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Oxazolidinone and pleuromutilin antibiotics are currently used in the treatment of staphylococcal infections.
Although both antibiotics inhibit protein synthesis and have overlapping binding regions on 23S rRNA, the
potential for cross-resistance between the two classes through target site mutations has not been thoroughly
examined. Mutants of Staphylococcus aureus resistant to linezolid were selected and found to exhibit cross-
resistance to tiamulin, a member of the pleuromutilin class of antibiotics. However, resistance was unidirec-
tional because mutants of S. aureus selected for resistance to tiamulin did not exhibit cross-resistance to
linezolid. This contrasts with the recently described PhLOPSA phenotype, which confers resistance to both
oxazolidinones and pleuromutilins. The genotypes responsible for the phenotypes we observed were examined.
Selection with tiamulin resulted in recovery of mutants with changes in the single-copy rplC gene (Gly155Arg,
Ser158Leu, or Arg149Ser), whereas selection with linezolid led to recovery of mutants with changes (G2576U
in 23S rRNA) in all five copies of the multicopy operon rrn. In contrast, cross-resistance to linezolid was
exhibited by tiamulin-resistant mutants generated in a single-copy rrn knockout strains of Escherichia coli,
illustrating that the copy number of 23S rRNA is the limiting factor in the selection of 23S rRNA tiamulin-
resistant mutants. The interactions of linezolid and tiamulin with the ribosome were modeled to seek expla-
nations for resistance to both classes in the 23S rRNA mutants and the lack of cross-resistance between
tiamulin and linezolid following mutation in rplC.

Linezolid (LZD) is a synthetic antimicrobial agent belonging
to the oxazolidinone class. It inhibits bacterial protein synthesis
and has recently been introduced for the treatment of infec-
tions caused by gram-positive pathogens, including Staphylo-
coccus aureus. Despite early predictions that LZD would dis-
play a low potential for the development of resistance, resistant
clinical isolates of S. aureus with a G2576U mutation in all
copies of the 23S rRNA gene have, unfortunately, emerged
following prolonged therapy with the agent (13, 23, 24).

Pleuromutilins, such as tiamulin (TML) and valnemulin
(VML), are used in veterinary medicine to treat infections
caused by gram-positive pathogens. TML, the most widely
used pleuromutilin, is a semisynthetic inhibitor of bacterial
protein synthesis, most commonly used in the treatment of
Brachyspira hyodysenteria infections in swine. Another pleuro-
mutilin derivative, retapamulin, has recently been approved for
the treatment of impetigo caused by methicillin-susceptible S.
aureus and Streptococcus pyogenes (6, 19), and further members
of the pleuromutilin class are in development as potential oral
agents for systemic application (Nabriva, Vienna, Austria).

Pleuromutilin resistance has been identified in clinical iso-
lates of Brachyspira spp. and in Escherichia coli, Streptococcus
pyogenes, and S. aureus isolates selected in vitro (1, 2, 5, 8, 9,
18). Furthermore, chemical rRNA footprinting and mutational
information show overlapping binding regions on the 23S
rRNA, suggesting common loci for resistance to pleuromutilin

and oxazolidinone antibiotics may occur (18). In view of the
increasing interest in the application of pleuromutilins to con-
trol staphylococcal infections in humans and the recent obser-
vation that the PhLOPSA phenotype, caused by Cfr-mediated
methylation of nucleotide A2503 of the 23S rRNA, confers
resistance to both LZD and TML in S. aureus (12, 22), we have
investigated whether other mechanisms of resistance to lin-
ezolid in clinical isolates of S. aureus might also confer cross-
resistance to pleuromutilins.

(Portions of the work presented here were recently pre-
sented at the 46th Interscience Conference on Antimicrobial
Agents and Chemotherapy [15].)

MATERIALS AND METHODS

Bacterial strains, plasmids, antibiotics, chemicals, and growth media. Methi-
cillin-sensitive S. aureus strains RN4220, RN4220mutS, and 8325-4 (University of
Leeds culture collection), LZD-resistant S. aureus clinical isolates NRS119-121
(Network on Antimicrobial Resistance in S. aureus, Herndon, VA), and E. coli
SQ110 were used throughout the present study. E. coli SQ110 is a single-copy rrn
operon construct kindly provided by Catherine Squires, Tufts University, Boston,
MA. The pDG148-StuI gram-positive–E. coli shuttle vector (7) was used for
cloning (Bacillus Genetic Stock Centre, Columbus, OH). Chemicals and antibi-
otics were from Sigma-Aldrich (Poole, United Kingdom), with the exception of
LZD, which was a gift from Pfizer (Kalamazoo, MI), and TML, which was a gift
from Sandoz (Vienna, Austria). Mueller-Hinton broth (MHB) and Mueller-
Hinton agar were from Fisher (Loughborough, United Kingdom).

Determination of susceptibility to antimicrobial agents. MICs were deter-
mined by agar dilution according to BSAC guidelines (3) in MHB. For E. coli,
MHB was supplemented with 16 �g of polymyxin B nonapeptide (PMBN)/ml to
permeabilize the gram-negative cell envelope (4).

Determination of mutation frequencies and timelines for emergence of resis-
tance to antibiotics. Spontaneous mutation frequency determinations were per-
formed essentially as described by O’Neill et al. (17) using MH growth medium
(supplemented with 16 �g of PMBN/ml for E. coli). In cases where the mutation
frequencies were below the level of detection by direct plating (�10�9), a
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semiquantitative method for estimating mutation frequency was used in which
mutants were selected by serial subculture in the presence of antibiotics (14), and
the time to emergence of resistance was recorded.

PCR amplification and DNA sequencing. The 23S rRNA alleles of S. aureus
strains were amplified according to the method of Tsiodras et al. (23).

Oligonucleotide primers designed by using the Oligo 6.0 program (Molecular
Biology Insights, Cascade, CO) were used to amplify the rplC and rplD genes
from both E. coli and S. aureus (E. coli, rplC [5�-GAACCAGCGCTTCGTTG-3�
and 5�-TGATGCTCTGATGCGTCTG-3�] and rplD [5�-CGCTTTTTCAGAAA
CGTGC-3� and 5�-AGCTGTGAAGGCGTAAGGA-3�]; S. aureus, rplC [5�-AA
CCTGATTTAGTTCCGTCTA-3� and 5�-GTTGACGCTTTAATGGGCTTA-
3�] and rplD [5�-TCGCTTACCTCCTTAATG-3� and 5�-GGTGGAAACACTG
TAACTG-3�]) and the resistance-defining region on the E. coli 23S rRNA allele
(5�-ATAACGGTCCTAAGGTAGCGAAATTC-3� and 5�-GCTTACACACCC
GGCCTATCAACGTC-3�).

Confirmation of resistance loci. Mutant rplC genes were amplified from
KM164-168 (5�-AAGGAGGAAGCAGGTATGACCAAAGGAATCTTAGGA
AGA-3� and 5�-GACACGCACGAGTTATTTATTACCTTTTTTAATTGAA
G-3�) and were cloned in a ligation independent manner described previously
into the gram-positive E. coli shuttle vector pDG148-Stu. The construct was
propagated in E. coli XL1-Blue after transformation and was then cloned back
into electrocompetent, LZD- and TML-sensitive RN4220 cells.

Molecular modeling of mutated residues in the ribosome. Molecular models
of the mutated ribosome were constructed by using Maestro version 7.0110
(Schrödinger LLC, New York, NY) in conjunction with the structure file
1XBP.pdb, which contains TML cocrystallized within the 23S rRNA structure
from Deinococcus radiodurans (20). We inserted LZD into our ribosomal model
according to the conformation described by Leach et al. (10). The mutant L3
protein was constructed by using the BB modeling package (http://mccammon
.ucsd.edu/�adcock/bb.html) from the backbone coordinates present in the X-ray
crystal structure. Residues within 7 Å of bound drug and 10 Å of L3 were used
to create the drug-binding sites, extended to incorporate the relevant section of
L3 that contained the mutated residues. The lowest energy conformations of the
mutated ribosome were then subjected to full energy minimization by using the
MMFFs forcefield within Macromodel (version 9.0014; Schrödinger LLC) with
water selected as the solvent. During the minimization process, the outer atoms
on the periphery of the model were frozen to maintain a compact structure.

RESULTS AND DISCUSSION

Selection of mutants resistant to LZD and TML. Both LZD
and TML possessed low intrinsic resistance potentials against
wild-type S. aureus strains exhibiting mutation frequencies of
�10�9 (Table 1). Mutants were also not recovered in a muta-
tor strain of S. aureus (RN4220mutS) defective in the methyl-
directed mismatch repair system (16) (data not shown). S.
aureus mutants therefore had to be selected by continuous

subculture. TML resistance emerged in the multicopy rrn operon
S. aureus strains far more rapidly than LZD resistance (Table 1).

Cultures of E. coli strain SQ110 were insusceptible to LZD
and TML (Table 1), most likely due to poor penetration of the
antibiotics across the outer membrane. However, after expo-
sure to PMBN the MIC of LZD was reduced from 256 to 16
�g/ml and the MIC of TML was reduced from 128 to 8 �g/ml
(Table 1), thereby making mutant selection possible. When
sensitized with PMBN, the single rrn operon E. coli strain
SQ110 had measurable mutation frequencies to both antibiot-
ics (Table 1), and mutants were therefore more readily se-
lected than in the S. aureus strains. This suggests that a low rrn
operon copy number favors selection of resistance to both
agents.

Genetic analysis of mutants and cross-resistance studies.
LZD-resistant S. aureus mutants KM187 and KM198 derived
from the five copy rrn operon strain RN4220 and clinical iso-
lates NRS119-121, also with five copies of rrn, possessed
G2576U mutations in all five copies of the 23S rRNA (Table
2). Such mutations are known to confer LZD resistance in S.
aureus (13, 21, 23). LZD-resistant E. coli mutant KM55-68 had
G2576U mutations on the single copy of the 23S rRNA,
whereas KM69-73 had single G2447U 23S rRNA mutations
and KM74 had a single U2500A mutation on the 23S rRNA
(Table 2). All mutations have previously been implicated in
LZD resistance (13, 21, 23). The LZD-resistant mutants listed
above were also resistant to TML (Table 2).

TML-resistant S. aureus mutants KM164-168, derived from
strains with a single copy of rplC and five copies of rrn, all
carried mutations in the L3 ribosomal protein encoded by rplC,
and remained sensitive to LZD (Table 2). The L3 mutations
were confirmed as TML resistance loci by cloning the mutant
rplC into pDG148-Stu and introducing the construct into a
TML-sensitive S. aureus RN4220 host. All mutations described
conferred resistance to TML in the transformed host (data not
shown). Fourteen of the twenty TML-resistant E. coli single
copy rrn-operon SQ110 mutants also only had mutations in
rplC and remained sensitive to LZD (Table 2). The remaining
six TML-resistant mutants derived from SQ110 carried

TABLE 1. Mutation frequencies and timelines to resistance for LZD and TML in S. aureus strains and E. coli SQ110a

Strain Organism Antibiotic MIC
(�g/ml) Mutation frequency

Days of
subculture to

selection

RN4220 S. aureus LZD 4 �10�9 21
S. aureus TML 1 �10�9 2

RN4220mutS S. aureus LZD 4 �10�9 ND†
S. aureus TML 2 �10�9 1

8325-4 S. aureus LZD 4 �10�9 ND†
S. aureus TML 1 �10�9 1

SQ110 E. coli LZD 256 ND* ND*
E. coli TML 128 ND* ND*

SQ110 (supplemented)b E. coli LZD 16 (2.86 � 1.26) � 10�8 ND†
E. coli TML 8 (5.63 � 2.36) � 10�7 ND†

a ND*, not determinable; ND†, not determined.
b That is, supplemented with 16 �g of PMBN/ml.
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G2576U mutations on the 23S rRNA-encoding gene and were
cross resistant to LZD (Table 2).

The relative ease with which rplC mutations are acquired,
compared to multiple 23S rRNA mutations, explains why TML
resistance through selection of 23S rRNA mutations is an
unlikely event for strains possessing multiple copies of the rrn
operon. Furthermore, the level of TML resistance conferred
by mutations in rplC is similar to that mediated by 23S rRNA
mutations, suggesting that there is no selective advantage in
the accumulation of 23S rRNA mutations.

Homology models. The TML- and LZD-bound staphylococ-
cal ribosome models with the residues (highlighted) to be dis-
cussed here are illustrated in Fig. 1A and B, respectively.

Crystal structures are not available for the staphylococcal
ribosome. Nevertheless, despite only 49% sequence homology
between the L3 proteins of D. radiodurans and S. aureus, the
homology between the 23S rRNA sequences in the active site
is 74%, and only A2057G and U2611C nucleotide substitutions
were necessary in the active site to form the S. aureus ribosome
models. The location of TML was relatively unchanged in

TABLE 2. Properties of parental strains and LZD/TML-resistant derivatives

Straina Speciesb Antibiotic
selection

MIC (�g/ml) Mutation

LZD TML 23S rRNAc rplC

SQ110* E. coli 16 8
KM55-68* E. coli LZD 64 64 G2576U
KM69-73* E. coli LZD 64 64 G2447U
KM74* E. coli LZD 64 64 U2500A
KM75-84* E. coli TML 16 32 Gly153Arg
KM85-86* E. coli TML 16 32 Lys157Gln
KM87-88* E. coli TML 16 64 Arg141Ser
KM89-94* E. coli TML 64 64 G2576U
8325-4 S. aureus 4 1
KM164-165 S. aureus TML 4 8 Gly155Arg
RN4220mutS S. aureus 4 2
KM166-167 S. aureus TML 4 16 Ser158Leu
RN4220 S. aureus 4 1
KM168 S. aureus TML 4 8 Arg149Ser
KM187�198 S. aureus LZD 64 16 G2576U*
NRS119 S. aureusT LZD 64 32 G2576U*
NRS120 S. aureusT LZD 64 32 G2576U*
NRS121 S. aureusT LZD 64 32 G2576U*

a *, Strain cultured in the presence of 16 �g of PMBN/ml.
b A superscript “T” indicates a clinical isolate.
c *, In all five copies.

FIG. 1. (A) Model of TML (cyan) bound to the 23S subunit of S. aureus, with ribosomal protein L3 (orange) highlighted. The locations of the
rRNA and L3 mutations are shown in red. (B) Model of LZD (cyan) bound to the 23S subunit of S. aureus, with ribosomal protein L3 (orange)
highlighted. The locations of the rRNA and L3 mutations are shown in red.
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the S. aureus homology model (Fig. 2A) compared to the
crystal structure of TML bound in the D. radiodurans ribo-
some (20).

Comparison of our S. aureus model for LZD binding (Fig.
3A) with that reported previously (10) for E. coli revealed that
LZD retains a similar conformation upon minimization, with
the exception of the central aromatic ring, which is rotated ca.
45° relative to the plane of the oxazolidinone ring. In the
reported model, the aromatic ring is directed toward the hy-
drophobic crevice formed between A2451 and C2452, whereas
in our model this ring lies between C2452 and U2506. This
alternative positioning of LDZ within the E. coli structure is
likely explained by U2506 occupying a different position within
the binding site that permits movement of the central aromatic
ring to maximize hydrophobic interactions between this resi-
due and C2452. The conformation of the oxazolidinone ring
was similar in both E. coli and S. aureus models, which have

this ring stacked with the uracil base of U2504, and also feature
a hydrogen bond between the amide NH and the 5� oxygen of
G2505. Furthermore, the amide side chain maintained its
folded position over the oxazolidinone ring in the S. aureus
model (Fig. 3A).

TML resistance mutations. Our model proposes that resi-
dues 2504 to 2506 form a key part of the binding pocket of the
tricyclic mutilin core of TML (Fig. 2A); hence, modification of
these nucleotides or conformational changes resulting from
allosteric interactions would be expected to adversely affect
TML binding. The guanine base of G2576 lies adjacent to the
corresponding guanine base of G2505. Therefore, it is likely
that mutation of this residue will have a direct effect on its
neighbor. The spatial displacement of G2505 by the G2576U
mutation in our model had a knock-on effect that resulted in a
movement of up to 1.0 Å in the key sequence from positions
2504 to 2506. This in turn altered the position of TML within

FIG. 2. (A) Model of TML in its binding site. The nucleotides interacting with the drug are shown in green. The drug molecule is shown in
orange (carbon atoms), red (oxygens), blue (nitrogens), and yellow (sulfur). (B) Model of TML (orange) in its binding site (green) overlapped with
the positions of key nucleotides (atom colored) and TML (cyan) after G2576U mutation. (C) Model of TML (orange) in its binding site (green)
overlapped with the positions of key nucleotides (atom colored) and TML (cyan) after Ser158Leu L3 mutation.

FIG. 3. (A) Model of LZD in its binding site. The nucleotides interacting with the drug are shown in green. The drug molecule is shown in
orange (carbon atoms), red (oxygens), and blue (nitrogens). (B) Model of LZD (orange) in its binding site (green) overlapped with the positions
of key nucleotides (atom colored) and LZD (cyan) following G2576U mutation. (C) Model of LZD (orange) in its binding site (green) overlapped
with the positions of key nucleotides (atom colored) and LZD (cyan) following the Ser158Leu L3 mutation.
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the binding cavity, which is expected to have an adverse effect
on TML binding (Fig. 2B).

In addition, G2576 donates a hydrogen bond from N1 to the
nonbridging oxygen atom of U2506. This interaction is ex-
pected to help stabilize the positioning of G2505 and U2506.
Although it has previously been claimed that the G2576U
mutation would be unable to form this hydrogen bond (10),
this was not the case in our model, where N3 of U2576 is
suitably positioned to fulfill this function. However, our model
also suggests G2576 can form an additional hydrogen bond
through N2 to the same oxygen atom of U2506. Since the
pyrimidine ring of uracil would be incapable of donating a
second hydrogen to U2506, we propose that the G2576U mu-
tation weakens the interaction between this base and U2506
(and G2505). This decrease in the stability of key residues
responsible for binding the mutilin core of TML is expected to
reduce TML susceptibility. The increase in flexibility of U2506
results in the loss of a hydrogen bond between O4 of U2506
and N3 of U2584. As U2584 contributes hydrophobic interac-
tions with the side chains of TML, conformational changes
involving this residue are expected to further weaken drug
binding.

Although none of the residues within L3, including those
subject to mutation, make direct contact with TML, the mu-
tations within L3 caused similar conformational changes in the
environment around the drug as to those observed with the
G2576U mutation (Fig. 2C). Our model suggests, for example,
that all three L3 mutations described previously caused the
displacement of residues 2504 to 2506, which form the cavity
that binds the mutilin core of TML. Also, a hydrogen bond
between U2506 and U2584 was again lost, thereby reducing
the stability of the binding pocket further. Examination of the
L3 mutations relative to the binding site of TML revealed
Ser158Leu to be located closest to the peptidyl transferase
center (PTC). The adjacent residue, Ala157, corresponds to
Asn149 from E. coli, where an Asn149Asp mutation has been
reported to confer resistance to TML (2). This resistance ge-
notype was rationalized by the L3 mutation, causing a pertur-
bation of the drug binding cavity, and a similar argument can
be made for the Ser158Leu mutation in S. aureus. The mutated
residue is located ca. 8 Å from U2504, which has been reported
to be a key residue responsible for TML binding. Hence,
changes in the conformation of U2504 as a result of indirect
perturbation by Ser158Leu could possibly have a detrimental
effect on TML binding (Fig. 2C).

However, it is more difficult to rationalize the resistance
originating from the other two L3 mutations, Arg149Ser and
Gly155Arg, in terms of their proximity to the PTC and TML.
Nevertheless, despite being distant from the TML binding site,
both mutations are located 7 to 8 Å from G2576. Since muta-
tions of this nucleotide confer resistance to TML, it is plausible
that indirect perturbation of the conformation of G2576 by L3
mutations located nearby will affect TML binding.

LZD resistance mutations. In common with the TML S.
aureus homology model, the LZD-containing complex also
demonstrated that the guanine base of G2576 lies adjacent to
that of G2505, whose ribose ring forms part of the binding
pocket of the oxazolidinone ring of LZD (Fig. 3A). The
G2576U mutation caused displacement of 1.6 Å in the position
of the guanine group of G2505 relative to the unmodified

model, which had a cumulative effect on the position of U2504,
a key residue that binds the oxazolidinone ring of LZD. We
predict that this movement of residues responsible for binding
the key pharmacophore of LZD may have an adverse effect on
drug binding. This view is reinforced by movement (up to 0.5
Å) of the oxazolidinone ring following the G2576U mutation
(Fig. 3B).

In contrast, we predict that the L3 mutations had minimal
effect on the conformation of the key residues, U2504 and
G2505 (Fig. 3C). In addition, there was little apparent dis-
placement of the oxazolidinone ring, reflecting the lack of
perturbation of its binding residues. These predictions suggest
that the modes of binding of LZD and TML are different such
that LZD maintains contacts within the binding cavity that are
able to resist conformational effects imposed by mutations
within L3. However, all three L3 mutations did cause a move-
ment of up to 2.6 Å of the uracil base of U2585 in our model.
This movement caused reorientation of the adjacent residue
U2584. In the case of TML, such a change in conformation is
predicted to have a detrimental effect on drug binding since
U2584 and U2585 form interactions with the side chain exten-
sions that protrude from the TML mutilin core. However, since
LZD is predicted to bind in the ribosomal A site, as opposed to
TML, which binds across both A and P sites, these alterations are
only expected to have a minor effect on LZD binding.

Interestingly, it has been reported that the Asn149Asp mu-
tation that confers resistance to TML in E. coli does not confer
cross-resistance to another pleuromutilin antibiotic, VML
(11). The authors of that study explained this observation by
suggesting that the extended side chain of VML can make
additional interactions within the binding cavity, thereby over-
coming local changes in conformation. Chemical footprinting
data show increasing protection of U2585 going from TML to
VML, confirming the importance of this base in binding these
antibiotics. Possibly, the absence of LZD resistance observed
after L3 mutation can be attributed to the fact that its main
mode of binding does not involve significant interaction with
residues U2584 and U2585. In contrast, the key oxazolidinone
fragment is able to maintain its position and contacts close to
the PTC.

Conclusions. The potency, low potential for development of
resistance, and favorable pharmacokinetics of oxazolidinones
and pleuromutilins make them ideal antistaphylococcal drugs.
However, the unidirectional cross-resistance between LZD
and TML observed in LZD-resistant S. aureus could limit the
systemic use of pleuromutilins in patients for which LZD treat-
ment has been unsuccessful. Whether cross-resistance be-
comes an issue depends in part on the potency of the new
pleuromutilins in development and whether they can overcome
the 23S rRNA-mediated LZD resistance mechanism.

Acquisition of the PhLOPSA phenotype confers cross-resis-
tance between LZD and pleuromutilins due to methylation of
residue A2503 in 23S rRNA. In contrast, as reported here, the
emergence of pleuromutilin-resistant isolates by point muta-
tion should have little impact on susceptibility to LZD. This is
because resistance to LZD is not observed with TML-resistant
S. aureus mutants due to the preferential selection of single-
copy rplC mutations rather than 23S rRNA mutations on the
multicopy operon rrn. Cross-resistance to LZD is observed
with TML-resistant mutants derived from a single-copy rrn
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knockout strain of E. coli, illustrating that the copy number of
23S rRNA genes is the limiting factor in the selection of 23S
rRNA TML-resistant mutants. Finally, the molecular model-
ing of TML and LZD resistance mutations proposes a rational
hypothesis for explaining the resistance phenotypes we have
observed.
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