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A naturally occurring constitutive macrolide-lincosamide-streptogramin B (MLS) resistance plasmid,
pNE131, from Staphylococcus epidermidis was chosen to study the molecular basis of constitutive expression.
Restriction and functional maps of pNE131 are presented along with the nucleotide sequence of ermM, the gene
which mediates constitutive MLS resistance. Sharing 98% sequence homology within the 870-base-pair
Sau3A-TaqI fragment, ermM appears to be almost identical to ermC, the inducible MLS resistance determinant
from S. aureus (pE194). The two genes share nearly identical sequences, except in the 5' promoter region of
ermM. Constitutive expression of ermM is due to the deletion of 107 base pairs relative to ermC; the deletion
removes critical sequences for attenuation, resulting in constitutive methylase expression.

Staphylococcus epidermidis, normally thought of as a
nonpathogenic resident of the human skin and nose, is now
recognized as a major cause of infections of prosthetic
devices after surgical implantation. Treatment of these in-
fections is often difficult because of the frequent occurrence
of multiply antibiotic-resistant strains (1, 16). The presence
of resistance plasmids and recent reports of their transfer to
the more virulent S. aureus have led to speculation that the
ubiquitous, more antibiotic-resistant S. epidermidis may
serve as a reservoir for antibiotic resistance plasmids (2, 25).
We previously described a naturally occurring plasmid,

pNE131, in S. epidermidis which expresses constitutive
resistance to macrolide-lincosamide-streptogramin B (MLS)
antibiotics and shares DNA sequence homology with the
inducible plasmid pE194 in S. aureus (26). Resistance to
MLS antibiotics is due to dimethylation of the adenine
residue at position 2058 in 23S rRNA (14, 15, 31), resulting in
a reduced affinity between ribosomes and antibiotics. Plas-
mids which mediate MLS resistance encode an S-
adenosylmethionine-dependent methylase which produces
this modification of rRNA (30).

In Staphylococcus and Bacillus spp., resistance to MLS
antibiotics is inducible by a subinhibitory concentration of
erythromycin and the closely related macrolide oleando-
mycin. Several inducible resistance genes have been se-
quenced and analyzed in molecular detail. The most thor-
oughly studied is the ermC determinant from S. aureus
(pE194). Inducible expression of this resistance gene has
been shown to occur by a posttranscriptional mechanism
analogous to transcriptional attenuation in various amino
acid biosynthetic operons (5, 10). Similar translational atten-
uation models have been proposed for other inducible MLS
determinants, such as ermA from S. aureus (23), ermD from
Bacillus licheniformis (6), and ermAM from Streptococcus
sanguis (9).
Although the inducible expression of MLS resistance has

been extensively studied, little work has addressed the
naturally occurring constitutive MLS resistance plasmids.
On the basis of studies presented here and elsewhere (4, 22,
34), the constitutive resistance phenotype appears to be
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predominant among clinical isolates of S. epidermidis and S.
aureus. In this paper, we present the nucleotide sequence of
the MLS resistance gene, ermM, from S. epidermidis
(pNE131). The DNA sequence of this constitutively ex-
pressed gene appears to be almost identical to the sequence
of the inducible ermC gene of plasmid pE194, except for a
107-base-pair (bp) deletion in the 5' leader region of the
mRNA. This deletion removes the various complementary
sequences capable of forming the folded mRNA structure
characteristic of the attenuator, thus resulting in constitutive
expression of MLS resistance.

MATERIALS AND METHODS

Strains and plasmids. Plasmid pNE131 was originally
isolated from a clinical culture of S. epidermidis obtained at
the Health Sciences Center of the University of Missouri-
Columbia (26). S. aureus RN2442(pE194) was a gift from B.
Weisblum. Determination of constitutive or inducible
expression of MLS resistance was done by in situ induction
on solid medium with Kirby-Bauer antibiotic susceptibility
disks as described by Weisblum et al. (35).
Mapping restriction sites. A map of restriction sites for

plasmid pNE131 (Fig. 1) was constructed by standard tech-
niques of single and double restriction endonuclease diges-
tions. In addition, AluI and Sau3A restriction sites were
determined by an end label mapping procedure. Plasmid
pNE131 was cleaved at the unique HhaI restriction site and
labeled at the 5' terminus with polynucleotide kinase and
[-y-32P]ATP as described by Maniatis et al. (17). The plasmid
was cleaved again at the SstI site to yield two fragments
easily separated by gel electrophoresis and labeled at only
one end. Each fragment was then partially digested with AluI
or Sau3A, electrophoresed in agarose gels, and autoradio-
graphed, and the location of restriction sites was determined
as described by Smith and Birnstiel (32).
To map the location of the MLS resistance gene of

pNE131 as shown in Fig. 1, we labeled plasmid DNA by nick
translation under the conditions described by Maniatis et al.
(18) with some modifications, as previously reported (26).
Transfer ofDNA to nitrocellulose and hybridization ofDNA
were as previously described (26).

Nucleotide sequencing. Isolation of plasmid DNA for se-
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FIG. 1. Restriction and functional maps of pNE131 along with
the sequencing strategy used. The large arrow on the circular map
indicates the region encoding MLS resistance and the direction of
transcription of ermM. The bottom of the figure shows the sequenc-
ing strategy used. Each arrow under the linear restriction map
represents the direction and extent of the nucleotide sequence
determined from a given restriction site that was cloned. Kb,
Kilobases.

quencing was done by the rapid lysis procedure (13) modified
to accommodate large volumes. DNA was purified by ce-
sium chloride-ethidium bromide density gradient centrifuga-
tion. Restriction fragments were cloned into the M13 fila-
mentous phage vectors mpl8 and mpl9 (24) and sequenced
by the dideoxy chain termination method of Sanger et al.
(28). [k-32P]dATP and 8% acrylamide-8 M urea gels were
used. Initially, AluI subfragments of the largest TaqI-SstI
fragment were "shotgun" cloned into M13 phage vectors
and sequenced, followed by a sequence determination from
restriction sites of specifically cloned fragments in this
region. Except for 96 bp, the entire DNA sequence extend-
ing from TaqI to SstI was determined from both strands.
Overlapping fragments were cloned so that nucleotide se-
quences would extend across all the cloning sites used.

RESULTS
Restriction and functional maps of pNE131. A partial

restriction map of pNE131 is shown in Fig. 1. From an
analysis of restriction fragments, the size of pNE131 was
estimated to be 2,360 bp. The plasmid contains unique
restriction sites for HhaI, Bcll, and SstI. A gross comparison
of restriction maps between pNE131 and S. aureus(pE194)
(12) revealed no common pattern of restriction fragments.
To determine the location of the MLS resistance gene on

the restriction map of pNE131, we obtained an MLS gene
probe from the inducible plasmid pE194. The Hinfl A
fragment of pE194 (encompassing ermC) was radioactively

labeled by nick translation and used to probe various restric-
tion fragments of pNE131 in a Southern hybridization exper-
iment (33). Since the largest TaqI-SstI fragment of pNE131
hybridized with the probe, the MLS gene was placed on the
map of pNE131 as indicated in Fig. 1.

Nucleotide sequence of ermM. A linear restriction map of
the region of pNE131 which was sequenced along with the
sequencing strategy used are shown at the bottom of Fig. 1.
The complete sequence of ermM is shown in Fig. 2 along
with the sequence of the homologous region of the inducible
ermC gene to illustrate comparisons.

Deletion of the attenuator. A comparison of the DNA
sequences of the MLS resistance determinants from S.
epidermidis(pNE131) and S. aureus(pE194) showed that
these sequences are nearly identical, except for a 107-bp
deletion in the 5' regulatory region of ermM. Among the 870
bp which extend from the Sau3A site to the TaqI site at the
end of the resistance gene, there is over 98% sequence
homology with the corresponding region of ermC from
pE194. The alignment of the ermM DNA sequence with the
ermC DNA sequence (Fig. 2) showed that the deletion
begins right at the start of the 19-amino-acid leader peptide
of the promoter region. The deletion begins 7 bp downstream
from the first Shine-Dalgarno sequence (SD-1) at the first
codon (ATG) of the peptide and extends beyond the end of
the leader peptide to within 3 bp of the second Shine-
Dalgarno sequence (SD-2) (29). The Pribnow box or "-10"
sequence, the potential RNA polymerase recognition site or
" -35" sequence, and the putative start of transcription (+1)
are indicated in Fig. 2. These sequences are so designated
because of their conformity to consensus sequences for
bacterial promoters (27) and because they are identical to the
sequences identified for the ermC determinant from pE194
(5, 10). The Shine-Dalgarno sequences SD-1 and SD-2 are
the putative ribosome-binding sites for the leader peptide
and the 29,000-molecular-weight methylase (29K methyl-
ase), respectively, based on their strong complementarity to
the 3' terminus of 16S rRNA from Bacillus subtilis (21, 29).
Similarly, a complementary inverted repeat sequence at the
3' end of the methylase gene is designated as the possible
transcription terminator and is identical to one of the se-
quences proposed for ermC (5, 12).

Methylase gene. The probable ATG start codon for the
29K methylase protein of ermM is the same as that in ermC
and is indicated in the sequence (Fig. 2). Because of the
107-bp deletion, it is now preceded by two tandem ribosome-
binding sites, SD-1 and SD-2, which are separated by only 10
bp. The 29K methylase of ermM of pNE131 has the same
number (244) of codons and amino acids as the methylase of
ermC of pE194 and is thus presumed to encode a protein of
similar molecular weight. The sequence of the methylase of
ermM differs from that of the methylase of ermC at only 7
bases, resulting in seven different codons and coding for only
five different amino acids. The codon usage for ermM, as has
been noted for ermC (9), complies with the low guanine-plus-
cytosine base composition for staphylococcal genes (32% for
methylase codons) with a preference for A or U at the third
base position (19). Among the seven codons that differ
between the S. epidermidis gene and ermC, only two differ in
the third ("wobble") base, and they do not encode a
different amino acid.

DISCUSSION
From sequence data of the 5' promoter region of the ermM

gene of pNE131, a deletion was discovered which closely
resembles that in ermC deletion mutants selected by growth
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Sau3A Sst I
ermC GATCACTCATCATGTTCATATTTATCAGAGCTCGTGCTATAATTATACTAATTTTATAA
ermM: GATCACTCATCATGTTCATATTTATCAGAGCTCGTGCTATAATTATACTAATTTTATAA

-35 -10 +1
GAGGAAAAAATATG GGC ATT TTT AGT ATT TTT ATG ATC AGC ACA GTT
GAGGAAAAAAT--- --- --- --- --- --- --- --- --- --- --- ---

SD-1 Met Gly Ilu Phe Ser Ilu Phe Val Ilu Ser Thr Val

AT TAT CAA CCA AAC AAA AAA TAAGTGGTTATAATGAATCGTTAATAAGCAAA
- --- --- --- --- --- --- --------------------------------

is Tyr Gln Pro Asn Lys Lys End

TTCATATAACCAAATTAAAGAGGGTTATAATG AAC GAG AAA AAT ATA AAA CA
--------------- AAAGAGGGTTATAATG AAC GAG AAA AAT ATA AAA CA

SD-2 29K Met Asn Glu Lys Asn Ilu Lys Hi

AGT CAA AAC TTT ATT ACT TCA AAA CAT AAT ATA GAT AAA ATA ATG
AGT CAA AAC TTT ATT ACT TCA AAA CAT AAT ATA GAT AAA ATA ATG
Ser Glu Asn Phe Ilu Thr Ser Lys His Asn Ilu Asp Lys Ilu Met

ACA AAT ATA AGA TTA AAT GAA CAT GAT AAT ATC TTT GAA ATC GGC
ACA AAT ATA AGA TTA AAT GAA CAT GAT AAT ATC TTT GAA ATC GGC
Thr Asn Ilu Arg Leu Asn Glu His Asp Asn Ilu phe Glu Ilu Gly

Lys
TCA GGA AAA GGJCCAT TTT ACC CTT GAA TTA GTA AAG AGG TGT AAT
TCA GGA AAA G HCAT TTT ACC CTT GAA TTA GTA cAG AGG TGT AAs
Ser Gly Lys Gl y His Phe Thr Leu Glu Leu Val Gln Arg Cys Asn

TTC GTA ACT GCC
TTC GTA ACT GCC
Phe Val Thr Ala

GAA AAT AAA CTT
GAA AAT AAA CTT
Glu Asn Lys Leu

ATT GAA ATA GAC CAT AAA TTA TGC AAA ACT ACA
ATT GAA ATA GAC CAT AAA TTA TGC AAA ACT ACA
Ilu Glu Ilu Asp His Lys Leu Cys Lys Thr Thr

Bcl I
GTT GAT CAC GAT AAT TTC CAA GTT TTA AAC AAG
GTT GAT CAC GAT AAT TTC CAA GTT TTA AAC AAG
Val Asp His Asp Asn Phe Gln Val Leu Asn Lys

GAT ATA TTG CAG TTT AAA TTT CCT AAA AAC CAA TCC TAT AAA ATA
GAT ATA TTG CAG TTT AAA TTT CCT AAA AAC CAA TCC TAT AAA ATA
Asp Ilu Leu Glu Phe Lys Phe Pro Lys Asn Gln Ser Tyr Lys IlU
[Tyr
TAT GGT AAT ATA CCT TAT AAC ATA AGT ACG GAT ATA ATA CGC AAA
TtT GGT AAT ATA CCT TAT AAC ATA AGT ACG GAT ATA ATA CGC AAA
Phe Gly Asn Ilu Pro Tyr Asn Ilu Ser Thr Asp Ilu Ilu Arg Lys

Alu I [Asn
ATT GTT TTT GAT AGT ATA GCT AAT GAG ATT TAT TTA
ATT GTT TTT GAT AGT ATA GCT gAT GAG ATT TAT TTA
Ilu Val Phe Asp Ser Ilu Ala Asp Glu Ilu Tyr Leu

TAC GGG TTT GCT AAA AGA TTA TTA AAT ACA AAA CGC
TAC GGG TTT GCT AAA AGA TTA TTA AAT ACA AAA CGC
Tyr Gly Phe Ala Lys Arg Leu Leu Asn Thr Lys Arg

ELeuI

ATC GTG
ATC GTG
Ilu Val

TCA TTG
TCA TTC
Ser Leu

TTA CTT TTA ATG GCA GAA GTT GAT ATT TCT ATA TTA AGT ATG
TTA tTT TTA ATG GCA GAA GTT GAT ATT TCT ATA TTA AGT ATG

108 Leu Phe Leu Met Ala Glu Val Asp Ilu Ser Ilu Leu Ser Met
4C Alu I
4C CCA AGA GAA TAT TTT CAT CCT AAA CCT AAA GTG AAT AGC TCA
Ls CCA AGA GAA TAT TTT CAT CCT AAA CCT AAA GTG AAT AGC TCA
153 Pro Arg Glu Tyr Phe His Pro Lys Pro Lys Val Asn Ser Ser

ATC A T AIA A AAASer
; ATC AGA TTA AGT AGA AAA AAA TCA AGA ATA TCA CAC AAA GAT
t ATC AGA TTA AaT AGA AAA AAA TCA AGA ATA TCA CAC AAA GAT
198 Ilu Arg Ser Asn Arg Lys Lys Ser Arg Ilu Ser His Lys Asp

Hinc II
C A AAG TAT AAT TAT TTC GTT ATG AAA TGG GTT AAC AAA GAA
CABAAG TAT AAT TAT TTC GTT ATG AAA TGG GTT AAC AAA CAA

243 Gln Lys Tyr Asn Tyr Phe Val Met Lys Trp Val Asn Lys Glu

468
GAA
GAA
Glu

513
GCA
GCA
Ala

558
GTT
GTT
Val

603
CTT
CTT
Leu

648
AAA
AAA
Lys

693
TAC
TAC
Try

738
r AAG AAA ATA TTT ACA AAA AAT CAA TTT AAC AAT TCC TTA AAA CAT

AAG AAA ATA TTT ACA AAA AAT CAA TTT AAC AAT TCC TTA AAA CAT
288 Lys Lys Ilu Phe Thr Lys Asn Gln Phe Asn Asn Ser Leu Lys His

k Alu I 783
k GCA GGA ATT GAC GAT TTA AAC AAT ATT AGC TTT GAA CAA TTC TTA

GCA GGA ATT GAC GAT TTA AAC AAT ATT AGC TTT GAA CAA TTC TTA
333 Ala Gly Ilu Asp Asp Leu Asn Asn Ilu Ser Phe Glu Gln Phe Leu

Alu I 832
TCT CTT TTC AAT AGC TAT AAA TTA TTT AAT AAG TAAGTTAAGGGATGCA
TCT CTT TTC AAT AGC TAT AAA TTA TTT AAT AAG TAAGTTAAGGGATGCA

378 Ser Leu Phe Asn Ser Tyr Lys Leu Phe Asn Lys End
4 Taq I 891

TAAACTGCATC TAACTTGTTTTTCGT CGCTATTTTTTGTGAATCGATTATGTCTT
TAAACTGCATCC r rTAACTTGTTTTTCGTGI aCCTATTTTTTGTGAATCGATTATGTCTT

423

FIG. 2. Nucleotide sequence of ermM from S. epidermidis(pNE131) aligned with the homologous sequence of ermC from S.
aureus(pE194). The positions of the ermM promoter (-35 and -10) are indicated by underlining, as are the possible start of transcription (+ 1)
and ribosome-binding sites SD-1 and SD-2. Relevant restriction endonuclease recognition sites and the probable transcription terminator (bp
817 to 852) are also identified. The dashes indicate the deleted sequence of ermM. Boxes highlight a different nucleotide base or a codon triplet
which designates a different amino acid. A different amino acid in the methylase of ermC relative to ermM is shown above a codon base triplet.

on tylosin plates (11) or generated in vitro by Bal 31
exonuclease digestion (8). An analysis of mutations to con-
stitutive expression of resistance has been used to test the
induction model for ermC (5, 10). The model for the induc-
ible expression of ermC by use of a subinhibitory concen-
tration of erythromycin proposes that a 141-bp leader region
at the 5' end of the ermC mRNA is capable of folding into a
secondary hairpin structure (20). This structure forms a
translational attenuator by sequestering the ribosome-
binding site, SD-2, and the initiation codon, AUG, for the
29K methylase, thus preventing full expression of MLS
resistance (Fig. 3a). In addition to its potential secondary
structure, the 5'-controlling region contains a small open
reading frame capable of encoding a 19-amino-acid peptide.
It is believed that induction to full expression occurs when
erythromycin-sensitive ribosomes, in the process of trans-
lating the small leader peptide, become stalled, owing to the
presence of a small amount of erythromycin (3). When
ribosomes bound to the antibiotic stall in this region of the
message, they precipitate a change in the secondary struc-
ture of the mRNA to an active conformation in which the
initiation signals SD-2 and AUG become unpaired (Fig. 3b).
The mRNA is now accessible to ribosomes which may be
either unexposed to or resistant to erythromycin and which
are capable of initiating translation of the 29K methylase
gene (7, 11).

Several mechanisms which result in constitutive expres-
sion have been found to occur among mutants selected in the

laboratory. For example, a point mutation can occur in
complementary repeat sequence 3 (Fig. 3a), disrupting its
ability to form a stem-loop structure with repeat sequence 4,
thus freeing SD-2, the ribosome-binding site for the transla-
tion of erythromycin methylase (5, 10). Direct tandem du-
plication of repeat segments 3 and 4, which ensure that one
set of initiation signals is always unpaired for expression, has
also been found (5). A third type of constitutive mutant
involves deletions of the leader peptide region, similar to the
deletion found in ermM.
A comparison of the leader region sequences from ermC

and ermM reveal that the 107-bp deletion in the S. epider-
midis determinant removes the 19-amino-acid leader peptide
and extends to within 3 bp of SD-2, the ribosome-binding site
for the 29K methylase peptide. The consequences of this
deletion are more apparent when the 5' leader regions of the
corresponding mRNAs are compared. Figure 3a shows the
message of ermC folded into one of the potential inactive
conformational hairpin structures described by Horinouchi
and Weisblum (11). The deletion in ermM not only excises
the leader peptide but also removes complementary inverted
repeat segments 1, 2, and 3 (Fig. 3b). This deletion elimi-
nates all the complementary sequences able to pair up and
sequester the translational initiation signals of the 29K
methylase, resulting in constitutive expression of the S.
epidermidis ermM gene. The extent of the deletion through
segment 3 is significant for high-level constitutive expres-
sion. An analysis of deletions in the ermC leader region by
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FIG. 3. Sequence of bases of the ermC and ermM mRNA transcripts deduced from the DNA sequences. Secondary stem-loop structures
postulated by Horinouchi and Weisblum (11) to form in the mRNA encoding the methylase protein are shown. Panel a shows one possible
inactive conformation of the ermC mRNA in which ribosome-binding site SD-2 and the AUG initiation codon for the 29K methylase are
sequestered, preventing expression. Panel b shows the change in the ermC regulatory region to the active conformation following induction
by erythromycin. In addition, the sequence of ermM mRNA is paired with that of ermC mRNA to show the extent of the deletion which
removes sequences able to form stem-loop structures. Complementary repeat sequences are designated A, 1, 2, 3, 4, and A' (heavy lines
above the sequences) as described by Horinouchi and Weisblum (11).

Hahn et al. (8) showed that deletions which extend only into
segment A of the leader peptide or into segment 2 result in
low-level expression of MLS resistance. Although induction
is abolished by these deletions, full expression of MLS
resistance is apparently hampered because alternative inac-
tive mRNA structures can form. Only deletions which
extend through complementary sequence 3 (or apparently
into segment 1) result in high-level constitutive resistance
like the phenotype encoded by ermM.
Recent studies have noted a predominance in the number

of clinical isolates of staphylococci which display constitu-
tive MLS resistance as opposed to the inducible phenotype
(34; W. D. Jenssen, S. Thakker-Varia, D. T. Dubin, and
M. P. Weinsein, Abstr. Annu. Meet. Am. Soc. Microbiol.
1986, A8, p. 2). Our studies with staphylococcal isolates,
particularly S. epidermidis, have revealed a similar prepon-
derance of the constitutive phenotype (B. Lampson and
J. T. Parisi, Abstr. Annu. Meet. Am. Soc. Microbiol. 1984,
H164, p. 118). In addition, other studies suggest that there
may have been a trend over the last 20 years toward an
increasing proportion of S. aureus strains which express
MLS resistance constitutively (4, 22). One may speculate
that the predominant occurrence of the constitutive pheno-
type may be the result of the increasing clinical use, over the
last 20 years, of the lincosamide clindamycin. In addition,
the use of other MLS antibiotics, such as tylosin in veteri-
nary medicine, may also provide the natural selective force

for this trend. As already noted, investigators frequently
obtain mutations to constitutive expression by growing an
inducible strain of S. aureus (5, 11) or B. licheniformis (6) in
the presence of the noninducer macrolide tylosin. It is
perhaps not unreasonable to speculate further that the selec-
tiQn (and spread) of S. epidermidis strains containing a
plasmid like pNE131 may have occurred in a similar fashion.
Indeed, an analysis of plasmids contained in several consti-
tutive S. epidermidis strains showed that the majority (75%)
were indistinguishable from pNE131 (Lampson and Parisi,
Abstr. Annu. Meet. Amer. Soc. Microbiol. 1984).
The ermM determinant from plasmid pNE131 shares a

nearly identical nucleotide sequence with the ermC determi-
nant from plasmid pE194. The sequence of pNE131 remains
closely homologous for about 220 bp 5' to the start of
transcription of the methylase gene, at which point the
sequence of pNE131 sharply diverges from that of pE194.
Likewise, about 80 bp downstream from the ermM termina-
tion codon the sequence of pNE131 differs markedly (3' from
the HhaI site) from the homologous region of pE194. Other
regions of pNE131 which have been sequenced thus far do
not show any close homology with those of pE194 (unpub-
lished data). Clearly, there has been a transfer of the ermC
class of MLS resistance genes between the two species of
staphylococci. Whether ermC is the ancestral gene of ermM
is currently being investigated. By comparing the complete
nucleotide sequences of both plasmids, we may be able to

J. BACTERIOL.



DELETED ATTENUATOR IN CONSTITUTIVE MLS GENE 483

discern more clearly the ancestral relationship between
these two erythromycin resistance genes.

ACKNOWLEDGMENTS
We gratefully acknowledge Mark McIntosh for technical advice

and generous supply of isotopes and other materials, Frank Schmidt
for critical review and discussions of this paper, and Tim Fleming for
valuable technical advice.

This investigation was supported in part by a grant from the
School of Medicine Research Council of the University of Mis-
souri-Columbia.

LITERATURE CITED
1. Atkinson, B. A., and V. Lorian. 1984. Antimicrobial agent

susceptibility patterns of bacteria in hospitals from 1971 to 1982.
J. Clin. Microbiol. 20:791-796.

2. Cohen, M., E. S. Wong, and; S. Falkow. 1982. Common R-
plasmids in Staphylococcus aureus and Staphylococcus epider-
midis during a nosocomial Staphylococcus aureus outbreak.
Antimicrob. Agents Chemother. 21:210-215.

3. Dubnau, D. 1985. Induction of ermC requires translation of the
leader peptide. EMBO J. 4:533-537.

4. Duval, J. 1985. Evolution and epidemiology of MLS resistance.
J. Antimicrob. Chemother. 16(Suppl.A):137-149.

5. Gryczan, T. J., G. Grandi, J. Hahn, R. Grandi, and D. Dubnau.
1980. Conformational alteration of mRNA structure and the
posttranscriptional regulation of erythromycin-induced drug re-
sistance. Nucleic Acids Res. 8:6081-6097.

6. Gryczan, T. J., M. Israeli-Reches, M. Del Bue, and D. Dubnau.
1984. DNA sequence and regulation of ermD, a macrolide-
lincosamide-streptogramin B resistance element from Bacillus
licheniformis. Mol. Gen. Genet. 194:349-356.

7. Gryczan, T. J., M. Israeli-Reches, and D. Dubnau. 1984. Induc-
tion of macrolide-lincosamide-streptogramin B resistance re-
quires ribosomes able to bind inducer. Mol. Gen. Genet.
194:357-361.

8. Hahn, S., G. Grandi, T. J. Gryczan, and D. Dubnau. 1982.
Translational attenuation of ermC: a deletion analysis. Mol.
Geri. Genet. 186:204-216.

9. Horinouchi, S., W.-H. Byeon, and B. Weisblum. 1983. A com-
plex attenuator regulates inducible resistance to macrolides,
lincosamides, and streptogramin type B antibiotics in Strepto-
coccus sanguis. J. Bacteriol. 154:1252-1262.

10. Horinouchi, S., and B. Weisblum. 1980. Post-transcriptional
modification of mRNA conformation: mechanism that regulates
erythromycin-induced resistance. Proc. Natl. Acad. Sci. USA
77:7079-7083.

11. Horinouchi, S., and It. Weisblum. 1981. The control region for
erythromycin resistance: free energy changes related to induc-
tion and mutation to constitutive expression. Mol. Gen. Genet.
182:341-348.

12. Horinouchi, S., and B. Weisblum. 1982. Nucleotide sequence
and functional map of pE194, a plasmid that specifies inducible
resistance to macrolide, lincosamide, and streptogramin type B
antibiotics. J. Bacteriol. 150:804-814.

13. Hutton, J. P., B. H. Hamory, J. T. Parisi, and L. J. Strausbaugh.
1985. Staphylococcus epidermidis arthritis following catheter-
induced bacteremia in a neutropenic patient. Diagn. Microbiol.
Infect. Dis. 3:119-124.

14. Lai, C.-J., J. E. Dahlberg, and B. Weisblum. 1973. Structure of
an inducibly methylatable nucleotide sequence in 23S ribosomal
ribonucleic acid from erythromycin-resistant Staphylococcus
aureus. Biochemistry 12:457-460.

15. Lai, C.-J., and B. Weisblum. 1971. Altered methylation of
ribosomal RNA in an erythromycin-resistant strain of Staphy-

lococcus aureus. Proc. Natl. Acad. Sci. USA 68:856-860.
16. Lowy, F. D., and S. M. Hammer. 1983. Staphylococcus epider-

midis infections. Ann. Intern. Med. 99:834-839.
17. Maniatis, T., E. F. Fritsch, and J. Sambrook. 1982. Molecular

cloning: a laboratory manual. Cold Spring Harbor Laboratory,
Cold Spring Harbor, N.Y.

18. Maniatis, T., A. Jeffrey, and D. G. Kleid. 1975. Nucleotide
sequence of the rightward operator of phage X. Proc. Natl.
Acad. Sci. USA 72:1184-1188.

19. Marmur, J., S. Falkow, and M. Mandel. 1963. New approaches
to bacterial taxonomy. Annu. Rev. Microbiol. 17:329-372.

20. Mayford, M., and B. Weisblum. 1985. Messenger RNA from
Staphylococcus aureus that specifies macrolide-lincosamide-
streptogramin resistance: demonstration of its conformations
and of the leader peptide it encodes. J. Mol. Biol. 185:769-780.

21. McLaughlin, J. R., C. L. Murray, and J. C. Rabmiowitz. 1981.
Unique features in the ribosome binding site sequence of the
gram-positive Staphylococcus aureus ,B-lactamase gene. J. Biol.
Chem. 256:11283-11291.

22. Mitsuhashi, S., and M. Inoue. 1984. Resistance to macrolides
and lincomycins, p. 279-291. In L. E. Bryan (ed.), Antimicro-
bial drug resistance. Academic Press, Inc., New York.

23. Murphy, E. 1985. Nucleotide sequence of ermA, a macrolide-
lincosamide-streptogramin B determinant in Staphylococcus
aureus. J. Bacteriol. 162:633-640.

24. Norrander, J., T. Kempe, and J. Messing. 1983. Construction of
improved M13 vectors using oligodeoxy-nucleotide-directed
mutagenesis. Gene 26:101-106.

25. Parisi, J. T. 1985. Coagulase-negative staphylococci and the
epidemiological typing of Staphylococcus epidermidis. Micro-
biol. Rev. 49:126-139.

26. Parisi, J. T. i J. Robbins, B. C. Lampson, and D. W. Hecht. 1981.
Characterization of a macrolide, lincosamide, and strepto-
gramin resistance plasmid in Staphylococcus epidermidis. J.
Bacteriol. 148:559-564.

27. Rosenberg, M., and D. Court. 1979. Regulatory sequences
involved in the promotiort and termination of RNA transcrip-
tion. Annu. Rev. Genet. 13:319-353.

28. Sanger, F., S. Nicklen, and A. R. Coulson. 1977. DNA sequerilc-
ing with chain-terminating inhibitors. Proc. Natl. Acad. Sci.
USA 74:5463-5467.

29. Shine, J., and L. Dalgarno. 1974. The 3' terminal sequence of
Escherichia coli 16S ribosomal RNA: complementarity to non-
sense triplets and ribosomal binding sites. Proc. Natl. Acad.
Sci. USA 71:1342-1346.

30. Shivakunar, A. G., and D. Dubnau. 1981. Characterization of a
plasmid-specified ribosome methylase associated with
macrolide resistance. Nucleic Acids Res. 9:2549-2562.

31. Skinner, R., E. Cundliffe, and F. J. Schmidt. 1983. Site of action
of a ribosomal RNA methylase responsible for resistance to
erythromycin and other antibiotics. J. Biol. Chem. 258:
12702-12706.

32. Smith, H. O., and M. L. Birnstiel. 1976. A simple method for
DNA restriction site mapping. Nucleic Acids Res. 3:2387-2398.

33. Southern, E. M. 1975. Detection of specific sequences among
DNA fragments separated by gel electrophoresis. J. Mol. Biol.
98:503-517.

34. Thabaut, A., M. Meyran, and M. Huerre. 1985. Evolution and
present situation of Staphylococcus aureus sensitivity to MLS
in hospital (1975-83). J. Antimicrob. Chemother. 16(Suppl.
A):205-207.

35. Weisbium, B., M. Y. Graham, T. Gryczan, and D. Dubnau.
1979. Plasmid copy number control: isolation and characteriza-
tion of high-copy-number mutants of plasmid pE194. J. Bacte-
riol. 137:635-643.

VOL. 166, 1986


