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Colicin V (ColV) is a peptide antibiotic that kills sensitive cells by disrupting their membrane potential once
it gains access to the inner membrane from the periplasmic face. Recently, we constructed a translocation
suicide probe, RR-ColV, that is translocated into the periplasm via the TAT pathway and thus Kkills the host
cells. In this study, we obtained an RR-ColV-resistant mutant by using random Tn10 transposition mutagen-
esis. Sequencing analysis revealed that the mutant carried a Tnl0 insertion in the sdaC (also called dcr4) gene,
which is involved in serine uptake and is required for C1 phage adsorption. ColV activity was detected both in
the cytoplasm and in the periplasm of this mutant, indicating that RR-ColV was translocated into the
periplasm but failed to interact with the inner membrane. The sdaC::Tnl0 mutant was resistant only to ColV
and remained sensitive to colicins Ia, E3, and A. Most importantly, the sdaC::Tn10 mutant was killed when
ColV was anchored to the periplasmic face of the inner membrane by fusion to EtpM, a type II integral
membrane protein. Taken together, these results suggest that the SdaC/DcrA protein serves as a specific inner

membrane receptor for ColV.

Colicin V (ColV) is a peptide antibiotic secreted by some
members of the Enterobacteriaceae to kill closely related bac-
terial cells, thereby reducing competition for essential nutri-
ents. Four plasmid-borne genes (cvaA, cvaB, cvaC, and cvi) are
involved in ColV synthesis, export, and immunity (11). ColV is
encoded by the cvaC gene and synthesized as a 103-amino-acid
primary translation product with a conserved double glycine
leader peptide at its N terminus (13). It is secreted through a
dedicated ABC exporter composed of three proteins—CvaA,
CvaB, and TolC—and processed to an 88-amino-acid polypep-
tide (11, 14, 27, 32). The processing of ColV is concomitant
with its secretion, dependent on the CvaA, CvaB, and TolC
proteins, and requires membrane integrity (27, 33). Another
chromosomal gene, cvpA is required for ColV production and
secretion in Escherichia coli (8, 11). The function of the cvpA
gene product is unknown (8). Mutants with mutations in the
cir, tonB, and exbB genes are resistant to ColV, suggesting that
these gene products are involved in ColV uptake (6). ColV
kills sensitive cells by disrupting the membrane potential (30).
Importantly, it is only bactericidal when it gains access to the
inner membrane from the periplasmic face (16, 32). This might
be explained by the fact that the active ColV contains a disul-
fide bond between the only cysteines at positions 91 and 102 of
the precursor polypeptide (13). The cvi gene encodes the cog-
nate immunity protein of 78 residues, with two transmembrane
helices, which alone is sufficient to fully protect a cell from the
bactericidal activity of ColV.

Recently, we replaced the natural double glycine leader pep-
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tide with the twin-arginine signal peptide (RR) of the E. coli
trimethylamine N-oxide reductase (TorA). The chimeric RR-
ColV is translocated into the periplasm via the twin arginine
translocation (Tat) system and then kills the host cells by
depolarization of the inner membrane (15, 16). Importantly,
blockage of the RR-ColV translocation by mutations in the
twin-arginine signal peptide or in the tat genes abolishes the
toxic effect of RR-ColV. EtpM of E. coli O157:H7 is a com-
ponent of type II secretion system and plays an important role
in the pathogenesis of the enterohemorrhagic pathogen. It
belongs to type II bitopic inner membrane proteins with a large
C-terminal domain protruding into the periplasm (9, 22).
When fused to the periplasmic domain of EtpM, the ColV
moiety is translocated into the periplasm and the chimera
EtpM-ColV preserves its bactericidal activity (10). In the
present study, we exploit these translocation-suicide probes in
order to isolate novel mutants resistant to the cytotoxicity of
ColV. The insertion of the Tn/0 mini-transposon into sdaC
(also called dcrA) abolished the bactericidal effect of RR-
ColV, despite the fact that ColV was accumulated in the
periplasm. In contrast, the mutant is sensitive to the bacteri-
cidal activity of EtpM-ColV. These observations strongly sug-
gest that SdaC/DcrA could be required for the ColV insertion
into the inner membrane and probably functions as an inner
membrane receptor of ColV.

MATERIALS AND METHODS

Bacterial strains, plasmids, and media. The E. coli strains used in the present
study included TG1 [A(lac-pro) supE thi hsdD5/F' traD36 proA*B™ lacl?
lacZAM15; laboratory stock], MC4100A (F' lac.U169 araD139 rpsL150 thi
fIbB5301 deoC7 ptsF25 relAl ara™; laboratory stock), and the MC4100A deriv-
atives BILKOA (AtatC) (2), SC44 (tolC::Tn5), and WB591 (tonB). Plasmids
pBAD24 (12), its derivative pRR-ColV (16), pEtpM167-ColV (10), and pCvi
(16) were described previously.

The bacteria were routinely grown in Luria-Bertani (LB) medium or on LB
plates. When required, glucose (0.2%), arabinose (0.2%), ampicillin (AMP; 100
wg/ml), chloramphenicol (25 wg/ml), tetracycline (TET; 10 wg/ml), trimethyl-
amine N-oxide (TMAO; 1 mg/ml), and lactose (0.2%) were added. Precultures
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were grown from single colonies and used at 100-fold dilutions for inoculation of
cultures.

To study the inhibitory effect of ColV on bacterial growth, a single colony
carrying RR-ColV or its derivatives was inoculated in LB-AMP-glucose medium,
and the culture was incubated at 37°C with shaking for about 2 h. The culture was
then diluted to an Ag, of 0.01 with LB-AMP-glucose or LB-AMP-arabinose
medium, and growth was monitored by measuring the A, at intervals with a
Cary 50 spectrophotometer. Alternatively, cellular fractions were added to a
culture or to the top soft agar (0.5% in water) poured on the surface of a plate
containing indicator cells, and the A or inhibitory halo was measured, respec-
tively, after incubation. After the protein samples were resolved on polyacryl-
amide gels, sensitive cells in soft-agar medium were poured on the gels in plates,
and the bactericidal activity was indicated by the appearance of inhibition halos.

Construction of sdaC mutant. For A1098 phage mutagenesis, 3 ml of TGI
strain were inoculated at 1/100 in LB medium, followed by incubation at 37°C for
2 h without shaking and then for 1 h with a gentle shaking. Bacteria were
recovered by centrifugation (10,000 X g for 5 min), and 3 ml of LB medium
supplemented with 10 mM MgSO,. A1098 phages were added to 1 ml of the
bacteria suspension (2 X 10% bacteria) from the stock in a final ratio of one phage
per bacterium. The suspension was incubated for 20 min without shaking and
then for 90 min with shaking at 37°C. Aliquots of 100 .l or 200 pl of suspension
were spread onto LB agar with 10 ug of TET/ml and incubated overnight at 37°C.
To eliminate an eventual second mutation in a single cell, the insertions were
transferred into TG1 or MC4100A by Plvir phage-mediated transduction as
described previously (18).

Cloning of the sdaC::Tn10 mutation, the sdaC gene, and the sdaCB genes. To
identify the insertion sites, chromosomal DNA was prepared from the mutant
strains, digested with PstI or Sall, and cloned into the same site of the vector
pBluescript. For the complementation assays, the sdaC or sdaCB genes were
amplified from TG1 by PCR with SdaCBNhelup (CTAGCTAGCATTCCTCC
AGGAGAAATAGAT) and, respectively, sdaC-BamHI down (CGCGGATCC
AAGCGGCGCGAAAGGACTTAG) or SdaCB-BamHIdown (CGCGGATCC
GCTGGATGAGAAATCGGGAAG) as primers. The PCR products were
digested by Nhel and BamHI endonucleases and ligated in the Xbal and BamHI
sites of the pUC19 vector.

Cellular fractionation. Periplasmic and cytoplasmic fractions were prepared
by lysozyme-EDTA-cold osmotic shock and ultracentrifugation as described pre-
viously (21, 23). The preparation of spheroplasts was described previously (21).
The fractions were analyzed by immunoblot with anti-RBP or anti-GroEL sera
as described previously (19, 20).

RESULTS AND DISCUSSION

Construction of ColV-resistant mutants. Recently, a trans-
location suicide probe was constructed by fusing the twin-
arginine signal peptide (RR) of the TorA with the mature
moiety of the ColV (16). The synthesis of the resulting RR-
ColV is under the tight control of the Py, promoter, which is
inducible by arabinose and repressed by glucose. In the wild-
type strain grown with arabinose, RR-ColV is synthesized,
exported into the periplasm, and kills the host cells (15, 16). In
contrast, in the tatC mutant, RR-ColV accumulates in the
cytoplasm and has no effect on cellular growth. At present,
four functional tat genes (tatA, -B, -C, and -E) have been
identified in E. coli (28). These gene products are integral
membrane proteins, and the overproduction of the TatA,
TatB, and TatC proteins allows the in vitro reconstitution of a
functional TAT system (1, 29). However, it is unknown
whether or not the TAT apparatus consists of other unidenti-
fied components. Therefore, we sought to use the suicide prop-
erty of the RR-ColV translocation to identify novel tat gene(s).
We reasoned that the translocation of the RR-ColV protein
could be blocked upon mutation of the genes required for the
TAT function. By selecting such mutants, new fat gene(s)
might thus be identified. We used a random transposition
mutagenesis mediated by a Tn/0 mini-transposon to create a
bank of mutants.
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The E. coli TG1 wild-type strain was infected with N1098
carrying the Tn/0 mini-transposon, and TET-resistant colonies
were selected on LB-TET plates (see Materials and Methods).
About 20,000 colonies were pooled and transformed with
pRR-ColV by electroporation. Seventy-five colonies were ob-
tained on LB-TET-AMP plates supplemented with 0.2% arab-
inose. After reisolation on LB-AMP plates, the derivatives of
the 75 colonies were analyzed for growth on LB-TET and
LB-AMP-arabinose plates. Only 15 colonies grew on both me-
dia, and plasmids were prepared from these strains. Four were
identical to the pRR-ColV plasmid, as revealed by endonucle-
ase digestion profiles, and still conferred the capacity to kill the
TG1 strain when they were introduced into the wild-type
strain. Therefore, the insertion of the Tn/0 transposon into the
chromosome of the corresponding Tet” Amp" Ara’ colonies
seemed to interrupt genes that might be required for RR-ColV
translocation or ColV cytotoxicity. The mutations carried by
the four Tn/0 insertion derivatives of TG1 (TnTK, TnTL,
TnTM, and TnTS) were transferred into the wild-type TG1 or
MC4100A strains by P1 mediated transduction to eliminate
eventual multiple insertions. The four TG1 derivatives main-
tained the Tet" Amp" Ara’ phenotype. Intriguingly, only two of
four MC4100A derivatives, TnMK and TnMM acquiring, re-
spectively, the mutations from TnTK and TnTM, displayed the
Tet" Amp" Ara" phenotype. In contrast, TnML and TnMS,
transferred, respectively, with the mutations from TnTL and
TnTS, lost resistance to RR-ColV expression. Therefore, ei-
ther the chromosome of the TG1 strain contains a mutation
that confers, together with the Tn70 insertion, the resistance to
the RR-ColV or the chromosome of MC4100A carries a sup-
pressor or regulator that abolishes the effect of the Tn/0 in-
sertion. We therefore studied TnTK, TnTM, and their
MC4100A derivatives in the following experiments, since the
phenotype of the two other mutants might be a result of mul-
tiple mutations.

TAT function was not affected by Tn10 insertion. The Tnl0
insertion-generated mutants exhibited an RR-ColV-resistant
phenotype, suggesting that RR-ColV translocation might be
affected. To test this hypothesis, the TAT functionality of the
mutants was assessed. A standard assay is to test for anaerobic
growth on TMAO minimal medium (2, 5, 24, 26). Because they
have negligible levels of periplasmic TMAO reductase (TorA)
and membrane-bound dimethyl sulfoxide reductase (DmsABC)
activities, AtarC mutant cells are not capable of anaerobic
growth with TMAO as the sole electron acceptor unless they
are complemented in frans by a functional fatC gene (2). All
mutants analyzed grew as well as the parental wild-type strain
in minimal TMAO medium (data not shown). In addition, the
translocation of three TAT substrates—TorA, RR-GFP, and
hydrogenase-2—was not impaired (data not shown). There-
fore, these mutations were unlikely to affect TAT function.
Moreover, the sizes and endonuclease digestion profiles of the
amplified chromosomal areas covering the tatABCD operon
and the tatE gene of the mutants were identical to those of the
parental wild-type strain (data not shown), thus ruling out the
insertion of Tnl0 in one of the known fat genes. Because a
single ColV molecule is sufficient to kill a host cell, it would be
very difficult to obtain mutants with a leaky TAT activity by this
approach.
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Identification of the mutated gene carried by TnTK and
TnTM. Growth behaviors on minimal TMAO media and intact
translocation of TAT substrates suggested that the TAT sys-
tem was not impaired in the TnTK and TnTM mutants. To
identify sites of the Tn/0 insertion in the TnTK and TnTM
mutants, chromosomal DNA was prepared from these strains,
digested with PstI or Sall, and cloned into the same site of the
pBluescript vector. Ligation products were transformed into
MC4100A, and plasmids carrying the Tnl0 transposon were
selected on LB-TET plates. The cloned fragments were am-
plified by using a pair of oligonucleotides that hybridized with
the polylinker region of pBluescript and the left extreme end of
the Tnl0. Sequencing analysis of the amplified fragments re-
vealed that Tn/0 had inserted in the sdaC gene at codon 233 in
both TnTK and TnTM.

The sdaC::Tn10 mutation does not affect RR-ColV translo-
cation. The sdaC gene is located at 63 min on the chromosome
and forms an operon with the sdaB gene. The sdaC gene
encodes an inner membrane threonine-insensitive serine trans-
porter of 429 residues, with 11 predicted transmembrane he-
lices (25). SdaC is also known as DcrA, which was previously
shown to be required for the E. coli lytic phage C1 adsorption
(17). To understand the in vivo resistance mechanism of the
sdaC::Tnl0 mutant toward RR-ColV, we analyzed the synthe-
sis and the subcellular distribution of RR-ColV. Under natural
conditions, ColV is secreted by the CvaAB-TolC system and
infects sensitive cells via the TonB-ExbBD translocation ma-
chinery (25). Cytoplasmic and periplasmic fractions were pre-
pared from the TnMK/pRR-ColV strain grown with arabinose,
and the ColV activity was assessed by loading the fractions on
a cellular lawn of wild-type strain and sdaC::Tnl10, tolC, and
tonB mutants. Inhibition halos were observed for both the
wild-type strain and the f0l/C mutant incubated with the cyto-
plasmic fractions (Fig. 1). It has been repeatedly observed that
RR-ColV is blocked in the cytoplasm of the fat mutants and
that the periplasmic fractions obtained from the tat mutants
lack the ColV bactericidal activity (15, 16). In marked contrast,
the periplasmic fractions of the sdaC mutant expressing RR-
ColV inhibited the growth of the wild type and the f0/C mutant
(Fig. 1A). The quality of cellular fractions was controlled by
immunoblot analysis with antisera to RBP or GroEL as
periplasmic and cytoplasmic fraction marker, respectively. Ap-
parently, no contamination of the periplasm by cytoplasmic
proteins was observed (Fig. 1B). Therefore, RR-ColV was
synthesized, was exported into the periplasm, and preserved its
potential bactericidal property in the sdaC::Tnl0 mutant. Sim-
ilar to the tonB mutant, no inhibition halos were observed for
the sdaC::Tnl0 mutant (Fig. 1A), suggesting the requirement
of the SdaC protein for the bactericidal activity of ColV.

To further confirm that the resistance of the TnMK mutant
to ColV was the direct consequence of the sdaC gene inter-
ruption, we cloned the sdaCB operon and the sdaC gene (see
Materials and Methods) and analyzed the sensitivity of
MC4100A, TnMK/pUC19, TnMK/pUSCB [(sdaCB)*], and
TnMK/pUSC (sdaC™) to the killing effect of ColV added from
outside of the cells. No inhibition halo was observed for
TnMK/pUCI19 under all concentrations of the ColV added
(Fig. 2). In contrast, the same mutant carrying pUSCB was
sensitive to ColV. In addition, inhibition was observed for the
strain TnMK/pUSC, which indicated that the sdaC gene alone
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FIG. 1. Cellular distribution of ColV activity expressed from pRR-
ColV plasmid in TnMK. Periplasmic and cytoplasmic fractions were
prepared from TnMK grown in the presence of arabinose. (A) Bacte-
ricidal activities were assessed by loading 5 pl of the fractions on the
top of soft agar, which was prepared by mixing 1 ml of overnight test
strain cultures of MC4100A (WT), TnMK (sdaC), SC44 (t0lC), and
WB591 (tonB) with 1 ml of 1% agar solution and poured on the surface
of LB plates. Inhibition halos were recorded after overnight incubation
of plates at 37°C. (B) The quality of the periplasmic and cytoplasmic
fractions was analyzed by immunoblotting with anti-RBP (periplasmic
marker) and anti-GroEL (cytoplasmic marker).

was sufficient to complement the sdaC::Tnl0 mutation (Fig. 2).
Inhibition was observed for TnMK/pUSCB and TnMK/pUSC
at a ColV concentration 10-fold lower than that for the wild-
type strain. Therefore, the expression of sdaC gene from a

1 1/10 1/100  1/1000

T TR T

- MC4100A

TnMK/pUC19

TnMK/pUSCB

TnMK/pUSC

FIG. 2. The ColV-resistant phenotype of the TnMK mutant is the
direct consequence of the sdaC mutation. Portions (5 wl) of either
undiluted or 10-fold-serial-diluted ColV solution prepared from the
cytoplasmic fraction of the tarC mutant expressing RR-ColV were
loaded on the soft agar containing MC4100A, TnMK/pUC19, TnMK/
pUSCB, or TnMK/pUSC prepared as described in Fig. 1.
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multicopy plasmid seems to increase the sensitivity of TnMK
cells to the killing effect of ColV compared to the wild-type
parental strain. Taken together, these data revealed that the
sdaC::Tnl0 mutation impairs neither RR-ColV synthesis nor
its translocation but rather confers resistance to ColV.

Specificity of SdaC toward other colicins. To be bactericidal,
most colicins must cross the outer membrane and inner mem-
brane of sensitive cells (7). ColV needs only to cross the outer
membrane and forms a pore in the inner membrane. Despite
a wide variety of lethal activities, colicins pass through the
outer membrane via the porin OmpF or the iron receptor
FepA, BtuB, Cir, or FhuA and requires the participation of
TolA, TolB, TolC, or TonB (3, 4, 7). These results showed that
SdaCis required for the bactericidal activity of ColV. To assess
whether SdaC is also required for the lethal activities of other
colicins, we analyzed the killing effect of pore-forming colicins
ColA, Colla, and RNase ColE3 by growth inhibition assays.
Like ColV, Colla uses Cir and TonB-ExbBD to kill sensitive
cells, whereas ColA and ColE3 require BtuB and TolABQR-
OmpF (4). As shown in Fig. 3, the addition of solutions con-
taining any one of these other colicins fully inhibited the
growth of the sdaC mutant as observed for the wild-type strain.
Therefore, SdaC seems to be specifically required for ColV
lethal action.

SdaC may function as a specific ColV inner membrane re-
ceptor. Since the sdaC::Tnl0 mutant produced an active RR-
ColV, which accumulated in the periplasm but could not kill
host cells, SdaC might function as a receptor to bring the ColV
to the membrane or might be required for the pore-forming
activity of ColV. Recently, we constructed an EtpM-ColV chi-
mera by fusing ColV to the C terminus of the EtpM protein
(10). EtpM belongs to the GspM protein family and is a bitopic
type II inner membrane protein with a large C-terminal do-
main protruding into the periplasm (9, 22). The ColV moiety is
anchored to the inner membrane on the periplasmic side by
EtpM, and membrane insertion of EtpM-ColV depends on
YidC (10). In direct contrast to RR-ColV, the sdaC::Tnl0
mutant was killed when expression of EtpM-ColV was induced
by arabinose (Fig. 4A). In addition, coexpression of the Cvi
immunity protein fully protected the sdaC::Tnl0 mutant from
the killing effect (Fig. 4A). Therefore, SdaC seems to be dis-
pensable for the ColV bactericidal activity when ColV is
brought into close contact to the inner membrane.

The sensitivity of the sdaC mutant to exogenously added
ColV and EtpM-ColV was analyzed. Crude extracts containing
ColV or EtpM-ColV were separated on sodium dodecyl sul-
fate-polyacrylamide gels, test cells were poured onto the sur-
face of the gels in soft-agar overlays, and bactericidal activity
was indicated by the inhibition of growth (see Materials and
Methods). As shown in Fig. 4B, growth of the wild-type pa-
rental strain was inhibited by both ColV and EtpM-ColV. In
contrast, the sdaC::Tnl0 mutant was resistant to both forms of
the ColV (Fig. 4B). Therefore, the sdaC::'Tnl0 mutant was
resistant to the EtpM-ColV when it was added from the out-
side, even though it was killed by the EtpM-ColV produced by
itself. The sensitivity of the sdaC mutant to the bactericidal
activity of EtpM-ColV might result from an indirect effect of
an overexpression of the membrane EtpM moiety. These re-
sults could also support a new concept: SdaC should function
as a specific receptor used by ColV to anchor to the inner
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FIG. 3. Sensitivity of the sdaC mutant to different colicins. Portions
(10 pl) either undiluted (lane 1) or 10-fold diluted (lane 2) of ColA
(A), ColE3 (B), or Colla (C) were loaded on cellular lawns of the
wild-type strain MC4100A, the sdaC mutant TnMK, or the t0l/QR or
tonB mutant. The growth inhibition effect was analyzed after overnight
incubation at 37°C.

membrane, which is an essential step to kill cells by disrupting
their membrane potential.

In general, colicins are composed of three domains that
apparently perform different functions (4). For the pore-form-
ing colicins (ColA, ColE1, Colla, ColN, and ColB), the central
region forms unique structures that bind to outer membrane
receptor proteins and the N terminus is required for the trans-
port of the toxin through the outer membranes. The C termi-
nus creates voltage-gated pores in the cytoplasmic membrane
(31). The bactericidal activity of pore-forming colicins requires
the conversion of their channel domain from a water-soluble
state to a hydrophobic integral transmembrane channel; this
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FIG. 4. Sensitivity of TnMK to endogenously produced or exogenously added EtpM-ColV fusion. (A) CFU of TnMK/pEtpM167-ColV grown
on an LB-AMP plate supplemented with glucose (Glc +) or arabinose (Ara +) without (pcvi —) or with (pevi +) coexpression of ColV immunity
protein. (B) Crude extracts containing ColV (lanes 1 and 3) or ColV and EtpM-ColV (lanes 2 and 4) were resolved on 0.1% sodium dodecyl
sulfate-20% polyacrylamide gels. The gels were then incubated for 30 min in a 50% methanol-10% acetic acid solution, washed twice with 250
ml of sterile water, and placed onto LB plates. Soft agar containing the wild-type MC4100A strain (lanes 1 and 2) or the sdaC mutant (lanes 3 and
4) was poured on the top, and the petri dishes were incubated overnight at 37°C. The migration positions of ColV and EtpM-ColV are indicated.

involves massive conformational changes (31). These struc-
tural changes are mediated by the outer membrane receptor
system (BtuB/TolC and BtuB/OmpF) and the Tol or Ton pro-
tein network that provides trans-envelope transport for the
N-terminal translocation and C-terminal channel domains of
the colicin. ColV does not contain the three apparent domains
and does not belong to the bacteriocin family in a strict sense.
However, it shares some similarities with the pore-forming
colicins with respect to TonB/ExbBD dependency and mem-
brane depolarization activity from the periplasmic side. It has
been suggested that ColV inserts into the inner membrane
spontaneously, without the assistance of other proteins, once it
gains access to the inner membrane from the periplasmic side.
In the present study, we showed for the first time that the ColV
bactericidal activity seems to require the inner membrane pro-
tein SdaC. Since the sdaC mutant remained sensitive to other
pore-forming colicins analyzed, the sdaC mutation should not

affect Tol-Ton network function that is generally required for
colicins to cross the outer membrane. Because EtpM-ColV was
capable of killing the sdaC mutant when EtpM-ColV is an-
chored in the membrane, SdaC might be a specific receptor for
ColV to gain intimate contact with the inner membrane, a step
essential for the pore-forming procedure. Because such an in
vivo interaction cannot be shown directly (due to the killing
effect of ColV), further experiments could be driven by using
ColV derivatives that cannot disrupt the inner membrane po-
tential but are still able to interact with the membrane. Nev-
ertheless, these preliminary data may open the door to the
understanding of the membrane insertion mechanism of the
pore-forming colicins.
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