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mutants of Halobacterium halobium were isolated and shown
to contain single point mutations in the central loop of domain
V of 23S rRNA (24). Likewise, Escherichia coli oxazolidinoneresistant mutants contained G2032A and G2447A mutations,
which also are in domain V (4, 47). Introduction of the
G2032A mutation back into linezolid-sensitive Escherichia coli
conferred resistance to the oxazolidinone. Domain V of 23S
rRNA is part of the peptidyl transferase center of the bacterial
ribosome, and biochemical experiments demonstrate that the
oxazolidinones affect steps in protein synthesis. Work by Eustice et al. showed that an early step in synthesis is inhibited at
or before the initiation step (13). Linezolid inhibits the formation of the tRNA Met-mRNA-70S complex but not the synthesis of N-formylmethionyl-tRNA (fMet-tRNA) (2). Elongation factor G-dependent translocation of fMet-tRNA from the
A site to the P site is inhibited, and the oxazolidinones also
inhibit peptide synthesis, as shown by in vitro assays using fMet
and puromycin (2, 4, 7, 34, 45). Taken together, all of the
available data from mutation, resistance, and biochemical experiments are consistent with the hypothesis that the primary
binding site of the oxazolidinones is located within the ribosomal peptidyl transferase center.
In contrast to the current knowledge of oxazolidinone action
on bacteria, much less is understood about oxazolidinone effects on mammalian cells. Clinically, linezolid therapy results
in minimal side effects for most patients. However, reversible
myelosuppression, characterized by anemia and thrombocytopenia, has been infrequently observed in patients treated with
linezolid for at least 21 days (25). The mechanism of this effect
is not known, but it has been suggested that the myelosuppression may result from linezolid inhibition of mitochondrial protein synthesis. In fact, it has been shown that the oxazolidino-

The oxazolidinone linezolid is a new antibacterial approved
for marketing in 2000 that inhibits bacterial protein synthesis
(5, 20, 41). It represents a new structural class of antibiotics,
with activity against several gram-positive organisms, including
several resistant strains. Linezolid has been shown to be effective in treating nosocomial pneumonia caused by methicillinsusceptible and -resistant Staphylococcus aureus or multidrugresistant Streptococcus pneumonia and skin and soft tissue
infections caused by methicillin-susceptible and -resistant
Staphylococcus aureus, Streptococcus pyogenes, and Streptococcus agalactiae. It is also effective against community-acquired
pneumonia caused by methicillin-susceptible S. aureus, multidrug-resistant S. pneumoniae, and vancomycin-resistant Enterococcus faecium infections (15, 31).
The oxazolidinones inhibit bacterial protein synthesis, although the exact details concerning the mechanism(s) of inhibition are still emerging. Early results demonstrated that the
oxazolidinone eperezolid binds to 50S but not 30S ribosomal
subunits. Furthermore, binding was inhibited by chloramphenicol and lincomycin (27). Cross-linking studies have been carried out to identify the sites of oxazolidinone binding. Using
ribosomes from Escherichia coli, a number of nucleotide residues in domain V of 23S rRNA were identified, as well as
residue A864 of 16S rRNA (28). Colca et al. carried out crosslinking experiments using intact Staphylococcus aureus and
showed that tRNA, two ribosomal proteins, and nucleotide
A2602 of 23S rRNA all were labeled by the cross-linker (10).
The results from mapping oxazolidinone resistance mutations agree with the cross-linking studies. Linezolid-resistant
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The oxazolidinones are a relatively new structural class of antibacterial agents that act by inhibiting
bacterial protein synthesis. The oxazolidinones inhibit mitochondrial protein synthesis, as shown by [35S]methionine incorporation into intact rat heart mitochondria. Treatment of K562 human erythroleukemia cells
with the oxazolidinone eperezolid resulted in a time- and concentration-dependent inhibition of cell proliferation. The cells remained viable, but an increase in doubling time was observed with eperezolid treatment.
Inhibition was reversible, since washing and refeeding of cells in the absence of compound resulted in a
resumption of growth. The growth-inhibitory effect of the oxazolidinones did not appear to be cell type specific,
and inhibition of CHO and HEK cells also was demonstrated. Treatment of cells resulted in a decrease in
mitochondrial cytochrome oxidase subunit I levels, consistent with an inhibition of mitochondrial protein
synthesis. Eperezolid caused no growth inhibition of rho zero (0) cells, which contain no mitochondrial DNA;
however, the growth of the parent 143B cells was inhibited. These results provide a direct demonstration that
the inhibitory effect of eperezolid in mammalian cells is the result of mitochondrial protein synthesis
inhibition.
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nes inhibit [35S]methionine incorporation into mitochondrial
proteins (39).
In the present study we have examined the effect of an
oxazolidinone, eperezolid, on the proliferation of a variety of
mammalian cells. We show that treatment with eperezolid
inhibits proliferation, and further, that the inhibition of proliferation results from eperezolid-mediated inhibition of mitochondrial protein synthesis.
MATERIALS AND METHODS

FIG. 1. Structures of oxazolidinones linezolid and eperezolid.

A3059), 0.1 mg/ml cycloheximide (Sigma D-335715), 1 M cold methionine,
[35S]methionine (40 Ci/ml), and mitochondrial protein (1 mg/ml) in the presence or absence of compound. The final concentration of DMSO was 1% in the
assay. Incubation was carried out at 30°C for 90 min followed by addition of 200
l 3% sulfosalicylic acid in 0.1 mM EDTA to precipitate proteins. Proteins were
harvested onto filtermats (Wallac 1205-–404) using a Tomtec harvester followed
by counting in a Wallac BetaPlate scintillation counter. The 50% inhibitory
concentrations (IC50) were determined by GraphPad Prism software, using a
sigmodial dose response equation with a fixed bottom.

RESULTS
Eperezolid and linezolid (Fig. 1) are oxazolidinones that are
active against gram-positive bacteria, and mechanistic studies
have established that they inhibit bacterial protein synthesis
(41). Their IC50 values for inhibiting [14C]leucine incorporation in the membrane-permeable E. coli strain UC6782 are
approximately 1 M, while their MICs at which 90% of the
isolates tested are inhibited (MIC90) against gram-positive bacteria such as Staphylococcus aureus is 4 g/ml (12 M) (41).
These compounds were tested in an in vitro mitochondrial
protein synthesis assay. Isolated rat heart mitochondria were
incubated with linezolid or eperezolid in the presence of
[35S]methionine, and acid-precipitable radioactivity was measured following a 90-min incubation (Fig. 2). Both compounds
inhibited synthesis, with IC50 values of 9.5 ⫾ 1.5 M (n ⫽ 2)
and 16 ⫾ 2 M (n ⫽ 2) for eperezolid and linezolid, respectively. The value for linezolid is similar to that reported by
Sciotti et al. (39).
Given the inhibition of mitochondrial protein synthesis and
the role of mitochondrial proteins in oxidative phosphorylation
and energy metabolism, we investigated whether the compounds affect the growth of mammalian cells. Incubation of
K562 human leukemia cells with varying concentrations of
eperezolid resulted in a time- and concentration-dependent
inhibition of cell number (Fig. 3). There was a 5% to 10%
difference in cell number for the treated and control cultures at
the 24-h time point. The maximal inhibitory effect on prolifer-
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Cell culture. The human osteosarcoma-derived cell line 143B (thymidine kinase deficient) and its mitochondrial DNA (mtDNA)-less derivative, 143B206 0,
were cultured in Dulbecco’s modified Eagle’s (DME) high glucose supplemented
with 10% fetal bovine serum, 1 mM sodium pyruvate, and 50 g/ml uridine as
described by King and Attardi (23). The cells were a gift from G. Attardi and A.
Chomyn (California Institute of Technology). Chinese hamster ovary (CHO)
cells were grown in alpha minimal essential medium supplemented with 10%
fetal bovine serum and 4 mM L-glutamine. Human embryonic kidney (HEK)
cells were cultured in DME high-glucose medium supplemented with 10% fetal
bovine serum, 4 mM L-glutamine, and 1 mM sodium pyruvate. Human erythroleukemia K562 cells were obtained from the American Type Culture Collection
and grown in RPMI 1640 medium containing 25 mM HEPES, 1.5 mM Glutamax,
and 10% fetal bovine serum. Cells were incubated at 37°C, 5% CO2 in the
presence or absence of compound. Compound stocks were prepared in 100%
dimethyl sulfoxide (DMSO), and the final DMSO concentration in the assay was
0.5%. Following incubation, quantitation of proliferation was carried out by cell
counting using a Coulter counter.
K562 cell mitochondrial preparation. K562 cells were incubated with compound or vehicle for 5 days, and cells were collected, washed once with phosphate-buffered saline (PBS), resuspended in 1 ml of TKM buffer (10 mM Tris
HCl, pH 7.5, 10 mM KCl, and 0.15 mM NaCl), and homogenized with a handheld homogenizer (Ultra-Turrax; IKA Labotechnik) at setting 3 for 15 s. An
aliquot (300 l) of TKM buffer containing 1 M sucrose was added, and the
samples were centrifuged at 1,000 ⫻ g for 5 min. The supernatant fraction was
respun at 5,000 ⫻ g for 20 min. The mitochondrial pellet was resuspended in
TKM buffer containing 0.25 M sucrose in a 100-l volume. Mitochondrial protein content was measured using the bicinchoninic acid protein assay kit (Pierce).
Western blot analysis. Mitochondrial proteins (10 g) were electrophoresed
on 10% Criterion gels (Bio-Rad) and transferred to polyvinylidene difluoride
membranes (Bio-Rad). After blocking overnight at 4°C with 1% bovine serum
albumin (BSA) and 1% dry milk in Tris-buffered saline (Bio-Rad) containing
0.1% Tween 20, the membranes were incubated with 1 g/ml cytochrome c
oxidase subunit 1 (Cox-1) monoclonal antibody (Molecular Probes A-6403) for
3 h, followed by chemiluminescent detection (Amersham ECL plus) according to
the manufacturer’s instructions. Membranes were stripped by RE-blot Plus
strong solution (Chemicon 2504) and incubated with 1 g/ml Tom-20 polyclonal
antibody (Gift from B. Wattenberg, University of Louisville), followed by chemiluminescent detection. The Cox-1 bands and Tom-20 bands in the X-ray films
were scanned by a Personal Densitometer SL (Molecular Dynamics) and quantitated by Quantity One (Bio-Rad).
Rat heart mitochondria preparation. The procedure for mitochondria preparation and the protein synthesis assay was adapted from that described by
McKee et al. (29). All experiments involving animals were carried out in compliance with national legislation and subject to local ethical review. Briefly, male
Sprague-Dawley rats (⬃250 g) were anesthetized by inhalation of isoflurane and
injected with heparin IV, and the heart was removed and rinsed in ice-cold MSE
buffer (220 mM mannitol, 70 mM sucrose, 50 mM HEPES, 2 mM EGTA, pH
7.2) until free of blood. Hearts were minced in MSE buffer containing 10 mg/ml
Nagarse (Sigma), washed once, and homogenized in MSE-Nagarse buffer using
a Brinkman polytron. Protease inhibitor (Complete; Boehringer) then was added
to the homogenate. The homogenate was centrifuged at 900 ⫻ g for 3 min, and
the resulting supernatant was centrifuged at 10,000 ⫻ g for 10 min. The pellet
was resuspended in 1.0 ml of ice-cold MSE buffer at a ratio of 20 ml/g ventricular
tissue and centrifuged at a speed of 900 ⫻ g for 3 min at 4°C. The resulting
supernatant was centrifuged at 10,000 ⫻ g for 10 min at 4°C. Pellets were
resuspended in MSE buffer and protein was determined (Bio-Rad).
Mitochondrial protein synthesis (MPS) assay. Mitochondrial protein synthesis was measured in a 50-l total volume containing 90 mM KCl, 4 mM MgSO4,
2.5 mM KH2PO4, 50 mM HEPES, pH 7.2, 0.25 mM amino acids without methionine, 20 mM glutamate, 0.5 mM malate, 2 mM ADP, 1 mg/ml BSA (Sigma
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ation at each time point was achieved with a concentration of
100 M. After 96 h of incubation with 100 M compound, cell
growth was significantly slowed. All the cells in the culture
were viable throughout the time course, based on trypan blue
exclusion (data not shown).
Fluorescence-activated cell sorter analysis demonstrated
that the cells were not undergoing cell cycle arrest (data not
shown). The percentage of cells in each phase of the cell cycle
was approximately the same between control and treated cells.
Rather, the major effect of the compound was to slow the
growth by increasing the doubling time of the treated cultures.
The time course data was used to plot the concentration dependency curve of growth inhibition (Fig. 3B). The IC50 for
growth inhibition by eperezolid in K562 cells for a 5-day exposure was 12 M.
The inhibition of proliferation by eperezolid was reversed
upon withdrawal of compound from the growth media (Fig. 4).
Cells were grown in either 15 or 30 M compound for 72 h
followed by removal of the medium, washing, and refeeding
the cells with medium containing either vehicle (0.5% DMSO)
or 15 or 30 M eperezolid. Cells then were cultured for an
additional 5 days. At the 5-day time point the cell numbers of
cultures incubated in 15 M compound and then washed was
essentially the same as the untreated cultures. Reversibility
also was observed for cells treated with 30 M compound,
although the cell number did not return completely to that of
untreated cells at the 5-day time point.
The effect of eperezolid on cell growth of several other cell
lines was investigated. Eperezolid inhibited proliferation of
human HEK cells and Chinese hamster ovary (CHO) cells, as
well as mouse BB88 cells (data not shown). Direct comparison
of the effect of the oxazolidinone on the proliferation of different cell lines is complicated by the differences in culture
conditions and doubling times; however, the cells were scored
during the logarithmic phase of growth. The IC50 value for
eperezolid varied somewhat between the various cell types and
was 63 and 20 M for CHO and HEK cells, respectively. In all

FIG. 3. Eperezolid inhibits the growth of human K562 cells. K562
cells were incubated in the presence or absence of varying concentrations of eperezolid, and cell counts were monitored as described in
Materials and Methods. A. Cells were treated with the following: ■,
vehicle (0.5% DMSO); Œ, 1.7 M; , 5 M; }, 15 M; F, 45 M; 䊐,
135 M; or ⌬, 400 M eperezolid. B. K562 cells were incubated with
varying concentrations of eperezolid, and cell proliferation was monitored by cell counts after 120 h.

cases, a progressive slowing of growth due to an increase in cell
doubling time was observed. These experiments demonstrate
that the antiproliferative effect of the oxazolidinones was not
cell type specific.
The oxazolidinones inhibit mitochondrial protein synthesis
in an in vitro system and they inhibit cell proliferation, but the
link, if any, between these two activities has not been investigated. Therefore, the level of mitochondrial proteins in K562
cells was examined to determine whether oxazolidinones inhibited mitochondrial protein synthesis in intact cells. K562
cells were incubated with varying concentrations of eperezolid
for 5 days under the same conditions as in Fig. 3, and the cells
were harvested and mitochondria were isolated. This mitochondrial fraction was run on Western blots and probed with a
monoclonal antibody to subunit 1 of cytochrome oxidase,
which is 1 of the 13 proteins encoded by the mitochondrial
genome (Fig. 5). To normalize for mitochondrial protein loading, after exposure to the Cox-1 antibody the blots were
stripped and reprobed with an antibody to Tom-20, an outer
mitochondrial membrane protein encoded by the nucleus.
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FIG. 2. Linezolid and eperezolid inhibit rat heart mitochondrial
protein synthesis. Mitochondrial protein synthesis was carried out in
isolated rat heart mitochondria as described in Materials and Methods
in the presence or absence of varying concentrations of linezolid ■ or
eperezolid . Results shown are the average of duplicate determinations in one experiment; error bars show the range.
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Tom-20 protein levels were relatively constant across the gel.
However, Cox-1 protein expression decreased with increasing
concentrations of eperezolid, and 25 M eperezolid resulted in
a greater than 90% decrease in Cox-1 levels. As a control, cells
also were treated with 100 M chloramphenicol, a known
mitochondrial protein synthesis inhibitor. Almost complete inhibition of Cox-1 levels was observed with this compound,
which also inhibited the proliferation of the cells (data not
shown). The decreased level of mitochondrial protein was not
specific for Cox-1, since [35S]methionine labeling of mitochondria isolated from oxazolidinone-treated cells showed decreased incorporation of radioactivity into all 13 mitochondrial
proteins (data not shown).
Rho zero (0) cells are derived from a human osteosarcoma
parent cell line (143B), which was depleted of mtDNA by
culturing and selection in the presence of ethidium bromide.
These cells cannot carry out oxidative phosphorylation, require
pyruvate and uridine for growth, and have glycolysis as their

only source of ATP (23). Rho zero and parent 143B cells were
treated with various concentrations of eperezolid, and the cell
number was quantitated (Fig. 6). 143B cells had a doubling
time of 17 ⫾ 1.0 (n ⫽ 4) h, while that of the rho zero cells was
longer, 24 ⫾ 0.2 (n ⫽ 4) h. As expected, eperezolid resulted in
a time- and concentration-dependent decrease in 143B cell
numbers. At the 72-h time point, the IC50 value was ⬃20 M.
In contrast, growth of rho zero cells was not inhibited by
treatment with any concentration of the two mitochondrial
protein synthesis inhibitors, eperezolid or chloramphenicol. As
a control, to demonstrate that rho zero cells are not resistant to
all types of growth arrest, cells were treated with etoposide, a
topoisomerase II inhibitor, or with cycloheximide. As expected, both these compounds inhibited growth of rho zero
cells, as well as the 143B cells.
DISCUSSION
The oxazolidinones inhibit bacterial protein synthesis, and
results from resistance mutations and cross-linking experiments demonstrate that they interact with nucleotides in domain V of 23S rRNA, which contains the peptidyl transferase
center. Details concerning the structure, mechanism(s), and
activities of this region are emerging (17, 32). The crystal
structures of the individual 50S and 30S subunits as well as the
functional 70S complex have been solved (3, 8, 9). Results from
cryoelectron microscopy (cryo-EM) studies have shown the
conformational changes this region undergoes during peptide
bond formation and translocation, including ratchet-like rotations of the 30S and 50S subunits (16). Proper alignment of the
two tRNA substrates appears to be the driving force for peptide bond formation (42). Mutational and kinetic analysis demonstrated that nucleotides A2602, A2451, U2585, and C2063,
which are located in the innermost layer of the active site, are
critical for the catalysis of peptide release (34, 48).
In contrast to our understanding of the prokaryotic 70S
ribosome, less is known about the structural details of the
mitochondrial 55S and the mammalian 80S ribosomes.
cryo-EM visualization of the 80S ribosome was first reported in
2004 with a resolution of 17 to 20 Å, and more recently, that
structure has been refined to 9.5-Å resolution (18, 43). These

FIG. 5. Eperezolid decreases mitochondrial Cox-1 protein levels. K562 cells were treated with vehicle (0.5% DMSO), 100 M chloramphenicol,
or varying concentrations of eperezolid for 5 days, and mitochondria were isolated. Aliquots of mitochondrial protein (10 g) were electrophoresed
on sodium dodecyl sulfate-polyacrylamide gel electrophoresis, transferred to polyvinylidene difluoride membranes, and probed with an antibody
to Cox-1 (top gel). The blot was stripped and reprobed with an antibody to Tom-20 (bottom gel). Lane 1, vehicle; 2, 3.1 M eperezolid; 3, 6.2 M
eperezolid; 4, 12 M eperezolid; 5, 25 M eperezolid; 6, 50 M eperezolid; 7, 100 M eperezolid; 8, 100 M chloramphenicol. The 30-kDa and
40-kDa molecular mass markers are designated on the left.
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FIG. 4. Growth inhibition by eperezolid is reversible. K562 cells
were grown in the presence of ■, vehicle (0.5% DMSO); , 15 M
eperezolid; or F, 30 M eperezolid for 72 h. Cells were then washed
in RPMI media and replated in media containing ■, vehicle (0.5%
DMSO); , 15 M eperezolid; Œ, vehicle (15 M eperezolid recovery); F, 30 M eperezolid; or }, vehicle (30 M eperezolid recovery)
and cultured for an additional 5 days. Results shown are the average of
triplicate determinations, and error bars show the standard errors of
the means.
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structures do not provide details of the peptidyl transferase
center of the 80S ribosome. Biochemical experiments comparing 70S, 55S, and 80S ribosomes in a peptide “fragment reaction” showed that antibiotics such as chloramphenicol and
lincomycin inhibit bacterial protein synthesis with no significant effect on mammalian 80S protein synthesis (12). Although
many aspects of protein translation are conserved between
eukaryotes and prokaryotes, the specificity of these antibiotics
is believed to result from key differences between these ribosomes.
In the case of the mitochondrial ribosome, results from
cryoelectron microscopy (cryo-EM) along with extensive physical characterization of the mitoribosome have shown that
there are a number of marked differences between bacterial
and mitochondrial ribosomes (33, 40). The mitoribosome is
larger in size and consists of 69% protein and 31% RNA
compared to the 33% protein and 67% RNA of the bacterial
ribosome. Of the approximately 80 ribosomal proteins of the
mitoribosome, only half of them have bacterial homologs, and
the homologous proteins are often larger in size than their
bacterial counterparts. As a result, the mitoribosome contains
several distinct topological differences. For example, the

mRNA entry site is composed primarily of mitoribosome-specific proteins, which form a triangular gatelike structure that is
not present in the bacterial ribosome. Also, the cryo-EM map
of the polypeptide tunnel of the mitoribosome suggests that
there are two possible pathways for proteins to exit (40).
Despite these differences, there are certain critical features
of the ribosome that are conserved between bacteria and mitochondria (1). Mears et al. carried out comparative sequence
analyses between rRNA of archaea, bacteria, eukaryotic nuclear, mitochondrial, and chloroplast ribosomes (30). The areas of greatest similarities map to key functional domains,
including the mRNA binding site, the peptidyl transferase center, and the subunit interface, all of which contain the highest
number of “universally conserved” nucleotides. An important
aspect, however, is areas where there is the least similarity are
primarily on the periphery of the rRNA three-dimensional
structure in regions that may not be essential for protein translation. In addition, the polypeptide exit tunnel is considerably
shortened in the mitochondrial ribosome compared to the
bacterial ribosome.
Given the high degree of homology in the peptidyl transferase centers, it is not surprising that antibiotics that inhibit
bacterial protein synthesis also inhibit mitochondrial protein
synthesis. Denslow and O’Brien demonstrated that chloramphenicol inhibited E. coli 70S and bovine mitochondrial 55S
peptidyl transferase activity with IC50 values of 40 and 100 M,
respectively. Apparent dissociation constants were calculated
from Scatchard plots of the inhibition data. The results demonstrated that E. coli ribosomes have a somewhat higher affinity (100 M) for chloramphenicol than mitochondrial ribosomes (29 M) (11). The ability of antibiotics to inhibit
mitochondrial protein synthesis has been used as evidence to
support the idea that key structural and functional features are
shared between bacteria and mitochondrial ribosomes (11, 21).
The crystal structures of several different antibacterials with
the bacterial 50S subunit have been reported and demonstrate
that the compounds all interact at or near the sites of peptide
bond formation. The crystal structure of chloramphenicol
binding to Deinococcus radiodurans is different than that of its
binding to Haloarcula marismortui, although it is bound in the
peptidyl transferase center in both structures (19, 38). The
ability of eperezolid to compete for chloramphenicol binding
(27) as well as the resistance mapping indicates that the oxazolidinones bind in the peptidyl transferase region as well
(47).
The oxazolidinones inhibited cell proliferation in a variety of
cell types, suggesting there is no cell type specificity in their
growth-inhibitory effect. The levels of the mitochondrial protein Cox-1 decreased concomitantly with oxazolidinone treatment. However, the most direct demonstration of the role of
mitochondrial protein synthesis inhibition in the antiproliferative effect of the oxazolidinones was demonstrated in the rho
zero cell experiments. Growth of the parent 143B cells was
inhibited, but not that of the rho zero cells. The rho zero cells
contain no mtDNA and synthesize no mitochondrial proteins,
and in these cells the oxazolidinones had no effect on growth.
The role of mitochondrial protein synthesis inhibition in cell
proliferation has been established in a number of studies, and
the results with the oxazolidinones are consistent with those
observations. Treatment with eperezolid resulted in a time-
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FIG. 6. Eperezolid inhibits cell proliferation in 143B cells but not
in rho zero cells. Parent 143B (A) or rho zero (B) cells were incubated
with 䊐, vehicle (0.5% DMSO); ■, 3 M eperezolid; Œ, 10 M eperezolid; , 100 M eperezolid; F, 1.7 M etoposide; 〫, 1.75 M
cycloheximide; or E, 30 M chloramphenicol, and cells were counted
at 48, 72, 96, and 120 h.
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