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Mutations in mmpL and in the Cell Wall Stress Stimulon Contribute
to Resistance to Oxadiazole Antibiotics in Methicillin-Resistant

Staphylococcus aureus
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Staphylococcus aureus is a leading cause of hospital- and community-acquired infections, which exhibit broad resistance to vari-
ous antibiotics. We recently disclosed the discovery of the oxadiazole class of antibiotics, which has in vitro and in vivo activities
against methicillin-resistant S. aureus (MRSA). We report herein that MmpL, a putative member of the resistance, nodulation,
and cell division (RND) family of proteins, contributes to oxadiazole resistance in the S. aureus strain COL. Through serial pas-
sages, we generated two S. aureus COL variants that showed diminished susceptibilities to an oxadiazole antibiotic. The MICs
for the oxadiazole against one strain (designated S. aureus COL") increased reproducibly 2-fold (to 4 pg/ml), while against the
other strain (S. aureus COLF), they increased >4-fold (to >8 pg/ml, the limit of solubility). The COLR strain was derived from
the COL' strain. Whole-genome sequencing revealed 31 mutations in S. aureus COLY, of which 29 were shared with COL'. Con-
sistent with our previous finding that oxadiazole antibiotics inhibit cell wall biosynthesis, we found 13 mutations that occurred
either in structural genes or in promoters of the genes of the cell wall stress stimulon. Two unique mutations in S. aureus COL®
were substitutions in two genes that encode the putative thioredoxin (SACOL1794) and MmpL (SACOL2566). A role for mmpL
in resistance to oxadiazoles was discerned from gene deletion and complementation experiments. To our knowledge, this is the
first report that a cell wall-acting antibiotic selects for mutations in the cell wall stress stimulon and the first to implicate MmpL

in resistance to antibiotics in S. aureus.

acterial resistance to antibiotics poses a serious threat to hu-

man health and has emerged as a global health concern of the
21st century. At least 2 million individuals in the United States
alone are infected annually by bacteria that are resistant to one or
more antibiotics. A total of 23,000 deaths resulted directly from
these infections (1). Staphylococcus aureus, a Gram-positive bac-
terium that colonizes the skin of approximately 30% of healthy
individuals (2), is a major human pathogen and a leading cause of
infections. These result in many illnesses ranging from minor skin
infections to life-threatening diseases such as meningitis, pneu-
monia, and endocarditis (3). Staphylococcus aureus is extremely
adaptive in response to antibiotic exposure (4). The emergence
and spread of methicillin-resistant S. aureus (MRSA) (5), vanco-
mycin-resistant S. aureus (VRSA) (6), and the recently reported
linezolid resistance in S. aureus (7) presage a return to the prean-
tibiotic era. The appearance of community-associated MRSA
(CA-MRSA), an epidemic MRSA clone that often contains Pan-
ton-Valentine leukocidin (PVL) genes and is consequently more
virulent than the traditional hospital-associated MRSA strains (2,
8, 9), exacerbates the concern and makes the discovery of new
antibiotics urgent.

In this vein, we recently described a new class of non--lactam
antibiotics, oxadiazoles, targeting penicillin-binding proteins
(PBPs) of Gram-positive bacteria (Fig. 1) (10). The oxadiazoles
act by inhibiting biosynthesis of the cell wall and demonstrate
broad bactericidal activity against S. aureus, including vancomy-
cin- and linezolid-resistant MRSA and other Gram-positive bac-
teria (10). Furthermore, the oxadiazoles show in vivo efficacy in a
mouse model of infection and have 100% oral bioavailability (10).
To explore the possibility of an emergence of resistance to this
class of antibiotics, we serially passaged S. aureus COL (an MRSA
strain) in tryptic soy broth (TSB) supplemented with increasing
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levels of the oxadiazole antibiotic (oxadiazole antibiotic 1; Fig. 1)
and generated two strains with decreased susceptibility to it.
Genomic sequencing identified a number of mutations in re-
sponse to the antibiotic challenge. Further analyses revealed that
MmpL, a putative member of the resistance, nodulation, and cell
division (RND) family of proteins (11-13), is involved in the re-
sistance to oxadiazole antibiotics.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. The bacterial strains
and plasmids used in this study are listed in Table 1. The Staphylococcus
aureus strains COL, RN4220, and RN9594 (RN4220 with the vector
pCN40) were obtained from the Network on Antimicrobial Resistance in
Staphylococcus aureus (NARSA). The plasmid pMAD was a kind gift from
Vijay Pancholi. Deletion mutants and the complemented strains were
constructed by the procedure described below. The S. aureus strains were
grown on tryptic soy broth/agar (TSB/A) (BD Diagnostic Systems) or
Mueller-Hinton broth (BD Diagnostic Systems). Escherichia coli strain
DH5a was grown on Luria-Bertani medium (LB) (Fisher).

Selection for resistance. The Staphylococcus aureus strain COL was
used for the isolation of resistant strains. Bacteria were grown in the pres-
ence of increasing concentrations of the oxadiazole antibiotic for seven
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FIG 1 Chemical structure of oxadiazole antibiotic 1.

passages. The starting culture was grown in freshly prepared TSB supple-
mented with 1 pg/ml (0.5 MIC) of the oxadiazole antibiotic. For each
subsequent passage, the concentration of the oxadiazole antibiotic was
increased 2-fold, and the inoculum ratio was 1:100. The highest concen-
tration used for the passages was 8 wg/ml (the solubility limit of the ox-
adiazole antibiotic), and the bacteria were passaged four times under this
condition. The determination of MIC was performed to monitor changes
in susceptibility to the oxadiazole antibiotic. Two single colonies were
isolated from two passage cultures that displayed MIC values of 4 pg/ml
and >8 g/ml. The homogeneity of resistance of the two passage cultures
was verified by plating the diluted cultures on plates containing TSA plus
various concentrations of the oxadiazole antibiotic and counting bacterial
colonies after 24 h of incubation at 37°C. The two isolates were desig-
nated strain COL' (MIC, 4 pg/ml) and strain COL® (MIC, >8 ng/ml)
and were subjected to whole-genome sequencing and/or PCR-based
DNA sequencing.

Antibiotic-susceptibility testing. The MIC values of the antibiotics
were determined using the broth microdilution method of the Clinical
and Laboratory Standards Institute (14). Five commercially available an-
tibiotics were tested: ampicillin (Sigma-Aldrich), ceftazidime (Sigma-Al-
drich), imipenem (Merck), linezolid (AmplaChem), and vancomycin
(Acros Organics). BBL Mueller-Hinton II broth was used for the MIC

TABLE 1 Bacterial strains and plasmids used in this study

determination with a bacterial inoculum of 5 X 10> CFU/mL. The exper-
iment was performed in triplicate, and the plates were incubated at 37°C
for 16 to 20 h before the results were recorded.

Whole-genome sequencing. The genomic DNA from the S. aureus
strain COL® was sequenced to 90-fold coverage and compared to the
genomic sequence of strain COL. The genome DNA was prepared with
the DNeasy blood and tissue kit (Qiagen) and subjected to agarose gel to
check the sample degradation. One microgram of genome DNA was pro-
cessed with the TruSeq DNA LT sample preparation kit (Illumina, Inc.) to
generate the DNA fragment library. The DNA fragment library was then
loaded onto an MiSeq set to acquire 159-bp paired-end reads. The paired-
end reads were filtered with a Q score (sequencing quality score) cutoff of
30 and aligned onto the reference genome of S. aureus COL using the
Burrows-Wheeler aligner (BWA) with default parameters (15) and then
sorted and indexed with SAMtools (sequence alignment/map) (16).
SAMtools were used to determine single-nucleotide polymorphisms
(SNPs) between S. aureus COL and COLR.

Confirmation of genomic mutations. PCR-based sequencing was
used to confirm the mutations predicted by the whole-genome sequenc-
ing. The DNA fragments harboring these predicted mutations were am-
plified by PCR. For a list of the primers used for each PCR, see Table S1 in
the supplemental material. The PCR products were purified with a
QIAquick PCR purification kit (Qiagen) and sequenced. Sequencing was
performed at MCLAB, Inc., CA.

Site-directed deletions. Primers for construction of deletion mutants
are listed in Table 2. Markerless chromosomal in-frame trx or mmpL
single-gene deletion mutants of S. aureus strains COL and RN4220 were
constructed by homologous recombination (17). Two deletion vectors,
pMADAtrx and p MADAmmpL, were constructed for allelic replacement.
For the construction of pMADAtrx, the primer pairs D1794UF/D1794UR
and D1794DF/D1794DR were used to amplify chromosomal DNA ap-

Plasmid or strain Description Reference/source
Plasmids
pMAD E. coli-S. aureus shuttle vector containing a thermosensitive origin of replication, bgaB 17
pPMADAtrx PMAD containing up- and downstream regions of sacol1794 This study
pMADAmmpL PMAD containing up- and downstream regions of sacol2566 This study
pCN40 E. coli-S. aureus shuttle vector 33
pCNtrx pCN40 harboring sacol1794 gene and its promoter This study
pCNtrxP70Q pCNitrx harboring mutated sacol1794 gene that resulted in P70Q substitution in its product This study
pCNmmpL pCN40 harboring sacol2566 gene and its promoter This study
pCNmmpLT1721 pCNmmpL harboring mutated sacol2566 gene resulted in T1721 substitution in its product This study
S. aureus strains
COL Hospital-acquired methicillin-resistant S. aureus parent strain NARSA
COL® COL expressing resistance to oxadiazole antibiotics This study
cor! COL expressing intermediate resistance to oxadiazole antibiotics This study
COLAtrx COL lacking sacol1794 This study
COLAmmpL COL lacking sacol2556 This study
RN4220 Restriction-deficient derivative of NCTC 8325-4 34
RN9594 RN4220 containing pCN40 33
RN4220Atrx RN4220 lacking sacol1794 This study
RN4220Atrx() RN4220Atrx strain containing pCN40 (vector-only control) This study
RN4220AtrxQtrx RN4220Atrx strain complemented by pCNtrx This study
RN4220AtrxQtrxP70Q RN4220Atrx strain complemented by pCNtrxP70Q This study
RN4220AmmpL RN4220 lacking sacol2556 This study
RN4220AmmpL{) RN4220AmmpL strain containing pCN40 (vector only control) This study
RN4220AmmpLOmmpL RN4220AmmpL strain complemented by pPCNmmpL This study
RN4220AmmpLOmmpLT1721 RN4220AmmpL strain complemented by pPCNmmpLT1721 This study
E. coli strain
DH5«a supE44 AlacU169(P80lacZAM15) hsdR17 recAl endAl gyrA96 thi-1 relAl 35
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TABLE 2 Primers used in this study for deletion of sacol1794 and sacol2566 and complementation

Usage and name Sequence (5" to 3")*

Restriction site

Deletion mutant

D1794UF CCCGGATCCCACGCCATTCACACAGTTATCT BamHI
D1794UR CCCCTCGAGTTTCATTTTTATGTCTCCTTAATTAATGAT Xhol
D1794DF CCCCTCGAGGTGTAATTTAGACTAGAGAAAAACGGGGTA Xhol
D1794DR CCCCATGGCTAAACGCTGAATCACGTTTGGAT Ncol
D2566UF CCCGGATCCGGTAACGCTCATGAGTTTCTCATCTAC BamHI
D2566UR CCCCTCGAGTGCCAAAGTATATTGCCTCCTTTTAA Xhol
D2566DF CCCCTCGAGTAAAATAACATGTACATGCCTCCGC Xhol
D2566DR CCCCGGGGCGGTTGATACCCTTCCCCTA Smal
Complementation
Trx-F CCCCCCGGATCCTCGGGTAATAACAACTATTATCTCTAAATAGTTATATATAATC BamHI
Trx-R CCGGCGCCTTACACGTATTGAGCTAAAAATGCATCTATC Narl
MmpL-F GGGGCATGCTTGTAGCAAGCTACTCGACAATGC Sphl
MmpL-R GGGGGTACCTTATGATTTATTTCGTAGATTTTTTTCTAACAATTG Kpnl

@ Restriction sites are underlined.

proximately 0.6 kb upstream and 0.9 kb downstream of the gene trx.
Similarly, for the construction of pMADAmmpL, two DNA fragments,
one 0.75 kb upstream and the other 0.95 kb downstream of the gene
mmpL, were amplified using the primer pairs D2566UF/D2566UR and
D2566DF/D2566DR, respectively. The upstream and downstream frag-
ments were then digested by Xhol, mixed together, and ligated with T4
DNA ligase. The ligation product was inserted into the temperature-sen-
sitive shuttle vector pMAD (17) and electroporated into E. coli strain
DH5a. The resulting plasmid was then introduced into the S. aureus strain
RN4220. For constructing deletion mutants in COL, pMADAtrx and
pPMADAmmpL extracted from RN4220 were separately transferred into
COL. Allelic replacement was performed as described previously (17).
The resulting mutants were identified by colony PCR and confirmed by
DNA sequencing.

Complementation of deletions. Primers for complementation are
listed in Table 2. For complementation of trx deletion, the primer set
Trx-F/Trx-R was used to amplify the DNA fragment containing the trx
gene and its promoter by PCR using the genomic DNA of COL. Similarly,
for complementation of mmpL deletion, the segment that includes the
mmpL gene and its promoter was amplified by PCR using the primer set
MmpL-F/MmpL-R. For complementation of trx or mmpL deletion with
trxP70Q or mmpLTI172I, the genomic DNA of COL® was used as the
template. The PCR-amplified fragments were individually cloned into
pCN40 and transferred into E. coli DH5a. The resulting constructs
pCNtrx/pCN40trxP70Q and pCNmmpL/pCNmmpLT172I were confirmed
by DNA sequencing and then separately transformed into RN4220Atrx and
RN4220AmmpL, respectively, for complementation. Plasmids were ex-
tracted from the complemented strain to verify their presence.

RESULTS AND DISCUSSION

Selection for resistance. Through serial passage of the S. aureus
COL in TSB supplemented with increasing concentrations of the
oxadiazole antibiotic, we generated two variants that exhibited
increased MIC values for the oxadiazole antibiotic. These strains

were named COL' and COL"®. The strain COL® showed a =4-fold-
higher MIC for the oxadiazole antibiotic (MIC, >8 g/ml, the
limit of solubility of the antibiotic), whereas COL' showed a re-
producible 2-fold increase in the MIC for the antibiotic (MIC, 4
pg/ml). We also evaluated if the two strains exhibited altered sus-
ceptibility to other antibiotics. We tested the -lactam antibiotics
ampicillin, ceftazidime, and imipenem, as well as the oxazolidi-
none linezolid and the glycopeptide antibiotic vancomycin. As
shown in Table 3, neither COL® nor COL' displayed any changes
in susceptibility to these antibiotics, compared to the wild-type
COL. This indicates that the oxadiazole resistance mechanism
might be distinct.

Mutations in COL® and COL'. We prepared the genomic
DNA from the strain COL® and performed whole-genome se-
quencing, which predicted 31 mutations in 30 loci, as listed in
Table 4. All predicted mutations, except the putative mutation 30,
were confirmed by PCR sequencing. We did not succeed in
amplifying the DNA fragment containing mutation 30 by PCR.
Among the 31 mutations, 1 mutation (mutation 1) caused a
frameshift in the open reading frame that resulted in the addition
of 54 amino acids to the unknown protein SACOL0081, 18 muta-
tions (mutations 2 to 19) resulted in single amino acid substitu-
tions, and 10 mutations (mutations 20 to 29) occurred in noncod-
ing regions. Mutations 30 and 31 were synonymous. Note that 13
of the 31 mutations in coding regions (Table 5) involved struc-
tural genes or promoters of the genes of the cell wall stress stimu-
lon, a core and accessory set of cell wall-associated genes that have
been reported to be overexpressed after the exposure of S. aureus
to cell wall-active agents (18-20). This observation is consistent
with our earlier finding that oxadiazole antibiotics act by inhibit-
ing cell wall biosynthesis in S. aureus (10). In addition, it suggests

TABLE 3 MICs of various antibiotics against S. aureus COL, COL', and COL® strains

MIC (pg/ml) of:

Strain Antibiotic 1 Ampicillin Ceftazidime Imipenem Linezolid Vancomycin
COL 2 16 128 16 2 2
cor' 4 16 128 16 2 2
COL® >8 16 128 16 2 2
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TABLE 4 Mutations predicted by whole-genome sequencing analysis of COL® strain

Mutation type and Effect of
no. Mutation mutation Mutated locus Function
In coding regions
1 Deletion A”'?!! Frameshift ~ SACOL0081 Unknown
2 GBO5360_ 7805360 A188T SACOL0781 Osmoprotectant ABC transporter
ATP-binding protein
3 TIO1et Gl N57K SACOL1036 Protease
4 G1063047 571063047 T327N SACOL1057 V8 protease
5 G'148922 5148922 P54T SACOL1140 LPXTG cell wall surface anchor
protein
6 1440658, 1440658 L1201 SACOL1428 Aspartate kinase
7 Al GIe91714 L37S SACOL1662 Acetyl-coenzyme A carboxylase,
biotin carboxyl carrier protein
8 C!737265 51757265 D102N SACOL1727 Translation initiation factor IF-3
9 G842648_ 1842648 P70Q SACOL179%4 Thioredoxin
10 TIOI887 5 A 1918837 Q68H SACOL1866 Serine protease SplD
11 (0047085 72004708 D367E SACOL1941 RNase BN
12 AZH1657 5 G2241657 L8S SACOL2162 Hypothetical protein
13 2867202286720 S4T SACOL2204 Hypothetical protein
14 G2470606_ 2470606 T5N SACOL2410 Amino acid ABC transporter
ATP-binding protein
15 821812482181 Y109S SACOL2423 Hypothetical protein
16 A?P04486_5T2504486 116L SACOL2445 fmtA-like protein
17 G2628671 5 72628671 T1721 SACOL2566 MmpL
18 (GP6296092629609 D73Y SACOL2567 Hypothetical protein
19 G?770884_ 2770884 N3K SACOL2696 Phosphoribosyl-ATP
pyrophosphatase/
phosphoribosyl-AMP
cyclohydrolase
In noncoding regions
20 Insertion C after T*%7% Intergenic region between divergently transcribed
genes sacol0457 (hypothetical protein) and
sacol0458 (xanthine phosphoribosyltransferase)
21 Insertion G after A'*°1¢>* Intergenic region between sacol0994 (oligopeptide
ABC transporter ATP-binding protein) and
sacol0995 (oligopeptide ABC transporter
oligopeptide-binding protein).
22 0228601022860 sacol1014 (pseudogene)
23 A1227842_s 1227842 Intergenic region between 2 hypothetical proteins
SACOL1218 and SACOL1219
24 A1227909 51227909 Intergenic region between 2 hypothetical proteins
SACOL1218 and SACOL1219
25 Deletion A'468810 sacol1454 (pseudogene)
26 Deletion A?0¢81%¢ sacol2007 (pseudogene)
27 Deletion A***17?! Intergenic region between 2 hypothetical proteins
SACOL2162 and SACOL2163
28 AZ286771 2286771 sacol2205 (pseudogene)
29 Deletion T?#921%7 Intergenic region between 2 hypothetical proteins
SACOL2433 and SACOL2434
Synonymous
30 TO06—CO0%46 S12458 SACOL0050 Methicillin-resistant surface
protein
31 GO 57201347 D535D SACOL2505 Cell wall surface anchor family

protein

that these mutations were likely selected under the pressure of the
oxadiazole antibiotic.

Of'the 13 mutations in structural genes or promoters of the cell
wall stress stimulon, 9 occurred in genes that belong to one of the
two functional categories: the cell-envelope biogenesis (which in-
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cludes sacol0050, sacoll140, sacoll1662, sacol2445, and sacol2505)

and transport and binding (which include sacol0781, sacol0094,

sacol0095, and sacol2410). Other mutations occurred in genes that
encoded the translation-initiation factor IF-3 (SACOL1727); the
serine V8 protease (SACOL1057), which is a virulence factor of S.
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TABLE 5 Genes of cell wall stress stimulon mutated upon exposure to
the oxadiazole antibiotic

COL open

reading frame  Gene function Reference

SACOL0781 Osmoprotectant ABC transporter ATP- 18, 20
binding protein

SACOL1057 Serine V8 protease 18

SACOL1140 LPXTG cell wall surface anchor protein 18,19

SACOL1662 Acetyl-coenzyme A carboxylase, biotin 18-20
carboxyl carrier protein

SACOL1727 Translation initiation factor IF-3 19

SACOL179%4 Thioredoxin 19

SACOL2162 Predicted membrane-bound metal- 19
dependent hydrolases

SACOL2410 Amino acid ABC transporter ATP-binding 18-20
protein

SACOL2445 fmtA-like protein 18-20

SACOL0994%¢  Oligopeptide ABC transporter ATP-binding ~ 18-20
protein

SACOL0995*¢  Oligopeptide ABC transporter oligopeptide- ~ 18-20
binding protein

SACOL1218" Hypothetical protein (predicted to be a 19
lipoprotein)

SACOL0050" Methicillin-resistant surface protein 18-20

SACOL2505" Cell wall surface anchor family protein 18-20

“ Mutation occurred in intergenic region.
b Synonymous mutation.
¢ Same mutations.

aureus and plays a role in S. aureus immune evasion (21); a puta-
tive thioredoxin (SACOL1794); and two hypothetical proteins
(SACOL1218 and SACOL2162). SACOL2162 is a conserved hy-
pothetical protein predicted to be a membrane-bound metal-de-
pendent hydrolase, potentially linking it to the stress response
induced by cell wall-acting antibiotics. The remaining 18 muta-
tions occurred outside the cell wall stress stimulon. These
affected genes encode two proteases (SACOL1036 and
SAACOL1866), an aspartate kinase (SACOL1428), an RNase
(SACOL1941), a bifunctional phosphoribosyl-ATP pyrophos-
phatase/phosphoribosyl-AMP cyclohydrolase that participates
in histidine metabolism (SACOL2696,), a glycosyltransferase
that participates in nucleotide metabolism (SACOL0458), a puta-
tive membrane protein MmpL (SACOL2566), nine hypothetical
proteins (SACOL0081, SACOL2204, SACOL2423, SACOL2567,

mmpL Contributes to Oxadiazole Resistance

SACOL0457, SACOL1219, SACOL2163, SACOL2433, and
SACOL24340), and four pseudogenes (sacol1014, sacoll1454,
sacol2007, and sacol2205). It is interesting to note that SACOL0081
is predicted to be a lipoprotein, which may potentially be impli-
cated in the stress response to cell wall-acting antibiotics.

Since the strains COL® and COL' displayed distinct levels of
resistance to the oxadiazole antibiotic, we sought to identify the
mutations responsible for the higher level of resistance in COL®.
We used the COL' genomic DNA as the template and amplified all
30 DNA fragments by PCR, as we did for COL" in PCR sequenc-
ing. These DNA fragments were then sequenced, and we found
that COL® and COL' share 28 mutations. The two unique muta-
tionsin S. aureus COL® were the P70Q substitution in the putative
thioredoxin Trx (SACOL1794) and the T172I substitution in
MmpL (SACOL2566). This observation suggests a potential role
for Trx and MmpL in the resistance to the oxadiazole antibiotic
and a potential link between the two mutations and the higher
level of resistance to oxadiazole antibiotics. Furthermore, the 28
shared mutations in COL® and COL' and the 2 unique mutations
in COL" suggest a stepwise accumulation of the mutations, as the
strain COL® was derived from the strain COL". This argues that
alteration in a single binding site, as in a target PBP, might not
account for the emergence of resistance, and indeed, the collective
effect of mutations at more than one site might be the outcome.

Role of MmpL and Trx in resistance to oxadiazole antibiot-
ics. The S. aureus MmpL is a putative member of the resistance,
nodulation, and cell division family of proteins (11, 12). This pro-
tein displays a high degree of sequence similarity to the MmpL
proteins of Mycobacterium tuberculosis (25% to 30% identity, 43%
to 45% similarity), which are proposed to function as scaffolds for
the biosynthetic machinery of cell wall-associated lipids or to
function in lipid secretion (13, 22, 23). The observation that
MmpL was mutated in the strain COL® but not in strain COL'
prompted us to examine the effect of mmpL deletion on the ox-
adiazole resistance of S. aureus COL. We constructed a markerless
in-frame mmpL deletion mutant of strain COL and determined
the MICs of a variety of antibiotics against it. We found that the
deletion of mmpL in the strain COL resulted in a reproducible
2-fold decrease in susceptibility to the oxadiazole antibiotic but
maintained the same level of susceptibility to the other antibiotics
that we tested (Table 6). We next tried to complement the mmpL
deletion in COL by pCN40mmpL, but this effort failed, which

TABLE 6 MICs of different antibiotics against COL, RN4220, and their derivatives

MIC (pg/ml) of:

Strain Antibiotic 1 Ampicillin Linezolid Vancomycin
COL 2 16 2 2
COLAtrx 2 16 2 2
COLAmmpL 1 16 2 2
RN4220 2 0.5 2 1
RN4220Atrx 2 0.5 2 1
RN4220Atrx() 2 0.5 2 1
RN4220AtrxQtrx 2 0.5 2 1
RN4220AtrxQtrxP70Q 2 0.5 2 1
RN4220AmmpL 1 0.5 2 1
RN4220AmmpL() 1 0.5 2 1
RN4220AmmpLOmmpL 2 0.5 2 1
RN4220AmmpLOmmpLT1721 4 0.5 2 1
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may be due to plasmid incompatibility, as S. aureus COL itself
contains the plasmid pT181. As an alternative for complemen-
tation of mmpL deletion in S. aureus, we constructed a mark-
erless in-frame mmpL deletion mutant in strain RN4220 and
complemented the deletion mutant by pCNmmpL. As shown
in Table 6, the deletion of mmpL in strain RN4220 also resulted
in a reproducible 2-fold decrease in the MICs of the oxadiazole
antibiotic. The role of MmpL in oxadiazole resistance was fur-
ther confirmed by showing that the complemented strain,
RN4220AmmpLOmmpL, restored the susceptibility to the level
of the wild-type strain (Table 6). To explore the effect of the T1721
substitution in MmpL on oxadiazole resistance of S. aureus, we
also complemented the deletion mutant RN4220AmmpL by
pCNmmpLT172I. As shown in Table 6, the resulting comple-
mented strain, RN4220AmmpLOmmpLT1721, displayed an ad-
ditional 2-fold increase in MICs of the oxadiazole antibiotic (over-
all, a 4-fold increase over the deletion mutant), compared to the
wild-type S. aureus RN4220. On the other hand, the control strain,
RN4220AmmpL{), which is the mmpL deletion mutant contain-
ing the empty vector pCN40, showed no changes in MIC, com-
pared to the deletion mutant. Together these data implicate
MmpL in resistance to oxadiazole antibiotics in S. aureus. Further-
more, this is the first report of a role for MmpL in antibiotic
resistance to S. aureus. We have to add that certain MmpL proteins
in M. tuberculosis have been implicated in resistance to cell wall-
acting antibiotics such as cycloserine and vancomycin (24). To
our knowledge, this is also the first report of a cell wall-acting
antibiotic selecting for mutations in the cell wall stress stimulon.

We further explored a potential role for the thioredoxin gene
trx (sacoll1794) in oxadiazole resistance, which was also mutated in
our sequencing analysis. Involvement of reactive-oxygen species
in the bactericidal effect of antibiotics was proposed (25-27). On
the other hand, it was reported that thioredoxin plays a protective
role against oxidative stress in bacteria (28-32). In S. aureus COL,
there are three putative thioredoxins, SACOL1794 (Trx),
SACOL0875, and SACOL1155. Since trx was mutated in the
strain COL® but not in strain COL', we suspected that it might
play a role in resistance to the oxadiazole antibiotics. There-
fore, we constructed a markerless in-frame trx deletion mutant
in strain COL and determined the MICs of a variety of antibi-
otics against the deletion mutant. However, we did not observe
any changes in susceptibility to the antibiotics tested, including
the oxadiazole antibiotic (Table 6). We also constructed a trx-
deletion mutant of strain RN4220 and complemented this de-
letion mutant by pCNtrx and pCNtrxP70Q. As shown in Table
6, for all the antibiotics tested, there was no difference in
antibiotic susceptibility among the wild-type RN4220, the de-
letion mutant RN4220Atrx, and the two complemented strains
RN4220AtrxQtrx and RN4220AtrxQtrxP70Q. We also examined
if deletion of trx could affect S. aureus growth in TSB. Still, we did
not observe any difference in growth rate between the deletion
mutant and the wild-type strain (data not shown).

Thus, our experiments have demonstrated that the product of
the mmpL gene contributes to the resistance to the oxadiazole
antibiotic in S. aureus RN4220 and COL strains, while that of trx
does not. However, the contributions of these genes to the resis-
tance phenotype of the COL strain are more difficult to interpret.
Apart from mutations in both the mmpL and trx genes, the COL®
strain has 28 additional mutations. The effect of one or a combi-
nation of these 28 additional mutations, shared between S. aureus
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strains COL' and COLY, is very likely responsible for the 2-fold
increase in the MIC of the oxadiazole antibiotic against the strain
COLY; hence, the simultaneous occurrences of mutations in both
the mmpL and trx genes in the strain COL® likely further elevate
the MIC by at least another 4-fold. We are aware that it is possible
that COL' contains more mutations beyond the 28 additional mu-
tations of COLF, as those mutations might have reverted during
selection of COL® (COLF was derived from COL"), but this pos-
sibility is small, in our opinion. Given the presence of multiple
mutations in the genome of COLY, it is plausible that the mmpL
and trx genes work alone or in concert with other mutations to
result in the higher level of resistance to the oxadiazole antibiotic
observed in S. aureus COL,

In summary, we generated two S. aureus COL derivatives
(COL"and COL®) with decreased susceptibility to the oxadiazole
antibiotic and found that exposure to oxadiazole antibiotics se-
lected for mutations in the cell wall stress stimulon of S. aureus.
Furthermore, we demonstrated that MmpL plays a role in the
resistance to oxadiazole antibiotics, and the T1721 substitution in
MmpL contributes to a higher level of resistance. Given the pre-
dicted role of MmpL in cell wall assembly (as a member of the
resistance, nodulation, and cell division family of proteins) and
our previous finding that oxadiazole antibiotics act by inhibiting
cell wall biosynthesis (10), the contribution of MmpL in oxadia-
zole resistance likely involves proteins that collectively influence
cell wall assembly. The structural aspects of these events are not yet
understood.
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