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The torI gene has been identified by using a genetic multicopy
approach as a negative regulator of the torCAD operon that
encodes the trimethylamine N-oxide reductase respiratory system
in Escherichia coli. The negative effect was due to a previously
unidentified small ORF (66 aa) of phage origin that we called torI
for Tor inhibition. Overexpression of torI led to an 8-fold decrease
of the torCAD operon transcription. This operon is positively
regulated, in the presence of trimethylamine N-oxide, by a four-
step phosphorelay involving the TorS sensor and the TorR response
regulator. Epistatic experiments showed that TorI acts down-
stream of TorS and needs the presence of TorR. In vitro experi-
ments showed that it is neither a TorR phosphatase nor a histidine
kinase inhibitor and that it binds to the effector domain of TorR.
Unexpectedly, TorI did not impede TorR DNA binding, and we
propose that it may prevent RNA polymerase recruitment to the
torC promoter. This study thus reveals a previously uncharacter-
ized class of response regulator inhibitors.

In bacteria, two-component signal-transduction systems con-
stitute the main device for signal detection, allowing adapta-

tive responses to changes in the environmental conditions. Such
a system comprises a ligand responsive histidine kinase and a
response regulator, usually a transcription factor, and molecular
communication between them arises through phosphotransfer
reactions (or His–Asp phosphorelay) (1, 2). The sensor kinase
autophosphorylates on a histidine residue and then transfers the
phosphoryl group to a conserved aspartate in the receiver
domain of the response regulator. Two types of scenarios can be
found: a phosphotransfer in (i) two steps involving a classical
sensor kinase or (ii) four steps when the kinase contains two to
three phosphorylation sites (hybrid or unorthodox kinases, re-
spectively) (2). In the four-step type, an additional domain called
HPt (histidine phosphotranferase) is required for the phosphoryl
transfer to the response regulator (2, 3). The sensor kinases often
play the role of aspartate phosphatases for their cognate re-
sponse regulators, allowing a rapid return to the inactivated state
and both classical and complex sensor kinases have been de-
scribed with such activity. The ratio between the kinase and
phosphatase activities of the sensor protein thus determines the
phosphorylation level of the response regulator (2). In the
four-step phosphorelays, additional phosphatase proteins can be
found to regulate signal transduction at intermediate check-
points. This is the case of the aspartate phosphatase Spo0E
family of proteins (4) and some of the Rap proteins (5) both in
Bacillus subtilis, and the only known histidine phosphatase SixA
in Escherichia coli (6). Another strategy to avoid signal trans-
duction through phosphorelays is to block the autophosphory-
lation step. A few histidine kinase inhibitors have been described
so far and include KipI and Sda in B. subtilis as well as FixT in
Sinorhizobium meliloti (7–9). All of these strategies are used to
modulate the signal-transduction pathways, allowing an inte-
grated response.

The TorR protein in E. coli is a well characterized transcrip-
tional activator of the OmpR response regulator family (10, 11).
In response to the presence of trimethylamine N-oxide (TMAO)
in the environment, the sensor kinase TorS autophosphorylates

and transfers a phosphoryl group to TorR through a four-step
phosphorelay leading to the expression of the torCAD operon
(12). This operon encodes the structural proteins involved in
TMAO anaerobic respiration, which comprises the c-type cyto-
chrome TorC, the reductase TorA, and the TorA-specific chap-
erone TorD (13–16). TorR binding to the tor boxes, which are
direct repeats located in the torR–torC intergenic sequence, has
two consequences: (i) binding to the high-affinity binding site
(boxes 1 and 2) that overlaps with torR �10 promoter sequence
provokes a negative autoregulation loop, and (ii) binding to the
four tor boxes allows RNA polymerase recruitment and torCAD
operon expression (10, 17).

The complex phosphorelay occurring between TorS and TorR
led us to suspect the presence of intermediate checkpoints in the
TMAO signal-transduction pathway. Thus, to identify negative
regulators of this pathway, we used a multicopy plasmid library
that was screened for negative effect on the torCAD operon
expression. This approach did not lead to the isolation of any
phosphatase or histidine kinase inhibitor of the TorS�TorR
system, but it permitted the identification of the apoform of
TorC as a negative regulator (18). Indeed, immature TorC blocks
the TMAO signal-transduction pathway by binding to the sensor
domain of TorS (19). Using the same approach, we characterized
a new response regulator inhibitor, which we called TorI (for Tor
inhibition). We showed that TorI interferes with transcription
activation of the torC promoter by binding to the effector domain
of TorR without affecting its DNA-binding ability. A model is
proposed in which binding of TorI to TorR could prevent RNA
polymerase recruitment to the torC promoter.

Materials and Methods
Bacterial Strains, Plasmids, Media, and Growth Conditions. Bacterial
strains and plasmids are listed in Table 1. For plasmid library
screening, MacConkey medium containing lactose (2%) and
TMAO (10 mM) was used (18). For �-galactosidase activity
determination, strains were grown overnight anaerobically in
Luria broth medium at 37°C, and activities were measured as
described (20). Values represent the average of at least three
independent determinations with a variation of no more than
15% from the mean. When necessary, 50 �g�ml ampicillin, 10
mM TMAO, 0.04% arabinose, or 1 mM isopropyl �-D-
thiogalactoside (IPTG) were added.

Plasmid Construction. pUW15 plasmid deletions were constructed
by hydrolysis of the original plasmid with EcoRI, SalI, or SacI
followed by purification of the largest DNA fragments and
self-ligation of these products using T4 DNA ligase (New
England Biolabs, Beverly, MA). To construct plasmids pJFi,
pETsI, and pBtorI, torI coding sequence was PCR-amplified by
using MC4100 chromosomal DNA as a template and appropriate
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restriction-site-containing primers, and then cloned into
pJF119EH, pET22(b), and pBAD33 vectors, respectively. Plas-
mid pBtorR was constructed by cloning a PCR-amplified torR
gene, by using chromosomal DNA and appropriate primers, into
pBAD33 vector. To create plasmids pET-RN and pET-RC, the
corresponding regions of torR (122 N-terminal codons and 108
C-terminal codons, respectively) were PCR-amplified by using
MC4100 chromosomal DNA as a template and cloned into
pET22(b) vector, creating a His6 tag at the C termini of TorRN

and TorRC. Promoter fusions were constructed by amplification
of MC4100 chromosomal DNA by using appropriate primers and
a proofreading DNA polymerase to produce blunt-ended PCR
products and cloned directly into the SmaI site of pGE593 as
described elsewhere (10, 17). The same strategy was used for
pPtor46 except that one primer contained the mutated �35
region (Table 1). Sequence accuracy of the cloned inserts was
checked by sequencing. All primer sequences are available upon
request to the authors.

Protein Purifications. TorR was overproduced and purified as
described (11). TorRN and TorRC were produced from
BL21(DE3) harboring plasmids pET-RN or pET-RC, respec-
tively. Cells were grown in Luria broth medium containing
ampicillin until the OD600 reached 0.6 unit. IPTG (1 mM) was
then added, and the cells were grown for an additional 2 h at
37°C. For TorRN, French-pressed extract was equilibrated with
40 mM Tris buffer (pH 7.4) and loaded onto a HiTrap
chelating Ni2� column (Amersham Pharmacia). The protein
was eluted with a step gradient of imidazole, and TorRN was
eluted with 250 mM imidazole; the buffer was then exchanged
for 40 mM Tris buffer (pH 7.4)�0.4 M KCl by using a Microcon
3000 (Millipore). For TorRC, French-pressed extract was
equilibrated with 40 mM Tris buffer (pH 7.4) and loaded onto
a HiTrap heparin column (Amersham Pharmacia). The pro-
tein was eluted with a step gradient of KCl and was found in
the fraction containing 0.5 M KCl. TorI protein was produced
from BL21(DE3) harboring plasmid pETsI. Cells were grown
in Luria broth medium until the OD600 reached 0.8 unit, and
IPTG (1 mM) was added for 2 h at 37°C. French-pressed
extract was equilibrated with 40 mM Tris buffer (pH 7.4) and
loaded onto a HiTrap SP column (Amersham Pharmacia). The
protein was eluted with a step gradient of KCl and was found
in the fraction containing 0.3 M KCl.

Chemical Cross-Linking Studies. Experiments were carried out
using bismaleimidohexane (BMH) as a cross-linker agent
(Pierce). Proteins (10–80 �M) were incubated for 30 min at
room temperature in 1� PBS buffer containing 300 mM KCl and
1 mM BMH. Interactions were analyzed by 12% Tris-Tricine
SDS�PAGE followed by Coomassie blue staining. Matrix-
assisted laser desorption ionization time of flight (MALDI-
TOF) mass spectrometry was performed on bands cut from the
gel at the Proteomic Platform (Institut de Biologie Structurale
et Microbiologie, Centre National de la Recherche Scientifique,
Marseille, France).

Phosphorylation Assay. Phosphorylation assay was carried out as
described (12) except that 5 �M purified TorI was added before
ATP when indicated. To check the stability of the phosphory-
lated form of TorR in the presence of TorI, TorR-P was first
purified by passage through a HiTrap heparin column and eluted
with a step gradient of KCl from 0.1 to 1.0 M. TorR-P was found
in the fraction containing 0.8 M KCl. TorR-P was then incubated
for 2 h at room temperature in the presence or in the absence of
5 �M purified TorI. TorR-P was then analyzed by Tris-Tricine
SDS�PAGE, followed by direct detection on a PhosphorImager
screen (Molecular Dynamics).

DNase I Footprinting. About 1 nM 32P-end-labeled DNA encom-
passing positions �218 up to �56 relative to the torC transcrip-
tion start site was used in 50 �l of binding mix [10 mM Tris� HCl,
pH 7.5�50 mM NaCl�2.5 mM MgCl2�0.5 mM DTT�4% glycer-
ol�30 ng of poly(dI-dC)�poly(dI-dC) per �l]. Different amounts
of proteins (purified TorR or TorI and RNA polymerase from
Sigma) were then added as indicated, and the footprint assay was
carried out as described (10).

Results
Isolation of a New Gene (torI) That Decreased torCAD Operon Tran-
scription. To identify negative regulators of the torCAD operon,
we transformed strain LCB620 with a multicopy plasmid library
(21) and isolated white clones, indicating a decreased torA–lacZ
expression, on MacConkey lactose plates containing TMAO.
After sequencing of the plasmids, the inserts provoking the most
drastic effect were found to cover only two regions of the E. coli
chromosome. One class contained the torC gene (18), and the
second class carried a region located at 2,475 kb on the chro-
mosome (Fig. 1A). The plasmid containing the shortest insert

Table 1. Strains and plasmids used in this study

Name Characteristics Source

Strains
LCB620 MC4100 torA-lacZ 13
LCB726 LCB620 torS726 24
LCB506 MC4100 pcnB 17

Plasmids
pUW15 pUC18 containing region 2,474,268 to 2,477,125 of E. coli chromosome This work
pUW15�SphI pUW15 3� end insert deletion at SphI This work
pUW15�SacI pUW15 5� end insert deletion at SacI This work
pUW15�EcoRI pUW15 5� end insert deletion at EcoRI This work
pJFi pJF119EH containing torI coding sequence This work
pBtorI pBAD33 containing torI coding sequence This work
pETsI pET22(b) containing torI coding sequence This work
pBtorR pBAD33 containing torR coding sequence This work
pET-RN pET22(b) containing 122 N-terminal codons of torR This work
pET-RC pET22(b) containing an ATG codon followed by 108 C-terminal codons of torR This work
pPtor16 pGE593 containing the torC promoter (�86 to �276 relative to torC transcription start site) fused to lacZ 10
pPtor46 pPtor16 with a modified �35 box (GTGCCG3TTGACA) This work
pPR1 pGE593 containing the torR promoter (�124 to �15 relative to torR transcription start site) fused to lacZ 17
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(pUW15) was further analyzed and proved to contain a single
annotated gene: dsdC. As shown in Fig. 1B, deletion of the 3� end
of the insert (pUW15�SphI) did not modify significantly the
negative effect observed with the intact plasmid (pUW15).
Surprisingly, deletions on the other side (5�) of the insert
(pUW15�SacI and pUW15�EcoRI) led in both cases to the loss
of the negative effect on torA–lacZ expression, indicating that
dsdC was not involved in the negative control of the tor promoter.
Analysis of the DNA sequence upstream of dsdC revealed the
presence of a previously undetected ORF of 201 bp with a
putative promoter and a SD sequence correctly positioned (data
not shown). This predicted gene was then cloned into an
expression vector and transformed into strain LCB620. Upon
induction with IPTG, the expression of the torA–lacZ fusion

showed a dramatic decrease (Fig. 1B, pJFi � IPTG), demon-
strating the role of this gene in the negative regulation of the tor
operon. It was consequently named torI for Tor inhibition.

Characteristics of the TorI Protein. The torI gene was predicted to
encode a 66-aa protein containing a high proportion of basic
residues leading to a predicted pI of 9.52 (Fig. 2). We looked for
TorI homologues by using the tBLASTn algorithm at National
Center for Biotechnology Information (www.ncbi.nlm.nih.gov�
BLAST�) on finished and unfinished bacterial genomes and
found two categories of predicted proteins. The first one con-
tained proteins that show 100% identity with TorI and are the
products of gene hkaC in the coliphage HK620 genome and gene
18 in the genome of the Shigella flexneri phage Sf6 (22). So far,
no biological function has been assigned to these predicted
proteins. By comparing the three genes, only a few differences
at the nucleotide level were observed (data not shown), indi-
cating a transversal acquisition of these genes or a recent
evolution from a common ancestor. In the second category,
several proteins with more than 25% identity to TorI were found
(Fig. 2). None of these proteins has a known function, although
some of them are predicted to contain a DNA-binding motif by
homology with a putative transcriptional regulator in phage P4.
Analysis of the DNA sequences surrounding the genes for these
proteins, revealed that they are located near a phage integrase
encoding gene (BAB36936 of E. coli O157:H7, AAF93670 of
Vibrio cholerae), in a pathogenicity island (AJ236887 of Yersinia
pseudotuberculosis), or in a characterized prophage region
(AAG57758 protein of E. coli O157:H7). torI itself belongs to the
defective prophage KplE1 (or CPS-53) genome sequence (23).
Thus, TorI seems to belong to a phage-related protein family.

TorI Acts Downstream of the TorS Kinase and Its Effect Is TorR-
Dependent. The torCAD operon is strictly regulated by the
presence of TMAO, and this regulation pathway involves the
two-component system TorS�TorR (12). To determine whether
TorI is acting at the level of the TorS�TorR phosphorelay or
independently of it, we checked the effect of TorI overproduc-
tion in two different genetic backgrounds (LCB726 and
LCB620�pBtorR). The LCB726 strain carries the torS726 allele,
which confers a TMAO-independent expression of the tor
operon (24), and the same phenotype is obtained by arabinose
induction of the torR gene in strain LCB620�pBtorR. In both
cases, overexpression of torI upon induction by IPTG proved to
be dominant over either the torS726 constitutive mutation or the
overproduction of TorR (Table 2). Indeed, the ratios observed
in those genetic contexts are similar to the one measured in
LCB620 in the presence of TMAO. Thus, TorI seems to act

Fig. 1. Identification of the torI gene. (A) Genetic map of the insert carried
by plasmid pUW15. Positions on the E. coli chromosome are indicated at both
extremities. The restriction enzyme sites used for plasmid deletion are indi-
cated. (B) Effect of torI overexpression on the torCAD promoter activity.
Expression of the torA–lacZ fusion (strain LCB620) in the presence of the
various plasmids was measured in cells grown anaerobically in Luria broth
medium containing TMAO.

Fig. 2. TorI homologue alignment. TorI homologues retrieved by tBLASTn search and showing more than 25% identity with TorI by using a FASTA local alignment
are shown. Predicted proteins with 100% identity (HkaC in HK620 and the product of gene 18 in phage Sf6) were not shown. Conserved residues are indicated
according to the percentage of representation as follows: �, �60%; *, �80%; actual residue letter, 100%. The proteins used for the alignment are as follows:
TorI, protein of E. coli K-12; GenBank accession no. ZP�00132755 of Haemophilus somnus; accession nos. AAG55333, AAG57758, and BAB36936 of E. coli O157:H7;
accession no. CAC89727 of Yersinia pestis; accession nos. AAF93670 and AAF94934 of V. cholerae; accession no. BAC93026 of Vibrio vulnificus; accession no.
AAF84594 of Xylella fastidiosa; accession no. AJ236887 of Y. pseudotuberculosis.
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downstream of the TorS�TorR phosphorelay. We then asked if
the effect of TorI could be observed in the absence of TorR. For
this purpose, we used a plasmid born promoter (pPtor46) with
a consensus �35 box leading to the constitutive expression of the
tor promoter independently of the presence of TorR or TMAO
(data not shown). Into a strain carrying pPtor46, the torI gene
was introduced on a compatible plasmid (pBtorI) under the
control of an arabinose-inducible promoter. As shown in Table
3, the expression of the pPtor46 promoter remained constant
whether TorI was produced (�ara) or not (�ara), whereas the
wild-type promoter in pPtor16 showed a significantly decreased
activity (4-fold) under the same conditions. This result strongly
suggests that TorR is necessary for TorI to down-regulate the
expression of the tor operon.

TorI Is Neither a Phosphatase Nor an Anti-Kinase of the TorS�TorR
Two-Component System. To confirm these in vivo results and to
further characterize the role of TorI in vitro, purification of TorI
near to homogeneity was achieved in one step by using a cation
exchange chromatography column (Materials and Methods). As
previously described (12), TorS was able to promote the
transphosphorylation of TorR in the presence of [�-32P]ATP
(Fig. 3, lane 1). The addition of TorI before ATP in the in vitro
assay did not affect the phosphorylation level of either TorS or
TorR (Fig. 3, lanes 2 and 3), indicating that TorI was not a
histidine kinase inhibitor of the TorS�TorR two-component
system. Moreover, when the phosphorylated form of TorR was
purified from TorS and ATP, we observed that the aspartate-
phosphate of TorR was as stable in the presence of TorI as in its
absence (Fig. 3, compare lanes 4 and 5), suggesting that TorI had
no aspartate-phosphate phosphatase activity either. Taken to-
gether, these results showed that TorI did not affect the TorS�
TorR phosphorelay.

TorI Binds to the Effector (C-Terminal) Domain of TorR. Because TorI
had no effect on the phosphorylation pathway but required TorR
for the down-regulation of the torCAD promoter, we hypothe-
sized that TorI could bind directly to the TorR response regu-
lator. Purified TorI and TorR were submitted to in vitro cross-
linking by using BMH as a cross-linker. Addition of BMH to each

protein independently led to the detection of two main bands,
suggesting that both TorI and TorR are found as monomers and
dimers in solution (Fig. 4A). Addition of increasing amounts of
TorI (10–80 �M) to TorR (20 �M) led to the detection of a main
additional band, the intensity of which increased as the TorI�
TorR ratio increased (Fig. 4A). The apparent molecular mass of
the complex (close to 35 kDa) is compatible with the presence
of one monomer of TorR (26.1 kDa) plus one monomer of TorI
(7.7 kDa). To further characterize this complex, we submitted it
to MALDI-TOF analysis, and both TorI and TorR proved to be
present in the analyzed band (data not shown). Because TorR is
made of two distinct domains, a receiver domain that contains
the conserved phosphorylable aspartate and an effector domain,
we then ask to which domain TorI was binding. The TorR protein
was split into two domains of 122 and 108 residues, respectively.
Each domain of TorR was produced with a His6 tag, purified,
and then incubated with TorI in the presence of BMH. As shown
in Fig. 4B, no additional band was detected when the receiver
domain of TorR was used (TorRN). In contrast, a supplementary
band, with an apparent molecular mass of �20 kDa, appeared
upon incubation of TorI with the C-terminal domain of TorR
(TorRC), and the size of this complex was compatible with the
addition of one monomer of TorRC (13.3 kDa) and one mono-
mer of TorI (7.7 kDa). MALDI-TOF analysis of this complex
confirmed that it contained both TorRC and TorI (data not
shown). These results showed that TorI was able to bind effi-
ciently to the effector domain of TorR, and because TorRC is not
the phospho-accepting domain, this conclusion is in agreement
with the fact that TorI does not impede the phosphorylation of
TorR. Moreover, phosphorylation of TorR with acetyl-
phosphate did not modify the interaction pattern of TorI and
TorR (data not shown).

TorI Does Not Prevent TorR Binding to Its DNA Targets. The TorR
effector domain has distinct roles in DNA binding and recruit-
ment of the RNA polymerase to the promoter. To decipher
which of these functions could be affected by TorI binding, we
performed the DNaseI footprinting assay shown in Fig. 5. For
this purpose, a DNA fragment, corresponding to positions �218
through �56 relative to torC transcription start site, was 32P-
labeled and used as the probe. As previously shown (10), TorR
alone protected three regions encompassing the tor boxes and
spanning positions �87 through �64, �55 through �43, and
�33 through �22 (lane 2). This experiment was carried out with
5 �M TorR, and addition of a 4-fold excess of TorI (20 �M) did
not modify TorR protection of the tor boxes (lane 4), indicating
that TorI did not affect the DNA-binding capacities of TorR in

Table 2. Effect of TorI on torA–lacZ fusion expression

pJFi* in strains:

�-Galactosidase activity, Miller units

�IPTG �IPTG Ratio

LCB620† 250 35 7.1
LCB726 655 94 7.0
LCB620�pBtorR‡ 248 28 8.9

*Expression of torI is under the control of an IPTG-inducible promoter (ptac).
†Expression of the torA–lacZ fusion was measured in the presence of TMAO.
‡torR expression was induced with arabinose.

Table 3. Effect of TorI overexpression on various
plasmid-born promoters

pBtorI* in strains:

�-Galactosidase activity, Miller units

�ara �ara Ratio

LCB506�pPtor16† 424 104 4.1
LCB506�pPtor46 150 162 0.9
LCB506�pPR1‡ 20 18 1.1

*Expression of torI is under the control of an arabinose-inducible promoter
(pBAD).

†Expression of the torC–lacZ fusion was measured in the presence of TMAO.
‡torR–lacZ fusion.

Fig. 3. In vitro effect of TorI on the TorS�TorR phosphorelay. Phosphoryla-
tion of TorS (2 �M of purified TorS726) and TorR (2 �M) proteins preincubated
with or without TorI (5 �M) was started by the addition of [�-32P]ATP (ATP*)
to the reaction mixture and incubated at 37°C for 30 min before SDS�PAGE
analysis (lanes 1–3). The stability of TorR-P was checked by incubation at room
temperature of purified TorR-P in the presence or absence of TorI (5 �M) for
2 h before SDS�PAGE analysis (lanes 4 and 5). The positions of TorS-P and
TorR-P are indicated by arrows.
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vitro. In the presence of TorI alone (lane 3), the intensity of the
footprint obviously decreased all along the track, suggesting an
unspecific binding activity of TorI to the tor promoter that is
probably due to its basic properties. This unspecific binding was
confirmed by the absence of a specific bandshift by using in vitro
DNA gel retardation (data not shown).

To confirm in vivo that TorI did not prevent TorR from
binding to DNA, we studied the effect of TorI overproduction on
the torR promoter activity. Indeed, torR is negatively autoregu-
lated through TorR binding to its high-affinity binding site (17).
Consequently, if TorI interferes with TorR binding, torR pro-
moter derepression would be expected. In fact, expression of the
torR promoter on plasmid pPR1 remained insensitive to the
overproduction of TorI, whereas in the same conditions, the torC
promoter (pPtor16) was clearly down-regulated (Table 3). All
together these results showed that TorI binding to TorR did not
prevent TorR from binding to the torR and torC promoters. To
check whether TorI had any influence on TorR–RNA polymer-
ase interaction at the torC promoter, we performed additional
footprinting experiments wherein the RNA polymerase was
added (Fig. 5, lanes 5–7). Addition of the RNA polymerase to
TorR in the reaction provoked an extended print on the target
DNA pointed by arrows (lane 5). Upon addition of TorI to the
reaction, the print on DNA was similar to that observed in the
absence of RNA polymerase (compare lanes 4 and 6), suggesting
that TorI binding to TorR might interfere with RNA polymerase
recruitment.

Discussion
In this study, we describe the identification of a new response
regulator inhibitor that interferes with TorR activity by binding
to its effector domain (Fig. 4). Interestingly, TorI does not affect
TorR DNA binding (Fig. 5 and Table 3) and has no impact either
on the signal detection or on the phosphorelay mechanism
(Table 2 and Fig. 3).

Among the proteins that interfere with response regulator
activity is the Rap family of proteins that have been described as
aspartate-phosphatases in B. subtilis (5). Recently, two members
of this family (RapC and RapG) that are not aspartate-
phosphatases have been described. Indeed, in contrast to the
other Rap proteins, RapC and RapG prevent the ComA and
DegU response regulators, respectively, from interacting with
their DNA targets (25, 26). The mode of action of TorI is novel
because its interaction with the effector domain of TorR has no
effect on its DNA-binding activity. Moreover, in vitro experi-
ments suggest that the TorR–RNA polymerase extended print
on the target DNA was affected in the presence of TorI (Fig. 5).
Thus we propose that binding of TorI to the effector domain of
TorR might impede interactions with the RNA polymerase,
preventing its recruitment to the torC promoter. The inhibitory
affect of TorI is reminiscent of that of the Spx protein in B.

Fig. 4. In vitro crosslinking of TorR and TorI proteins. Purified proteins were incubated with BMH at room temperature for 30 min before SDS�PAGE analysis
and Coomassie blue staining. (A) Full-length TorR (20 �M) was incubated with increasing amounts of TorI (10, 20 40, and 80 �M). Control lanes contain either
20 �M TorR or 80 �M TorI incubated with BMH. (B) TorI (40 �M) was incubated with a 20 �M concentration of either TorRN or TorRC as indicated. Control lanes
contain each protein incubated with BMH only. Arrows point to the different complexes.

Fig. 5. Effect of TorI on TorR footprint on the torC promoter. A 272-bp
labeled DNA fragment encompassing the torC promoter region was digested
with DNaseI after incubation with (lanes 5–7) or without (lanes 1–4) RNA
polymerase (0.6 �M) and: (lane 1) no TorR and TorI proteins; (lanes 2 and 5)
TorR (5 �M); (lanes 3 and 7) TorI (20 �M); or (lanes 4 and 6) both TorR (5 �M)
and TorI (20 �M). G�A sequencing ladder is indicated. Numbering is relative
to torC transcription start site (�1). Vertical bars indicate the TorR protected
regions. The arrows point to the extended protection in the presence of RNA
polymerase.
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subtilis. Although Spx is not a response regulator inhibitor, it
interferes with response-regulator-stimulated transcription by
interacting with the RNA polymerase �-CTD (27). Thus both
TorI and Spx interfere with response-regulator-transcription
activation either by binding to the response regulator itself
(TorI) or by binding to the RNA polymerase (Spx).

In vivo experiments confirmed that only the transcription-
activation function of TorR is targeted by TorI because there is
no effect on torR-transcription repression (Table 3). Accord-
ingly, we propose that TorI binds to the effector domain of TorR
in a region involved in interacting with RNA polymerase. TorR
belongs to the OmpR response-regulator family, in which the
C-terminal domain includes a winged helix–turn–helix DNA-
binding structure (28–30). The second helix of this motif is
thought to interact with the major groove of the DNA, whereas
the wings allow close contact with the minor grooves. In the 3D
structure of OmpR and PhoB, a protruding loop located be-
tween the two helices proved to be part of the RNA-polymerase-
binding region (28, 31, 32). Considering the high degree of
similarity in the structure of the OmpR family of proteins, the
corresponding loop in TorR is a candidate for TorI binding, and
ongoing studies focus on the characterization of TorI�TorR
interactions.

torI was identified as a negative regulator of the tor operon
when present on a multicopy plasmid (Fig. 1), and we found that
torI encodes a protein that proved to be a potent inhibitor of torC
transcription. The torI gene was not previously annotated in the
E. coli genome sequence, probably because of its small size (33).

In fact, torI is not part of the actual E. coli chromosome sequence
because it is located between the two border sequences of the
defective prophage KplE1 (23). Moreover, the closest TorI
homologues belong to phage genome sequences (hkaC in HK620
and gene18 in Sf6) (22). Thus, TorI seems to be part of a protein
family of phage origin. In this paper, we demonstrated that TorI
had a regulatory function involving protein–protein interaction
in E. coli. It would be of interest to determine whether this is also
the case for the other members of this family and if this
regulatory function is a general strategy developed by phages
during infection. Interestingly, most of the TorI homologues are
found in bacteria capable of TMAO respiration, including E. coli
O157:H7 and Vibrio species (34), or in bacteria that contain a
close homologue of the TorA reductase such as Yersinia species
and Haemophilus somnus. In addition, all of these bacteria
possess response regulators highly similar to TorR, and an
attractive hypothesis is that the TorI homologues also interact
with response regulators of the TorR family in these organisms.
Another possibility is that proteins of the TorI family inhibit
more than one response regulator and are thus able to alter some
aspects of the bacterial metabolism to profit the phage cycle.
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(1995) Mol. Microbiol. 17, 971–980.
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