts on human
cell proliferation and/or viability. The control staurosporine was serial
diluted in assays from 1 to 0.001 �g/ml, and the compounds tested were
diluted in assays from 800 to 25 �g/ml.

RESULTS
Development and optimization of the P. aeruginosa A/T assay
for screening. An aminoacylation/translation (A/T) system was
developed which contained all the components required for trans-
lation of poly(U) mRNA from P. aeruginosa: ribosomes, EF-Tu,
EF-Ts, EF-G, and PheRS. The coupled A/T reaction was adapted
from separate aminoacylation and translation assays as previously
described (21). The assay was optimized for the detection of inhi-
bition of any component of the A/T system, and compounds were
screened in 96-well microtiter plates. The reactions were moni-
tored using SPA technology. Initially, the ribosomes were titrated
into the assay while maintaining saturating amounts of the other
components (see Fig. S1A in the supplemental material), and 0.2
�M was chosen as the screening concentration, which yielded
sufficient signal over background. At this concentration of ribo-
somes, all other components of the system were then sequentially
titrated into the system to determine the inflection point of satu-
ration on a titration curve. Multiple rounds of titration were car-
ried out to arrive at the final screening concentration of each ac-
cessory component. The concentrations were set just below the
saturation points to facilitate maximum sensitivity to inhibition of
each and every component of the system (see Fig. S1B to E in the
supplemental material).

Chemical compounds were dissolved in DMSO in stock con-
centrations of 3.3 mM, and 2 �l was added to reaction mixtures
(50 �l), yielding 132 �M final concentrations. The addition of 2 �l
of the DMSO in stock solution to screening reactions resulted in a
4% final DMSO concentration. It was therefore necessary to de-
termine the effect of DMSO on the P. aeruginosa A/T system. To
test the effects, DMSO was added so that the final amount of
DMSO in the reactions ranged from 1 to 10%. There was no de-
crease in activity of the A/T system observed up to 5% DMSO
(data not shown).

The macrolide spiramycin was selected as a control antibiotic.

This antibiotic inhibits protein synthesis by binding the 50S ribo-
somal subunit near the peptidyl-transferase center, thereby stop-
ping peptide synthesis (32). Fusidic acid inhibits protein synthesis
by trapping EF-G in the posttranslocation step during elongation
(33, 34) and was also selected as a positive control. Spiramycin and
fusidic acid were both effective at inhibiting poly-Phe synthesis in
the P. aeruginosa A/T assay with IC50s of 0.20 and 10.4 �M, re-
spectively (Fig. 1).

Screening of a natural-product library yields confirmed hit
compounds specific for individual targets. A compound library
containing over 800 natural products was tested in a high-
throughput format. The screening reactions were very robust
with an average signal-to-background ratio of 65:1 and a per-
cent coefficient of variation of 0.41. The Z= and Z factors across
all plates averaged 0.69 and 0.4, respectively. The initial screen
was conducted as single point assays, and a compound that
inhibited �50% of the poly-Phe synthesis was defined as a hit.
Hit compounds were retested in triplicate for the confirmation of
activity. The confirmed hit compounds were then tested in indi-
vidual specificity assays against each of the four accessory proteins
(EF-Tu, EF-Ts, EF-G, and PheRS) as described in Materials and
Methods. Thirteen compounds were found to be specific for a
single component of the A/T assay (Table 1). Seven of the hit
compounds did not inhibit an accessory protein but did inhibit
poly-Phe synthesis in the biochemical assay, leading us to con-
clude that the likely mechanism of action of these compounds was
direct inhibition of the ribosome itself. The activity of EF-Tu or
EF-Ts was not observed to be affected in the presence of any of the
compounds. The IC50s for these 13 compounds were determined
by serially diluting the compounds from 200 to 0.4 �M in the A/T
assay (Table 1).

Microbiological testing of the confirmed hit compounds.
The 13 confirmed hit compounds were tested in broth microdilu-
tion assays to determine MICs against 10 bacteria (Table 2). The
organisms used in MIC determination were as suggested in CLSI
guidelines plus efflux and hypersensitive mutant strains of E. coli
and P. aeruginosa. Quality control was maintained by testing
against prescribed antibiotics (see Table S1 in the supplemental
material). There was no inhibition of wild-type E. coli observed at

FIG 1 IC50 determination for positive controls in the A/T assay. (A and B) Titrations of spiramycin (A) and fusidic acid (B) in an A/T assay. The concentrations
of spiramycin ranged from 0.02 to 10.0 �M, and the concentration of fusidic was from 4 to 256 �M. The antibiotics were diluted into DMSO, so that the
concentration of DMSO was the same as in the screening assays. Positives were control assays in which there were no antibiotics, and approximately 500 pmol
of phenylalanine were synthesized in these assays. The curve fits and IC50s were determined using XLfit 5.3 (IDBS) as part of Microsoft Excel.
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concentrations below 128 �g/ml by any of the compounds, and
only three compounds inhibited the efflux pump mutant strain of
E. coli. The two Gram-negative bacteria (H. influenzae and M.
catarrhalis) and the three Gram-positive bacteria (E. faecalis, S.
aureus, and S. pneumoniae) were observed to be inhibited in cul-
ture by several of the compounds. Only one compound,
BM09B09, inhibited cultures of wild-type P. aeruginosa and the
efflux pump mutant P. aeruginosa strain at 64 �g/ml. However,
many of the compounds had good activity against the hypersen-
sitive strain of P. aeruginosa. The compounds showing the highest
levels of activity against most of the bacteria were BM03E08,
BM04E04, and BM07F03 (Fig. 2). MIC values of 16 �g/ml were
observed for BM03E08 against E. faecalis, H. influenzae, M. ca-
tarrhalis, and the hypersensitive strain of P. aeruginosa, and an
MIC of 64 �g/ml was determined against S. pneumoniae. Com-
pound BM04E04 exhibited MICs of 16, 8, 32, 1, 8, and 64 �g/ml
against E. coli tolC, E. faecalis, H. influenzae, M. catarrhalis, the
hypersensitive strain of P. aeruginosa, and S. pneumoniae, respec-
tively. MIC values of 2, 32, 16, 16, 16, and 64 �g/ml against E. coli
tolC, E. faecalis, H. influenzae, M. catarrhalis, the hypersensitive
strain of P. aeruginosa, and S. pneumoniae, respectively, were ob-
served for compound BM07F03. These three compounds demon-
strated broad-spectrum activity and were selected for further anal-
ysis.

To determine mode of inhibition of bacterial growth, time-
kill assays were performed using the compounds at 4� the MIC

(Fig. 3). The compounds were tested against cultures of H.
influenzae, a Gram-negative respiratory pathogen and E. faecalis, a
Gram-positive pathogen causing endocarditis, bacteremia, uri-
nary tract infections, meningitis, and other infections in humans.
BM04E04 was observed to be bacteriostatic against both of the
bacteria tested. A �1,000-fold decrease in viable cell counts within
24 h is indicative of bactericidal effects. Bactericidal activity was
achieved upon exposure of BM07F03 to either of the bacterial
growths. BM03E08 exhibited bacteriostatic effects against the
Gram-positive organism E. faecalis; however, it was bactericidal
against H. influenzae.

Activity of the three selected compounds against the specific
target. The molecular target of all three of the lead compounds
was identified as P. aeruginosa PheRS (Table 1). Assays were car-
ried out using the aminoacylation reaction to determine the IC50s
of the compounds against P. aeruginosa PheRS (Fig. 4A to C). The
compounds were serially diluted into reactions from 200 to 0.4
�M, and the IC50s for BM03E08, BM04E04, and BM07F03 were
determined to be 55, 9.6, and 36 �M, respectively. These values are
similar to the IC50s (34, 42, and 33 �M, respectively) determined
in the A/T assays (Fig. 4D to F).

Compounds specifically inhibit bacterial protein synthesis.
An ideal antibacterial compound would show potent inhibition of
its bacterial target but little or no inhibition of the corresponding
eukaryotic system. To test for activity of the three compounds
against eukaryotic protein synthesis, we first assayed for inhibition
using wheat germ cell extract assays. The poly(U) mRNA, yeast
tRNAPhe, [3H]phenylalanine, and Mg2� concentrations were op-
timized for poly-Phe synthesis in the wheat germ cell extract as-
says. The lead compounds were tested, along with a known inhib-
itor of protein synthesis, cycloheximide (35). In these assays
cycloheximide inhibited 80% of the protein synthesis at 30 �M
(21). In contrast, none of the test compounds inhibited protein
synthesis at concentrations up to 100 �M (see Fig. S2A to C in the
supplemental material).

Mitochondria, the organelles present in eukaryotic cells, con-
tains their own protein synthesis system, and this system is subject
to inhibition, leading to cell death (36). PheRS from human mi-
tochondria (hmPheRS) was previously cloned and characterized
(27). To test whether the compounds affected the mitochondrial
homolog of PheRS, they were assayed at concentrations from 0.8
to 200 �M in hmPheRS aminoacylation assays (26). In these as-
says, the activity of hmPheRS was not observed to be affected by

TABLE 1 Confirmed hit compound, component inhibited, and IC50 in
the A/T assay

Compound EF-G PheRS Ribosome IC50 (�M)

BM02F09 X 87
BM02H08 X 52
BM03E08 X 34
BM03F03 X 18
BM03F11 X 0.3
BM04E04 X 42
BM04E05 X 57
BM05E06 X 28
BM06G07 X 13
BM07F03 X 33
BM09B09 X 13
BM10D05 X 40
BM10G05 X 34

TABLE 2 MICs of confirmed hit compounds

Pathogen

MIC (�g/ml)a

02F09 02H08 03E08 03F03 03F11 04E04 04E05 05E06 06G07 07F03 09B09 10D05 10G05

E. coli �128a �128 �128 �128 �128 �128 �128 �128 �128 �128 �128 �128 �128
E. coli tolC mutant 64 �128 �128 �128 �128 16 �128 �128 �128 2 �128 �128 �128
E. faecalis �128 �128 16 �128 �128 8 �128 �128 �128 32 64 �128 �128
H. influenzae 32 32 16 �128 4 32 �128 128 32 16 32 �128 �128
M. catarrhalis 32 �128 16 �128 128 1 128 �128 64 16 �128 128 �128
P. aeruginosa 128 �128 �128 �128 �128 �128 �128 �128 �128 �128 64 �128 �128
P. aeruginosa hypersensitive 4 4 16 128 8 8 128 �128 �128 16 32 �128 �128
P. aeruginosa efflux mutant 128 �128 �128 �128 �128 �128 �128 �128 �128 �128 64 �128 �128
S. aureus 128 �128 128 �128 64 128 128 �128 �128 128 �128 �128 �128
S. pneumoniae 64 128 64 128 128 64 128 �128 �128 64 128 128 �128
a MIC values were determined for each compound in triplicate.
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any of the compounds (see Fig. S2D to F in the supplemental
material).

Mechanism of action for inhibition of PheRS. In a two-sub-
strate reaction, the shift in IC50s with respect to various substrate
concentrations is the product of the shift due to each individual
substrate (37). Therefore, the IC50s for the test compounds were
determined using the aminoacylation assay at various concentra-
tions of ATP or Phe to determine the mechanism of action of the
inhibitor relative to ATP and the amino acid. The mechanism of
the inhibition for P. aeruginosa PheRS with respect to ATP was
determined at various ATP concentrations (25, 50, 100, 250, 500,
and 1,000 �M) ranging from 8-fold below to 5-fold above the Km

(26). The IC50s for each of the three compounds increased with
increasing ATP concentration (Fig. 5A to C), which is character-
istic of a competitive inhibitor (37). To determine the mechanism
of inhibition with respect to the amino acid, the same assay was
used, except ATP was held constant at saturating concentrations
(2.5 mM), and the IC50 was determined at different concentra-
tions of Phe (25, 50, 100, 200, and 300 �M). The Phe concentra-
tions ranged from �2-fold below to 6-fold above the Km (26). The
IC50s for interaction of BM03E08 with Phe decreased with in-
creasing Phe concentration (Fig. 5D), which is characteristic of an
uncompetitive inhibitor. For the PheRS aminoacylation assay
with inhibitors that are phenylalanine uncompetitive and ATP
competitive, the relationship is as follows: IC50 � (1 � [ATP]/

Km
ATP)(1 � Km

Phe/[Phe])Ki (37). The IC50s for interaction of
BM04E04 with Phe increased with increasing Phe concentration
(Fig. 5E), which is characteristic of a competitive inhibitor. For the
PheRS aminoacylation assay with inhibitors that are competitive
with ATP and phenylalanine, the relationship is as follows: IC50 �
(1 � [Phe]/Km

Phe)(1 � [ATP]/Km
ATP)Ki (37). There was no ap-

parent increase or decrease in the IC50s for interaction of
BM07F03 with Phe, which is characteristic of a noncompetitive
inhibitor (Fig. 5F). For the PheRS aminoacylation assay with in-
hibitors that are competitive with ATP and noncompetitive with
phenylalanine, the presence of the noncompetitive inhibitor does
not interfere with the competitive inhibition of ATP and the rela-
tionship is as follows: IC50 � (1 � [ATP]/KM

ATP)Ki (37). These
equations were used to calculate Ki for the hit compounds with
IC50s determined at 100 �M Phe and 2.5 mM ATP. In multiple
determinations, BM03E08, BM04E04, and BM07F03 had mean Ki

values of 2.75, 0.23, and 2.67 �M when tested against P. aeruginosa
PheRS. Characterization of BM03E08 was not considered further
for reasons indicated in the Discussion.

MMS assays. Macromolecular synthesis (MMS) assays can be
used to determine the global mechanism of action of an inhibitor
on the growth of bacteria. MMS assays were carried out with the
test compounds to determine whether the RNA, DNA, cell wall, or
protein synthesis was inhibited in bacterial cultures. Assays were
carried out in cultures of E. faecalis. Compared to tetracycline, a
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FIG 2 Chemical structures of BM03E08 (A), BM04E04 (B), and BM07F03 (C). The chemical structure information for these compounds is available at the
ChemSpider website through the substance identifier numbers 5257113, 2743198, and 4526121, respectively.

FIG 3 Time-kill kinetics against selected bacteria. The activity of the hit compounds against growths of H. influenzae (A) and E. faecalis (B) was determined.
Compounds were added to bacterial cultures at 4� the MIC. Samples were analyzed by plating and determination of the CFU at 0, 2, 4, 6, and 24 h. Filled triangles
(Œ) represent cultures containing BM04E04, filled diamonds (}) represent cultures containing BM03E08, and filled squares (�) represent cultures containing
BM07F03. Filled circles (�) represent control cultures grown in the absence of compounds.
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known inhibitor of protein synthesis, both BM04E04 and
BM07F03 were shown to inhibit protein synthesis (Fig. 6A) at
concentrations near the previously determined MIC for each
compound (see Table 2). In the time-kill assays described above,
BM07F03 was shown to be bactericidal and in agreement prefer-
entially inhibited protein synthesis in MMS assays in E. faecalis
with an IC50 of �8.0 �g/ml (Fig. 6B). Measurements from the
inhibition plots of the precursor incorporation assays resulted in
IC50s of �32 �g/ml for the synthesis of RNA and DNA and for cell
wall synthesis. This indicates that BM07F03 is a specific inhibitor
of protein synthesis in the cell. The decreases in the synthesis of
RNA, DNA, and cell wall at high compound concentrations seen
in Fig. 6B represent indirect effects of the inhibition of protein
synthesis. Alternatively, BM04E04 was observed to be bacterio-
static in time-kill experiments, and the expected result is the in-
duction of the stringent response (38). Upon induction of the
stringent response, RNA and DNA macromolecular synthesis
ceases at the same rate as protein synthesis (39, 40). Also, in agree-
ment, when compound BM04E04 was tested in the same MMS
assays multiple times, we could not discriminate the inhibition of
protein synthesis from that of RNA, DNA, or cell wall synthesis
(data not shown).

Human cell cultures are affected at high concentrations of
compounds. To test for cytotoxicity in human cell lines, HEK-293
cells were dosed with either a control compound, staurosporine,
or with the hit compounds BM04E04 and BM07F03 (Fig. 7). Stau-

rosporine is a potent protein kinase inhibitor that is characteristi-
cally used as a control inhibitor of cell cultures (41). The control
staurosporine was serial diluted in assays from 1 to 0.001 �g/ml,
and the IC50 was determined to be 0.003 �g/ml. The test com-
pounds were diluted in assays from 800 to 25 �g/ml. The IC50s for
BM04E04 and BM07F03 were determined to be 170 and 80 �g/ml,
respectively. This represents 57,000- and 27,000-fold increases in
the IC50 compared to the control staurosporine, indicating that
substantially greater concentrations of the test compounds can be
tolerated by this cell line without causing cytotoxic effects.

DISCUSSION

The results presented here show that a coupled A/T system
constructed using purified components from P. aeruginosa is
functional in poly-Phe synthesis and can be used to screen for
compounds that inhibit protein synthesis in bacteria in a high-
throughput format. We have used this system to screen a nat-
ural-compound library containing 800 compounds and iden-
tified three compounds that are bacterial protein synthesis
inhibitors. Specificity screening identified PheRS as the molecular
target in the A/T assay of the three compounds. When assayed in
the presence of test compounds the activity of P. aeruginosa PheRS
was reduced in a dose-dependent manner. The compounds iden-
tified in the A/T screen were subjected to microbiological assays in
which they displayed various levels of activity against a broad-
spectrum of pathogenic organisms. MIC determination indicated

FIG 4 IC50 determination for hit compounds in the aminoacylation assay compared to IC50s determined in the A/T assay. Titrations of BM03M08 (A), BM04E04
(B), and BM07F03 (C) in the aminoacylation assay were performed. The compound concentrations ranged from 0.4 to 200 �M. Titrations of BM03M08 (D),
BM04E04 (E), and BM07F03 (F) in the A/T assay were performed. The concentrations ranged from 5 to 275 �M. Positives were control assays in which there were
no compound. The curve fits and IC50s were determined using XLfit 5.3 (IDBS) as part of Microsoft Excel.
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that the compounds had little inhibitory effect against E. coli and
P. aeruginosa activity or against the efflux mutant forms of these
bacteria. The compounds did exhibit good activity against the
hypersensitive strain of P. aeruginosa, suggesting that the lack of
activity against the wild-type strains may not be the result of ef-
flux. There were, however, inhibitory effects against other Gram-
negative organisms, including H. influenzae and M. catarrhalis. In

particular, the three compounds showed good activity against the
respiratory pathogen H. influenzae. All three compounds showed
mixed levels of activity against the Gram-positive bacteria.

It is worth mentioning that only one compound exhibited in-
hibitory activity against the wild-type strain of P. aeruginosa.
BM09B09 inhibited P. aeruginosa with an MIC of 64 �g/ml and
had an IC50 in the P. aeruginosa A/T assay of 13 �M. Unfortu-

FIG 5 Determination of the mechanism of action of the hit compounds relative to ATP and phenylalanine. IC50s were determined by using aminoacylation
assays. The final compound concentrations in the IC50 reactions ranged from 0.4 to 200 �M. In assays to determine competition with ATP, the phenylalanine
concentration was fixed at 100 �M. IC50s were determined for BM03E08 (A), BM04E04 (B), and BM07F03 (C) at six different ATP concentrations (25, 50, 100,
250, 500, and 1000 �M). In assays to determine competition with phenylalanine the ATP concentration was fixed at 2.5 mM. IC50s were determined for BM03E08
(D), BM04E04 (E), and BM07F03 (F) at five different Phe concentrations (25, 50, 100, 200, and 300 �M).

FIG 6 Macromolecular synthesis (MMS) in E. faecalis. (A) Compounds BM04E04 (}) and BM07F03 (�) are compared to an inhibitor of protein synthesis,
tetracycline (�). (B) Compound BM07F03 was tested in MMS assays to determine the effect on protein (�), RNA (Œ), DNA (�), and cell wall (}) synthesis.
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nately, we have not been able to locate sources from which to
acquire sufficient amounts of this compound to carry out addi-
tional testing.

In time-kill assays BM07F03 was shown to have excellent bac-
tericidal activity against H. influenzae and E. faecalis. On the other
hand, BM04E04 was bacteriostatic against both Gram-positive
and Gram-negative pathogens. BM03E08 appeared to be bacteri-
cidal against Gram-negative organisms and bacteriostatic against
Gram-positive organisms. Inhibition of the aminoacylation activ-
ity of an aaRS likely leads to amino acid starvation in protein
biosynthesis, which can elicit the stringent response resulting in
static bacterial growth, but not necessarily killing of bacteria (38).
However, many aaRS proteins have secondary roles and func-
tions; this is particularly true with eukaryotic aaRS, but it has also
been observed in bacteria (42). PheRS has been shown to contain
domains not specific for tRNA aminoacylation that may be linked
to binding certain regions of DNA. Cell death (bactericidal activ-
ity), as seen with BM07F03, may result from inhibition of a sec-
ondary function contained within these structural regions of
PheRS (43, 44). Interestingly, BM03E08 showed bactericidal ac-
tivity against Gram-negative bacteria, whereas bacteriostatic
activity was observed against Gram-positive bacteria. This phe-
nomenon has also been observed with the use of phenyl-thiazoly-
lurea-sulfonamides, a PheRS inhibitor, in which the stringent re-
sponse was induced by administration of the compound in certain
Gram-positive bacteria; however, in susceptible Gram-negative
bacteria a bactericidal effect was observed (45, 46).

Previously, we developed the 16-membered macrolides, spira-
mycin and tylosin, as controls for the E. coli A/T system in which
they exhibited IC50s of 0.022 and 0.038 �M, respectively. In the P.
aeruginosa A/T system, IC50s of 0.31 and 0.20 �M were deter-
mined for these two macrolides, respectively, which is 1 order of
magnitude higher. During the earlier work, we also tested fusidic
acid as a control antibiotic against the E. coli A/T system; however,
only low levels of inhibition were observed as fusidic acid was
titrated at levels up to 1 mM (data not shown). Assuming similar
results would be observed in the P. aeruginosa A/T system, we were
surprised to find that fusidic acid inhibited protein synthesis in
this system with an IC50 near 10 �M. There are two forms of EF-G

(the target of fusidic acid) present in P. aeruginosa but only one
(EF-G1B) functions in the elongation phase of protein synthesis
(25). EF-G1B was the form of EF-G used in the P. aeruginosa A/T
assay. In E. coli only one form of EF-G is present and is functional
in both elongation and ribosome recycling. The specificity of
EF-G in P. aeruginosa may account for the increased inhibitory
effect observed for fusidic acid against P. aeruginosa protein syn-
thesis compared to that of E. coli.

Many natural products have been previously identified and
studied to different extents and natural-product libraries that are
available contain many of these compounds, as well as com-
pounds that have not been investigated. The compound library
investigated here is no exception and contains both known and
unknown compounds. BM03E08 is a compound known as acetyl
isogambogic acid and is a member of a group of compounds
known as caged Garcinia xanthones, which is a family of plant
metabolites isolated from a variety of Garcinia trees (47). Gam-
bogic acid has been shown to have both anticancer and anti-infec-
tive properties. This compound has been shown to affect growth
of cancer cells in multiple ways against multiple targets, including
gene regulation, as an antiapoptosis agent, by inducing produc-
tion of reactive oxygen species, and as a cell cycle modifier. This
compound has also been shown to inhibit bacterial growth, in
particular Gram-positive; however, the mechanism of action is
unknown (47). We have shown here that at least one target in
bacteria is PheRS. A compound that inhibits a number of bio-
chemical activities may be classified as a “promiscuous” com-
pound (48), and its usefulness as a drug candidate may be limited.
This compound will not be pursued further.

BM04E04 has been identified as a compound named leoidin,
which is a metabolite obtained from lichens. There is a limited
amount of information available for this compound. We searched
the PubChem BioAssay database for the biological activity and
found one assay, AID 894 from the NIH Molecular Libraries
Screening Center Network, which reported a low level of inhibi-
tion of human HPGD (15-hydroxyprostaglandin dehydroge-
nase). Another set of assays, AID 977600-1 and AID 977603-4
from an unknown depositor, reported low to moderate levels of
inhibition of sodium fluorescein uptake in OATP1B1- or
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FIG 7 Determination of the toxicity of the hit compounds BM04E04 and BM07F03 relative to the control staurosporine in mammalian cell cultures. MTT assays
were performed with the indicated dose of drug for 24 h under standard tissue culture conditions as described in Materials and Methods. (A) The control
staurosporine concentration ranged from 0.001 to 1 �g/ml in these assays. The hit compound BM04E04 (B) and BM07F03 (C) concentrations ranged from 25
to 800 �g/ml in these assays. The data points represents an average value of assays carried out in triplicate.
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OATP1B3-transfected CHO cells. Information for this com-
pound is available in the PubChem Substance and Compound
database through the unique chemical structure identifier CID
3503223. We will pursue a structure-activity relationship (SAR)
analysis of this compound to improve potency.

Finally, BM07F03 has been identified as 2=4=-dihydroxychal-
cone, a flavonoid isolated from certain leguminous plants (49).
Derivatives of this compound have shown inhibitory effects
against gastric cancer (50), and in some cases this compound has
been shown to have synergistic effects on the activity of antibiotics
(nalidixic acid and oxacillin) against both E. coli and S. aureus (51,
52). Information for this compound is available in the PubChem
Substance and Compound database through the unique chemical
structure identifier CID 5376979. We will also continue to en-
hance the potency of this compound through SAR development.

To proceed in developing these natural-product compounds
as drug candidates will require in depth studies. During follow-up
studies, these compounds will be subjected to further medicinal
chemistry optimization to maximize antibacterial activity and the
development of an SAR series based on each compound. We
would like to reduce the IC50s in the A/T protein synthesis system
to the nanomolar range and decrease the MICs against our panel
of bacteria. The cytotoxicity at high concentration is an issue, and
promising derivatives of these compounds will be tested in cell
cultures.
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