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The Bacteroides pBI136 clindamycin resistance (Cc') determinant from the composite transposon Tn4551
was cloned onto the shuttle plasmid pFD160, and the regions necessary for expression in Bacteroides fragilis
were determined. These results suggested that transcriptional regulatory signals required for Ccr were located
in the Tn4551 direct repeat sequence (DRS) adjacent to the resistance determinant. Analysis of the nucleotide
sequence of this region revealed that the Ccr structural gene, 798 base pairs (bp), was located 17 bp from the
terminus of the DRS and that this gene (ermFS) differed from ermF (pBF4) by one amino acid. The DRS
element was found to be 1,155 bp and appeared to contain the ermFS transcription start signals. The DRS
structure was typical of insertion sequence elements isolated from other bacterial species, and its termini were
characterized by 25-bp regions of imperfect dyad symmetry. The DRS was dominated by a 978-bp open reading
frame, which terminated in the left inverted repeat 27 bp from the ermFS start codon, and weak amino acid
sequence homology was observed with the putative transposase of IS3. Promoter activity of the DRS in B.
fragilis was demonstrated by in vitro construction of operon fusions with a promoterless ermFS gene followed
by transformation of the recombinant plasmids with selection for resistance to clindamycin. The location of one
DRS promoter was identified by using the ermFS fusions and then verified by in vitro mutagenesis of the site
with single-stranded linkers. Northern blot (RNA blot) analysis of total RNA from B. fragilis strains containing
pBI136 or ermFS recombinant plasmids confirmed the location of this promoter and indicated that it was used
in vivo by Tn4SSI. A second DRS promoter, which activated ermFS transcription by readthrough of the large
DRS open reading frame, was also identified by the Northern blot analysis. This bicistronic ermFS message was

not observed in strains containing a complete copy of Tn4551, and the possibility of transcriptional regulation
is discussed.

Our understanding of basic genetic exchange mechanisms
and the dissemination of genetic information among intesti-
nal Bacteroides species has deepened during the last few
years through the characterization of several Bacteroides R
plasmids (19, 34, 40, 44). These plasmids are unrelated,
except that they each encode resistance to clindamycin (Ccr)
and they share DNA sequence homology in the Ccr region
(12, 30, 38). Restriction analyses and DNA-DNA hybridiza-
tion studies have demonstrated that this interplasmid homol-
ogy is due entirely to the presence of three related trans-
posons (30, 37). These Ccr transposons are classic composite
structures bounded by 1.2-kilobase-pair (kb) direct repeat
sequences (DRSs), and the DRSs probably function as
individual insertion sequence (IS) elements as shown for
Tn4400 in Escherichia coli (25). Two of the transposons,
Tn4351 (pBF4 [32, 33]) and Tn4400 (pBFTM10 [25]), are
very closely related, sharing more than 90% DNA sequence
homology (37). On the other hand, Tn4551 (pBI136 [38a]) is
nearly 3 kb larger and is completely dissimilar, except for the
Ccr determinant and the DRSs. This dissimilar structural
arrangement of Tn4551 suggests that it has either diverged
significantly from or arisen independently of the other two
transposons.

IS elements and transposons can dramatically affect the
expression of nearby genes, and this effect may take the
form of transcriptional activation of a gene adjacent to the
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site of IS integration (16, 17, 46). The DRSs of the Bacte-
roides transposons may play a similar role, and results from
two laboratories have implicated these repeats in the control
of Ccr expression (23, 35, 37). These observations and the
importance of the Bacteroides DRSs in R-plasmid organiza-
tion have prompted an analysis of their structure at the
nucleotide level. In this paper the primary DNA sequence of
the Tn4551 right DRS (designated here as DRS4551-R) and
the adjacent Ccr determinant is reported. In addition, operon
fusions with the Ccr structural gene, ermFS, were used to
demonstrate promoter activity of DRS4551-R. These results,
together with Northern blot (RNA blot) analyses, indicated
that there were at least two promoters associated with
DRS4551-R which directed transcription toward ermFS.

MATERIALS AND METHODS

Bacterial strains and culture conditions. Bacteroides fra-
gilis 638 (21) and its plasmid-bearing derivatives were used
exclusively for analyses requiring Bacteroides species. Bac-
teroides cultures were grown in supplemented brain heart
infusion broth as described previously (34). When required,
clindamycin (The Upjohn Co., Kalamazoo, Mich.) was
added to a final concentration of 5 jig/ml. Transformation of
B. fragilis with plasmid DNA was performed by the poly-
ethylene glycol-facilitated method described by Smith (36).

E. coli TB1, a restriction-negative (hsdR17) derivative of
JM83 (45), was used for all plasmid cloning, and E. coli
JM107 (45) was the host for M13 bacteriophage work.
Cultures were grown in a tryptone-yeast extract broth (35),
with ampicillin and 5-bromo-4-chloro-3-indolyl-p-D-galac-
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TABLE 1. Relevant characteristics of some important plasmids used in this study

Plasmid Description Source orreference

pBI136 80.6 kb, Ccr, containing Tn4551 34
pBI136A1 73.4 kb, Ccs, deletion containing a single DRS from Tn4551 34
pFD160 5.4 kb, Apr lac+, pUC19::pBI143 chimeric shuttle vector 35
pFD167 6.3 kb, Apr lac+ Ccr, 0.85-kb EcoRI-HaeII pBI136 fragment ligated to the pFD160 ClaI site 35
pFD179 7.1 kb, Apr lac, Ccs, 0.85-kb EcoRI-HaeII pBI136 fragment ligated to pFD160 SmaI site This report
pFD214 6.3 kb, Apr lac Ccs, 0.85-kb EcoRI pFD179 fragment ligated to EcoRI site of pFD160 This report
pFD224 8.6 kb, Apr lac Ccr, 3.2-kb XbaI-HaeII pBI136 fragment ligated to SmaI site of pFD160 This report
pFD225 6.8 kb, Apr lac Ccr, 1.4-kb AvaI-HaeII pBI136 fragment ligated to SmaI site of pFD160 This report
pFD237 6.55 kb, Apr lac Ccr, 0.25-kb BanI pBI136 fragment ligated to MCS of pFD214 This report
pFD240 6.65 kb, Apr lac Ccr, 0.35-kb DdeI-EcoRI pBI136 fragment ligated to MCS of pFD214 This report
pFD241 7.9 kb, Apr lac Ccr, 1.6-kb PstI-EcoRl pBI136 fragment ligated to MCS of pFD214 This report
pUC18, pUC19 2.7 kb, Apr lac+ 20

topyranoside (X-Gal) added to a final concentration of 50
[Lg/ml when indicated. E. coli strains were transformed with
plasmid DNA or M13 replicative-form DNA by the method
of Hanahan for frozen competent cells (14).

Preparation and analysis of nucleic acids. Plasmid DNA
and M13 replicative-form DNA were purified by density
gradient centrifugation (22) of E. coli (10) and B. fragilis (8,
34) cell lysates. The rapid alkaline lysis method (5) was used
for routine screening of bacterial transformants. Restriction
endonuclease digestion and analysis of DNA were per-
formed by standard methods (18, 35). Total cellular RNA for
Northern blot analysis was extracted from 10-ml cultures
(28). RNA samples were electrophoresed in 1% agarose gels
containing 2.2 M formaldehyde (18) and transferred to nitro-
cellulose filters by the method of Southern (39). Filters were
hybridized overnight with [32P]DNA at 67°C under the
conditions described by Thayer (41). Labeled probe DNA
was prepared by the in vitro nick translation reaction (24).

Cloning strategies and plasmids. The relevant characteris-
tics of the plasmids used in this study are presented in Table
1. One of these, pFD179, was used extensively throughout
this work and was constructed as follows. A 0.85-kb EcoRI-
HaeII fragment bearing the pBI136 Ccr determinant (Tn4551
ermFS) was purified, blunt ended, and ligated to the SmaI
site at the multiple cloning sequence (MCS) of pFD160.
Plasmid pFD179 was among the transformants obtained
from this ligation reaction; it contained two copies of the Ccr
fragment aligned in a head-to-tail fashion ligated in the SmaI
site. The EcoRI-to-HaeII junction which resulted from this
ligation caused the regeneration of the EcoRI recognition
site, and this allowed for the convenient excision of the
0.85-kb Ccr fragment with EcoRI. The promoter probe
fusion vector, pFD214, was constructed by ligating the
0.85-kb EcoRI fragment from pFD179 to the EcoRI site of
pFD160. The pFD238 fusion vector resulted from the liga-
tion of a promoterless ermFS gene into the blunt-ended
EcoRI site of pFD160. This vector was constructed by
reconstituting the ermFS gene from two DNA restriction
fragments, and the construction followed standard cloning
strategies. A 0.45-kb pFD179 EcoRI-HindIII fragment bear-
ing the C-terminal half of ermFS and a DraI-HindIII frag-
ment (0.5 kb from pFD224) bearing the N-terminal half of
ermFS were the starting materials for this vector.

In vitro mutagenesis of the pFD237 BanI fragment with
single-stranded linkers was done basically as described by
Barany (2, 3). The linker used for this study, AATTCG
(Pharmacia, Inc., Piscataway, N.J.), converts a HhaI site to
an EcoRI site, and it was inserted into the appropriate HhaI
site of pFD237 by standard procedures. Transformants

thought to contain the mutagenized plasmid were screened
for the addition of a new EcoRI site, and isolates thought to
contain the inserted linker were subjected to detailed restric-
tion analyses to ensure the identity of the altered BanI
fragment.
DNA sequence analysis. The method of Sanger et al. (27)

was used for sequencing of clones prepared in the M13mpl8
and M13mp19 vectors (20). Reagents and template primer
were obtained from Bethesda Research Laboratories and
used with the modifications for [35S]dATP suggested by the
supplier. Clones to be used for sequencing were obtained
either by subcloning small fragments from pFD214 or by
exonuclease III treatment (15) of a 1.6-kb PstI-EcoRI frag-
ment from pFD224 (see Fig. 1A). In this way the ermFS
structural gene and the DRS4551-R region were sequenced
in their entirety. Sequence data were analyzed by using
computer software described by Conrad and Mount (7) and
Beckman Instruments, Inc., Palo Alto, Calif.

RESULTS

Cloning and expression of the clindamycin resistance gene.
The Bacteroides Ccr determinants do not express in E. coli
(13, 35). Therefore, the basic experimental approach used in
this study relied on the use of E. coli for plasmid construc-
tion followed by transformation of B. fragilis to determine
expression of the Ccr determinant. Results presented here,
together with those from a previous report (35), showed that
the Tn4551 Ccr determinant, ermFS, was located on a
0.85-kb EcoRI-HaeII fragment (coordinates 6.7 to 7.6; Fig.
1A) but that its expression depended on position or orienta-
tion within the vector. For example, plasmid pFD167 con-
tained the EcoRI-HaeII fragment cloned into the Bacte-
roides component of shuttle vector pFD160 (a
pUC19::pBI143 chimera; Table 1), and this expressed resis-
tance to clindamycin. However, the same fragment cloned
into the MCS (i.e., the pUC19 component) did not transform
B. fragilis to Ccr (pFD178; Fig. 1A). These results suggested
that specific control regions were missing from the cloned
fragment. This possibility was tested by subcloning larger
regions of Tn4551 into the MCS of pFD160 to identify
regions capable of orientation-independent expression of
Ccr. Tn4551 sequences to the left of the HaeII site did not
restore expression of the resistance determinant. This was
made apparent by the lack of Ccr transformants obtained
with pFD171 which encompassed coordinates 0.4 to 7.6 (Fig.
1A). Thus attention focused on the region of the DRS located
adjacent to ermFS. Two fragments originating at the XbaI
site (coordinate 10.0; Fig. 1A) outside of Tn4551 were
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FIG. 1. Cloning and physical map of the pBI136 (Tn4551) ermFS region. (A) Various regions of pBI136 were cloned by using E. coli and
then tested for Ccr by transformation into B. fragilis. pFD197 was constructed by cloning the designated region (plus a kanamycin resistance
determinant, Kmr) into the shuttle vector pFD165 (38a). pFD167 was formed by ligation to the ClaI site of pFD160, and all other recombinant
plasmids were formed by ligations to the MCS of pFD160 as described in the text. The Ccr region from pBI136 used for the cloning
experiments is presented on the top line. nsi, DRSs. (B) The pBI136 region extending from coordinates 6.7 to 8.8 was sequenced, and the
map corresponding to the nucleotide sequence of this region is presented. The map orientation is opposite that in Fig. 1A. Below the map,

the four open reading frames and the direction of translation are shown (m). The DRS right inverted repeat (R-IR) and left inverted repeat
(L-IR) (_), two putative promoter sequences (p-), and a second Met codon with a ribosome-binding site within ORF-1 (0) are also shown.
Restriction sites for panels A and B are as follows: Al, AvaI; All, Avall; B, BamHI; Bn, BanI; Da, Dral; Dd, DdeI; E, EcoRI; Fn, Fnu4HI;
H, HaeII; Ha, HaeIII; Hh, HhaI; Hi, HindIll; N, NdeI; P, PstI; X, XbaI; Xm, XmnI.

cloned, and both of these, pFD231 and pFD224, showed
resistance to clindamycin. An AvaI-HaeII fragment extend-
ing from coordinates 6.7 to 8.2 (pFD225 in Fig. 1A) and
wholly contained within Tn4551 was also found to confer
Ccr. Together, these results indicated that orientation-
independent expression of Ccr required the presence of the
DRS sequences; therefore this region was subjected to
nucleotide sequence analysis to search for transcription
regulatory signals.

Nucleotide sequence of the Ccr region. The primary DNA
sequence was determined for the Ccr region extending from
coordinates 6.7 to 8.8 (Fig. 1A), and the results are summa-
rized in Fig. 1B. Owing to the orientation of the major open
reading frames in this region, these results and the sequence
(Fig. 2) are presented in the opposite orientation to the
results of cloning experiments shown in Fig. 1A. As ex-

pected from the cloning work, the entire ermFS structural
gene was located within the EcoRI-HaeII fragment. This
gene occupied an open reading frame (ORF) of 798 base pair
(bp) and could encode a 266-amino-acid polypeptide (Fig. 1B
and 2). This sequence differed from the ermF gene of
plasmid pBF4 (23) by a single base and thus was designated
ermFS. The difference between the two genes was an A-to-G
transition at bp 1811, which resulted in a tyrosine-to-cysteine
change in the predicted polypeptide of ermFS. The ermFS
initiation codon was just 17 bp from the 3' end of the DRS
and 26 bp from the EcoRI recognition site. Consistent with

the cloning experiments, there were no obvious transcription
start signals downstream of the EcoRI site. There was,
however, a ribosome-binding site-like sequence (31) that was
complementary to the terminus of the 16S rRNA from B.
fragilis (Fig. 2) (43). The ermFS stop codon, TAG, was

located at bp 2001, and examination of the sequences down-
stream from this site did not reveal any stem-loop structures
typical of factor-independent transcription termination (1,
26).
The DRS (designated DRS4551-R) was located upstream

from and directly adjacent to ermFS. The DNA sequence of
this region revealed that the entire DRS structure was 1,155
bp in length and was characterized by 25-bp regions of
imperfect (20 of 25 bp) dyad symmetry at its termini (Fig, 1B
and 2). Identification of these termini was possible by
comparison of the DRS4551-R nucleotide sequence with that
for the ends of the left Tn4551 DRS (data not shown) and
with the N-terminal region of the pBF4 ermF gene (23). The
structural features of DRS4551-R (summarized in Fig. 1B)
showed that the element was dominated by a large bRF
(ORF-1, 978 bp) located on the same DNA strand and in the
same reading frame as ermFS. ORF-1 started 68 bp inside
the DRS and terminated in the left inverted repeat. This
sequence could encode a basic polypeptide of 326 amino
acids with a predicted molecular weight of 37,909. A ribo-
some-binding site with a 5-of-6-bp match to the putative
ermFS ribosome-binding site preceded ORF-1 by the proper
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GGCCTAAGCCTAATGCCATACATTAACAACTCT'TGAGTTCAACTTATAAATGCAACTrMTGGGTGCGGATAATAAGCAAT^AAAACATT
Hae!!! R-IR

Ddel
120 ISO 180

TATT CAGAGAGGAAAGAGAGACAATGTCCCCCMCTCTCACTCTGAATGGATAAAGMGCTATCTGCMAATTGTCCGTCCA
-35 -10

210 240 270
AAGAAAAAxAAAGT'TGCAGATGAGCAAACATATAACCGAGGAACAAAGGTATGCAATrCTATGATGTTGCAAATACCGATGAGCAtAAAA

SD
MetSerLysHisIIeThrGluGIuGInArgTyrAIaIIeSereMtMetLeuGInl eProMetSerLysLys

300 330 360
GCAATAGCGGAAGCTATCGGAGTAGATAAAAGCACTGTTTACAGGGAGATAAAGCGCAATTGCGACGCCCGAAGTGGTAGCTATAGCATG

Hhal
AIalIeAIIAIGuIAaIeGIyVaIAspLysSerThrVaITyrArgGIuIIeLysArgAsnCysAspAIaArgSerGtySerTyrSerMet

390 420

Hhal Fnu4HI Hpall
GCuLeuAlaGInArgLysAlaAspArgArgLysGInGInLysHisArgLysGIuVaILeuThrProAIaMetArgLysArgOleIleLys

480 s1o

Xmnl Hinll HpalI Fnu4HI SD

LeuLeuLysLysG lyPheSerProG luGI nIIeVa IGIyArgSerArgLeuG luG lylIeAlaMetVa 1SerHisG IuThr I IeTy rArg

570 600 630
TGGATTTGGGAGGATAAGCGGCGGGGTGGCAAACTGCACAAATATCTTCGCAGACAAGGTCGCAGGTATGCCAAACGTGGTTCTAAAAAT

Fnu4HI
T rp IeTrpGIuAspLysArgArgGlyGlyLysLeuHi sLysTyrLeuArgArgGInGlyArgArgTyrAlaLysArgGlySerLysAsn

BstNI Anal
AIaGIyArgGIyPhelneProGIyArgValAspIleAspGIuArgProGIulleVaIGiuLeuLysGIluArgPheGIyAspLeuGIulIe

750 780 810
GATACAATTATTGGTAAGAACCACAAAGGTGCCATTCTTACCATTAACGACAGAGCAACAAGCAGGGTCTGGATACGCAAGTTGTCGGGA

Bani
AspThr llelIeGlyLysAsnHi LysGIyA lalIeLeuThr leAsnAspArgA laThrSerArgVa ITrplleArgLysLeuSerGly

840 870 900
AAAGAAGCCATCCCGGTAGCTAAGATTGCAGTATGGGCACTGCGGAAAGTGAAAAACTTAATACACACAATTACGGCTGACAATGGAAAG

Hpall Ddel
LysGIaIualIeProVa IAlaLyslIeA laVa ITrpA laLeuArgLysVa lLysAsnLeuIeHi sThr ieThrAlaAspAsnG lyLys

930 960 99
GAGTMTGCAAAGCACGAGGAAATTGCGCAAAAATTGGAAATAAAAT-TCTlrTGCAAACCATACCACTCATGGGAACGTGGTGCCAAT

-3SHhal -10 Basl
GluPheAIaLysHisGIuGIulIeAIlaGInLysLeuGIulleLysPheTyrPheCysLysProTyrHisSerTrpGluArgGlyAIaAsn

1020 10501080
GAAAACACCAACGGGCTTATCAGGCAGTATATCCCAAAGGGTAAGGACTTTAGTGAAGTAACCAACAAACAGATTAAGTGGATTGAAAAT

GluAsnThrAsnGlyLeulleArgGlnTyrIleProLysGlyLysAspPhaSerGluValThrAsnLysGlnlIeLysTrpl6eGluAsn

1110 1140 1170
AAACTCAATAATCGACCTCGTAAAAGACTTGGATACCTCACGCCAAACGAAAAATTTAAACAAATTATTAATCAGAATTCTGTTGCATTT

Taql Dral EcoRI
LysLeuAsnAsnArgProArgLysArgLeuGlyTyrLeuThrProAsnGluLysPheLysGInIlelleAsnlInAsnSerValAlaPhe

1200 1230

L-IR EcoRI SDo
AlaSenr'* MetThrLysLysLysLeuProValArgPheThrGIyGInHisPheThrIleAspLys

1290 1320

Va LeuIIeLysAspA IaIleArgI nA laAsnII*SerAsnG InAspThrVa lLuAspIleG lyA laG lyLysG lyPheLeuTh rVa

1380 1410 1440
CAMTXATTAAAAATCGCCAACAATGTTGTTGCTATTGAAAACGACACAGCMTIGGTTGAACAMACGAAAATTATTTTCTGATGCCCGA

HisLeuLeuLysIIleAIaAsnAsnalVaIAaIIeeGIuAsnAspThrAIaLeuValGluHisLeuAraLysLnuPheSerAspAgaArg

1470 1500

AsnVaIGInVaIVaIGIyCysAspPheArgAsnPheAlaVaIProLysPheProPheLysValVaISerAsnIleProTy rGIyI11Thr

Hinfl
Se rAspl IePhnLyslleLeuletPhnG IuSerLeuG IyAsnPheLeuG lyG lySerIleVa LLuG InLeuG luProTh rG InLysLeu

'1 1710

TTTCGAGGAAGCTTTACAATCCATATACCGW.TTTCTATCATACTTTTTTTGATTTGAAACTTGTCTATGAGGTAGGTCCTGAAAGTTTc
Taql Hind![! Avail

PheSerArgLysLeuTyrAsnProTyrThrValPheTyrHisThrPhePheAspLeuLysLeuValTyrGIuValGlyProGIuSerPhe

1740 177O 1800

TTGCCACCGCCAACTGTCAAATCAGCCCTGTTAAACATTAAAAGAAAACACTTATTTTTTGATTTTAAGTTTAAAGCCAAATACTTAGCA
Oral Ddel

LeuProProProThrValLysSerAlaLeuLsuAsnl eLysArgLysHisLeuPhePheAspPheLysPheLysAlaLysTyrLnuAla

1830 180 1890
TTTATTTCCTGTCTGTTAGAGAAACCTGATTTATCTGTAAAAACAGCTTTAAAGTCGATMTTCAGGAAAAGTCAGGTCAGGTCAATTTCG

Drml Taql
PhelIeSerCysLeuLeuGluLysProAspLeuSerValLysThrAlaLnuLysSerIlePheArgLysSerGInValArgSerl1eSer

1920 1950 18J0
GAAAAATTCGGTTTAAACCTTAATGCTCAAATTGTTTGTTTGTCTCCAAGTCAATGGTTAAACTGTTTITMGGAAATOCTGGAAGTTGTC

Dral 9sIXI
GluLysPheGlyLeuAsnLeuAsnAlaGInl1ValCysLeuSerProSarGInTrpLeuAsnCysPhtL.uGluletLuGlIuValVaI

2010 2040 2070
CCTGAAAAATTCATCCTTCGTAGTTCAAAGTCGGTGGTTGTCAAGATGATT0TTMGGTTTGGTGTCGTCTTTTfTTAAGCTGCCGCA

Xmnl Fnu4HI
ProGluLysPheHisProSer.. Fnu4HI

TAACGGTTG

FIG. 2. Nucleotide sequence of DRS4551-R and the Ccr deter-
minant ermFS. The sequence is shown 5' to 3' with respect to the
ermFS reading frame and corresponds to the map shown in Fig. 1B.
Base no. 1 is the first base of the HaeIII recognition site (Fig. 1A,
coordinate 8.8), and the last base shown, no. 2080, is the first G of
the HaeII recognition site (Fig. 1A, coordinate 6.7). Tn4551 se-

quences start at base 32, and the right (R-IR) and left (L-IR) inverted
repeats are underlined. The predicted amino acid sequences for
ORF-1 and ermFS are shown below the corresponding DNA se-

quence. Putative ribosome-binding sites are underscored and la-
beled SD; potential promoter sites for ermFS and ORF-1 are
indicated by underscoring of the sequences which best approximate
the E. coli consensus -10 and -35 regions (26).

number of bases (31). In addition, a promoterlike sequence
which closely approximated the E. coli consensus (26) was
located 30 bp upstream from the ORF-1 initiation codon
(Fig. 2). Within ORF-I at bp 514 was a second Met codon
preceded by a ribosome-binding site-like sequence. This
would encode a polypeptide of only 221 amino acids, and its
significance, if any, is not known. Further computer analysis
of the DRS4551-R sequences revealed two additional ORFs
on the opposite strand from that of the larger ORF-1 (Fig.
1B). ORF-3 had a coding potential for a 79-amino-acid
polypeptide and was in codon register with ORF-1, but
extended 30 bp beyond the ORE-I N terminal. ORF-2 could
encode a 99-amino-acid polypeptide and was wholly con-
tained within ORF-1. Neither of the smaller ORFs were
preceded by ribosome-binding sites with strong homology to
the Bacteroides 16S rRNA, and their importance is not
known.
The nucleotide sequence of DRS4551-R was compared

with the sequences of 10 IS elements available from the
GenBank database, but no significant homologies were
found. In addition, the predicted polypeptide of ORF-1 was
compared with the largest open reading frames from IS],
IS2, IS3, IS4, IS5, IS26, IS50, IS102, IS903, and Tn3 at the
amino acid level. Of these, only a weak relationship with the
putative transposase of IS3 could be found.
ermFS operon fusions. Promoter activity of DRS4551-R in

B. fragilis was demonstrated by in vitro construction of
fusions between a promoterless ermFS structural gene and
various DRS4551-R fragments. The work dealt primarily
with the vector pFD214, which contained the ermFS gene
plus 25 bp upstream from the N-terminal amino acid and
included the ribosome-binding site (Fig. 2 and 3). This
particular plasmid vector had translation stop signals in two
reading frames prior to ermFS but not in the ermFS reading
frame itself. The source of DRS4551-R sequences to be
tested was a 1.6-kb PstI-EcoRI fragment from pFD224,
which was blunt ended and ligated to the HincII site of
pUC19. Fragments from this plasmid were isolated by diges-
tion with XbaI plus a second enzyme (as indicated in Fig. 3)
and then subcloned into the SmaI site ofpUC19 by blunt-end
ligation. Once the appropriate fragments were identified by
restriction mapping, they were excised with PstI-SstI and
ligated to pFD214 digested with the same enzymes. This
cloning strategy was particularly useful because the HinclI-
EcoRI junction formed in the original pUC19: :pFD224 clone
introduced a translation stop signal, TGA, in the ermFS
reading frame.

Transformations with the vector pFD214 did not result in
Ccr B. fragilis transformants. The system was tested further
by transformations with pFD241 which contained nearly the
entire DRS element cloned in the same orientation, relative
to ermFS, as found in Tn455J (Fig. 3). As expected, this
clone conferred resistance to clindamycin. Since the cloning
results with pFD225 (Fig. IA) indicated that sequences
downstream from the DRS4551-R AvaI site were important
for transcription of ermFS, further analysis centered on this
region. Promoter activity was found on a 234-bp BanI
fragment (pFD237) and was probably located on sequences
bounded by the DdeI site on the 5' side and the BanI site on
the 3' side (Fig. 3). Careful inspection of the nucleotide
sequence in this region revealed a promoterlike sequence
between bp 923 and 954 (Fig. 2). This putative promoter
spanned a HhaI recognition site (bp 925), consistent with the
fact that pFD239 did not transform B. fragilis to clindamycin
resistance. Subsequently, the pFD237 BanI fragment was
subcloned further by digestion with HhaI and ligation of



BACTEROIDES ermFS OPERON FUSIONS 4593

pFD 214

pFD 238

0

Hi E 1179

c

Hi 1138 E E

Hi AIIHI Il
*rmFS

Hi All

2080
E N

lac Z'

2064 N

p

pFD 241 H

pFD 240

pFD 239

pFD 250

pFD 237

Cc,

+

+

pFD 243
200 bp

FIG. 3. Structure of the ermFS operon fusion vectors and their use for detecting promoter activity in DRS4551-R. The vectors pFD214
and pFD238 were constructed as described in Materials and Methods. The ermFS structural gene (IzzI) and other Tn4551 sequences (-) are
indicated. For each of the vectors, numbers corresponding to the nucleotide sequence show the exact limits of the Tn4551 sequences present.
The MCS and the remainder of IacZ' are shown, and N indicates the location of the NdeI-HaeII junction between the pUC19 and pBI143
components of the shuttle vectors (35). Fragments from DRS4551-R (GM) were cloned into the MCS of pFD214 and transformed into B.
fragilis to determine the expression of clindamycin resistance. The symbol E* indicates the location of the EcoRI-HincII junction formed
during the construction of the DRS4551-R recombinants and is shown as a point of reference (see text). Insertion of the 6-bp sequence
AATTCG into the HhaI site of pFD243 is indicated by the arrowhead. Restriction site designations are the same as in Fig. 1.

each half into pFD214. Neither of these two plasmids yielded
Ccr B. fragilis transformants (data not shown). One addi-
tional test of this promoter site centered on in vitro muta-
genesis of the HhaI site with the single-stranded linker
AATTCG (2, 3). The 6-bp linker was inserted into the HhaI
site of pFD237 and changed the sequence from TTGCGCAA
to TTGCGAATTCGCAA. The resulting plasmid, pFD243,
did not transform B. fragilis.
A second fusion vector, pFD238, was used as a control in

several experiments. This plasmid was similar to pFD214,
except that it included additional sequences upstream from
the ermFS initiation codon. These sequences started at the
Tn4551 DraI site, bp 1138 (Fig. 2), and contained translation
stop codons in all three reading frames prior to ermFS.
pFD238 did not transform B. fragilis to Ccr, indicating that
there was no promoter activity within the left inverted repeat
of DRS4551-R (Fig. 3). This was an important observation,
because cloning strategies used with the pFD214 fusions
excluded this region from the analysis. In addition, the
promoter activity of the pFD237 BanI fragment was verified
by cloning this fragment and its mutated derivative (from
pFD243) into pFD238. In both cases the original observa-
tions were confirmed (data not shown).

Transcriptional analysis of ermFS. The role of DRS4551-R
in ermFS transcription was examined further by Northern
blot analyses of total RNA from several of the Ccr clones and
the ermFS fusions. It is important to note that the plasmids
used for these analyses (except pBI136) were all comparable
because they contained ermFS sequences with the same 3'
terminus, cloned into the MCS of pFD160, and in the same
orientation as shown for pFD214 in Fig. 3. The 32P-labeled
probe used for these studies was a 0.45-kb EcoRI-HindIII
fragment bearing the N-terminal portion of ermFS (bp 1179
to 1634; Fig. 2). The specificity of this probe for ermFS
transcripts was demonstrated by its lack of hybridization to

RNA isolated from pBI136A1, a pBI136 deletion derivative
bearing a single copy of the DRS but no ermFS gene (Fig.
4A, lane 1). On the other hand, results in Fig. 4A, lane 2,
showed that a single fragment from a pBI136-containing
strain did hybridize to the probe.

In contrast to the pBI136 results, two major ermFS
transcripts were observed in strains containing pFD224 and
pFD241 (Fig. 4A, lanes 3 and 5). These transcripts were
approximately 1.6 and 2.3 kb in size, and the 2.3-kb species
was seen only with plasmids having one copy of the entire
DRS. Strains with plasmids composed of less than half of the
DRS, such as pFD225 and pFD240, possessed only the
smaller, 1.6-kb, transcript (Fig. 4B). pFD237 was the only
plasmid tested which did not give rise to the 1.6-kb ermFS
mRNA, and in this case the transcript appeared to be 100 to
150 bp smaller (Fig. 4B, lane 8). This result was consistent
with the proposed location for a promoter at the Hhal site
(bp 925), because pFD237 was the only plasmid in which a
significant amount ofDNA was deleted between the putative
promoter and the start of ermFS.

DISCUSSION

The genetic and nucleotide sequence analyses of Tn4551
presented in this communication have provided an opportu-
nity to explore the relationship between the Bacteroides Ccr
transposons and the biological mechanisms involved in their
evolution. The genetic basis of the Ccr resistance phenotype,
which also confers resistance to other lincosamide-,
macrolide-, and streptogramin B-type antibiotics, was
shown to be the product of a single gene, ermFS. This
determinant differed from the Tn4351 ermF by a single
amino acid (Fig. 2) (23). These data have confirmed and
extended previous studies showing the close relationship
between Ccr determinants on pBF4 and pBI136 (37). How-
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FIG. 4. Northern blot analysis of total RNA from plasmid-
containing strains of B. fragilis 638. Total cellular RNA (5 to 10,ug)
was electrophoresed, transferred to nitrocellulose filters, and hy-
bridized to a 32P-labeled ermFS probe as described in the text. The
resulting autoradiographs are shown in panels A and B. Lane
designations are as follows. (A) 1, pBI136A1; 2, pBI136; 3, pFD241;
4, pFD225; 5, pFD224; (B) 6, pFD240; 7, pFD225; 8, pFD237. The
numbers to the right of panel A indicate the location of molecular
size markers, in kilobases, from the 1-kb ladder (Bethesda Research
Laboratories, Inc., Gaithersburg, Md.). Arrows to the left of the
autoradiographs indicate the locations of the 2.3- and/or 1.6-kb
ermFS transcript. The arrow to the left of panel B shows the
location of the 1.5-kb transcript from pFD237.

ever, a comparison of sequences upstream from the erm

start codons revealed some important differences between
the two (Fig. 5). The sequences were identical for 17 bp,
including the ribosome-binding site, but the pBF4 sequence

contained an additional 9 bp between the start codon and the
terminus of the Tn4351 DRS. Furthermore, the DRS termi-
nus which abutted the pBI136 ermFS gene was the opposite
one from that found adjacent to ermF in pBF4. These
differences strongly suggest that Tn4351 and Tn4551 arose

independently through the action of the DRSs on the same

progenitor erm sequences.

The nucleotide sequence of DRS4551-R revealed struc-
tural features typical of known IS elements (Fig. 1B and 2).
This is consistent with the role proposed for DRS4551 and
with the observations of Robillard et al. (25), who showed
that the DRSs of Tn4400 are IS elements capable of inde-
pendent transposition in E. coli. The DRSs of Tn4551 also
may be capable of independent integration into the Bacte-
roides chromosome (38a). The 25-bp imperfect inverted
repeats at the ends of DRS4551-R defined its limits and set its
size at 1,155 bp. This size is close to the 1.2-kb estimate
obtained previously by heteroduplex analysis of pBI136 (34).
The DRS termini were identified by comparison of DNA
sequences from the ends of both Tn4551 DRS elements.
These data also revealed a possible 3-bp duplication of the
pBI136 sequence ACT in direct orientation at the outside
ends of Tn4551 (Fig. 2, bp 29 to 31, and data not shown).
Although no other Tn4551 insertion sites have been se-

quenced for comparison, Macrina et al. have found that the
related Tn4351 DRS geherates a 3-bp duplication of the
target site when it integrates in E. coli (F. L. Macrina, J. L.
Rasmussen, and D. A. Odelson, personal communication).
DRS4551-R contained a major open reading frame,

ORF-1, which traversed nearly the whole length of the
element, terminating in the left inverted repeat. It is likely

that ORF-1 encodes a transposase, and, typical of many
proteins that interact with DNA, the product of ORF-1
would be a basic protein. The overall size of ORF-1 is similar
to the size of major ORFs from other IS elements (4, 9, 17,
42). A computer-assisted comparison of the deduced amino
acid sequences from many of these ORFs suggested a distant
relationship between IS3 and DRS4551-R. This observation
is noteworthy primarily because IS3 is the only other exam-
ple of an element that generates a 3-bp duplication of its
target site upon insertion, and it has been the premier
example of IS elements that are mobile promoters (6, 46).
Genetic results from the initial cloning experiments

showed that in Tn4551, expression of Ccr was dependent on
the adjacent DRS (Fig. 1A). The observation that there were
no obvious transcriptional start signals between the DRS
terminus and the start of ermFS was consistent with this
(Fig. 5). To demonstrate this promoter activity experimen-
tally, plasmid vectors with the ermFS structural gene and
ribosome-binding site were constructed so that fusions with
DRS sequences could be generated in vitro and then tested
in B. fragilis for activity. This particular approach was
chosen over the many promoter detection systems available
for use in E. coli, because it is not known whether E. coli
RNA polymerase recognizes the same sequences that are
used by the Bacteroides enzyme. The Bacteroides spp. are
phylogenetically distant from E. coli (43), and there are
presently no examples of an E. coli gene which functions in
these organisms (11, 13, 35; unpublished observations). The
results summarized in Fig. 3 were useful for the identifica-
tion of one DRS4551-R promoter which directed transcrip-
tion inward toward ermFS. This promoter activity was
localized to a region between bp 830 (DdeI) and bp 982
(BanI), but the only promoterlike sequence observed in this
area was sufficiently different from established consensus
sequences that it could not be confidently identified as the
promoter (26). Fortunately, the putative -35 region spanned
a HhaI site, and by disrupting the sequence as in the case of
pFD239 or pFD243, expression of ermFS was abolished.

IS elements can activate transcription of adjacent genes by
several mechanisms. With IS2 for example, this activation
depends upon the actual insertion event, whereby an ef-
ficientpromoter is generated at the site of insertion (16). This
does not seem to be the case with Tn4551, because pFD238,
which contained the DRS-ermFS junction plus 49 bp up-
stream of this site, did not express Ccr. Elements such as IS3
and IS21, on the other hand, activate transcription from
promoters within the elements themselves (6, 29, 46). The
ermFS fusion work described here suggests that DRS4551-R
resembles these two elements, since it contains the ermFS
promoter within its own sequences.
A second method used to detect promoter activity was

Northern blot analysis. These results were difficult to inter-
pret because the site of transcription termination was not

IS-R
pB1136 GAATTCAGC-CCTGTAAGAAGTTACTAATGACA

pBF4 GAACTCAAGAAGTATTCACCTGTAAGAAGTTACTAATGACA
IS-L SD START

ormF
FIG. 5. Alignment of sequences upstream from the erm genes of

pBF4 (23) and pBI136. The ribosome-binding site (SD) and Met
initiation codon (START) for ermF are underscored and labeled.
Also shown and underscored are sequences at the termini of the
right DRS (IS-R) and the left DRS (IS-L) which abut to the erm
genes in pBI136 and pBF4, respectively.

J. BACTERIOL.

...... ....

...



BACTEROIDES ermFS OPERON FUSIONS 4595

known. However, if the results with the recombinant plas-
mids are considered first and it is assumed that transcription
terminated at the same point in these related plasmids, then
certain predictions can be made; that is, if the promoter site
was located where proposed (bp 923 to 954), then ermFS
transcripts should be of equal size in all of the recombinant
plasmids tested except pFD237. The pFD237 mRNA would
be smaller by some 173 bp owing to the deletion of DNA
sequences between the promoter and the start of ermFS (see
Fig. 3). This prediction was fulfilled in part, since a common
1.6-kb ermFS mRNA was observed for pFD224, pFD225,
pFD240, and pFD241, but in pFD237 a single transcript of
about 1.5 kb was seen (Fig. 4). In addition, these studies
revealed the presence of a second promoter in DRS4551-R
which directed transcription toward ermFS. This was iden-
tified by the generation of a second ermFS transcript in
plasmids harboring the entire DRS element (e.g., pFD224
and pFD241; Fig. 4A). It is possible that this larger, 2.3-kb,
transcript represents a bicistronic mRNA generated by read-
through of ORF-1 into ermFS. The DNA sequence is con-
sistent with this interpretation, since there are no obvious
transcription termination signals in the 27 bp between the
end of ORF-1 and the start of ermFS (Fig. 2). Furthermore,
the size of this larger transcript is close to what would be
required for such a bicistronic mRNA if the start of ORF-1
transcription was located at the proposed site (Fig. 2).
Also noteworthy was the presence of only one major

ermFS mRNA from the parental plasmid, pBI136, which
contains the Tn4551 element complete with both flanking
DRSs. As mentioned above, recombinant plasmids with just
one DRS copy generated two transcripts, the larger of which
might include the putative transposase encoded by ORF-1.
The single pBI136 mRNA was too small (1.6 kb) to be the
bicistronic mRNA proposed above, and thus it is likely that
ermFS was transcribed from the HhaI (bp 923) promoter.
The lack of this second mRNA in pBI136-containing strains
suggests the possibility of ORF-1 regulation at the level of
transcription. If ORF-1 encodes the transposase, it would be
an attractive and testable hypothesis that its transcription is
regulated by a second copy of the DRS as is present in the
complete Tn4551 element.
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