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Recently, we identified aminothiazole derivatives of GE2270 A. These novel semisynthetic congeners, like
GE2270 A, target the essential bacterial protein elongation factor Tu (EF-Tu). Medicinal chemistry optimi-
zation of lead molecules led to the identification of preclinical development candidates 1 and 2. These
cycloalklycarboxylic acid derivatives show activity against difficult to treat Gram-positive pathogens and
demonstrate increased aqueous solubility compared to GE2270 A. We describe here the in vitro and in vivo
activities of compounds 1 and 2 compared to marketed antibiotics. Compounds 1 and 2 were potent against
clinical isolates of methicillin-resistant Staphylococcus aureus and vancomycin-resistant enterococci (MIC90 <
0.25 �g/ml) but weaker against the streptococci (MIC90 > 4 �g/ml). Like GE2270 A, the derivatives inhibited
bacterial protein synthesis and selected for spontaneous loss of susceptibility via mutations in the tuf gene,
encoding EF-Tu. The mutants were not cross-resistant to other antibiotic classes. In a mouse systemic infection
model, compounds 1 and 2 protected mice from lethal S. aureus infections with 50% effective doses (ED50) of
5.2 and 4.3 mg/kg, respectively. Similarly, compounds 1 and 2 protected mice from lethal systemic E. faecalis
infections with ED50 of 0.56 and 0.23 mg/kg, respectively. In summary, compounds 1 and 2 are active in vitro
and in vivo activity against difficult-to-treat Gram-positive bacterial infections and represent a promising new
class of antibacterials for use in human therapy.

Infectious diseases are a major cause of global morbidity and
mortality. One of the challenges in adequately treating infec-
tious diseases results from the continuous pressure for selec-
tion of drug-resistant strains of pathogens, whether due to the
overuse or the misuse of antibiotics in animals and humans or
resulting from competition among organisms in other environ-
mental niches. Therefore, an important goal in anti-infective
drug discovery is to identify new modalities that are targeted
particularly at pathogens that exhibit clinically relevant resis-
tance to marketed antibacterials.

In developed countries, Gram-positive organisms such as
methicillin-resistant and vancomycin-resistant Staphylococcus
aureus (MRSA and VRSA, respectively) and vancomycin-re-

sistant enterococci (VRE) represent key pathogens with re-
spect to incidence of infection, attributable morbidity, and
resistance factors undermining standard antibiotic therapy.
Several options currently exist to treat diseases caused by these
organisms, including linezolid, daptomycin, and tigecycline,
and there are a few agents in late-stage development that may
also address MRSA and an expanded Gram-positive spectrum
(4). However, the antibacterials in later stage development do
not represent new drug classes, and therefore new modalities
to treat Gram-positive infections in humans are still needed
(2).

To address the need for novel chemical classes with new
mechanisms of action and no cross-resistance with existing
drugs, we screened a library of synthetic compounds, pure
natural products and microbial extracts for antibacterial activ-
ity against the methicillin- and glycopeptide-resistant S. aureus
strain Mu50 (11, 15, 23). The thiopeptide GE2270 A, a known
inhibitor of bacterial elongation factor Tu (1, 16), was identi-
fied as an antibacterial hit (�50% growth inhibition at 4 �M)
in the assay (20). Clough et al. (6) synthesized analogs of
GE2270 that retained good antibacterial activity (6), but these
compounds saw limited use as topical agents for treating acne
(VIC-ACNE) (5). Accordingly, we began our own discovery
efforts toward identifying GE2270 A derivatives suitable for
parenteral administration. These efforts culminated in the
identification of new derivatives containing 4-aminothiazolyl
substitution at the C-16 position of GE2270 A (13). These new
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derivatives retained activity against Gram-positive pathogens
and represented a starting point for lead optimization in an
effort to identify systemically delivered development candi-
dates with improved aqueous solubility and potent in vitro and
in vivo antibacterial activities (13).

Compounds 1 and 2 are semisynthetic derivatives of the
4-aminothiazolyl class of thiopeptides (Fig. 1) (13, 15). The
compounds contain a cyclohexyl carboxylic acid moiety in
the C-16 side chain, were found to be significantly more soluble
and chemically stable than the natural product GE2270 A, and
retain excellent in vitro potency (13). We describe here the
expanded in vitro antibacterial profiling of these compounds
against �200 key Gram-positive strains (including recent clin-
ical isolates), the mechanisms of antibacterial action and loss
of susceptibility, and the in vivo efficacy of these derivatives in
acute mouse models of bacterial infection. These drug discov-
ery efforts collectively reinforce the beneficial resource of nat-
ural products as excellent sources of valuable chemical and
biological starting points for new drugs and drug targets.

MATERIALS AND METHODS

Organisms. The bacterial strains used in the present study were from the
Novartis culture collection and The Network on Antimicrobial Resistance in
Staphylococcus aureus (kindly provided by Eurofins Medinet, Chantilly, VA), as
well as from clinical sources throughout North America and Europe, acquired
between 2000 and 2010. The identities of the bacterial strains were confirmed
using the API identification system (bioMérieux, Durham, NC) as follows:
Gram-negative rods with the API 20E system, enterococci and streptococci with
the API 20 Strep, and staphylococci with the API Staph system. The oxacillin
broth MICs were �8 �g/ml for all of the MRSA strains used in this study. All
isolates were stored in Mueller-Hinton broth (MHB; Remel, Lenexa, KS) plus
20% glycerol and frozen at �80°C until use.

Antibiotics. Compounds 1 and 2 were synthesized and characterized according
to published methods (2, 13; M. J. LaMarche, S. Bushell, M. Patane, and L.
Whitehead, U.S. patent application US20090156628). Tetracycline, ampicillin,
and puromycin were purchased from the Sigma-Aldrich Chemical Company, St.
Louis, MO; vancomycin and azithromycin were purchased from US Pharmaco-

peia, Rockville, MD. Linezolid was obtained from Pharmacia and Upjohn (now
Pfizer) as Zyvox and was extracted and purified to obtain the pure parent drug.
Daptomycin was purchased as Cubicin from Cubist Pharmaceuticals, Inc., Lex-
ington, MA.

In vitro susceptibility testing. Antimicrobial susceptibilities (MICs) of test
agents were determined by broth microdilution methods as recommended by the
Clinical and Laboratory Standards Institute (7).

Mammalian cytotoxicity testing. The dose-dependent effects of test agents
on mammalian cell viability were assessed by measuring the metabolic activity
in K562 (American Type Culture Collection [ATCC], CCL-243), HEK293
(ATCC, CRL-1576), and HepG2 (ATCC, HB-8065) cell populations after
treatment with compounds for 72 h. Cells were cultured and assayed in the
presence of 10% fetal bovine serum. Reduction and cleavage of WST-1
(Roche, Mannheim, Germany), a tetrazolium salt reagent, to formazan by
NAD-dependent dehydrogenases was monitored spectrophotometrically
(A450). Puromycin, a nonselective protein synthesis inhibitor and potent
mammalian cytotoxin, was included as a positive control (8). Cytotoxic values
were calculated from dose responses and represent the concentration that
caused a 50% decrease in cell viability (CC50) (3).

In vitro transcription and translation assays. The Escherichia coli S30 extract
system for circular DNA (Promega catalog no. L1020) was used according to the
recommendations of the manufacturer with slight modifications. Reaction mix-
tures (20 �l) were incubated with compounds for 2 h at 37°C. The formation of
luciferase was measured by adding an equal volume of Steady-Glo luciferase
reagent (Promega catalog no. 27104), and emitted light was detected with a
luminometer. Kirromycin and puromycin, which are known to be protein syn-
thesis inhibitors, were used as positive controls. Ampicillin was used as a negative
control. A rabbit reticulocyte TnT Quick-Coupled transcription/translation sys-
tem (Promega catalog no. L1170) was used as recommended by the manufac-
turer except that the assay volumes were scaled down from 50 to 20 �l.

Macromolecular synthesis assay. Inhibition of individual macromolecular bio-
synthetic pathways by test compounds was monitored in mid-exponential-phase
cultures of S. aureus (ATCC 29213) by measuring the incorporation of the
radiolabeled precursors into trichloroacetic acid (TCA)-precipitable material.
[3H]thymidine, [3H]uridine, [3H]leucine, and [3H]acetic acid were purchased
from Perkin-Elmer (Billerica, MA); 3H-labeled N-acetylglucosamine was pur-
chased from American Radiolabeled Chemicals, Inc.

S. aureus were incubated with compounds and/or precursors in M79T medium
for 45 min at 37°C. Samples were precipitated with 20% TCA, harvested, and
counted on a Trilux 1450 (Perkin-Elmer) for 1 min per well. The 50% inhibitory
concentration (IC50) reported was the concentration of compound (extrapolated
from the four-parametric fit curve) that caused 50% inhibition of radiolabel

FIG. 1. Chemical structures of the antibiotic natural product GE2270 A and the 4-aminothiazolyl analogs 1 and 2.
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incorporation. Each experiment was performed three times, with duplicates, per
test agent.

Selection for spontaneous, single-step mutants. Multiple strains of S. aureus,
E. faecalis, or E. faecium were grown to saturation (ca. 1010 CFU/ml) and
concentrated 10-fold by centrifugation, and then 1 ml of each cell suspension was
spread onto selection plates containing test agents. Selection plates were incu-
bated for 48 h at 37°C. The resistance frequency was defined as the number of
colonies selected divided by the total CFU plated. Mutants were suspended in
MHB or in brain heart infusion plus 20% glycerol and frozen at �80°C.

Genetic characterization of mutants. PCR primers specific for S. aureus tufA,
E. faecalis tuf, and E. faecium tufA and tufB were used to amplify tuf genes from
representative single-step mutants and isogenic parental strains. Amplified frag-
ments were sequenced by Agencourt (Beverly, MA), and sequences were aligned
by using CLUSTAL W.

Mouse systemic infection model. The studies conducted were approved by the
Institutional Animal Care and Use Committee of the Novartis Institutes for
BioMedical Research, Inc., Cambridge, MA. Animals were maintained under
controlled conditions with free access to food and water. Female CD1 mice (21
to 25 g; Charles River Laboratories, Wilmington, MA) were used for infections
with S. aureus ATCC 49951 and E. faecalis NB04025, a clinical isolate from the
Novartis bacterial collection that is resistant to erythromycin, tetracycline, and
gentamicin (courtesy of B. Willinger, Vienna General Hospital, Vienna, Aus-
tria). Lethal infections were induced by intraperitoneal injection of a freshly
prepared bacterial suspension of 108 CFU/mouse in either 50% sterile rat fecal
extract (E. faecalis) or 0.9% NaCl (S. aureus). The injected bacterial inocula
corresponded to 10 to 100 times the minimal lethal dose as determined from
previous lethal dose titration studies. Therapies for E. faecalis infections were
initiated immediately following the bacterial inoculation, whereas for S. aureus
infections, the therapies were initiated 1 h after infection. A second dose was
given at 5 h postinfection. Compound 1 was formulated in ethanol (5%), PEG
400 (20%), 0.1 M NH4OH (10%), solutol (50%), and 0.05 M pH 4.63 buffer
(15%). Compound 2 was formulated in ethanol (5%), PEG400 (20%), 0.1 M
NH4OH (5%), solutol (50%), and 0.05 M pH 4.63 buffer (20%). Daptomycin was
formulated in saline. Compounds were administered via tail vein bolus injection
at several dose levels to groups of six mice each. Control animals received vehicle
alone. Following the inoculations the mice were observed for 5 days. In addition,
body temperatures were monitored by electronic microtransponders (Bio Medic
Data Systems, Inc., Seaford, DE) that were implanted in mice subcutaneously
prior to infection. The 50% effective dose (ED50), the dose providing protection
to 50% of mice, and the 95% confidence intervals (95% CI) were calculated from
the survival data at day 5 by probit analysis using the program Systat (SPSS, Inc.).

RESULTS

Antibiotic profiles of compounds 1 and 2. The thiopeptide
derivatives compounds 1 and 2 were assayed for their MICs
against a panel of Clinical and Laboratories Standards Insti-
tute reference strains (Table 1). Both compounds exhibited
potent activities against the Gram-positive strains tested and
were ineffective against the Gram-negative strains (Table 1).
This spectrum is consistent with that observed for natural
product GE2270 A (Table 1) (10, 12), from which compounds

1 and 2 were derived (13, 15). The thiopeptides were more
potent than the marketed antibiotics against the E. faecalis and
S. aureus reference strains tested. The potencies of compounds
1 and 2 were generally weaker than the marketed antibiotics
against the S. pneumoniae reference strain tested.

In order to assess the selectivity of the thiopeptide deriva-
tives for bacteria over mammalian cells, compounds 1 and 2
were tested for cytotoxicity against three transformed mamma-
lian cell lines as described in Materials and Methods. The
concentrations of test agents that reduced cell culture viabili-
ties by 50% (CC50) are shown in Table 1. The data demon-
strate that compounds 1 and 2 exhibited greater potency
against bacterial cells than against mammalian cell lines, with
the K562 cell line being the most sensitive to the thiopeptides.
The observed lack of potency of GE2270 A against the mam-
malian cell lines may be due in part to poor solubility of the
natural product, since precipitates were observed when assay-
ing this molecule for cytotoxicity.

In vitro activity against an expanded panel of clinical iso-
lates. The activities of the cyclohexylcarboxylic acid thiopep-
tide derivatives and marketed agents against 183 strains of
aerobic Gram-positive bacteria, including recent clinical iso-
lates, were determined by standard MIC testing as described in
Materials and Methods. Compounds 1 and 2 exhibited potent
activities against both hospital- and community-associated me-
thicillin-resistant S. aureus (MRSA and CA-MRSA) isolates
(MICs for 90% of strains [MIC90s] of 0.25 �g/ml) (Table 2).
Against a small collection of recent vancomycin-resistant iso-
lates, the MICs of both compounds were �0.125 �g/ml. The
thiopeptide derivatives were more potent than vancomycin,
linezolid, and daptomycin against the S. aureus strains tested.
Relative to the marketed agents, the thiopeptide derivatives
exhibited excellent activities (MIC90s � 0.125 �g/ml) against
E. faecalis and E. faecium, including VRE strains. Compounds
1 and 2 were less potent than the marketed agents against S.
pyogenes and S. agalactiae (MIC90s of 8 and 4 �g/ml, respec-
tively). These data are consistent with weak activities observed
for a related derivative of GE2270 A against S. pneumoniae
(6).

Effect of compounds 1 and 2 on in vitro translation. The
activities of compounds 1 and 2, along with the mechanistically
and structurally unrelated prokaryotic EF-Tu inhibitor kirro-
mycin (24), were measured in a pair of in vitro assays which
monitor translation of the indicator protein luciferase in an E.

TABLE 1. Antibiotic profiles of compounds 1 and 2

Test agent

MIC (�g/ml) CC50 (�g/ml)

E. faecalis
ATCC 29212

S. aureus
ATCC 29213

S. pneumoniae
ATCC 49619

E. coli ATCC
25922

K. pneumoniae
ATCC 700603

P. aeruginosa
ATCC 27853 K562 HEK293 HepG2

GE2270 A 0.5 0.5 0.5 �64 �64 �64 �128 �128 �128
Compound 1 0.06 0.06 4 �32 �32 �32 6.27 53.68 46.94
Compound 2 0.25 0.125 1 �32 �32 �32 8.85 29.63 42.6
Tetracycline 32 0.5 0.25 1 16 16 61.1 �128 �128
Vancomycin 4 0.5 0.125 ND ND ND �64 �64 �64
Linezolid 2 2 1 ND ND ND �128 �128 �128
Daptomycin 4 0.5 �0.25 ND ND ND �128 �128 �128
Puromycin NDa ND ND ND ND ND 0.3 0.29 0.94
Azithromycin 1 1 0.06 4 ND �16 96.7 61.1 21.7

a ND, not determined.

VOL. 55, 2011 IN VITRO AND IN VIVO ACTIVITY OF NOVEL THIOPEPTIDES 5279



coli cell lysate or rabbit reticulocyte lysate, as described in
Materials and Methods.

Addition of the bacterial EF-Tu inhibitor kirromycin at 10
�M resulted in a 97.9% inhibition of luciferase production in
the prokaryotic system, and yet the same concentration of
compound had no effect in the eukaryotic system. This selec-
tivity was also seen with the bacterial EF-Tu inhibitor GE2270
A at 40 �M, with 97.5% inhibition of luciferase production in
the prokaryotic system and 8.9% in the eukaryotic system.
Compounds 1 and 2 displayed the same selectivity as GE2270
A and kirromycin. At 40 �M, compounds 1 and 2 inhibited the
prokaryotic system (96.2 and 89.6% inhibition, respectively)

but showed little effect in the eukaryotic system (8.8 and 13.0%
inhibition, respectively). The nonselective protein synthesis in-
hibitor puromycin at a concentration of 10 �M inhibited pro-
tein synthesis in both systems by 97.8 and 95.2%. The bacterial
cell wall synthesis inhibitor ampicillin had no significant effect
at 40 �M in either cell-free translation system.

Effect of compounds 1 and 2 on macromolecular biosynthe-
sis in S. aureus. In order to determine the effect of compounds
1 and 2 on macromolecular synthesis in intact bacterial cells, S.
aureus ATCC 29213 cultures were treated with the test agents
in the presence of radiolabeled precursors of essential macro-
molecules. Table 3 shows the average IC50s, from three inde-

TABLE 2. In vitro activities of compounds 1 and 2 against Gram-positive isolates

Organism (no. of isolates) Test agent
MIC (�g/ml)

Range MIC50 MIC90

Staphylococcus aureus, methicillin resistant (42) Compound 1 0.06–0.25 0.125 0.25
Compound 2 �0.03–0.25 0.125 0.25
Linezolid 0.5–64 4 4
Vancomycin 0.5–2 1 2
Daptomycin 0.125–2 0.5 1

Staphylococcus aureus, CA-MRSAa (25) Compound 1 0.06–0.25 0.125 0.25
Compound 2 0.06–0.25 0.125 0.25
Linezolid 2–8 4 8
Vancomycin 0.5–2 1 1
Daptomycin 0.5–2 1 2

Staphylococcus aureus, vancomycin resistant (6) Compound 1 0.06–0.125 NCb NC
Compound 2 �0.03–0.125 NC NC
Linezolid 1–2 NC NC
Vancomycin �64 NC NC
Daptomycin 0.125–0.5 NC NC

Enterococcus faecium (38) Compound 1 �0.03–0.25 0.125 0.125
Compound 2 �0.03–0.06 �0.03 0.06
Linezolid 1–16 2 16
Vancomycin 0.5–�64 �64 �64
Daptomycin 0.125–16 8 16

Enterococcus faecalis (31) Compound 1 0.06–0.125 0.125 0.125
Compound 2 �0.03–0.125 0.06 0.125
Linezolid 1–16 2 4
Vancomycin 1–�64 2 �64
Daptomycin 2–8 4 8

Enterococcus spp., vancomycin resistant (30) Compound 1 0.06–0.125 0.06 0.125
Compound 2 �0.03–0.06 �0.03 0.06
Linezolid 1–16 2 16
Vancomycin 64–�64 �64 �64
Daptomycin 0.5–16 8 16

Streptococcus pyogenes (20) Compound 1 2–8 4 8
Compound 2 0.5–4 1 4
Linezolid 0.5–1 1 1
Vancomycin 0.125–0.5 0.25 0.25
Daptomycin �0.03–0.125 0.06 0.06

Streptococcus agalactiae (20) Compound 1 4–8 4 8
Compound 2 1–8 2 4
Linezolid 0.5–2 1 1
Vancomycin 0.25 0.25 0.25
Daptomycin 0.25–0.5 0.25 0.5

a CA-MRSA, community-acquired methicillin-resistant S. aureus obtained from F. Perdreu-Remington and characterized by pulsed-field gel electrophoresis and by
determination of the SCCmec gene sequence.

b NC, not calculable (MIC50 and MIC90 values cannot be calculated when n � 10).
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pendent replicates, for protein synthesis (measured by leucine
incorporation) conferred by the two thiopeptide derivatives, and
the protein synthesis inhibitor erythromycin. Treatment with
compounds 1 and 2, like the protein synthesis inhibitor erythro-
mycin, resulted in inhibition of incorporation of radiolabeled leu-
cine into proteins at a fraction of the concentration of that re-
quired to inhibit any of the other biosynthetic pathways tested.
The correlation between MICs and IC50s for the inhibition of
cellular protein synthesis (MIC of erythromycin is � 0.25 �g/ml
against S. aureus) supports the mechanism of antibacterial activity
of compounds 1 and 2 via the inhibition of translation.

Mechanism of reduced susceptibility to compounds 1 and 2.
To characterize the frequencies with which bacteria having
reduced susceptibility to compounds 1 or 2 are selected on the
respective compounds in vitro and to understand the molecular
mechanisms by which these reduced susceptibilities occur, S.
aureus, E. faecalis, and E. faecium strains were exposed to
superinhibitory concentrations (4 to 16 � the MIC) of the
compounds. Eighteen strains of S. aureus, including 10 MRSA
and 5 VRSA, seven strains of E. faecalis, including 3 VRE, and
14 strains of E. faecium, including seven VRE, were selected
on compounds 1 and 2. Mutants could be selected on all strains
of E. faecalis and E. faecium and on 14 and 11 strains of S.
aureus with compounds 1 and 2, respectively. Single-step mu-
tants of S. aureus were selected on compounds 1 and 2 at
frequencies in the ranges of 5.6 � 10�9 to �1.6 � 10�11 and
2 � 10�9 to 6.6 � 10�11, respectively. Single-step mutants of E.
faecalis were selected on compounds 1 and 2 at frequencies in

the ranges of 1.1 � 10�8 to 2.1 � 10�9 and 3.1 � 10�9 to 1.2 �
10�9, respectively, and single-step mutants of E. faecium were
selected on compounds 1 and 2 at frequencies of 5.5 � 10�8 to
2.6 � 10�9 and 7.8 � 10�8 to 1.8 � 10�9, respectively. All
mutants expressed EF-Tu with substitutions in Gly257 or
Gly275 (E. coli residue numbering). These residues are homol-
ogous to residues G257 and G275 in E. coli EF-Tu, which
reside in the thiopeptide binding pocket of the enzyme and in
which amino acid changes were identified in GE2270 A-resis-
tant E. coli EF-Tu (21, 25). Two tuf genes are found in E.
faecium, but changes associated with decreased susceptibility
were limited to the tufA gene. A subset of the mutants that
were selected was analyzed for antibacterial susceptibility in
comparison to the parental strains (Table 4).

The data demonstrate that selected mutations were associ-
ated with increases in thiopeptide MICs (8- to �512-fold). No
increases in sensitivities of the thiopeptide-selected strains to
structurally or mechanistically unrelated antibacterials were
observed. However, one strain of VRE, E. faecium (NB05001),
consistently lost the vancomycin-resistant phenotype when se-
lected on compound 1, including selections performed by serial
passage (S. Mullin and J. A. Leeds, unpublished data). The
mechanism of this phenotypic reversion is under investigation.

Some of the mutants selected on the thiopeptide analogs
had a greater loss in susceptibility to the novel analogs than to
GE2270 A. Previous studies demonstrated that GE2270 A
bound to EF-Tu with higher affinity than compounds 1 or 2 and
had similar binding kinetics to the GDP and GTP forms of
EF-Tu, whereas the analogs bound more weakly to the GDP
form (9). One hypothesis is that differences in binding kinetics
among the compound-mutant pairs may explain the differen-
tial impact of the mutations on the potencies of GE2270 A
versus compounds 1 and 2 against the subset of mutants.

In addition to providing information about the mechanism
of reduced susceptibility to the test agents, the results confirm
that the antibacterial activities of compounds 1 and 2 are due
to specific inhibition of EF-Tu and that the mechanism of

TABLE 3. Inhibition of S. aureus metabolic pathways by
compounds 1 and 2

Test agent

IC50 (�g/ml)

Protein synthesis
(mean � SD)

Fatty acid, DNA, RNA,
and cell wall synthesis

Compound 1 0.06 � 0.02 �32
Compound 2 0.05 � 0.01 �32
Erythromycin 0.62 � 0.1 �128

TABLE 4. MICs of compounds against S. aureus, E. faecalis, and E. faecium strains and isogenic mutants selected on compounds 1 and 2a

Species Strain Selection
agent

Selection
concn (�g/ml)

Amino acid
change

MIC (�g/ml)b

GEA C1 C2 KIR VAN LZD TET DAP

S. aureus NB01001 None None 0.25 0.06 0.125 �32 0.5 2 0.5 0.5
NB01001-JAL0305 Compound 1 4 G257D 2 �32 �32 �32 1 2 0.5 0.5

E. faecalis NB04004 None None 0.25 0.125 0.25 �32 �32 1 0.25 4
NB04004-JAL0411 Compound 1 0.5 G258R �32 �32 �32 �32 �32 1 0.25 4
NB04006 None None 0.125 0.06 1 �32 1 2 32 2
NB04006-JAL0414 Compound 1 0.5 G258C 1 �32 �32 �32 2 2 32 2
NB04006-JAL0416 Compound 2 0.5 G276S �32 �32 �32 �32 2 4 32 2

E. faecium NB05001 None None 0.03 0.125 0.25 2 �32 2 0.25 16
NB05001-JAL0427 Compound 1 0.5 G258C 2 �32 �32 1 1 2 0.25 8
NB05019 None None 0.06 0.03 0.125 2 0.5 2 0.125 8
NB05019-JAL0434 Compound 1 0.5 G258D 0.5 �32 �32 0.5 1 2 0.25 8
NB05019-JAL0436 Compound 2 0.25 G258C 1 �32 �32 0.5 1 1 0.25 8
NB05019-JAL0437 Compound 2 0.25 G276S 0.5 �32 �32 0.125 1 2 0.25 4

a Mutants were selected on all strains of E. faecalis and E. faecium and on 14 and 11 strains of S. aureus with compounds 1 and 2, respectively. The table shows data
from representative mutants.

b GEA, GE2270 A; C1, compound 1; C2, compound 2; KIR, kirromycin; VAN, vancomycin; LZD, linezolid; TET, tetracycline; DAP, daptomycin.
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resistance to these agents is specific for the mechanism of
action.

Animal models of infection. The efficacies of compound 1,
compound 2, and daptomycin against systemic E. faecalis
(NB04025) and S. aureus (ATCC 49951) infections are shown
in Table 5. ED50 values with the 95% CIs were calculated 5
days postinfection based on surviving animals. In some cases, it
was not possible to calculate the confidence limits based on the
tested doses, and these are indicated by “NC.” All animals in
the vehicle-treated control groups developed lethal infections.
Moribund animals were preemptively euthanized based on a
combination of clinical observations and low body tempera-
ture.

Compounds 1 and 2 were tested twice against the E. faecalis
clinical isolate NB04025. In the first experiment, 100% survival
was observed at all dose levels: 12.5, 6.25, and 3.12 mg/kg for
compound 1 and 10.0, 3.33, and 1.11 mg/kg for compound 2,
respectively. In a subsequent experiment with lower doses,
ED50 values of 0.56 and 0.23 mg/kg were determined for com-
pounds 1 and 2, respectively. The ED50 values for daptomycin
against E. faecalis NB04025 were between 2.01 and 2.88 mg/kg,
higher than those observed for compounds 1 and 2. Against S.
aureus ATCC 49951, compounds 1 and 2 demonstrated similar
efficacy, protecting mice from lethal infection with ED50 values
of 5.2 (3.7–7.2) and 4.3 (0.5–11.7) mg/kg, respectively. Dapto-
mycin was more potent than compounds 1 and 2, with ED50

values between 0.36 (0.22–0.54) and �0.22 mg/kg.

DISCUSSION

The in vitro antibacterial activities of the novel semisynthetic
thiopeptide compounds 1 and 2 were similar in profile and
potency to the natural product GE2270 A, from which these
analogs were derived (10, 12). The MIC50 and MIC90 profiles
of compounds 1 and 2 determined in the present study dem-
onstrate that the compounds were potent across a spectrum of
Gram-positive pathogens, the ranges of potencies were nar-
row, and no resistant organisms were observed among the
�200 clinical strains studied. Consistent with GE2270 A, the
thiopeptide analogs were exquisitely potent against the entero-
cocci, including the VRE, which are typically among the less

sensitive of the Gram-positive pathogens. Potencies against the
streptococci were reduced compared to those against the
staphylococci and enterococci. This phenotype is not con-
served across all thiopeptide antibiotics but is characteristic of
the GE2270 analogs (6, 12, 19, 20). In previous studies, we
observed that compounds 1 and 2 bound more tightly to E. coli
EF-Tu than to S. pyogenes EF-Tu (9). There are two amino
acid substitutions in the thiopeptide binding region in strepto-
coccal EF-Tu compared to EF-Tu from staphylococci, entero-
cocci, and E. coli which may account for the reduced potencies
of the semisynthetic analogs: threonine 228 in S. aureus and E.
coli is substituted with serine 231 in the equivalent position in
streptococcal EF-Tu, and leucine 264 in S. aureus and E. coli is
substituted with glutamine at position 268 in streptococcal
EF-Tu. GE2270 A may not be impacted by these substitutions,
since it is a more potent EF-Tu binder than the semisynthetic
analogs. One would have to make the requisite substitutions
into the alternate proteins to fully test this hypothesis.

Like GE2270 A, the antimicrobial target of compounds 1
and 2 is bacterial elongation factor Tu. This is supported by the
selection for mutants with reduced susceptibility to the com-
pounds that harbor amino acid substitutions in the thiopeptide
binding region of EF-Tu. A mechanism of action involving
EF-Tu was further supported by the specific inhibition of trans-
lation, over other biosynthetic pathways, in macromolecular
incorporation assays in S. aureus. Compounds 1 and 2 were
selective for prokaryotes over eukaryotes, as demonstrated by
in vitro cytotoxicity assays and in vitro cell-free translation as-
says. Whether the mammalian cytotoxicity observed is due to
effects of the thiopeptides on mammalian mitochondrial
EF-Tu remains to be assessed, since the rabbit reticulocyte
lysate assay only measures cytoplasmic translation. EF-Tu is
unexploited in human antimicrobial therapy, although several
natural product-derived antibacterials are potent inhibitors of
EF-Tu (21). The poor solubility of earlier derivatives of
GE2270 A may have precluded the ability to adequately for-
mulate and dose these antibacterials in animal models of sys-
temic infection (5). In these studies, the efficacies of com-
pounds 1 and 2 were able to be measured in systemic
staphylococcal and enterococcal infections in mice. This may
be related to the improved solubility and the ability to formu-
late these analogs for systemic delivery (13). The animal effi-
cacy data demonstrate that compounds 1 and 2 are potent
antibacterials in vivo, with efficacious doses against enterococ-
cal infection at doses lower than that exhibited for daptomycin
and efficacious doses against staphylococcal infection at doses
modestly higher than daptomycin.

Given the exquisite in vitro potency against important Gram-
positive pathogens including MRSA and VRE, the low fre-
quency of resistance and lack of cross-resistance with other
antibiotics in clinical use, and the demonstration of potent in
vivo efficacy in animal models of infection, the 4-aminothiazole
thiopeptide class of antibiotics represents a promising new
direction for human antibacterial therapy and was selected for
further profiling, as development candidates, in animal safety
models.

Historically, the pharmaceutical industry effectively utilized
natural products to advance drug discovery and development
programs. These efforts served many purposes that range from
advancing the understanding of fundamental biology to di-

TABLE 5. In vivo efficacy of compounds 1 and 2 against
experimental lethal E. faecalis and S. aureus

infections in mice

Species Inoculum
(CFU/mouse) Test agent MIC

(�g/ml)
ED50 (mg/kg)

(95% CI)a

E. faecalis 1.0 � 108 Compound 1 0.06 �3.125
Daptomycin 8 2.01 (NC)

1.5 � 108 Compound 1 0.06 0.56 (NC)
Compound 2 �0.015 �1.11
Daptomycin 8 2.88 (NC)

1.1 � 108 Compound 2 �0.015 0.23 (NC)
Daptomycin 8 2.88 (NC)

S. aureus 1.1 � 108 Compound 1 0.125 5.22 (3.66–7.16)
Daptomycin 1 0.36 (0.22–0.54)

1.2 � 108 Compound 2 0.25 4.32 (0.53–11.68)
Daptomycin 1 �0.22

a NC, not calculable.
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rectly providing blockbuster therapeutics. Recently, this ap-
proach has been deemphasized (18, 22). The development of
compounds 1 and 2, which are derived from a natural product
screening lead, reinforce the importance of this approach
within a broader drug discovery strategy (17).
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