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The ability of bacteria to utilize ethanolamine (EA) as a carbon and nitrogen source may confer an advantage
for survival, colonization, and pathogenicity in the human intestinal tract. Enterococcus faecalis, a Gram-
positive human commensal organism, depends on a two-component signaling system (TCS-17) for sensing EA
and regulating the expression of the ethanolamine utilization genes. Multiple promoters participate in eut gene
expression in the presence of EA as the sole carbon source and cobalamin (CoB12), an essential cofactor in the
enzymatic degradation process. By means of in vivo and in vitro approaches, this study characterized the
transcriptional activity identified in the eutT-eutG intergenic region of the E. faecalis eut cluster. Two novel
promoters in this region were shown to be active in vivo. The distal P2-1 promoter was associated with a B12
riboswitch that terminated transcription in the presence of CoB12. Transcription elongation from the proximal
P2-2 promoter was regulated by antitermination mediated by the phosphorylated form of the response
regulator of TCS-17 (RR17). 3�-Rapid amplification of cDNA ends (RACE) analyses of the terminated RNA
products allowed precise identification of the hairpin loop structures involved in termination/antitermination.
The results uncovered the role of the B12 riboswitch and RR17 in eut gene expression, adding to the complexity
of this regulatory pathway and extending the knowledge of possible means of transcription regulation in
Gram-positive organisms.

Bacteria of the genus Enterococcus are normal inhabitants of
the human intestinal tract (12) but have demonstrated the
ability to be significant pathogens by recently emerging as one
of the top three causes of nosocomial infections in the United
States (19, 27, 43). Infections caused by enterococci include
urinary tract infections, intra-abdominal infections, bactere-
mia, and endocarditis (27). These infections are complicated
by a high level of resistance to multiple antibiotics, including
vancomycin, which seriously increases the incidence of deaths
among individuals infected by enterococci (20). In the majority
of Enterococcus infections, E. faecalis is the etiological agent
(27).

The switch from commensal living to pathogenesis requires
significant changes in gene expression to adapt to a variety of
environmental conditions. Bacteria commonly utilize two-com-
ponent signal transduction systems (TCS) to control gene tran-
scription for physiological adaptation (17). TCS consist of a
pair of proteins, a sensor histidine kinase (HK), involved in
signal recognition, and a response regulator (RR) that medi-
ates the output of signal sensing, usually by binding to DNA of
the target gene and regulating transcription (14).

The E. faecalis genome contains 17 TCS and one orphan RR

(17). Among these, TCS-17 was found to be flanked by genes
encoding proteins homologous to those described for ethanol-
amine utilization (eut operon) in Salmonella enterica serovar
Typhimurium (Fig. 1) (11). The eut operon is also found in the
genomes of several other bacteria that are human commensal
and/or associated with food poisoning, including Listeria
monocytogenes and Clostridium perfringens (23, 35, 39). Etha-
nolamine (EA) is found in the human intestinal tract and in
processed foods as a constituent of an abundant class of lipids
(2, 9, 22, 25). The ability to use EA as a nutrient source may
provide these organisms with a selective advantage over other
bacteria in the intestinal tract and contribute to their patho-
genic potential (6, 22, 39).

Comparative genomic analysis of genes for EA utilization
revealed major differences in the regulation of eut operon
expression (39). S. Typhimurium has a single transcription
factor, EutR, that is the DNA-binding transcription activator
of the eut operon (32). EutR requires both EA and cobalamin
(CoB12), a cofactor for the enzyme ethanolamine-ammonia
lyase in the EA degradation pathway, for activity (16, 32).

In contrast, in E. faecalis, a two-component signal transduc-
tion system, TCS-17, is responsible for activation of the eut
operon (11). We previously established that EA acts as the
signal ligand that induces autophosphorylation of the histidine
kinase of TCS-17 (HK17, aka EF1632 and EutW) that in turn
phosphorylates the response regulator/transcription factor,
RR17 (aka EF1633 and EutV) (11, 15). The C-terminal do-
main of RR17 contains a putative ANTAR domain that gen-
erally regulates gene expression by an antitermination mecha-
nism (8, 11, 34).
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The ability of E. faecalis to grow in medium containing only
EA as a carbon source depends on the presence of CoB12 (11).
It was not surprising, then, that a B12 riboswitch was identified
in the eutT-eutG intergenic region of E. faecalis (Fig. 1) and
shown to bind CoB12 (5, 11, 15). Riboswitches are untrans-
lated RNA elements that regulate gene expression in response
to the concentration of their ligand in the cell (42). Ribo-
switches are composed of two functional domains, an aptamer,
which binds a given metabolite, and the expression platform,
whose structure changes in response to ligand binding, thus
controlling transcription termination or translation initiation
(42). CoB12 binding to the aptamer domain of B12 ribo-
switches in Gram-positive bacteria generally leads to prema-
ture termination of transcription of the downstream genes
which have a physiological relationship to the binding metab-
olite (40).

Transcription in the eut operon differs substantially between
Gram-negative and Gram-positive bacteria. In S. Typhimu-
rium, EutR induces transcription from two promoters: one is
located at the beginning of the eut operon and is activated by
EutR, and the other is positioned immediately upstream from
eutR and is constitutively expressed (32). While the eut operon
of E. faecalis is similar to that of S. Typhimurium in that
multiple promoters have already been identified, their posi-
tioning is different (11, 15). One promoter (P1) was found in
the eutG-eutS intergenic region (Fig. 1) (11). Transcription
induction from P1 only occurred in medium containing EA and
CoB12 (11). The other promoter (P3) was found located up-
stream from eutP (Fig. 1) (15). Transcription from P3 was
detected in serum, but whether its induction was dependent on
EA and CoB12 was not investigated (15).

In the current study, we have identified and characterized a
third transcriptionally active region (P2) in the eutT-eutG in-
tergenic region (Fig. 1), comprised of two distinct promoters,
the distal P2-1 and the proximal P2-2. By means of in vivo and

in vitro approaches, we rigorously determined that the B12
riboswitch located immediately downstream from the distal
P2-1 promoter caused transcription termination in the pres-
ence of CoB12. The phosphorylated form of the response
regulator RR17 was required for transcription antitermination
at a Rho-independent stem-loop structure located downstream
from the P2-2 promoter. The mRNA transcript generated
from P2-1 reduced transcription from P2-2 and, as a result,
lowered the combined transcriptional activity from the eutT-
eutG intergenic region. The results presented extend the re-
sults of previous studies (15), clarifying the role of the B12
riboswitch and the RR17 response regulator in eut gene ex-
pression and confirming the existence of a unique and complex
regulatory pathway for EA utilization in E. faecalis.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. All strains and plasmids
used in this study are listed in Table 1 and 2, respectively. The initial manipu-
lation of plasmids was performed in Escherichia coli strain DH5� or TG1. E. coli
cells were cultured in Luria-Bertani medium (Miller formulation; Difco) at 37°C
(DH5�) or 30°C (TG1). The correctness of each plasmid was confirmed by
sequence analysis. Transformation of E. faecalis was carried out by electropora-
tion using glycine-treated competent cells (10). E. faecalis strains were grown in
Todd-Hewitt broth (THB; Difco) medium at 37°C or 30°C. Spectinomycin (Spec;
150 and 500 �g/ml), chloramphenicol (Cm; 7.5 and 15 �g/ml), and ampicillin
(Amp; 100 �g/ml) were used for plasmid selection in E. coli and E. faecalis,
respectively.

The activity of the eut operon promoters was tested in M9HY medium plus
essential vitamins and amino acids as previously described (11, 30). A carbon
source (100 mM glucose, 100 mM ethanolamine, or 100 mM glycerol) and/or 40
nM adenosylcobalamin (CoB12; Sigma) was added to the M9HY medium as
indicated in the text and figure legends. For transcription analysis, the method
for anaerobic growth described by Del Papa and Perego (11) was followed except
that the overnight cultures were grown aerobically in THB plus spectinomycin at
37°C without agitation in a flask with ample air space; cells were harvested by
centrifugation, washed in M9HY medium, and then diluted 1:15 in the supple-
mented M9HY.

Construction of markerless rr17 (eutV), hk17 (eutW), and rho deletion strains.
The flanking regions of the rr17 (eutV), hk17 (eutW), and rho genes were ampli-
fied by PCR using primers listed in Tables 2 and 3. The upstream and down-
stream PCR products for each deletion were combined into one fragment by
overlapping recombinant PCR. The final products were digested with BamHI
and SalI (rr17 and hk17) or PstI (rho) and then cloned into pLT06 (Table 2) (37)
to generate pRR17�, pHK17�, and pRho� (Table 2). The clones were trans-
formed into E. faecalis V583 and grown in THB plus chloramphenicol at the
permissive temperature of 30°C, and then the protocol of Thurlow et al. (37)
was followed to construct rr17, hk17, and rho markerless deletion strains
(Table 1). Clones were screened for their ability to grow in EA plus CoB12
(for rr17 and hk17 strains only), and the presence of the deletion was verified
by diagnostic PCR.

Complementation study of the rr17 strain. pML28-RR17 (11) and pML28 (18)
(Table 2) were transformed into the V583 and rr17 strains (Table 1). The strains
were grown as described above for transcription analysis in M9HY medium
supplemented with EA and CoB12.

�-Galactosidase assays for transcription analysis. A series of overlapping
fragments (P2, SP, SP2, SP3, SP4, and SP6) spanning the eutT-eutG intergenic
region (Fig. 1) were amplified by PCR using primers listed in Tables 2 and 3.

TABLE 1. Enterococcus faecalis strains used in this study

Strains Relevant characteristicsa (reference)

V583...............................Parental strain; clinical isolate (33)
rr17 mutant....................V583 with nt �85 to �522 of rr17 deleted
hk17 mutant ..................V583 with nt �106 to �1377 of hk17 deleted
rho mutant.....................V583 with nt �46 to �1200 of rho deleted

a Positions are relative to the translational start site of each gene. nt, nucleo-
tides.

FIG. 1. Schematic representation of the eut operon in E. faecalis
with a magnified view of the eutT-eutG intergenic region. RR and HK
indicate the rr17 and hk17 genes (aka eutV and eutW, respectively [15])
encoding the response regulator and histidine kinase, respectively.
Shown is the approximate location of the B12 riboswitch, followed by
the distal terminator loop, the promoters (bent arrows), and the anti-
terminator-terminator loops preceding the eutG gene. The contents of
the fragments cloned in plasmid pTCVlacSpec and used as templates
in the transcription analyses are also illustrated by the lines.

2576 BAKER AND PEREGO J. BACTERIOL.



PCR products were digested with EcoRI and BamHI and then cloned into
pTCVlacSpec (Table 2) (11). The plasmids were transformed into the V583,
rr17, and hk17 strains (Table 1). Strains carrying the promoter fusion plas-
mids were cultured as described above in supplemented M9HY medium.
Duplicate samples were withdrawn hourly for a period of 8 h, and the optical
density at 525 nm (OD525) was measured. The collected samples were assayed
for �-galactosidase activity using a protocol similar to that described by
Ferrari et al. (13) with the following modification: the cells were resuspended

in Z buffer, and 0.1-mm zirconia/silica beads (Biospec) were added in a 1:4
ratio of beads to buffer. Cells were lysed by shaking in 96-deep-well plates
using a Mini-Beadbeater 96 (Biospec) for 9 min in 3-min intervals. The plates
were placed on ice between intervals. After lysis was completed, the beads
were allowed to settle for 10 min and the samples were transferred to a
microtiter assay plate. Assay reagent volumes, as compared to those de-
scribed by Ferrari et al. (13), were adjusted for use in microtiter plates. The
OD525 and OD420 for each set of duplicate samples were averaged, and the

TABLE 2. Plasmids used in this study

Plasmids Relevant characteristicsa Primers usedb Reference(s)
or source

pLT06 Integrational vector, contains P-pheS*; Cmr 24, 37
pRR17� pLT06 derivative containing flanking regions of RR17:

upstream, 663-bp region including 84 bp of the 5� end of
RR17; downstream, 532-bp region including 52 bp of the
3� end of RR17

Upstream, RR17del5�BamHI, RR17del5�
overlap; downstream, RR17del
3�overlap, RR17del3�SalI

This study

pHK17� pLT06 derivative containing flanking regions of HK17:
upstream, 779-bp region including 105 bp of the 5� end of
HK17; downstream, 786-bp region including 57 bp of the
3� end of HK17

Upstream, RR17Bam25�,
HK17del5�overlap; downstream,
HK17del3�SalI, HK17del3� overlap

This study

pRho� pLT06 derivative containing flanking regions of Rho:
upstream, 689-bp region including 45 bp of the 5� end of
Rho; downstream, 788-bp region including 51 bp of the 3�
end of Rho

Upstream, Rhodel5�BamHI,
Rhodel5�overlap; downstream, Rhodel
3�overlap, Rhodel3�PstI

This study

pML28 pAT28 containing the aphA-3 promoter 18
pML28-RR17 pML28 derivative containing the RR17 sequence 11
pUC19 High-copy-number cloning vector; Ampr 44
pTCVlacSpec lacZ transcriptional fusion vector; Specr 11
pTCV-RR17p pTCVlacSpec derivative; contains nt �722 to �122 of RR17 11
pP2 pTCVlacSpec derivative; contains nt �659 to �109 of eutG EutTEco5�, EutGBam3� This study
pSP pTCVlacSpec derivative; contains nt �248 to �109 of eutG EutTGEco5�, EutGBam3� This study
pSP2 pTCVlacSpec derivative; contains nt �659 to �254 of eutG EutTEco5�, EutTGBam3� This study
pSP3 pTCVlacSpec derivative; contains nt �659 to �296 of eutG EutTEco5�, EutTG2Bam This study
pSP4 pTCVlacSpec derivative; contains nt �659 to �139 of eutG EutTEco5�, EutTG3Bam This study
pSP6 pTCVlacSpec derivative; contains nt �248 to �84 of eutG EutTGEco5�, EutTG4Bam This study

a nt, nucleotides.
b Sequences of primers are reported in Table 3.

TABLE 3. Oligonucleotide primers used in this study

Primers Sequencea

RR17del 5�BamHI ...................................................................................5�-CCT GTG GAT CCA ACA GCA GCA GAA G
RR17del 5�overlap ...................................................................................5�-ACT CAT ACG TGC GCG TTC GTA CCC TGC TTC
RR17del 3�overlap ...................................................................................5�-GAA GCA GGG TAC GAA CGC GCA CGT ATG AGT
RR17del 3�SalI .........................................................................................5�-ATG CGT CGA CTT GAC TAG TTG
RR17Bam25�.............................................................................................5�-GGG AGG ATC CAA GCG GTG ATT GAA GGT TT
HK17del5�overlap.....................................................................................5�-GGT TTT AGT TCC CTG ATA GAG TGT CGT CGA AG
HK17del 3�overlap ...................................................................................5�-CTT CGA CGA CAC TCT ATC AGG GAA CTA AAA CC
HK17del 3� SalI........................................................................................5�-GGC TTG TCG ACC AAG GTG CAA GGT TAG C
Rhodel5�BamHI .......................................................................................5�-GGA TGG GAT CCG GAT TGA AGG AGT CGA AG
Rhodel5�overlap .......................................................................................5�-CAA ACG AAA CAT CAT GGA ATA ACG TAC TGT TTT CCA AT
Rhodel3�overlap .......................................................................................5�-ATT GGA AAA CAG TAC GTT ATT CCA TGA TGT TTC GTT TG
Rhodel3�PstI .............................................................................................5�-TAC TGC AGT ATG CTT GTA CGG TCT CCA T
EutTEco5� .................................................................................................5�-CAT CAG AAT TCG TTT AAA TTG GAC AG
EutGBam3� ...............................................................................................5�-CAG GGA TCC CCA TGA ATG GAT CTG TG
EutTG-Eco5�.............................................................................................5�-TTG TAG AAT TCC AAT TAA TGG CAC GAG GA
EutTG Bam3� ...........................................................................................5�-TTG GGG ATC CAC AAA TAT CTT GGG CTG GAT TTT CA
EutTG2Bam..............................................................................................5�-CGT TGG ATC CAA ACA TCC TGT TTT GCC T
EutTG3Bam..............................................................................................5�-TTA AGG ATC CGT CAA TAA AAA AAG GGA ATA TAG C
EutTG4Bam..............................................................................................5�-CTT CGG ATC CTA TAC GCC ATT GTA CAC G
dRR17p RNA adapter.............................................................................5�-TGC ACG GTT ACG ATG CGC CCA GGA TCC GAC-idTb

dRR17p RT 3� ..........................................................................................5�-AGT CGG ATC CTG GGC GCA TCG TAA CCG TGC A
dRR17pA RT 5�.......................................................................................5�-CAT CAG AAT TCT GAA TGG AAG CCA GTG AGA A
dRR17pB RT 5� .......................................................................................5�-CAT CAG AAT TCT CGT GTA CAA TGG CGT ATA C

a Restriction sites are in boldface.
b idT, inverted deoxythymidine.
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mean values were used to calculate the Miller units (29). Each set of exper-
iments was carried out at least twice to ensure reproducibility.

In vitro termination assays with CoB12. Templates (P2, SP2, SP3, and SP4)
(Fig. 1) for the in vitro termination assays were generated by PCR with primers
listed in Tables 2 and 3. The PCR products were purified using a QIAquick PCR
purification kit (Qiagen). Synchronized in vitro termination assays with CoB12
were performed using a method similar to that of Sudarsan et al. (36), with some
modifications. In brief, two 50-�l reaction mixtures containing 1� transcription
buffer (40 mM Tris-HCl, pH 8, 10 mM MgCl2, 0.1 mM EDTA, pH 8, 50 mM
KCl), 70 nM PCR template, 1� initiation nucleoside triphosphates (NTPs) (1
�M ATP, 1 �M GTP, 0.4 �M UTP [lithium salt; Roche Applied Science]), 10
�g/ml bovine serum albumin, 1 mM 1-4-dithiothreitol, 30 U RNaseOut (Invi-
trogen), 66 nM [�-32P]UTP (3,000 Ci/mmol, 10 mCi/ml) (Perkin Elmer), and 68
nM E. coli RNA polymerase (Epicentre) were set up for each template and
incubated for 10 min at 37°C. Elongation was initiated by immediately adding
6.25 �l of 50 mM CoB12 or diethylpyrocarbonate (DEPC)-treated water and
6.25 �l of elongation mix (60 �l of elongation mix contained 6 �l of 10�
transcription buffer, 12 �l of 20 mg/ml heparin [grade 1-A; Sigma], 6 �l each of
1 mM ATP, CTP, GTP, and UTP, and 18 �l of DEPC-treated water). The
reaction mixtures were incubated at 37°C in the dark, and 25-�l samples were
withdrawn after 15 min and 2 h. To stop the reaction, 25 �l of DEPC-treated
water and 5 �l of 0.5 M EDTA, pH 8, were added. Samples were extracted once
with phenol and three times with chloroform and then ethanol precipitated using
10 �g of salmon sperm DNA as a carrier. The resulting pellets were resuspended
in 10 �l of DEPC-treated water plus 10 �l of urea loading dye (10 M urea, 0.1%
bromophenol blue, 1� Tris-acetate-EDTA [TAE] buffer). The samples (20 �l),
along with 15 �l of the marker (described below), were resolved on a denaturing
7 M urea, 6% PAGE (29:1; Fisher) gel in TAE buffer. The gel was dried, exposed
to a screen, and then scanned on a Storm 840 phosphorimager (Molecular
Dynamics) for analysis with ImageQuant software.

Riboladder 100b RNA standard (Fisher), used as molecular weight marker,
was dephosphorylated with rAPID Alkaline Phosphatase (Roche). T4 polynu-
cleotide kinase (New England BioLabs) was used to label the ladder with
[	-32P]ATP (6,000 Ci/mmol, 150 mCi/ml) (Perkin Elmer). The radiolabeled
RNA ladder was treated as described above for the in vitro transcription reac-
tions and also resuspended in urea loading dye.

In vitro termination assays of SP with RR17 and HK17. The SP template was
generated by PCR with primers listed in Tables 2 and 3. The purification of the
HK17 and RR17 proteins was described by Del Papa and Perego (11). Protein
phosphorylation was carried out in a 50-�l reaction mixture containing 3 �M
HK17 and 22.5 �M RR17 in 1� phosphorylation buffer A (11). The reaction was
initiated by the addition of 20 �M EA and 2 mM ATP (Roche). Reaction
mixtures were incubated for 1.5 h at room temperature. For the controls without
HK17 and/or RR17, protein storage buffer (11) was added in place of the
protein. For the unphosphorylated sample, EA and ATP were not added to the
reaction mixture. In vitro termination assays were carried out as described above
with CoB12, except that 10 �l of the phosphorylation reaction mixture was added
along with the elongation mixture.

3�-RACE of SP4 and SP. 3�-Rapid amplification of cDNA ends (RACE)
experiments were performed as described by Argaman et al. (3) with some
changes. PCR-amplified SP4 and SP fragments were transcribed in vitro as
described above for the termination assay, with 5 mM CoB12 or RR17/HK17,
respectively. The RNA products were phenol extracted and separated on a 7 M
urea, 6% PAGE (29:1) gel. The 3 main RNA products of the reaction on SP4 and
the 2 RNA products for SP were excised from the gel and then passively eluted
in 1� TE (10 mM Tris-HCl, pH 8, 1 mM EDTA) for 24 h with one change of
buffer. The elutions were ethanol precipitated, and the concentrated RNAs were
dephosphorylated with rAPid alkaline phosphatase (Roche Applied Science).
The RNAs were ligated with T4 RNA ligase (NEB) to a primer, dRR17p RNA
adapter (Table 3), that had been phosphorylated on the 5� end with T4 polynu-
cleotide kinase. The RNA/DNA hybrid was reverse transcribed with SuperScript
III reverse transcriptase (Invitrogen) using oligonucleotide primer dRR17p RT
3� (Table 3). The cDNA was amplified by PCR using primers dRR17p RT 3� and
dRR17pA RT 5� (for SP4) or dRR17pB RT 5� (for SP) (Table 3) and cloned into
pUC19 (Table 2), and then two clones were sequenced for each RNA product to
determine the 3� end of the transcripts.

RESULTS

EA- and CoB12-dependent transcription activity from two
promoters in the eutT-eutG intergenic region. Previous studies
identified a promoter region (P1) upstream from the genes

encoding the RR17 response regulator and HK17 histidine
kinase in the eutG-eutS intergenic region (Fig. 1) (11). Because
the eut gene cluster extends upstream from eutG, it was pre-
dictable that additional promoters existed (11). One potential
promoter site was the eutT-eutG intergenic region, which is the
largest intergenic region in the cluster (Fig. 1).

To determine whether the eutT-eutG intergenic region was
transcriptionally active, a fragment spanning from within the
eutT gene to within the eutG gene (Fig. 1) was fused to the
promoterless lacZ reporter gene in vector pTCVlacSpec (Ta-
ble 2) to produce plasmid pP2. The pP2 plasmid was trans-
formed into E. faecalis V583, and the cells were analyzed for
transcriptional activity by means of �-galactosidase assays. The
results showed that transcription from the fragment in plasmid
pP2 occurred but only in medium supplemented with EA and
CoB12 (Fig. 2). When only one or none of the inducers was
present, transcription was comparable to the background level
(
5 to 20 Miller units) obtained with vector pTCVlacSpec
alone (11; data not shown). The presence of glucose in the
medium repressed the transcription induced by EA and CoB12
(Fig. 2), indicating that P2 was carbon catabolite repressed, as
was also shown for the P1 promoter (11) and for the main
promoter of the eut operon in Salmonella (32).

A B12 riboswitch was predicted to be downstream from eutT
(nucleotides �455 to �278 from the translational start of
eutG) by the RibEx analysis program (P � 3.38 � 10�10) and
by Barrick and Breaker (1, 5). The location of the riboswitch
had subsequently been corroborated by Fox et al. with in-line
probing experiments that proved the binding of CoB12 (15). In
general, B12 riboswitches in Gram-positive organisms regulate
the transcription of downstream genes through the stabiliza-
tion of a terminator hairpin upon binding of CoB12 (40). An
exception is a B12 riboswitch in Listeria monocytogenes that
acts as a terminator for upstream genes (38). In order to
determine whether the promoter activity in the eutT-eutG in-
tergenic region was upstream or downstream from the ribo-
switch, the sequence of the eutT-eutG intergenic region was
analyzed with the Softberry BPROM program. Analysis pre-
dicted two possible promoter sites, one located 470 bp up-
stream from the eutG translational start codon (TTGCTT-17
bp-TAAATT), hereinafter referred to as P2-1, and the other
located 130 bp upstream from eutG (TTGACA-17 bp-TACT

FIG. 2. Transcription analysis of promoter P2. Time courses of
�-galactosidase activity were carried out on E. faecalis V583 carrying
the pP2 plasmid. M9HY medium was supplemented with 100 mM EA
and 40 nM CoB12 (f), 100 mM EA (✖), 40 nM CoB12 (F), or 100 mM
glucose, 100 mM EA, and 40 nM CoB12 (Œ). A representative growth
curve in medium containing EA and CoB12 is shown (�), and the
OD525 is indicated on the right axis.
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CT), hereinafter referred to as P2-2 (Fig. 1). Thus, P2-1 is
upstream from the B12 riboswitch, while P2-2 is downstream
from the riboswitch and immediately upstream from a poten-
tial weak antiterminator hairpin (nucleotides �83 to �53 up-
stream from eutG), as well as a strong, Rho-independent ter-
minator (nucleotides �69 to �14 upstream from eutG) (Fig. 1;
also see Fig. 8) predicted by RibEx and also proposed by Fox
et al. (1, 15, 26).

Transcription from P2-1 is repressed by CoB12. To test
whether the two potential promoters, P2-1 and P2-2, were
active, the P2 fragment was subcloned into pTCVlacSpec to
create pSP2 and pSP (Table 2 and Fig. 1). The activity from
these constructs was also assayed by �-galactosidase activity.
To focus on the effects of EA, CoB12, and TCS-17 on tran-
scription, glycerol was added to the bacterial cultures as a
carbon source to allow some growth even in the absence of EA.
Glycerol was determined to have no effect on transcription
and, as expected, did not cause carbon catabolite repression
(data not shown).

The SP2 fragment in plasmid pSP2 includes the putative
promoter P2-1 and the B12 riboswitch (Fig. 1). In the strain
carrying this construct, a significant level of transcription was
observed in glycerol-only medium, while the presence of EA
plus CoB12 or CoB12 alone reduced transcription to a back-
ground level of 
250 Miller units (Fig. 3A). This result sug-
gested that the SP2 fragment contains an active promoter and
the entire B12 riboswitch, including the expression platform,
and this likely functions as a standard B12 riboswitch, causing
termination of transcription when CoB12 is present (40). How-

ever, a background level of 
250 Miller units, which is 10 times
higher than the activity generated by plasmid pTCVlacSpec,
suggested that considerable transcription read-through oc-
curred even in the presence of CoB12.

To determine whether the RR17 response regulator was
controlling transcription from P2-1, pSP2 was assayed in the
rr17 mutant strain (Table 1). Equivalent levels of transcription
occurred under all growth conditions for both the parental
V583 and the mutant strain, indicating that RR17 had no role
in regulating P2-1 (Fig. 3B). Interestingly, EA caused a de-
crease in the level of transcription (2-fold) which was not
dependent on the presence of CoB12 (Fig. 3B). The decrease
was not due to EA’s role as a signal for HK17 (11), since the
absence of RR17 did not alter the level of transcription. Thus,
EA seems to act by an unknown mechanism to regulate tran-
scription from P2-1 independently of the TCS-17.

To determine the sequence boundaries of the riboswitch,
two other clones, pSP3 and pSP4 (Table 2 and Fig. 1), were
constructed and V583 strains carrying these constructs were
assayed for �-galactosidase activity. Notably, the 3� end of the
SP3 fragment is the predicted last base-paired nucleotide of
the B12 riboswitch (5, 15) (see Fig. S1 in the supplemental
material). With the pSP3 construct, constitutive transcription
from P2-1 was detected under all growth conditions (Fig. 3C).
Therefore, the CoB12 repression was lost, indicating that an
element in the 42 nucleotides that is missing in SP3 with re-
spect to the sequence of SP2 is the basis for the CoB12 repres-
sion. Notably, a clone with a fragment that is only 12 nucleo-
tides longer than SP3 showed repression by CoB12 equivalent

FIG. 3. Transcription analysis of promoter P2-1. (A, C, and D) Time courses of �-galactosidase activity were carried out on E. faecalis V583
carrying plasmids pSP2 (A; squares), pSP3 (C; triangles), and pSP4 (D; circles); dashed lines with open symbols represent cultures grown in 100
mM glycerol; solid lines with closed symbols are results for cultures grown in 100 mM glycerol, 100 mM EA, and 40 nM CoB12; and solid lines
with open symbols are results for cultures grown in 100 mM glycerol and 40 nM CoB12. Growth cultures and assays whose results are shown in
panels A, C, and D were performed at the same time, but the graphs are separated for clarity. A representative growth curve in medium containing
glycerol, EA, and CoB12 is shown in panel A with closed circles, and the OD525 is indicated on the right axis. (B) Transcription activities from pSP2
in strain V583 compared to those in the rr17 strain. Growth conditions were as follows: 100 mM glycerol, 100 mM EA, and 40 mM CoB12 (circles);
100 mM glycerol and 40 nM CoB12 (triangles); 100 mM glycerol and 100 mM EA (diamonds); 100 mM glycerol (squares); solid lines with closed
symbols represent results for V583; dashed lines with open symbols represent results for the rr17 strain.
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to that seen with plasmid pSP2 (data not shown). There are no
obvious Rho-independent terminators in this small region be-
tween the end of the B12 riboswitch and the end of the SP2
fragment. When the SP2 construct was tested in a rho deletion
strain, there were no differences in the amount of transcription
compared to the level of transcription in V583, indicating that
termination was not occurring by a Rho-dependent mechanism
(data not shown).

An additional construct, called SP4, consisted of a fragment
longer than the SP2 fragment at the 3� end which, nevertheless,
did not include the �10 region of the P2-2 promoter (Fig. 1).
With the pSP4 construct, transcription activity was similar to
that of pSP2 (Fig. 3D). These results confirmed that the whole
B12 riboswitch, aptamer domain and expression platform, was
within the SP2 fragment.

Overall, these in vivo results indicated that the P2-1 region
identified in silico contains a promoter that is active in vivo and
that the riboswitch blocks downstream transcription in the
presence of CoB12.

Promoter P2-2 is induced by EA plus CoB12 and requires
TCS-17 for transcription. The other subclone of the P2 frag-
ment, pSP, included the putative promoter P2-2 and the Rho-
independent terminator hairpin that is upstream from eutG
(Fig. 1). �-Galactosidase assays carried out on the V583 strain
harboring plasmid pSP showed that EA alone was not suffi-
cient to induce transcription from the P2-2 promoter, as
CoB12 was also required (Fig. 4A and data not shown). This
was not due to the requirement for CoB12 for growth (11),
because there was glycerol in the medium and the cells did not
have to rely on EA as the only carbon source. A similar re-

quirement was also observed for the P1 and P2 (the combined
P2-1 and P2-2) promoters (data not shown). Comparison of
the transcription from the P2-2 promoter on pSP and the
combined activities of P2-1 and P2-2 on the pP2 construct (Fig.
4A and 2) showed a 5.5-fold reduction in the level of transcrip-
tion, indicating the existence of a negative regulatory effect on
the overall level of transcription occurring from the eutT-eutG
region.

Since EA is the signal for autophosphorylation of HK17 and
subsequent activation by phosphoryl transfer to RR17 (11), the
pSP construct was tested for �-galactosidase activity in the rr17
and hk17 mutant strains. Little or no transcription occurred in
the rr17 (Fig. 4C) or hk17 strains (Fig. 4D) even when both EA
and CoB12 were present. This suggested that, because EA is
required as an inducer in vivo and is the activating ligand of
HK17 in vitro, phosphorylated RR17 was necessary for tran-
scription elongation from P2-2. It should be noted that the
growth defect caused by the deletion of rr17 when cells were
grown in M9HY supplemented with EA and CoB12 was com-
plemented by a replicative plasmid expressing RR17; there-
fore, there were no polar effects on the downstream genes of
the eut cluster due to the markerless deletion (see Fig. S2 in the
supplemental material; also data not shown).

The RR17 protein contains a C-terminal ANTAR domain
(11). The AmiR protein from Pseudomonas aeruginosa, which
has a similar ANTAR domain, binds to an RNA sequence
upstream from a strong, Rho-independent terminator that re-
sults in antitermination of transcription (41). Bioinformatic
analysis by Fox et al. of the sequence preceding the terminator
hairpin in the amidase operon (regulated by AmiR) and the eut

FIG. 4. Transcription analysis of promoter P2-2. (A to C) Time courses of �-galactosidase activity were carried out for E. faecalis strains
carrying plasmids pSP (A; squares) and pSP6 (B; circles). Panels A and B show the results obtained with the parental strain V583, and panel C
shows the results obtained with the rr17 mutant strain. Dashed lines with open symbols are results for cultures grown in 100 mM glycerol; solid
lines with closed symbols are results for cultures grown in 100 mM glycerol, 100 mM EA, and 40 nM CoB12; solid lines with open symbols are
results for cultures grown in 100 mM glycerol and 40 nM CoB12. The assays for both strains were performed at the same time, but the graphs are
separated for clarity. A representative growth curve in medium containing glycerol, EA, and CoB12 is shown in panel A with closed circles, and
the OD525 is indicated on the right axis. (D) Results of transcription activity from plasmid pSP carried by the hk17 mutant strain; solid line with
closed symbols shows the results for V583; dashed line with open symbols shows the results for the hk17 strain.
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operon of Enterococcus, Listeria, and Clostridium revealed a
consensus sequence that was predicted to be the binding site of
the ANTAR domain-containing proteins (15).

To determine whether the terminator hairpin and its sur-
rounding sequences were responsible for the regulation of P2-2
by EA and CoB12, plasmid pSP6 (Table 2 and Fig. 1), which
contains a shortened SP fragment, was constructed and as-
sayed in strains V583 and rr17. Deletion of the terminator
hairpin, including the sequence that forms the putative anti-
terminator, from the SP fragment (pSP6) resulted in constitu-
tive transcription under all growth conditions and eliminated
the requirement for RR17 (Fig. 4B). However, in the rr17
mutant strain, the level of transcription from pSP6 in medium
containing EA was reduced by 2-fold (Fig. 4C). As observed
with P2-1, EA also regulated transcription from P2-2 by an
unknown mechanism independent of RR17.

Overall, these in vivo results indicated that the P2-2 pro-
moter identified in silico is also active and dependent on the
TCS-17 for transcription elongation in the presence of EA and
CoB12.

In vitro termination assays confirm that CoB12 causes tran-
scription termination at the B12 riboswitch. �-Galactosidase
assays with the SP2- and SP4-carrying plasmids suggested that
CoB12 repressed transcription elongation from the P2-1 pro-
moter. To provide additional evidence that the B12 riboswitch
in the eut operon terminates transcription in the presence of
CoB12, in vitro transcription assays were performed using
PCR-amplified fragments SP4, SP2, P2, and SP3 as templates.
The reactions were carried out with E. coli RNA polymerase in
the absence and in the presence of CoB12. The samples were
run alongside a RNA marker to obtain the approximate size of
each RNA product. The results are shown in Fig. 5. The ex-
pected full-length runoff product of the SP4 template (
320
bases) was strongly present in the reaction mixtures without
CoB12, together with a smaller RNA product (
250 bases)

that, based on its size, was likely due to pausing of the RNA
polymerase at approximately 80 nucleotides downstream from
the riboswitch. An additional RNA product was also estimated
to be 
120 bases long and, therefore, would represent RNA
terminating within the B12 riboswitch. This small pausing
product was also present in the mixtures for reactions carried
out on the other templates (SP2, P2, and SP3), and its con-
centration was not affected by the presence of CoB12.

In the presence of CoB12, the reaction with the SP4 tem-
plate generated two additional products, an 
130-base prod-
uct likely to terminate within the B12 riboswitch and an 
160-
base product which would correspond to an RNA terminated
immediately after the riboswitch. Notably, in the presence of
CoB12, there was a reproducible reduction in the amount of
runoff RNA produced and of the longer paused-RNA product
(the 
320 bases and the 
250 bases of RNA, respectively), as
quantitated with ImageQuant software (data not shown). This
correlated with the appearance of the CoB12-induced (
130
bases) product and, more relevant, the putative terminated
product of 
160 bases.

The 
160-base RNA product, as well as the CoB12-induced

130-base product, were also obtained in the reactions carried
out on the SP2 and P2 templates, and their presence also
correlated with decreases in the concentrations of the respec-
tive highest-molecular-weight products (
200 bases and 
430
bases, respectively). The bands that corresponded to the ter-
minated RNA of fragments SP4, SP2, and P2 in the in vitro
termination assays were approximately the same size as the
full-length (runoff) RNA obtained with fragment SP3 as the
template, whose 3� end is at the 3� end of the riboswitch.

The 
430-base product from the P2 template corresponded
in size to a product terminated at the hairpin identified imme-
diately upstream from eutG, while the 
300-base product
probably resulted from a pause of the E. coli RNA polymerase
at a polyuridine tract that precedes the P2-2 �35 sequence (see
Fig. S1 in the supplemental material). Notably, a fragment of
�500 bases was present in the reaction mixture with the P2
template in the absence of CoB12, and its concentration de-
creased in the reaction mixture in the experiment carried out
with CoB12. This could be the full-length RNA runoff product
that originated at P2-1 and read through the P2-2 promoter
and its terminator, despite the absence of RR17 in the reaction
mixture (the expected size of such a product was 570 bases).

In the case of the P2 template, in addition to the seven RNA
bands described above, a small RNA (
90 bases) was ob-
served, likely resulting from transcription from the P2-2 pro-
moter present on the fragment. CoB12 had a small stimulatory
effect on the 90-base RNA from P2-2, suggesting that the long
RNA originating at P2-1 interfered with transcription initia-
tion at P2-2.

These in vitro results are consistent with CoB12 inducing
transcription termination from P2-1 at the B12 riboswitch.

Identification of the 3�-end nucleotides of the in vitro RNA
products originating at the P2-1 promoter. In order to unam-
biguously identify the products of the in vitro transcription
assays, a 3�-RACE experiment was performed to ascertain the
exact 3�-terminal nucleotides of the paused, the terminated,
and the runoff in vitro-transcribed RNA products obtained
from the P2-1 promoter on the SP4 fragment (see above) (as
the paused and terminated RNA products were expected to be

FIG. 5. In vitro termination assay with CoB12. In vitro transcription
assays were carried out on the SP4, SP2, P2, and SP3 templates. The
results shown were obtained after incubation of the reaction mixtures
for 15 min. RNA products: full-length runoff (�); terminated ( );
CoB12-induced pause (Œ); pause product (�); pause in SP4 and P2
reactions ( ); RNA from P2-2 ( ); RNA from P2-1 to terminator in
front of eutG ( ). The open horizontal arrow indicates the 
500-base
product in the P2 reaction mixture that is likely to be the full-length
runoff product. The gel with the 120-min reaction products showed
essentially identical results (data not shown).
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similar for all four templates analyzed in the assay whose
results are shown in Fig. 5). The nucleotide at the 3� end of the
runoff product from fragment SP4 was identified as the last
nucleotide of the template, as expected (Fig. 6A). The 3� end
of the terminated RNA product was identified at nucleotide
�295 upstream from eutG (Fig. 6B), i.e., the C in the UUUC
sequence that immediately follows a sequence with the poten-
tial of forming a terminator hairpin (Fig. 6F). Thus, the ter-
minator hairpin of the B12 riboswitch is near the end of the
riboswitch rather than further downstream as proposed by Fox
et al. (15). The 3� end of the CoB12-induced paused RNA
product (Fig. 6C) and those of the paused RNA found in every
sample (Fig. 6D) were all located within the riboswitch se-
quence (Fig. 6E and F). Both pause sites were near or within
a polyuridine tract that may have formed an unstable DNA-
RNA hybrid that caused the RNA polymerase to stall, result-
ing in prematurely terminated RNA.

Overall, these data show that the B12 riboswitch down-
stream from the P2-1 promoter terminates transcription in the
presence of CoB12 in vivo, as well as in vitro.

Phosphorylated RR17 induced transcription antitermina-
tion at the Rho-independent terminator upstream from eutG.
A markerless deletion of the hk17 gene abolished EA- and

CoB12-dependent expression from the P2-2 promoter on frag-
ment SP in the in vivo assays (Fig. 4C). This implied that
phosphorylation of RR17 was required for the induction of
transcription. However, it was reported by Fox et al. that un-
phosphorylated RR17 bound to the promoter region of eutP
(15), although transcription studies and binding studies with
other promoters in the eut operon were not reported.

To investigate the possible discrepancy between the results
of our in vivo assays and the results of the binding studies by
Fox et al. (15), in vitro termination assays were carried out with
the P2-2 promoter on the SP fragment using purified RNA
polymerase from E. coli (Fig. 7A). Under all assay conditions
tested, two main RNA products were observed, one of approx-
imately 250 bases that corresponded to the expected size of the
full-length runoff product and a 90-base product consistent in
size with being the product terminated at the Rho-independent
terminator (Fig. 7A). Quantification of the intensity of the
RNA products indicated that the reaction mixture with phos-
phorylated RR17 (Fig. 7A and B, lane D) showed a higher
percentage of antiterminated and 3-fold less terminated RNA
than the other reaction mixtures. It should be noted that there
were at least 3 bands in the runoff product of these reactions,
probably due to strand separation of the ends of the PCR

FIG. 6. Identification of the 3�-end nucleotides of in vitro transcription products from P2-1. The RNA products of the in vitro transcription
reactions carried out on the SP4 fragment containing the P2-1 promoter (see Fig. 5) were purified from the gel and used in 3�-RACE reactions
as described in Materials and Methods. Underlined nucleotides in the sequencing graphs indicate the dRR17p RNA adapter sequence. Symbols
refer to the symbols used in Fig. 5. (A) Runoff RNA (�); shown are nucleotides �168 to �139 upstream from eutG. (B) Terminated RNA ( );
shown are nucleotides �327 to �295 upstream from eutG. (C) CoB12-induced paused RNA (Œ); shown are nucleotides �365 to �333 upstream
from eutG. (D) Paused RNA (�); shown are nucleotides �377 to �345 upstream from eutG. (E) Representation of the B12 riboswitch secondary
structure based on base pair predictions by Barrick and Breaker (5). (F) Representation of the B12 riboswitch secondary structure model
developed by Fox et al. (15); the boxed hairpin loop is the B12 riboswitch terminator proposed in this study. In panels E and F, red nucleotides
indicate the location of the 3�-end nucleotides from panels B to D, and blue nucleotides indicate potential base-paired sequences during
termination.
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template that caused the RNA polymerase to stop prema-
turely. These results indicated that phosphorylated RR17 was
required for the antitermination activity of this response reg-
ulator at the P2-2 promoter.

Identification of the 3�-end nucleotides of the in vitro RNA
products that originated at the P2-2 promoter. To precisely
identity the 3� ends of the terminated and runoff RNA prod-
ucts originating at the P2-2 promoter on fragment SP, a 3�-
RACE experiment was performed with the RNA products
obtained in the in vitro termination assay described above. Two
clones obtained from the runoff RNA were sequenced. The 3�
end of the runoff product of one clone corresponded to the last
nucleotide of the SP template (Fig. 8A), while the second clone
was about 10 nucleotides shorter (data not shown), which is
consistent with the multiple bands observed on the gel (Fig.
7A). The 3� end of the terminated RNA (Fig. 8B) was identi-
fied within the polyuridine tract that is immediately down-
stream from the strong Rho-independent terminator (Fig. 8D).

This is probably the structure that phosphorylated RR17 de-
stabilizes in order to cause antitermination.

Thus, the results of these in vitro experiments, together with
the results of the in vivo approaches, confirmed that the Rho-
independent terminator upstream from eutG is the target for
the antitermination activity of the phosphorylated form of the
ANTAR-containing response regulator RR17 at the P2-2 pro-
moter.

DISCUSSION

In E. faecalis, a unique and complex transcriptional regula-
tory pathway exists for the expression of the genes required for
ethanolamine utilization. Previous studies predicted the exis-
tence of multiple regulatory mechanisms of gene expression
and identified two promoters: P1, in the eutG-eutS intergenic
region, and P3, upstream from eutP, activated when cells were
grown in serum (11, 15). In this study, we demonstrated that

FIG. 7. In vitro transcription assay of promoter P2-2 in the presence of RR17 and HK17. (A) Reactions were carried out on the SP template
containing the P2-2 promoter. Shown are the products of the reaction mixtures incubated for 15 min. RNA products: runoff (RO; �); terminated
(T; ). The gel with the products of the 120-min reactions showed essentially identical results (data not shown). (B) Quantification of RNA
products from the in vitro termination assay shown in panel A. The percentages of RNA present in the RO and T bands were calculated as the
fraction of the sum of the pixels of the RO and T bands from each reaction (4). Because the products are essentially end labeled (see Materials
and Methods), the length of the transcripts is uninfluential in this calculation (4).

FIG. 8. Identification of the 3�-end nucleotides of the in vitro RNA transcription products obtained from promoter P2-2. The RNA products
of the in vitro reactions carried out on the SP template containing the P2-2 promoter (see Fig. 7A) were purified from the gel and used in 3�-RACE
reactions as described in Materials and Methods. Underlined nucleotides in the sequencing graphs indicate the dRR17p RNA adapter sequence.
Symbols refer to the RNA products in Fig. 7A. (A) Runoff RNA (�); shown are nucleotides �78 to �110 downstream from the translational start
of eutG. (B) Terminated RNA ( ); shown are nucleotides �55 to �23 upstream from eutG. (C) Potential weak antiterminator hairpin.
(D) Terminator hairpin. The structures in panels C and D are located upstream from eutG and were predicted by RibEx (1). The energy of the
antiterminator and terminator hairpin is expressed in kcal/mol. Nucleotides in blue are shared by the antiterminator and terminator structures.
Nucleotides in green are the proposed recognition sequence for RR17.
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there are two distinct promoters in the eutT-eutG intergenic
region (P2-1 and P2-2) and that they are subject to posttran-
scriptional regulatory mechanisms. This extends previous find-
ings by Fox et al. (15), whose in vivo transcription analysis in
serum only detected activity from the P3 promoter and not
from the eutT-eutG intergenic region.

The P2-1 promoter is immediately followed by a B12 ribo-
switch (1, 5, 15) that, in this study, was demonstrated in vivo, as
well as in vitro, to regulate transcription termination based on
the presence of CoB12. With more extensive approaches and
combined experiments, our results prove that the B12 ribo-
switch in the eut operon terminates transcription from the
upstream promoter upon binding CoB12, thus clarifying pre-
vious work by Fox et al. (15).

Termination of transcription at the B12 riboswitch was de-
termined to occur at a Rho-independent terminator structure
(distal terminator hairpin) (nucleotides �325 to �299 up-
stream from the translational start of eutG) that is within the
structure of the B12 riboswitch as identified by Barrick and
Breaker (5). Our in vitro analysis and sequence determination
confidently identified the termination site of the B12 ribo-
switch in the C residue within a polyuridine tract that follows
the distal terminator hairpin. Furthermore, the in vivo analysis
showed that a truncation of this polyuridine tract, as in the
pSP3 construct (Fig. 3C; also see Fig. S1 in the supplemental
material), results in constitutive transcription from the P2-1
promoter, suggesting the possibility that this sequence may be
required for CoB12-induced termination. The structure of the
riboswitch and subsequent binding of CoB12 should not be
affected by the truncation in the SP3 fragment because its 3�
end is the last nucleotide in the riboswitch that is base paired.

The location of this terminator hairpin, or expression plat-
form, is unusual because the terminator is generally a few
bases downstream from the riboswitch aptamer domain. Also
unusual is the lack of a recognizable antiterminator structure.
Possibly for these reasons, the RibEx server identified, and Fox
et al. proposed (15), another Rho-independent terminator as
the expression platform for the eut riboswitch. This other ter-
minator (proximal terminator hairpin) is located immediately
upstream from the eutG gene and, as discussed below, is in-
volved in termination of transcription from the P2-2 promoter
but has no role in regulating transcription from the P2-1 pro-
moter.

Two potential secondary structures of the B12 riboswitch in
the E. faecalis eut region have been proposed. The Barrick and
Breaker structure is based on the classic secondary structure of
the B12 riboswitch (5), which has an unpaired region upstream
from the 3�-end nucleotide of the CoB12-terminated RNA
(Fig. 6E). The structure proposed by Fox et al. was based on
their in-line probing results and presents a hairpin upstream
from the 3�-end nucleotide instead of an unpaired sequence
(Fig. 6F) (15). Our results suggest that the hairpin at bases 343
to 369, shown in Fig. S1 in the supplemental material, is the
terminator of the B12 riboswitch in the eut operon.

Notably, this hairpin has a low-stability structure (�G �
�5.7 kcal/mol as determined by M-fold analysis [28, 45]), and
the nucleotides of the loop were reported by Fox et al. to
become more constrained in the presence of CoB12, indicating
that CoB12 may cause the loop nucleotides to form base pairs
with another part of the riboswitch sequence (15). A potential

binding partner is a complementary sequence in the highly
conserved hairpin located in the B12 aptamer core (labeled P5
in Fig. 6E and F) that also becomes constrained in the pres-
ence of CoB12 (5, 15).

The eutG-proximal part of the eutT-eutG intergenic region
(SP fragment) contains the P2-2 promoter, which depends on
the RR17 and HK17 proteins for activity in vivo and phosphor-
ylated RR17 for antitermination in vitro. A strong, Rho-inde-
pendent terminator (the proximal terminator hairpin) is pres-
ent downstream from P2-2, and its deletion relieved
transcription of the requirement for TCS-17. Termination of
transcription in vitro was shown to occur at a U residue of the
polyuridine tract that immediately follows this terminator (Fig.
8D). Also within the SP fragment, a sequence element poten-
tially responsible for antitermination by phosphorylated RR17
was identified by RibEx (Fig. 8C). This proposed antitermina-
tor loop is a low-stability structure (�G � �5.7 Kcal/mol). The
nucleotides in the right arm of the antiterminator contribute to
the formation of the left arm of the terminator loop (residues
in blue in Fig. 8C and D). Immediately preceding are the
residues belonging to the element found by Fox et al. to be
conserved between the binding site of the AmiR protein and
the eutG 5� untranslated region (AGCAAA) and proposed to
be the recognition sequence for the ANTAR regulatory pro-
tein RR17 (residues in green in Fig. 8C) (15). Notably, this
consensus sequence does not seem to be shared by the NasR
protein of Klebsiella oxytoca (8). Our results support the hy-
pothesis that binding of RR17 to this sequence must prevent
the formation of the proximal terminator hairpin, thereby al-
lowing transcription to continue further downstream.

Our in vivo data using the hk17 mutant strain and the in vitro
transcription data show that antitermination at the P2-2 pro-
moter requires both RR17 and HK17. Thus, phosphorylation
of RR17 can be inferred to be required for antitermination of
transcripts initiating at P2-2. Phosphorylated RR17 is also in-
ferred to be required for transcription antitermination at the
P1 promoter located in the eutG-eutS intergenic region that
also features a terminator structure with the consensus
ANTAR recognition motif, like the one present in front of
eutG (11, 15). This conclusion is potentially in contrast with the
observation by Fox et al. that unphosphorylated RR17 bound
the P3 promoter region in vitro, although support for this result
by in vivo or in vitro transcription approaches was not pre-
sented (15).

The observation that the eutT-eutG region contains two pro-
moters, both active and subject to distinct regulatory mecha-
nisms, raises the question of whether there is any influence of
one promoter on the activity of the other. The in vivo tran-
scription assays carried out on the lacZ gene fused to the P2
fragment (P2-1 and P2-2 promoters) or the SP2 (P2-1 pro-
moter) and SP (P2-2 promoter) individual fragments showed
that the combined activity of P2-1 and P2-2 on the P2 fragment
was at the same level as that of the P2-1 promoter alone in
EA-plus-CoB12 growth conditions (Fig. 2 and 3), as if the P2-2
promoter in the P2 fragment were not active or strongly inhib-
ited. It is unlikely that another protein factor is contributing to
the repression of P2-2, since it is transcriptionally active when
assayed alone under the same growth conditions. In vivo tran-
scription analysis with an additional construct (pSP5) (see Fig.
S1 in the supplemental material), similar to the pP2 construct
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but missing the antiterminator-terminator sequence at the 3�
end, showed the P2-1-plus-P2-2 combined level of transcrip-
tion being one order of magnitude higher than that of the P2
construct when cells were grown in the presence of EA and
CoB12 (see Fig. S3 in the supplemental material). This sug-
gested that some read-through of the distal terminator at the
B12 riboswitch from P2-1 must occur even in the presence of
CoB12 and that this RNA interfered with antitermination by
RR17 at the proximal terminator hairpin. Notably, the in vitro
transcription assay carried out with the P2 template reproduc-
ibly generated a more intense band of 
90 bases in the pres-
ence than in the absence of CoB12. Thus, the long RNA
product resulting from P2-1 and read-through of the B12 ri-
boswitch terminator also interfered with transcription initia-
tion at the P2-2 promoter. It is possible that secondary struc-
tures formed by the read-through RNA from P2-1 sequester
the P2-2 promoter and antitermination-termination region.
This means that termination at the B12 riboswitch in the pres-
ence of CoB12 results in increased efficiency of both transcrip-
tion initiation and antitermination by RR17 at the P2-2 pro-
moter. This partially resolves the paradoxical situation of
termination occurring at the B12 riboswitch in the eut operon
when the required CoB12 cofactor for EA utilization is pres-
ent. Nevertheless, the rationale for the presence of the P2-1
promoter and the B12 riboswitch remains unclear when an
antitermination-termination mechanism dependent on EA and
CoB12 is in place at the P2-2 promoter and could be serving
the purpose of regulating eut gene expression.

EA is the signal that triggers HK17 autophosphorylation and
then phosphoryl transfer to RR17 (11, 15). However, the in
vivo assays with strains carrying the pSP6 (Fig. 1 and 4B) and
pSP2 (Fig. 1 and 3A) plasmids demonstrated that EA is also
capable of inhibiting transcription independently of TCS-17.
This raised the possibility that, in addition to being subject to
carbon catabolite repression by glucose, the promoters in the
P2 region are also carbon catabolite repressed by EA. Carbon
catabolite repression generally refers to the mechanism used
by bacteria to ensure that the most preferred carbon source, in
most cases glucose, is catabolized first (7). In the presence of
glucose, transcription of the utilization genes for alternative
carbon sources in Gram-positive organisms is repressed by the
catabolite control protein CcpA, which binds to the catabolite-
responsive element (cre) in the promoter region of the regu-
lated operon (7). However, transcription can be autoregulated
by a nonpreferred carbon source when glucose is not present
through a mechanism that utilizes CcpA, as shown for the
sucrose utilization genes in Staphylococcus xylosus (7, 21).
Autoregulation prevents transcription from being fully in-
duced, so the bacteria do not exceed their catabolic capabilities
(7, 21). Although examples of autoregulation involve alterna-
tive sugar or sugar-derivative sources, the possibility that a
nonsugar carbon source, such as EA, could autoregulate its
own transcription through CcpA or another regulator cannot
be excluded.

Although the riboswitch is not present on the SP fragment
(Fig. 4A), CoB12 was found to be required in vivo for induc-
tion of the transcription of P2-2. The requirement for CoB12
was also observed for the P1 promoter in the eutG-eutS inter-
genic region (11). It is known that CoB12 by itself is unable to
induce phosphorylation of HK17 (11) and that CoB12 does not

stimulate the EA-induced autophosphorylation of HK17 or
phosphoryl transfer to RR17 (data not shown). We cannot
exclude the possibility that CoB12 aids in the binding of RR17
to the RNA, but the mechanism remains to be determined.

With at least four promoters, a two-component transcription
activator that requires EA and CoB12 for induction, and a
standard B12 riboswitch, the system for transcription regula-
tion of the eut operon in E. faecalis seems much more complex
than that in S. Typhimurium. However, the physiological ra-
tional for such a complex regulatory pathway remains unclear:
it may relate to the physiology of the organism in the mam-
malian host or/and it may be a consequence of the lack in E.
faecalis of the TCA cycle (31). In the E. faecalis system, CoB12
has two antagonistic roles, since it is essential for inducing
transcription through an unknown mechanism but also termi-
nates transcription at a riboswitch affecting the transcription of
at least one promoter downstream. We cannot exclude that an
effect is also exerted on promoters downstream from eutG,
such as P1, by CoB12 binding to the B12 riboswitch in the
eutT-eutG intergenic region.

Additional rigorous studies are needed to fully unravel the
complex interplay of transcriptional and posttranscriptional
regulatory mechanisms controlling ethanolamine utilization in
E. faecalis.
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