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ClpP-Independent Function of ClpX Interferes with Telithromycin
Resistance Conferred by Msr(A) in Staphylococcus aureus
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The ABCF family protein Msr(A) confers high resistance to macrolides but only low resistance to ketolides in staphylococci. Mu-
tations in conserved functional regions of ClpX as well as deletion of clpX significantly increased Msr(A)-mediated resistance to
the ketolide antibiotic telithromycin. ClpX is the chaperone component of the ClpXP two-component proteolytic system. Never-
theless, no changes in resistance were observed in a cIpP knockout strain expressing msr(A), demonstrating that ClpX affects

Msr(A) independently of ClpP.

,VI acrolides are important antibiotics used in clinical practice
to treat infections caused by Staphylococcus aureus (1). One
of the most frequent macrolide resistance determinants in staph-
ylococci is msr(A), which confers high resistance to 14- and 15-
membered macrolides as well as to streptogramin B but only low-
level resistance to telithromycin (TEL), which is a member of the
newest macrolide class—the ketolides (2—5). To examine the pos-
sibility of the development of TEL resistance as a result of changes
in Msr(A) specificity, we selected and analyzed TEL-resistant mu-
tants of S. aureus in which the resistance entirely depends on
msr(A) expression. Unexpectedly, we found that TEL resistance
was not associated with mutations in Msr(A) but rather was asso-
ciated with mutations in the ClpX chaperone.

Strain S. aureus RN4220+ MsrA, in which msr(A) expression is
controlled by anhydrotetracycline (AnhTet), was constructed to
eliminate TEL-resistant mutants whose resistance is Msr(A) inde-
pendent. In brief, the msr(A) gene was PCR amplified, with a
Shine-Dalgarno sequence added upstream of the gene and the
sequence coding for a C-terminal Pro-(Gly);-Ser-(His), tag added
downstream. This construct was cloned into the pRMC2 plasmid
and electroporated into S. aureus RN4220 (primers, plasmids, and
strains used in the study are listed in Table S1 in the supplemental
material). The resulting strain, RN4220+MSsrA, was, as expected,
highly resistant to erythromycin (ERY) and only moderately re-
sistant to TEL in the presence of AnhTet (100 ng/ml). Highly
TEL-resistant mutants derived from RN4220+MsrA were se-
lected in the presence of 100 ng/ml of AnhTet on brain heart
infusion (BHI) agar plates with 2, 4, 8, or 16 pwg/ml of TEL follow-
ing incubation at a subinhibitory concentration of TEL (0.5 MIC;
0.5 pg/ml) and AnhTet (100 ng/ml) for 12 h. Selection was per-
formed in two independent parallel experiments.

MICs were determined using the standard broth microdilution
method in Mueller-Hinton (MH) medium (6). All measurements
were performed at least 3 times. For determinations in which MIC
values differed between measurements, the range of MIC values is
indicated in Table 1. By screening all 67 colonies that appeared on
the plates, we identified 30 mutant strains in which TEL resistance
was fully dependent on expression of msr(A). The MIC of TEL
increased 4 to 16 times to 8 to 32 pg/mlin those mutants (Table 1).
Surprisingly, sequencing of PCR-amplified msr(A) did not re-
vealed any mutations in the msr(A) gene in any of the 30 strains
(Table 1), suggesting that the mutations affecting Msr(A)-medi-
ated resistance occurred on the chromosome. This interpretation
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is further supported by the observation that representative mutant
strain 24 cured of the pRMC2+MsrA plasmid (strain 24<) was
sensitive to TEL and that resistance was fully restored when the
pRMC2+MsrA plasmid was reintroduced into the strain (strain
24"). To identify the chromosomal mutations, genomic DNA of
mutant strain 24 was extracted using the method described in
reference 7, followed by additional purification performed using a
Wizard genomic DNA purification kit (Promega), and was sent to
BGI Tech Solutions for sequencing. A total of 96 single nucleotide
polymorphisms (SNPs) were identified when the S. aureus NCTC
8325 genome sequence (NC_007795.1) was used as the reference
genome for SNP calling. However, a comparison of all SNPs to the
published sequence of S. aureus RN4220 (8) identified only a sin-
gle nucleotide mutation of C to A in the clpX gene, resulting in an
amino acid change of cysteine to phenylalanine at position 13 of
the ClpX protein. ClpX is the substrate-recognizing component of
the ClpXP proteolytic system, which regulates protein quality and
turnover through controlled proteolysis (9). ClpX consists of
three domains: an N-terminal zinc-binding domain responsible
for substrate recognition and an AAA + module consisting of large
and small AAA+ ATPase domains that assume a hexameric orga-
nization and unfold recognized proteins (10). The c/pX gene was
sequenced in 13 additional TEL-resistant mutant strains in which
TEL resistance was dependent on the presence of Msr(A). In all
cases, mutations distributed along the whole protein were identi-
fied (Table 1). Eleven of 14 sequenced clpX genes had deletions or
stop codons (Table 1), suggesting that the increased TEL resis-
tance is associated with complete loss of ClpX function. In con-
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TABLE 1 MIC:s for telithromycin, erythromycin, and lincomycin in the presence or absence of AnhTet and mutations in amino acid sequences of

Msr(A) and ClpX

Change(s) in amino acid

MIC (mg/liter) in presence or absence of AnhTet sequence’
TEL ERY LIN
Strain — + - + — + Msr(A) ClpX
RN4220 0.25 0.25 1 1 1 0.5-1
RN4220+MsrA 1 2 2 64 1 1 None
1 0.5-1 16 4 128 None A104-154
4 0.5-1 16 4 128 None Stop at 26
7 0.5-1 16 4 128 None Stop at 327
8 2 16-32 None
11 0.5-1 16 4 128 None A52-128
14 0.5-1 16 None Stop at 337
15 1 16 None
16 2 16-32 None
17 2 16 None
18 2 16-32 None Stop at 280
19 0.5-1 16 4 128 None C13F
20 1 16 None Stop at 41
21 1 16 None
23 1 16 None
24 0.5-1 16 4 128 1 1 None C13F
25 1 16 None
26 1 16 None
27 0.5-1 16 4 128 1 1 None G150D
28 4 16 None Stop at 230
30 1 16 None
37 2 16-32 None
38 1 16 None
39 1 16 None
40 1 16 None Stop at 26
43 0.5 8 None
54 1 16 None
58 0.5-1 16 4 128 1 1 None Stop at 200
62 1 16 None
64 0.5-1 16 4 128 1 1 None A0-67/382-420
70 1 16 None
24¢ <1 <1
24+ pRMC2 <1 <1
24R <1 16-32
8325-4 0.25-0.5 0.25 1 1 1 0.5
8325-4+MsrA 1 2 2 16 1 1
AclpX 0.25 0.5 1 1 1 1
AclpX+MsrA 1 16-32 4 128 1 1
AclpC 0.5 0.5 1 2 1 1
AclpC+MsrA 1 2 2 16 1 1
AclpP 0.5 0.5 1 1 1 1
AclpP+MsrA 0.5 2 2 16 1 1

@ The presence or absence of mutations in Msr(A) and ClpX is shown only for the strains in which the respective genes were sequenced.

trast, the loss of ClpX function could be questionable in three
strains in which only a single amino acid substitution, G150D or
C13F, was detected. Nevertheless, both substitutions are located
in conserved regions, suggesting that they may severely impair
ClpX function. The G150D mutation detected in mutant 27 is
within the conserved GYVG motif of the functionally important
pore-11loop (also called the Ar-® pore loop) that is responsible for
ATP-dependent translocation of substrates through the pore
formed by the ClpX hexamer. Mutations in the GYVG conserved
motif of Escherichia coli ClpX affected the rate of (V154F) or even
abolished (Y153A) substrate degradation by the ClpXP complex
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(11). The C13F mutation detected in mutants 19 and 24 changes
one of the most conserved amino acid residues of the ClpX N-ter-
minal zinc binding domain and disrupts the Zn-binding motif
(12, 13). It has been observed that ClpX lacking the Zn-binding
domain can assemble into a hexameric ring, can interact with
ClpP, and can mediate protein degradation of some native sub-
strates at rates similar to those seen with the wild type (14); how-
ever, the N-terminal domain of ClpX is conserved across all bac-
teria and plays an essential role in substrate recognition (15). It is
therefore possible that elimination of the Zn-binding motif dis-
rupts the ability of ClpX to recognize substrates and therefore
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FIG 1 Western blot analysis of Msr(A). (A) Western immunoblots of Msr(A)-
6His in wild-type S. aureus RN4220, expressing msr(A) (RN4220+MsrA) and
in telithromycin-resistant mutant strains 24, 1, and 4. (B) Western immuno-
blots of Msr(A)-6His in wild-type S. aureus 8325-4 and in the isogenic AclpX
mutant, both expressing msr(A) (strains 8325-4+MsrA and AclpX+MsrA,
respectively). Strains with empty pRMC2 plasmids were used as negative con-
trols.

affects ClpX activity. To confirm that loss of ClpX function is
responsible for the increased Msr(A)-mediated TEL resistance, we
compared the susceptibilities of the S. aureus 8325-4 wild-type
strain and a AclpX mutant, both transduced (16) with plasmid
pRMC2+MsrA. Indeed, the AclpX strain exhibited higher
Msr(A)-mediated resistance to TEL than 8325-4+MsrA when ex-
pression of msr(A) was induced by AnhTet (Table 1). Moreover,
the level of TEL resistance in the AclpX+MsrA strain (MIC = 16
to 32 pg/ml) was comparable to the resistance of RN4220+MsrA
mutant strains.

In addition to TEL, resistance to ERY was also increased in the
ClpX mutant strains (Table 1). However, susceptibility to linco-
mycin, which is not affected by Msr(A), did not change. This
shows that loss of ClpX function results in a change in the overall
efficiency of Msr(A) rather than in a change of antibiotic specific-
ity. Increased efficiency of Msr(A) in ClpX mutant strains could be
explained by increased amounts of the protein. We tested Msr(A)-
6His levels using Western blot analysis in three independent ex-
periments using a monoclonal anti-His antibody (Novagen).
However, we did not detect any differences in Msr(A) protein
levels between strain RN4220+MsrA and its mutants (mutants
1, 4, and 24) or between mutant 8325-4+MsrA and mutant
AclpX+MsrA (Fig. 1). Notably, the level of Msr(A) in the 8325-
4-derived strains was lower than in the RN4220-derived strains
despite the use of the same total protein load (2.5 pg/lane). Nev-
ertheless, the MICs were comparable (Table 1), suggesting that the
observed differences in Msr(A) levels have little effect on the level
of resistance.

Because ClpX mainly acts in complex with ClpP, the effect of
ClpX inactivation on resistance could be interpreted to be a dys-
function of the ClpXP protein degradation system. Thus, inacti-
vation of ClpP could have an effect on Msr(A)-mediated resis-
tance to TEL similar to that of the inactivation of ClpX. In
addition to ClpX, ClpP may interact with ClpC (17), which is a
homologue of ClpX and is an alternative means of recognizing and
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unfolding some cellular proteins targeted for degradation by
ClpP. To clarify how inactivation of each component of the pro-
tein degradation machinery affects Msr(A)-mediated resistance,
plasmid pRMC2+MsrA was transduced into mutant strains
AclpC and AclpP. The resulting strains exhibited susceptibility to
TEL similar to that seen with strain 8325-4+MsrA (Table 1),
showing that only ClpX and not ClpC or ClpP interferes with
Msr(A)-mediated TEL resistance. It has been shown that the
ClpP-independent activity of ClpX plays a role in destabilization
of protein-DNA and protein-protein complexes (18, 19). Consid-
ering two hypotheses of Msr(A) function (20), we can speculate
that ClpX may destabilize the interaction of Msr(A) with a mem-
brane protein that assists in antibiotic efflux or that it may desta-
bilize the interaction of Msr(A) with a ribosome, thereby interfer-
ing with displacement of an antibiotic from the ribosome.

Although we observed that S. aureus expressing Msr(A) might
develop TEL resistance through “loss-of-function” mutations in
ClpX, it is unlikely that it causes a problem in clinical practice. It
has been shown that ClpX affects the expression of virulence genes
and is required for S. aureus virulence (21-23); therefore, clpX
mutants resistant to TEL should be quickly eliminated unless the
immune system of the host is compromised.
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