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The oxazolidinones represent a new class of antimicrobial agents which are active against multidrug-resis-
tant staphylococci, streptococci, and enterococci. Previous studies have demonstrated that oxazolidinones
inhibit bacterial translation in vitro at a step preceding elongation but after the charging of N-formylmethio-
nine to the initiator tRNA molecule. The event that occurs between these two steps is termed initiation. Ini-
tiation of protein synthesis requires the simultaneous presence of N-formylmethionine-tRNA, the 30S ribosomal
subunit, mRNA, GTP, and the initiation factors IF1, IF2, and IF3. An initiation complex assay measuring the
binding of [*H]N-formylmethionyl-tRNA to ribosomes in response to mRNA binding was used in order to
investigate the mechanism of oxazolidinone action. Linezolid inhibited initiation complex formation with either
the 30S or the 70S ribosomal subunits from Escherichia coli. In addition, complex formation with Staphylococcus
aureus 708 tight-couple ribosomes was inhibited by linezolid. Linezolid did not inhibit the independent binding
of either mRNA or N-formylmethionyl-tRNA to E. coli 30S ribosomal subunits, nor did it prevent the formation
of the IF2-N-formylmethionyl-tRNA binary complex. The results demonstrate that oxazolidinones inhibit the
formation of the initiation complex in bacterial translation systems by preventing formation of the N-formyl-

methionyl-tRNA-ribosome-mRNA ternary complex.

The oxazolidinones represent a new synthetic class of anti-
bacterial agents with activity against gram-positive organisms
(1). Studies have shown that the oxazolidinones linezolid and
eperezolid are active against methicillin-resistant Staphylococ-
cus aureus, penicillin-resistant Streptococcus pneumoniae, and
vancomycin-resistant Enterococcus faecium (7, 14, 15, 18, 28).
Linezolid is entering phase III clinical testing as a therapeutic
agent that is effective against skin and skin structure infections,
bacteremia, and pneumonia caused by gram-positive patho-
genic bacteria.

The antimicrobial activities of the oxazolidinones were first
described by scientists at E. I. Dupont de Nemours & Co., Inc.
(4, 26). It was demonstrated that the oxazolidinone DuP-721
inhibited protein synthesis in live bacteria (5), but cell-free
translation was not affected (6). However, recent studies have
shown that linezolid and eperezolid are potent inhibitors of
cell-free translation and that the ability to demonstrate inhibi-
tion was dependent upon the concentration of mRNA (25). It
was also determined that eperezolid did not inhibit the forma-
tion of N-formylmethionyl-tRNA (tRNA™¢"), elongation, or
termination reactions of bacterial translation (17, 25). Line-
zolid was not active against clinical isolates of Escherichia coli
(MICs, >128 pg/ml), but for strains whose cell walls were
made permeable through mutagenesis (25) or genetic knock-
out of the AcrAB efflux pump (3), the linezolid MICs were 4
pg/ml.

The activity of linezolid against multidrug-resistant gram-
positive pathogens suggests that this compound has unique
mechanisms of action. Our current findings present direct ev-
idence that oxazolidinones inhibit the initiation of protein syn-
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thesis by preventing the formation of the tRNA™<-“mRNA-
70S (or 30S) subunit ternary complex.

(This study was presented in part at the 37th Interscience
Conference on Antimicrobial Agents and Chemotherapy, To-
ronto, Ontario, Canada, 28 September to 1 October 1997.)

MATERIALS AND METHODS

Chemicals and buffers. Streptomycin, kasugamycin, alumina, and E. coli tRNA
were purchased from Sigma Chemical Co. (St. Louis, Mo.). Linezolid was pre-
pared as described earlier (1) and was dissolved in deionized water at concen-
trations up to 2 mM before it was added to initiation complex reactions. [*H]
tRNA™et (9.7 Ci/mmol) was purchased from New England Nuclear Life Sci-
ences Products (Boston, Mass.), and [**S[tRNA™¢! was synthesized as described
by Ganoza et al. (9). AUG was synthesized by the method of Nielson et al. (20).
The oligoribonucleotide used in the S. aureus initiation complex assays had the
sequence 5'-TGGGAAUUCGGAGGUUUAAAAAUGGGUAAA-3" and was
purchased from Integrated DNA Technologies (Coralville, Iowa). L-[>*S]methio-
nine (1,000 Ci/mmol) was purchased from Amersham Corp. (Arlington Heights,
I1L.). The compositions of the buffers used in this study were as follows: buffer A,
10 mM Tris-HCI (pH 7.4), 30 mM NH,Cl, 10 mM MgCl,, and 1 mM dithiothre-
itol (DTT); buffer B, 10 mM Tris-HCI (pH 7.4), 1 mM MgCl,, 1 M NH,CI, and
1 mM DTT; buffer C, 10 mM Tris-HCI (pH 7.4), 10 mM MgCl,, 0.5 M NH,CI,
and 1 mM DTT.

Bacterial strains and media. E. coli MREG600 (ATCC 29417) and S. aureus
RN4220 (16) were grown in Lennox L Broth (Gibco BRL, Gaithersburg, Md.) at
37°C. Alternatively, E. coli MREG600 cells were obtained from the University of
Alabama Fermentation Facility, Birmingham.

Preparation of E. coli 70S ribosomes. Ribosomes were prepared by the meth-
od of Rheinberger et al. (22). Fifty grams (wet weight) of frozen MRE600 cells
was mixed with an equal weight of alumina, and the cells were lysed at 0°C by
grinding with a mortar and pestle. Fifty milliliters of buffer A containing 1 pg of
DNase (RNase-free; Worthington, Freehold, N.J.) per ml was added and the
suspension was stirred for 20 min. The alumina, unbroken cells, and cellular
debris were removed by two centrifugations at 10,000 X g for 10 min. The su-
pernatant was centrifuged again for 30 min at 30,000 X g, and the upper two-
thirds of the resulting supernatant was centrifuged again at 30,000 X g for 16 h
(S30 extract). The ribosome pellet was suspended in buffer B and centrifuged at
10,000 X g for 10 min, and the clear supernatant was centrifuged at 105,000 X g
for 4 h. The pelleted ribosomes were washed twice more in buffer C while
maintaining the ribosomes at 5 to 10 mg/ml (14.4 A, units = 1 mg/ml), sus-
pended in buffer A at 80 to 100 mg of ribosomes per ml, and stored at —80°C.
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FIG. 1. (A) Linezolid inhibition of E. coli initiation complexes formed in the presence of IF1, IF2, IF3, and the defined mRNA described in Materials and Methods.
Either 30S (®) or 70S (0J) initiation complexes were formed by using stoichiometric amounts of each initiation factor and the appropriate ribosomal subunit. The
complexes were allowed to form for 10 min at 37°C. (B) Kasugamycin inhibition of E. coli 70S initiation complex formation.

Preparation of E. coli ribosomal subunits. Ribosomal subunits were prepared
as described by Stachelin and Maglott (27), with the following modifications. The
S30 extract was prepared as described above by using MRE600 mid-logarithmic-
phase cells, and the 30S subunits were stored in liquid nitrogen.

Preparation of S. aureus ribosomes. S. aureus cells (50 g [wet weight]) were
resuspended in 100 ml of lysis buffer (50 mM Tris-HCI [pH 8.0], 100 mM NaCl,
2 mg of lysostaphin per ml, 10,000 U of DNase I [Boehringer Mannheim,
Indianapolis, Ind.]) and incubated for 1 h in a 37°C water bath. B-Mercapto-
ethanol was added to a final concentration of 5 mM, and the lysed cells were
centrifuged at 10,000 X g for 10 min to remove unbroken cells and cell fragments.
The supernatant was centrifuged at 30,000 X g, and the resulting supernatant was
centrifuged at 100,000 X g for 16 h to pellet the ribosomes. The ribosome pellet
was resuspended in buffer B and was again centrifuged at 100,000 X g for 16 h.
The pellet was resuspended in buffer A, applied to linear 5 to 40% (wt/vol)
sucrose gradients prepared in buffer A, and centrifuged for 16 h in a Beckman
SW28 rotor. Gradients were fractionated; and the 70S ribosomes were pooled,
pelleted at 300,000 X g for 5 h, and resuspended in buffer A before they were
stored at —80°C.

Initiation factor assays. Initiation factors were assayed as described by Her-
shey et al. (13). Complexes between IF2 and tRNA™¢t were formed in the re-
action mixtures (final volume, 65 pl) containing 190 mM Tris-HCI (pH 7.4), 19
mM MgCl,, 3.8 mM DTT, 1.9 mM GTP, 540 mM NH,CI, 5 pmol of IF2, and 2 pl
of [*>S]tRNA™¢t (10,000 dpm). Duplicate reaction mixtures were incubated for
10 min at 37°C, and the reactions were stopped by the addition of 1 ml ice-cold
buffer A containing 1% glutaraldehyde. Complexes were trapped on Millipore
HA filters (pore size, 0.45 wm), washed with 50 ml of buffer A containing 1%
glutaraldehyde, and counted after the addition of liquid scintillation fluid.

Synthesis of [*?P]mRNA for ribosome binding studies. The one-step PCR
procedure described by Sandhu et al. (24) was used to synthesize a 200-bp
mRNA with a defined sequence. Four adjacent oligonucleotide primers with
short overlaps were annealed to each other and were subjected to PCR. The
primer sequences were as follows (primer sequences are 5’ to 3'): primer 1,
GGGAATTCGCAGGTTTAAAAATGAAAGGTAAAGGTAAAGGTAAA;
primer 2, GGTGGTGGCCTGGGCAAAGGTAAAGGT; primer 3, AAAGGT
AAAAAAGGTAAAGGTAAAGGTAAAAAAGGTAAAAAAGGTAAAGG
TGGTGGTTAATAAAAAAAATAAAAAG; and primer 4, CTAGAGGATCC
TTTTTATTTTTTTATTAACCACCAC. Primers 1 and 2 were annealed to the
sequence 5'-ACCTTTTTTACCTTTACCTTTACCTTTTTTACCTTTTTTACC
TTTACCTTTACCTTATCCTTTACCTTTGCCCAGGCCAC-3'. Primer 3 was
annealed to the sequence 5'-ACCTTTGCCCAGGCCACCACCTTTACCTTT
TTTACCTTTTTTACCTTTACCTTCACC-3', and primer 4 was annealed to
primer 3. Extension by PCR resulted in the asymmetric synthesis of intermedi-
ates which annealed to each other, thereby priming the synthesis of a double-
stranded DNA template. This template was subsequently used to produce an
mRNA with the sequence 5'-GGGAAUUCGGAGGUUUAAAAAUG-(GGU
AAA);;UAAUAA-3' (the Shine-Dalgarno sequence and the AUG start codon
are underlined). The coding sequence contained Gly (GGU) and Lys (AAA)
codons followed by tandem stop codons. [*?PlmRNA was transcribed with a
Ribomax kit (Promega, Madison, Wis.) and either [**P]CTP or [*?P]GTP. RNA
was isolated by phenol extraction and chromatography through a Quick Spin
G-25 column (Boehringer Mannheim).

Binding of labeled synthetic mRNA to ribosomes. Binding of 3?P-labeled
synthetic mnRNA was carried out for 15 min at 24°C in duplicate 50-p.l reaction
mixtures containing 200 to 400 wg of 70S ribosomes, 20 mM MgCl,, 10 mM
Tris-HCI (pH 7.4), 1 mM DTT, 80 mM NH,CI, and 1 pl (16,000 dpm) of

32P_labeled mRNA. Duplicate reactions were terminated by the addition of 1 ml
of ice-cold buffer containing 20 mM Tris (pH 7.4), 20 mM MgCl,, and 100 mM
NH,CI. The mRNA-ribosome complex was then trapped on Millipore HA filters,
and the radioactivity was counted after the addition of scintillation fluid.

E. coli initiation complex assay with AUG. E. coli 70S ribosomes (10 pmol)
were incubated with [*>S]tRNA™®t (45,000 dpm) in 20-pl reaction mixtures
containing 20 mM HEPES (pH 7.6), 3 mM MgCl,, 150 mM NH,CI, 4 mM DTT,
0.05 mM spermine, 2 mM spermidine, and 0.25 pg of the AUG trinucleotide.
Duplicate reaction mixtures were incubated at 37°C for 10 min, and the reactions
were stopped by the addition of 2 ml of cold buffer A. Complexes were filtered
through Millipore filters (pore size, 0.45 pm) and washed with 50 ml of buffer A,
and the radioactivity was counted after the addition of scintillation fluid.

S. aureus initiation complex assay. S. aureus 70S ribosomes (10 pmol) were
incubated with 9 pmol of [PH]JtRNA™¢t in duplicate 100-ul reaction mixtures
containing 10 mM Tris-HCI (pH 7.4), 10 mM MgCl,, 30 mM NH,CI, 1 mM DTT,
and 100 pmol of oligoribonucleotide (5'-rGGGAAUUCGGAGGUUUAAAA
AUGGGUAAA-3"). The incubation temperature, incubation time, and filter
assay were as described above for E. coli complexes formed with AUG.

Isolation of initiation factors. Initiation factors were isolated as described by
Hershey et al. (13), as modified by Ganoza et al. (8). IF1, IF2, and IF3 were
stored in liquid N,.

Initiation complex assay with defined mRNA. Complexes were formed in a
20-pl volume with 4 pmol of either 70S or 30S ribosomes, 4 pmol of the appro-
priate initiation factor(s), 4 pmol of unlabeled synthetic mRNA, [*>S]tRNA™Met
(18,000 dpm [30S] or 4,500 dpm [70S]), 20 mM HEPES (pH 7.6), 3 mM MgCl,,
150 mM NH,CI, 4 mM DTT, 0.05 mM spermine, and 2 mM spermidine. Dupli-
cate reaction mixtures were incubated at 37°C for 15 min, the reactions were
stopped with 1 ml of ice-cold buffer A, and the complex was trapped on Millipore
HA filters as described above.

RESULTS

Initiation of translation requires the formation of a ternary
complex between tRNA™® the 30S or the 70S subunit, and
mRNA. This initiation complex can be assayed by measuring
the binding of radiolabeled tRNA™*" to either the 30S or the
70S subunit. Figure 1A shows that in the presence of the
initiation factors IF1, IF2, and IF3, linezolid had 50% inhibi-
tory concentrations (ICs,s) of 110 uM (37 pg/ml) and 130 uM
(44 pg/ml) for E. coli 30S and 70S initiation complex forma-
tion, respectively. The integrity of the assay was confirmed by
demonstrating that kasugamycin was inhibitory to 70S initia-
tion complex formation, with an ICs, of 154 uM (Fig. 1B).

Oxazolidinone inhibition of initiation complex formation
was studied further with S. aureus 70S ribosomes (Fig. 2). With
a truncated mRNA, an ICs, value of 116 pM was obtained for
linezolid. These reactions were performed in the absence of
initiation factors and with salt-washed 70S ribosomes.

Formation of the ternary initiation complex of tRNA™<t.
ribosome-mRNA requires that both the initiator tRNA and
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FIG. 2. Inhibition of S. aureus 70S translation initiation complex formation
by linezolid. [PH]tRNA™¢! binding to 70S ribosomal subunits was measured in
the presence of the defined oligoribonucleotide described in Materials and
Methods. Complexes were allowed to form for 10 min at 37°C.

mRNA bind to their respective sites on the ribosome and that
they form codon-anticodon hydrogen bonds with each other
(10, 12). The ability of linezolid to disrupt initiation complex
formation by inhibiting the binding of mRNA to the ribosome
was examined. Figure 3 shows that 200 M linezolid did not
inhibit the binding of a 200-bp synthetic mRNA to the ribo-
some.

Initiation factors IF1, IF2, and IF3 play important roles in
the initiation of translation in bacteria. The tRNA™¢! is bound
by IF2 and is delivered to the 30S subunit joining IF1, IF3, and
the mRNA as part of the initiation complex. Linezolid did not
inhibit formation of the IF2-tRNA™¢ complex when either 5
or 0.5 pmol of E. coli IF2 was used (Table 1). The role of
initiation factors in the mechanism of action of linezolid was
further investigated by forming E. coli 70S ribosome initiation
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FIG. 3. Lack of effect of linezolid on mRNA binding to ribosomes. (A)
Purified E. coli 70S ribosomes and [*?PJmRNA (defined sequence of 200 bp)
were incubated for 15 min at 24°C in the presence or absence of 200 wM linezolid
(Lin) before trapping the complex on nitrocellulose filters.
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TABLE 1. Effect of linezolid on IF2-tRNA™¢* binary
complex formation®

dpm obtained with IF2 at
the following concn:

Sample Concn (pM)
0.5 pmol 5 pmol
Control 0 851 10,426
Linezolid 200 765 12,980

“ Duplicate reaction mixtures containing either 0.5 or 5 pmol of purified E. coli
IF2 and 10,000 dpm of [**S]tRNA™¢! were incubated for 10 min at 37°C and
were trapped on Millipore filters as described in Materials and Methods.

complexes in the absence of any of the three factors. Figure 4
demonstrates that an ICy, of 152 pM was obtained for lin-
ezolid under these conditions.

DISCUSSION

Initial studies by Eustice et al. (5) demonstrated that the
oxazolidinone DuP-721 inhibited protein synthesis in whole
cells, but subsequent studies failed to show that cell-free trans-
lation was targeted by this class of antibacterial agents (6).
Interest in this class of compounds waned as DuP-721 did not
advance in clinical trials. The synthesis of U-100592 (eper-
ezolid) and U-100766 (linezolid) by Brickner et al. (1) and the
demonstration of their favorable activity profiles in vitro and in
vivo against multidrug-resistant gram-positive pathogens (7,
14, 15, 18, 28) have resulted in renewed interest in the oxazo-
lidinones. Recent mechanism-of-action studies have shown
that eperezolid and linezolid do not inhibit the synthesis of
tRNA™e elongation, or termination reactions of translation
(25). Oxazolidinones compete with chloramphenicol and lin-
comycin for binding to the 50S subunit (17), but neither elon-
gation nor the synthesis of the first peptide bond between
tRNA™¢ and puromycin is inhibited.

Two pathways may be used to initiate protein synthesis in
E. coli (11, 12). In the first pathway, the 30S subunit interacts
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FIG. 4. Effect of linezolid on E. coli 70S initiation complexes formed in the
absence of initiation factors with the triplet codon AUG used as the source of
mRNA. Initiation complex formation was as described in Materials and Meth-
ods.
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with the mRNA; in the second pathway, the 30S subunit in-
teracts first with tRNA™<!, Both pathways result in the for-
mation of a preinitiation complex comprising the mRNA, the
30S subunit, and tRNA™¢®, In vivo, initiation factors IF1, IF2,
and IF3 are essential to this process. They markedly increase
the efficiency of formation of each of these pathways and
promote the conversion of the preinitiation complex to the
postinitiation complex. In this study, linezolid inhibited the
formation of E. coli 30S initiation complexes and 70S com-
plexes from either E. coli or S. aureus. Despite the essential
function of initiation factors for in vivo translation, they were
not required for linezolid to inhibit the initiation complex
formation in E. coli. Due to a lack of purified S. aureus initi-
ation factors, their effect on linezolid potency could not be
assessed in this study. To our knowledge, this is the first report
of initiation complex formation with S. aureus ribosomes.

It is interesting that similar ICs,s were obtained for ribo-
somes from gram-negative and gram-positive bacteria by using
either AUG or a 200-bp synthetic mRNA (E. coli) or a trun-
cated mRNA (S. aureus). The truncated mRNA used for S. au-
reus initiation complex formation was identical to the first 26
bp of the 200-bp synthetic mRNA used for the E. coli studies.
The similar potency of linezolid for either of these systems
indicates that (i) the length of the mRNA is not critical and at
least an AUG is required, (ii) a Shine-Dalgarno sequence may
not be essential, and (iii) the binding site for linezolid is con-
served in both gram-negative and gram-positive bacterial sys-
tems.

After establishing that oxazolidinones inhibited initiation
complex formation, further studies were designed to examine
the effect of linezolid on isolated initiation events. IF2 forms a
binary complex with tRNA™¢! guiding it to the P site of the
ribosome where it can bond with the initiation codon of the
mRNA (11). High concentrations (200 wM) of linezolid did
not inhibit binary complex formation, indicating that the binary
complex reaction is probably not the target of oxazolidinones.
After IF2 guides initiator tRNA to the P site, an initiation
complex can be formed in the presence of mRNA. An mRNA
sequence containing a strong Shine-Dalgarno site followed by
seven bases, the AUG start codon, and a coding sequence was
synthesized. To foster the formation of the initiation complex,
the mRNA was constructed so as to minimize the potential
secondary structure of the initiation site. With this [*?PJmRNA
with a defined sequence, it was demonstrated that 200 pM
linezolid did not inhibit mRNA binding to ribosomes.

The potencies and mechanisms of action of other drugs
which inhibit translation initiation have been examined. Oku-
yama et al. (21) reported that 30S complexes were inhibited
62% with 100 uM kasugamycin when the random polymer
polyAUG was used as the mRNA template and that 70S com-
plex formation was inhibited 100% when the drug was used at
200 pM. Similar results were observed in this study, in which
the ICs, of kasugamycin was 154 .M when the same E. coli 70S
ribosome preparation for which the linezolid IC;, was 110 pM
was used. Translation initiation is a complex, dynamic event
involving the interaction of several components (initiation fac-
tors, mRNA, ribosome, tRNA™¢) which, upon binding, alter
the structure of the ribosome. As a result, as the in vitro assays
move away from coupled transcription-translation, the 1Cs,s
increase. For example, the linezolid ICs, for coupled transcrip-
tion-translation is 1.8 uM, the ICs, for translation is 15 pM
(25), and the value for 70S initiation complex inhibition is 110
wM (this study). Likewise, at a concentration of 10 uM ka-
sugamycin inhibits f2 phage RNA-directed translation 50%
(21), while the ICs, for initiation complex inhibition was 154
pM (this study).

ANTIMICROB. AGENTS CHEMOTHER.

Eustice et al. (6) reported that 100 puM DuP-721 did not
inhibit E. coli 70S initiation complex formation. In addition,
Burghardt et al. (2) recently reported that 230 M DuP-721
did not inhibit Staphylococcus carnosus initiation complex for-
mation. While DuP-721 was not tested in this study, we have
previously demonstrated that 250 wM DuP-721 was required
to achieve only 20% inhibition of cell-free translation (25).
Therefore, millimolar concentrations of DuP-721 may be re-
quired in vitro in order to inhibit initiation complex formation.

By using an assay validated with an antibiotic (kasugamycin)
with a defined mechanism of action, this study demonstrates
that oxazolidinones inhibit initiation complex formation. This
conclusion is further supported by the lack of activity of this
class of antibacterial agents against other reactions of transla-
tion such as tRNA™¢®! biosynthesis, as well as elongation and
termination (6, 17, 25). It has been reported that linezolid and
eperezolid bind to isolated 50S subunits (but not to 30S sub-
units) and that chloramphenicol and lincomycin compete with
this binding (17). However, formation of the tRNA™*<"-puro-
mycin peptide bond was not inhibited by these oxazolidinones.
Recently, Burghardt et al. (2) reported that DuP-721 inhibited
the puromycin-mediated release of tRNA™<! from S. carnosus
70S initiation complexes approximately 50% when 80 wg of
DuP-721 per ml (290 nM) was used. While these data indicate
very weak inhibition of the peptidyl transferase reaction, taken
together with the results of the present study, the collective
data suggest that oxazolidinone binding is partitioned between
both subunits. The binding of tRNA™<" to the 70S particle
occurs through codon-anticodon interactions on the 30S sub-
unit as well as through contacts with the peptidyl transferase
region of the 50S particle (23). We postulate that the drug
distorts the binding site for the initiator-tRNA which overlaps
both ribosomal subunits. Analysis of ribosomes from a labora-
tory-generated S. aureus isolate resistant to the oxazolidinone
eperezolid (19) may provide information regarding the binding
site(s) for this new class of antibacterial agents.
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