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MbeC is a 13-kDa ColE1l-encoded protein required for efficient mobilization of ColE1, a plasmid widely used
in cloning vector technology. MbeC protein was purified and used for in vitro DNA binding, which showed that
it binds specifically double-stranded DNA (dsDNA) containing the ColE1 oriT. Amino acid sequence compar-
ison and secondary structure prediction imply that MbeC is related to the ribbon-helix-helix (RHH) protein
family. Alignment with RHH members pointed to a conserved arginine (R13 in MbeC) that was mutated to
alanine. The mutant MbeC(R13A) was unable to bind either single-stranded DNA or dsDNA. Limited proteo-
lysis fragmented MbeC in two stable folding domains: the N-terminal domain, which contains the RHH motif,
and the C-terminal domain, which comprises a signature shared by nicking accessory proteins. The results
indicate that MbeC plays a similar role in conjugation as TraY and TrwA of plasmids F and R388, respectively.
Thus, it appears that an extended, possibly universal mechanism of DNA conjugative processing exists, in
which oriT-processing is carried out by relaxases assisted by homologous nicking accessory proteins. This
mechanism seems to be shared by all major conjugative systems analyzed thus far.

Conjugation is one of the mechanisms through which hori-
zontal gene transfer occurs in bacteria. The appearance of
multiresistant bacteria brought horizontal gene transfer to the
attention of scientists worldwide, since the dissemination of
antibiotic resistance genes by conjugative plasmids poses seri-
ous health problems. ColE1l is mobilized by a wide range of
conjugative plasmids and is the prototype of a family that
comprises mobilizable plasmids found in gram-negative and
gram-positive bacteria (14). Its mobilization region contains
five genes (mbeA, mbeB, mbeC, mbeD, and mbeE), with two of
them (mbeB and mbeD) entirely overlapping mbeA (Fig. 1A).
Although the first report on ColE1 mobilization dates back
almost 40 years (10), little is known regarding its mobilization
properties. Other than the fact that mbeA encodes the ColE1
relaxase (38), only few experimental data are available about
the role of the other four mob gene products. It was proposed
that MbeB and MbeC are constituents of the ColE1 relaxo-
some (23); mbeD codes for ColE1 “entry exclusion” protein
(40), whereas mbeE is not essential for plasmid mobilization
(4). Although mbeA and mbeC genes are present in all ColE1
family plasmids, mbeB, mbeD, and mbeE are not conserved.
This observation led to the suggestion of a common ancestral
mobilization region containing only mbeA and mbeC (14).
Along this line of reasoning, mbeC should play a pivotal role in
ColE1 conjugative mobilization.
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Conjugative DNA processing involves two main groups of
proteins: relaxases and nicking accessory proteins. Although
the need for nicking accessory proteins has been described in
most conjugative and mobilizable plasmids, no sequence relat-
edness was appreciated for these genes as a class, despite their
functional similarity. The best-characterized accessory proteins
are the MOByg proteins TraY of plasmid F (TraY_F) and
TrwA of plasmid R388 (TrwA_R388). TraY_F enhances the
activity of Tral_F relaxase (19, 29). It binds double-stranded
DNA (dsDNA) in a way that bends F plasmid oriT, possibly
creating a single-stranded DNA (ssDNA) conformation suit-
able for relaxase binding (24, 39). TraY_F is monomeric in
solution (28, 33) and contains two tandem nonidentical ribbon-
helix-helix (RHH) motifs, relating it to the RHH proteins Arc
and Mnt (3). Similarly, TrwA_R388 enhances the TrwC_R388
relaxase function, as well as participating in the control of
the rwABC operon transcription (26), and also belongs to the
RHH family (27). Besides MOBg accessory proteins, the
MOB;, proteins NikA R64, Tra]_RP4, and MobC_pC221 and
the MOB,, protein MobC_RSF1010 have been characterized
biochemically. NikA_R64 binds the inverted repeat (IR) prox-
imal to its nic site and induces DNA bending (15). Likewise,
TraJ_RP4 binds within RP4 oriT (43) and enhances nic cleav-
age performed by Tral_RP4 relaxase (30). MobC_pC221 is
essential for relaxosome formation and plasmid mobilization
(35) and enhances the MobA_pC221 relaxase activity by bind-
ing to two sites close to nic (7). The MOB, protein MobC_
RSF1010 assists in oriT strand opening, extending the separa-
tion on the DNA strands around zic and thereby increasing the
efficiency of cleavage by the relaxase (42).

We demonstrate here that MbeC_ColE1 is a MOBy gy
accessory protein, possibly belonging to the RHH family of
DNA-binding proteins. Sequence comparisons revealed that
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FIG. 1. (A) mobilization region of ColE1 plasmid. (B) Representation of the two AUG codons of mbeC. (C) oriT region of ColE1 plasmid. The
characteristic IR is illustrated by arrows below the nucleotide sequence. The position complementary to the nic cleavage site is indicated with a
vertical arrow, since the sequence shown is the strand complementary to the one that is nicked. The different fragments used in the EMSA (Fig.

3) are also shown.

MOB;: and MOB; accessory proteins share with MOB;
proteins the RHH DNA-binding domain. Thus, our analysis
of MbeC_ColE1 provides a link between the different fam-
ilies of accessory proteins and suggests the existence of a
potentially universal mechanism for accessory proteins in
conjugative DNA processing.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Strains used were Escherichia coli
DH5a [F~ endAI hsdR17 supE44 thi-1 recAl A(argF-lacZYA) ul60 $80dlacZAM15
grA96] (17) for standard plasmid maintenance, BL21(DE3) (F~ ompT rg~ mg™)
(36) for protein overproduction, and HMS174 (recA1 hsdR Rif") (6) as the recipient
in conjugal mobilization experiments. For the maintenance and/or selection of plas-
mids, growth media were supplemented with antibiotics at the following concentra-
tions: ampicillin (Am), 100 pg/ml; kanamycin (Km), 50 pg/ml; chloramphenicol
(Cm), 25 pg/ml; tetracycline (Tc), 5 pg/ml; and rifampin (Rif), 100 pg/ml.

Plasmid constructions and genetic techniques. Plasmids used in the present
study are listed in Table 1. All PCR-generated fragments of ColE1 were synthe-
sized by using plasmid pSU4601 DNA as a template. The identity of con-
structed plasmids was checked by DNA sequencing. Bacterial transformation
of BL21(DE3) was carried as previously described (9). DH5a competent cells
were prepared (18) and transformed by electroporation (13). Mating exper-
iments were performed as formerly reported (38).

Oligonucleotides and labeling. Oligonucleotides used in the present study are
listed in Table 2. They were labeled at 5’ end by using [y->*P]ATP (300 Ci/mmol)
and polynucleotide kinase (32). Unbound [y->’P]ATP was eliminated from the
mixture by using MicroSpin G-25 (GE Healthcare) column purification.

Protein sequence analysis. Protein sequences were aligned by using CLUSTAL
W (22). Phylogenetic and molecular evolutionary analyses were conducted by
using MEGA version 3.1 (21). The tree was inferred by using the neighbor-
joining method and tested by bootstrap (1,000 replicates). The cutoff bootstrap
value for condensed tree was set in 50%. Protein secondary structures were
predicted by using PSIPRED (http://bioinf.cs.ucl.ac.uk/psipred/) (25), Jpred3
(http://www.compbio.dundee.ac.uk/jpred) (11), and GOR4 (http://npsa-pbil.ibcp
fr/cgi-bin/npsa_automat.pl?page=npsa_gor4.html) (12).

Purification of MbeC-His4 and derivative mutant. BL21(DE3) cells containing
the appropriate plasmid (pUIV239 or pUIV262) were incubated in 2 liters of LB
broth containing kanamycin using a micro-DCU fermentation system (B. Biotech
International). Cultures were induced at an A4y, of 0.6 with 1 mM IPTG (iso-
propyl-B-p-thiogalactopyranoside). After 4 h of incubation, cells were pelleted,
resuspended in buffer A (100 mM Tris-HCI [pH 7.5], 500 mM NaCl, 1 mM
EDTA, 5 mM benzamidine, 0.5 mM phenylmethylsulfonyl fluoride), and lysed by
sonication. No lysozyme was used, since it has a molecular weight similar to that

of the MbeC-His, and MbeC(R13A)-His, monomer when visualized after so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Cellular
debris was eliminated after centrifugation at 45,000 X g for 30 min at 4°C.
Supernatant was collected, adjusted to buffer B (50 mM Tris-HCI [pH 7.5], 200
mM NaCl, 1 mM EDTA, 20 mM imidazole), and applied to a HisTrap SP HP
column (GE Healthcare). Proteins were eluted in a 20 to 500 mM imidazole
gradient of buffer B. Protein samples were collected and dialyzed overnight
against buffer C (50 mM Tris-HCI [pH 7.5], 1 mM EDTA, 200 mM NaCl) and
further purified by HiTrap SP HP column (GE Healthcare) using a 0.2 to 1 M
NaCl gradient of buffer C. Finally, proteins were purified by gel filtration through
a Superdex 75 HR 10/30 (Pharmacia) using buffer D (50 mM Tris-HCI [pH 7.5],
150 mM NaCl, 1 mM EDTA). The yield was 10 mg of protein per liter of culture
for both MbeC-His, and MbeC(R13A)-His, purified proteins.

Limited trypsin digestion. MbeC-His, protein at a concentration of 0.25
mg/ml (9 pM) in buffer D (18 wM) were incubated with different amounts of
trypsin for 15 min at room temperature. The reaction was stopped by adding 200
1M phenylmethylsulfonyl fluoride, and samples were stored at —80°C. Cleavage
was verified by SDS-PAGE and Coomassie brilliant blue staining. Molecular
masses of intact and protease-digested MbeC-His, were determined by mass
spectrometry. Liquid chromatography-mass spectrometry data were acquired by
using a Q-Tof micro-mass spectrometer (Waters) interfaced with a CapLC cap-
illary chromatograph (Waters). Then, 5 pl of each sample was loaded onto a
Symmetry 300 C,g NanoEase Trap precolumn (Waters) and washed with 0.1%
formic acid for 5 min at a flow rate of 20 pl/min. The precolumn was connected
to an Atlantis dC18 NanoEase column (75 wm by 150 mm; Waters) equilibrated
in 5% acetonitrile and 0.1% FA. A flow splitter was used to decrease the flow
rate to 0.2 pl/min, and peptides were eluted with a 30-min linear gradient of 10
to 60% acetonitrile directly onto a NanoEase Emitter (Waters). Obtained spec-
tra were manually analyzed by using MassLynx 4.1 software (Waters).

DNA electrophoresis mobility shift assay (EMSA). Increasing amounts of
MbeC-His, were incubated with 10 nM radiolabeled ssDNA or dsDNA in buffer
E (20 mM Tris-HCI [pH 7.5], 50 mM NaCl) and in the presence of 1 nM bovine
serum albumin (BSA). Reactions (20 pl) were carried out for 30 min at 37°C.
Samples were loaded onto a 5% native polyacrylamide Bio-Rad minigel and run
for 60 min at 100 V in 0.5X TBE buffer (45 mM Tris-borate, 1 mM EDTA [pH
8.2]). Gels were vacuum dried for 2 h at 80°C and quantified with a Molecular
Imager FX System (Bio-Rad). The radiolabeled dsDNA was formed by mixing
equal concentration of 5'-end 3?P-labeled oligonucleotides with their unlabeled
complementary and incubated at 95°C for 15 min. The incubator was then turned
off, and the mixture was left in the incubator and allowed to cool slowly to room
temperature. The dsDNAs used were ds-oriT (84 bp, formed by using oligo-plus
and oligo-minus), nickbs (41 bp, formed by using nic-plus and nic-minus), and
IRbs (29 bp, formed by using IR-plus and IR-minus) (Fig. 1C). The ssDNAs used
were the oligonucleotides oligo-plus and oligo-minus (Table 2). For the compe-
tition experiments, MbeC-DNA complexes were formed as described above.



1448 VARSAKI ET AL.

J. BACTERIOL.

TABLE 1. Plasmids

Plasmid Antibiotic selection Description” Size (bp) Source, reference, or construction strategy

pCR2.1 Km, Am Cloning vector 3,900 Invitrogen

pCR-blunt Km Cloning vector 3,500 Invitrogen

pET29¢(+) Km Expression vector 5,372 Novagen

pUCI9 Am Cloning vector 2,686 Bioline

pSU18 Cm Cloning vector 2,300 2

pSU4601 Km ColE1::kan 7,930 5

R64drd-11 Tc, Sm R64 derepressed for transfer 56,700 20

pUIV201 Am pUC19::0riT(ColE1) 2,886 38

pUIV206 Km pET29c::mbeA 6,974 38

pUIV230 Cm, Mob+ pSU18::mob(ColE1) 4,700 38

pUIV235 Km, Am pCR2.1::mbeC* 4,239 This study; the 339-bp PCR fragment using the primers
mobC-plus and mobC-minus cloned at pCR2.1

pUIV236 Km pET29c::mbeC* 5,591 This study; the 317-bp Ndel-BamHI fragment from
pUIV235 cloned at the corresponding sites of pET29¢c

pUIV238 Km, Am pCR2.1::mbeCt 4,268 This study; the 368-bp PCR fragment using the primers
mobC-P1-plus and mobC-minus cloned at pCR2.1

pUIV239 Km pET29c::mbeCT 5,615 This study; the 341-bp Ndel-BamHI fragment from
pUIV238 cloned at the corresponding sites of pET29¢c

pUIV241 Km, Am pCR2.1::89-bp oriT(ColE1) 4,016 This study; the 116-bp PCR fragment using the primers
plus-oriT and minus-oriT cloned at pCR2.1

pUIV244 Km pCR-blunt::(1389-1855)ColE1 3,967 This study; the 467-bp PCR fragment using the primers
plus-AmbeC and minus-AmbeC cloned at pCR-blunt

pUIV245 Cm pSU18::89-bp oriT(ColE1) 2,338 This study; the 89-bp EcoRI-HindIII fragment from
pUIV241 cloned at the corresponding sites of pSU18

pUIV247 Km pET29c::mob(ColE1)AmbeC 7,267 This study; the 446-bp Ndel-Xbal fragment from
pUIV244 cloned at the corresponding sites of
pUIV206

pUIV248 Cm pSU18::mob(ColE1)AmbeC 4,310 This study; the 2,037-bp Xbal-EcoRI fragment from
pUIV247 cloned at the corresponding sites of pSU18

pUIV261 Km pCR-blunt::mbeC(R13A) 3,866 This study; the 366-bp PCR fragment using the primers
mbeC-mutR and mobC-minus cloned at pCR-blunt

pUIV262 Km pET29c::mbeC(R13A) 5,615 This study; the 341-bp Ndel-BamHI fragment from
pUIV261 cloned at the corresponding sites of pET29¢

pUIV264 Km pCR-blunt::mob(ColE1)AoriT 5,441 This study; the 1,941-bp PCR fragment using the primers
mbeC-P1-plus and minus-ab cloned at pCR-blunt

pUIV265 Cm pSU18::mob(ColE1)AoriT 4,201 This study; the 1,941-bp BamHI-EcoRI fragment from
pUIV264 cloned at the corresponding sites of pSU18

pUIV266 Km pET29c::mob(ColE1)AoriT 7,215 This study; the 1,941-bp Ndel-BamHI fragment from
pUIV264 cloned at the corresponding sites of pET29¢

pUIV267 Km pCR-blunt::oriT(ColE1)AIR 3,549 This study; hybridizing the AIR-plus and AIR-minus

primers and cloning the dsDNA in pCR-blunt

“* mbeC cloned from the second ATG (coordinates 1867 to 1869); F, mbeC cloned from the first ATG (coordinates 1843 to 1845).

After the formation of the complexes, either 38 nM (1 wg) unlabeled salmon
sperm DNA (nonspecific competitor) or various amounts of unlabeled ds-oriT
(specific competitor) was added, and the samples were incubated for 30 more
min at 37°C. Samples were subjected to electrophoresis and analyzed as de-
scribed above.

RESULTS

Purification of MbeC protein. For the mbeC gene, two pu-
tative AUG start codons were proposed (Fig. 1B) (8). In order
to determine the actual start codon, we constructed two clones:
pUIV239 (mbeC cloned in pET29c using the first AUG codon)
and pUIV236 (mbeC cloned in the pET29c using the second
AUG codon) (Fig. 1B). Both plasmids were tested for their
ability to complement pUIV248, a AmbeC ColEl-derived plas-
mid. BL21(DE3) cells carrying (pUIV248 plus pUIV239) or
(pUIV248 plus pUIV236) were used as donors, DH5a/
R64drd-11 was used as a helper, and HMS174 was used as the
recipient. Mating experiments revealed that pUIV239 comple-
mented pUIV248 10,000 times better than pUIV236 (Table 3).
This result indicates that the functional protein is expressed

from the first AUG codon. Therefore, E. coli strain BL21(DE3)/
pUIV239 was used to overproduce MbeC-His,. SDS-PAGE of
crude extracts of overproducing cells showed a major band, with
electrophoretic mobility corresponding to a molecular mass of
~15 kDa (close to the 14.9 kDa predicted by sequence). MbeC-
His, was purified by a three-step procedure, using affinity (His-
Trap SPHP column), ion-exchange (HiTrap SPHP column), and
a final gel filtration chromatography step (Superdex 75 HR 10/30
column) (Fig. 2A). As shown by gel filtration chromatography,
MbeC-His, behaved as a dimer of ~30 kDa in these solution
conditions.

Determination of a minimal ColE1 oriT. To determine the
minimal length of ColE1l oriT, we constructed pUIV245 by
cloning a 89-bp segment of ColE1 DNA in pSU18. The 89 bp
(coordinates 1439 to 1527 of ColE1, accession no. NC_001371)
contain the nic site and the adjacent IR of ColE1 (Fig. 1C). We
tested mobilization of pUIV245 and compared it with the
mobilization capacity of pUIV201, known to be functional
from previous work (38). The results showed that pUIV245 has
about the same mobilization frequency as pUIV201 (Table 4),
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TABLE 2. Oligonucleotides

Oligonucleotide® Oligonucleotide sequence (5'—3")" Location®
mobC-plus CGC GAG CAT ATG CTC ACA ATA CGG 1858-1881
mobC-minus TGA AAT TTA ACT AGG ATC CCG CGC C 2196-2172
mbeC-P1-plus CTG TTC ATG GGC ATA TGA TAC CGA TGA 1829-1855
plus-oriT1 TAC TTT TCA TAG AAT TCG CAC TGA TGC 1427-1453
minus-oriT1 GGC GCG TCA GAA GCT TTT AGC 1542-1522
plus-AmbeC CTT ACG CAT CTA GAC GGC ATT TCA CAC 1389-1412
minus-AmbeC TCA TCG GTA TCA TAT GCC CAT GAA CAG 1855-1829
mbeC-mutR GTT CAT GGG CAT ATG ATA CCG ATG AAA CGC GAG AGG ATG CTC ACA 1831-1888
ATA GCG GTT ACT G
oligo-plus™ GCA CTG ATG CCG CAT GGT TAA GCC AGT ATA CAC TCC GCT ATC GCT ACG 1444-1527
TGA CTG GGT CAG GGC TGC GCC CCG ACA CCC GCT AAA
oligo-minus* TTT AGC GGG TGT CGG GGC GCA GCC CTG ACC CAG TCA CGT AGC GAT 1527-1444
AGC GGA GTG TAT ACT GG/C TTA ACC ATG CGG CAT CAG TGC
minus-ab CCA CTG GAT CCA CTG AAG CTG C 3769-3748
AIR-plus* GAA TTC TTA AGC CAG TAT ACA CTC CGC TAT CGC TAC GTG ACT AAG CTT 1454-1502
AIR-minus* AAG CTT AGT CAC GTA GCG ATA GCG GAG TGT ATA CTG G/CT TAA GAA 1502-1454
TTC
nic-plus CAT GGT TAA GCC AGT ATA CAC TCC GCT ATC GCT ACG TGA CT 1456-1496
nic-minus AGT CAC GTA GCG ATA GCG GAG TGT ATA CTG G/CT TAA CCA TG 1496-1456
IR-plus CTG GGT CAG GGC TGC GCC CCG ACA CCC GC 1495-1523
IR-minus GCG GGT GTC GGG GCG CAG CCC TGA CCC AG 1523-1495

¢ *, The slash shows the position of MbeA-dependent cleavage.

? Oligonucleotides used for site-directed mutagenesis and mutant codons are in boldface. Nucleotides introducing a restriction site are underlined.
¢ The numbers refer to coordinates in the ColE1 DNA sequence (GenBank accession no. NC_001371). Base position 1 corresponds to the first T in the single EcoRI

site.

indicating that 89-bp oriT is sufficient for ColE1 mobilization.
In order to further reduce the size of the oriT, plasmid
pUIV267 was constructed by cloning 41 bp of ColEl-oriT in
pCR-blunt. The 41 bp (coordinates 1456 to 1496) correspond
to the region including the nic site but not the IR (Fig. 1C). As
above, the mobilization of the pUIV267 was tested. Interest-
ingly, results showed that pUIV267 was only about 100 times
less efficient than pUIV245, indicating that there is, to some
degree, conjugal mobilization even with a 41-bp oriT contain-
ing the nic site but not the IR.

MbeC binds specifically ColE1 oriT but does not recognize
the IR. The in vitro binding of MbeC-His, to ssDNA and
dsDNA was tested. The dsDNA and ssDNA were prepared as
described in Materials and Methods. Experiments revealed
that MbeC-His, binds specifically to ds-oriT (Fig. 3A). Binding
specificity was tested by adding into the reactions 38 nM un-

TABLE 3. Complementation analysis of the AmbeC plasmid pUIV248*

Complementing plasmid Mobilization frequency (SD)

PET29c (negative control) <1077

pUIV248 (AmbeC, negative control) <1077

pUIV239 (pET29c::mbeC cloned from 3X1072(1 X 107?)
the first ATG)

pUIV236 (pET29c::mbeC cloned from
the second ATG)

pUS4601 (ColE1::Km, positive
control)

pUIV262 (R13A mutant) 1X107° (0.5 X 107°)

¢ Derivatives of E. coli strain BL21(DE3) carrying pUIV248 and each of the
plasmids shown in the first column were separately used as donors in triparental
matings using DH5a/R64drd-11 as the helper and HMS174 as the final recipient.
After filter mating, bacteria were plated on selective media containing Rif to
counterselect donors and Cm to select for pUIV248 mobilization. Transfer
frequencies are expressed as the number of transconjugants per recipient cell and
are the average of at least three separate experiments.

3% 1076 (1 X 107°)

4% 1072 (2 % 1072)

labeled salmon sperm DNA as a nonspecific competitor or
various concentrations of unlabeled ds-oriT as a specific com-
petitor (Fig. 3B). When unlabeled salmon sperm DNA was
added, the MbeC-DNA complex did not dissociate, indicating
that MbeC-His, binds specifically to ColE1 oriT. This finding is
strengthened by the fact that when increasing amounts of
unlabeled ds-oriT were added to the binding reactions, the
MbeC-DNA complex dissociated and finally disappeared
(Fig. 3B). No MbeC-DNA complexes were formed with
ssDNA, using either oligo-plus or oligo-minus (data not
shown). Given that IR elimination only reduced mobiliza-
tion 100 times (Table 4), we thought that MbeC binding site
could be located within the oriT 1456-1496 segment not
containing the IR (Fig. 1C). In order to confirm this possi-
bility, EMSA experiments were performed using the nicbs
(nic site fragment) and IRbs (IR-containing fragment) sep-
arately (Fig. 1C). As shown in Fig. 3C, MbeC is able to bind
the nic site containing fragment but not the IR containing
fragment, thus confirming our hypothesis.

MbeC-like proteins belong to the family of accessory pro-
teins for DNA processing in bacterial conjugation. A PSI-
BLAST search using MbeC_ColELl as a query, setting a score
value of 0.00001, converged in the eighth iteration. A total of
103 homologues were recovered. When the most distantly re-
lated hits were used as queries in new rounds of BLAST search
in order to find more remote homologues to MbeC, the rel-
axosomal proteins TraJ_RP4 and NikA_R64 were hit, among
many of their homologues. MbeC-like proteins are generally
smaller than 200 amino acids and share some overall similarity,
allowing the construction of a neighbor-joining condensed tree
(Fig. 4). It shows clusters of highly related homologues, while
the unreliable relationship between clades is not estimated.
MbeC homologues were not constrained to mobilizable plas-
mids but also included conjugative plasmids. Standard PSI-
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FIG. 2. (A) Purification of MbeC-His,. Fractions from the different purification steps were analyzed by SDS-12% PAGE. Lane M, molecular
weight marker; lane 1, BL21(DE3)/pUIV239 before induction; lane 2, BL21(DE3)/pUIV239 after 4 h induction; lane 3, clear lysate; lane 4,
flowthrough from affinity chromatography; lane 5, wash from affinity chromatography; lane 6, 6 pg after affinity chromatography; lane 7, 5 g of
sample after ion-exchange chromatography; lane 8, 3 wg of sample after gel filtration chromatography. (B) Limited trypsin digestion of MbeC-His.
The results are visualized by SDS-15% PAGE. Lane 1, MbeC-His, without trypsin. Lanes 2, 3, 4, and 5 show results for 0.5, 1.5, 5, and 15 pM
trypsin, respectively. Molecular masses (in daltons) of the obtained fragments as determined by MALDI-TOF mass spectrometry are indicated on
the right. (C) CLUSTAL W alignment of full-length ColE1 MbeC with other representative MOBy; and MOB,, accessory proteins. Secondary
structure prediction (Jpred, PSIPRED, and GOR4) is shown below the alignment, and the length and mass of trypsin-produced fragments is shown

above the alignment.

TABLE 4. Complementation analysis of the AoriT plasmids
pUIV265 and pUIV266*

Mobilization frequency

Complementing plasmid (SD)

Using pUIV265

pUC19 (negative cOntrol) ......cocevveereeereerenrenerenes <1077
pUIV201 [pUC19::150 bp (ColEl-oriT)]..........5 X 1072 (1 X 1072)
pUIV247 (pCR-blunt:AIR)....couvvencerrrnnees LSX1074 (2% 107Y)

pUS4601 (ColE1:Km, positive control) ............ 4Xx1072(2%x107%)

Using pUIV266
pSU18 (negative control) <1077
pUIV245 [pSU18::89 bp (ColE1-0riT)]............ 2x1072(1 X 107?)
pUIV230 [pSU18::mob(ColE1),
positive control]

2x1072(1x 1072

“ Derivatives of E. coli strain BL21(DE3) carrying pUIV265 and each of the
plasmids shown under “using pUIV265” or pUIV266 and each of the plasmids
shown under “using pUIV266” were separately used as donors in triparental
matings using DH5a/R64drd-11 as the helper and HMS174 as the final recipient.
After filter mating, bacteria were plated on selective media containing Rif to
counterselect donors and Cm to select for pUIV265 or pUIV266 mobilization.
Transfer frequencies are expressed as the number of transconjugants per recip-
ient cell and are the average of at least three separate experiments.

BLAST analysis initiated from NikA_R64 hit MbeC_ColE1 in
the third round. The two sequences share 38% homology
across 106 residues.

MbeC-homologue NikA structure shows an RHH fold. The
nuclear magnetic resonance (NMR) structure of R64 plasmid
NikA N-terminal fragment (NikA-N, residues 1 to 51) is de-
posited in the PDB databank under the accession number
2ba3. The final set contains 20 structures with two NikA-N
chains. Each NikA-N chain exhibits the RHH fold, consisting
of a B-strand formed by residues 17 to 23 (31), followed by two
a-helices formed by residues 24 to 38 («A) and 42 to 52 (aB)
(Fig. 5B). Residues 1 to 16 show a different orientation on each
of the 20 models, and thus we consider theses residues as
disorder residues in solution. A DALI structural similarity
search using chain A of the NikA_R64 NMR structure (resi-
dues 15 to 51) found the Arc repressor as the first structural
homologue (z-score = 5.7, root mean square deviation over 36
residues = 1.2, and 25% sequence identity). Arc is the para-
digm of the RHH-containing Arc/MetJ family of transcrip-
tional repressors. Two Arc dimers contact each side of the
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FIG. 3. (A) Gel shift of ds-oriT by MbeC-His, in the presence of 1 nM BSA. Lane 1, no MbeC-His, and no BSA; lane 2, no MbeC-His,. Lanes
3,4,5,6,7,8,9, and 10 show results for 10 nM, 30 nM, 0.1 uM, 0.2 uM, 0.4 pM, 0.6 pM, 1 uM, and 3 M MbeC-His,, respectively. (B) Gel shift
of ds-oriT by 1 uM MbeC-His, in the presence of 1 nM BSA, after the addition of various amounts of specific and nonspecific dsSDNA. Lane 1,
10 nM ds-oriT; lane 2, 10 nM ds-oriT and 1 nM BSA; lane 3, 10 nM ds-oriT and 1 pM MbeC-Hisg, no unlabeled salmon sperm DNA; lane 4, 10
nM ds-oriT and 38 nM unlabeled salmon sperm DNA; lane 5, 10 nM ds-oriT, 38 nM unlabeled salmon sperm DNA, 1 uM MbeC-His,. Lanes 6,
7, 8,9, and 10 show results for 10, 50, 5, 100, and 200 nM unlabeled ds-oriT, respectively, in 10 nM ds-oriT and 1 puM MbeC-His,. (C) Gel shift
of IRbs and nicbs by MbeC-His,. Lane 1, nicbs without MbeC-Hisg; lanes 2, 3, and 4, nicbs and 0.6, 0.8, and 1 pM MbeC-His,, respectively; lane
5, IRbs without MbeC-Hisg; lanes 6, 7, and 8, IRbs and 0.6, 0.8, and 1 uM MbeC-Hisg, respectively. In all gel shifts, free DNA bands are indicated
by open arrowheads, while DNA-MbeC complexes are indicated by filled arrowheads. (D) Comparison of different MOBy, oriTs around the nic
site. Black arrowheads indicate the position of the nic sites. Binding sites of NikA_R64, TraJ_RP4 and MobC_pC221 are squared, and IRs are
indicated by arrows. The putative MbeC binding region is indicated by a dotted-line square. The IRbs and nicbs fragments used for EMSAs in panel

C are also shown.

operator (Fig. 5C), and the DNA specific contacts are made by
using polar amino acids (GIn9, Asnl1, and Argl3; Fig. 5D) of
their N-terminal B-sheets (31). Sequence alignments showed
that NikA_R64 could be contacting DNA via the residues
Vall8, Thr20, and Arg22 (Fig. 5D). A polar residue could have
been expected instead of Vall8, but there are some RHH
sequences containing a hydrophobic side chain at this position
(34). Following the same line of reasoning, the MbeC_ColE1
residues involved in DNA contact could be the polar residues
Thr11, Argl3, and Thrl5. According to this, the mutation
R13A in MbeC should impede or reduce DNA binding.

While this manuscript was in preparation, the NMR struc-
ture of the R64 plasmid NikA N-terminal 51-residue fragment
of NikA was published (41). The characterization of the three-
dimensional structure of NikA(1-51) by solution-state NMR
has been described, which revealed that NikA is in fact an
RHH protein. Residue R22 is oriented toward the outside of
the B-sheet and is responsible for binding to the oriT, thus
confirming our “in silico” analysis.

Mutation of R13 within the predicted 31 abolished MbeC
DNA-binding activity. In order to test MbeC(R13A)-His,
functionality, the AmbeC ColEl-derived nonmobilizable plas-

mid pUIV248 was used. This plasmid can be rendered mobi-
lizable in the presence of plasmids contributing a functional
MbeC protein. Mating experiments showed that complemen-
tation by MbeC(R13A)-His, was 3,000-fold less efficient than
complementation by wild-type MbeC. Therefore, the mutant
MbeC(R13A) appears to be nonfunctional. For the overpro-
duction of MbeC(R13A)-His,, BL21(DE3)/pUIV262 was
used, following the same procedure as for the purification of
MbeC-His,. The mutant protein behaved as a dimer in gel
filtration like the wild-type MbeC. The purified MbeC(R13A)-
His, was used for in vitro DNA-binding reactions, following
the same procedure as described for MbeC-His,. EMSA
showed that the mutant MbeC(R13A)-His, was unable to bind
to ssDNA or dsDNA (data not shown).

Identification of two MbeC domains by limited proteolysis.
The predicted tertiary structure of MbeC was probed by lim-
ited proteolysis. We observed, after trypsin treatment (Fig.
2B), two discrete bands with lower molecular masses than the
full-length MbeC. Matrix-assisted laser desorption ionization—
time of flight (MALDI-TOF) spectrometry gave molecular
masses corresponding to two C-terminal fragments (5,493 and
9,424 Da), which together add up nicely to the determined
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FIG. 4. Neighbor-joining condensed tree of aligned MbeC homologues. MbeC-like proteins linked to MOBygy or MOB, relaxases are
enclosed by a rectangle. The NLNQ motif associated with each clade is indicated at the right of the figure. The group of elements lacking this motif
is gray shaded. When MbeC-like protein is contained in a conjugative plasmid, the element is underlined. An asterisk is placed after plasmids
having a truncated relaxase.

molecular mass of the full-length protein (14,900 Da). The DISCUSSION
fragments perfectly fit the mass of the 46 N-terminal and the 51 .
C-terminal amino acids of the protein, respectively (Fig. 2C). In the present study we analyzed protein MbeC encoded by

The existence of this breakpoint possibly signals the interface ~ plasmid ColE1 in an effort to characterize its role in ColE1
between two domains as analyzed further in the Discussion. mobilization. We first determined the start codon of mbeC by
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FIG. 5. (A) CLUSTALW alignment of the 50 N-terminal amino acids of MbeC with other RHH accessory proteins (TrwA_R388, TraY_F
[N-terminal and C-terminal domain], NikA_R721, NikA_R64, and MobC_pC221) and the RHH repressor Arc. The secondary structure of the
solved NikA_R64 NMR structure is shown above the alignment (the B-sheet is represented by a yellow arrow, and a-helices are indicated by red
squares). (B) Ribbon diagram representation of the NMR structure of NikA_R64 N-terminal domain (PDB accession no. 2ba3). One monomer
is shown in blue, and the other is shown in wheat color. The sequence of the solved domain is shown below the structure with a color code
secondary structure (yellow B-sheet and red a-helix forming residues). (C) Ribbon diagram representation of the crystal structure of two Arc
dimers bound to its operator (PDB accession no. 1par). (D) Comparison of NikA (left) and Arc (right) B-sheet polar residues.

comparing the complementation properties of two potential
starts (GenBank accession no. X15873, coordinates 1843 to
1845 and 1867 to 1869; Fig. 1B). Former work proposed the
first AUG as the mbeC start codon (8), based on the criterion
that a Shine-Dalgarno sequence should be found within 3 to 10
bp upstream. A different work proposed the second AUG as
the start codon (4), based on a comparison of mbeC with the
related genes mbaC and mbkC of plasmids ColA and ColK,
respectively. According to our mobilization results, the conju-
gation frequency obtained from the MbeC started from the
second AUG was 10,000 times lower compared to the MbeC
started from the first AUG (Table 3), demonstrating that
MbeC starts at the first AUG.

We also localized the ColEl oriT to a minimal functional
DNA segment. According to an earlier study (14), ColEl oriT
should not exceed 100 bp, given the size of the fragment that
contains the nic site and the 32-bp upstream IR (Fig. 1C). This
assumption was based on the fact that IRs are usually protein-
binding sites. In the case of ColEl, the IR was not absolutely
required for MbeA_ColE1 binding to DNA, since a shift oc-
curred using an oligonucleotide not containing the IR (38).

According to our retardation experiments, the IR is not re-
quired for MbeC_ColE1 binding either, since MbeC does not
bind to a 29-bp dsDNA fragment containing the IR (Fig. 3C).
However, MbeC_ColE1l binds to a 41-bp dsDNA fragment
containing the nic site (Fig. 3C). This is in accordance with
experiments that showed that ColE1 mobilization frequency
only drops 100 times when a 41-bp oriT fragment is used
(Table 4). When different oriTs of the MOB, family were
compared, we observed that the MobC/NikA binding sites
were located in the corresponding coordinates 1456 to 1496 of
MbeC_ColEl oriT (Fig. 3D). Thus, ColE1 oriT, with only 41 bp
being sufficient for conjugation, is one of the shortest oriT
characterized thus far. The fact that the 89-bp oriT containing
the IR was mobilized 100 times better than the minimal 41-bp
oriT could be due to the role of this IR in termination of DNA
transfer, as proposed for plasmid R64 (16). Other systems,
such as R388 and F plasmids, are strongly regulated and thus
require longer oriTs (>300 bp). The presence of additional
regulatory elements, such as extra IRs and protein binding
sites, demonstrates the degree of complication of these systems
compared to the simple ColEl-based oriT.
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BLAST analysis indicated that MbeC-like proteins show two
main regions of homology, which correspond to the N- and
C-terminal folding domains (Fig. 2C). The most conserved is
the C-terminal domain, which contains an NLNQ motif. The
sequence motif [LF]xxx[ GS]xNxNQxAxxxN was described for
MobC proteins from gram-positive and gram-negative bacteria
(1). There are several MbeC homologues that lack this motif,
and they are clustered in a single monophyletic group that
contains members from conjugative and mobilizable plasmids
(Fig. 4). A distinctive feature of the plasmids contained in this
group is the organization of their mobilization region, having
their mobilization genes located at both sides of ori7. On the
other hand, MbeC-like proteins containing the NLNQ motif
belong to plasmids whose mobilization genes are placed on the
same position with regard to ori7. The NLNQ motif is always
present in MOBygy and in most MOB,, accessory proteins,
and it could be involved in the interaction with the conjugative
helper apparatus, probably with the coupling protein. In fact,
TrwA_R388 has been shown to interact via its C-terminal
domain with the coupling protein TrwB_R388 (37). This inter-
action stimulates TrwB ATPase activity, being the energy re-
leased from ATP hydrolysis used for DNA pumping. Thus, the
interaction of the coupling protein with the C-terminal domain
of the accessory protein allows the relaxosome to be recruited
by the T4SS for DNA transport. We do not exclude the pos-
sibility that the NLNQ motif could interact with the MbeA
relaxase or any other proteins, but in any case it seems feasible
that this motif plays an important function in conjugation.

The conserved RHH N-terminal domain shows a wide dis-
tribution among conjugative accessory proteins. In most
MbeC-like proteins, an RHH domain can be recognized at the
N terminus by second-structure prediction (Fig. 5A). The
RHH motif was not observed up to now probably because of
the high conservation of the NxNQ motif in the C-terminal
domain and the difficulty in the assignment of an RHH signa-
ture, due to the small size of the motif and the similarity to the
HTH DNA-binding motif. In a previous study (34), the se-
quences of characterized and putative RHH proteins were
compared and showed that they share alternating hydrophilic
and hydrophobic amino acids within the N-terminal 31-strand.
In addition, there is a conserved G-X-S/T/N motif in the loop
between helix al and o2 and some conserved hydrophobic
residues in al and a2. MbeC predicted B1 strand contains an
alternation of hydrophobic (L10, 112, and V14) and hydro-
philic (T11 and R13) residues. The MbeC putative loop be-
tween helix a1 and a2 contains the sequence GXQ, and there
are conserved hydrophobic residues in a1 (L22) and o2 (L31
and L40) (Fig. 5A), which is compatible with the consensus
RHH motif (34).

A standard PSI-BLAST analysis initiated from the RHH
accessory protein NikA R64 hit MbeC_ColEl in the third
iteration. Our in silico analysis of the accessory protein NikA
and the three-dimensional structure of its N-terminal domain
(which was published [41] while the present study was in prep-
aration), as well as secondary structure prediction Jpred3,
PSIPRED, and GOR4 on MbeC, gave more credence to the
predicted RHH DNA-binding domain of MbeC.

The existence of the N- and C-terminal folding domains
found by the BLAST analysis is in accordance with our exper-
imental results of limited proteolysis of MbeC. After trypsin
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treatment and MALDI-TOF spectrometry, we observed two
discrete bands of 5,493 and 9,424 Da. The existence of this
breakpoint possibly signals the interface between both do-
mains (Fig. 2C). The N-terminal domain (46 amino acids)
contains the predicted RHH domain, while the C-terminal
domain (51 amino acids) contains the NxXNQ domain.

Comparison with other RHH proteins leads to the predic-
tion that the mutant MbeC(R13A) should be critically affected
on DNA binding (Fig. 5A). In fact, the point mutation R13A
abrogated MbeC binding to DNA and reduced ColE1 mobili-
zation by 3,000 times (Table 3). A similar effect was reported
when the arginine of the DNA binding N-terminal beta sheet
(R10) was mutated to alanine for the RHH accessory protein
TrwA_R388 (27). This result again confirms the RHH predic-
tion for MbeC and MbeC-like proteins. Moreover, at the mo-
bilization experiments testing the starting codon of MbeC, the
MbeC beginning from the second codon, gave conjugation
diminution by 10,000 times (Table 4). The predicted N-termi-
nal B-strand of MbeC contains a pattern of alternating hydro-
philic and hydrophobic side chains with positive charged Arg
or Lys residues at positions 2 or 6 (Fig. 5A) in most of the
proteins. MbeC starting from the second AUG looses a pre-
dicted polar residue (R6) of the B-sheet (Fig. 5C), which ex-
plains the dramatic drop of the mobilization frequency. This
finding strengthens even more our hypothesis of a putative
RHH N-terminal domain in MbeC.

In conclusion, our study demonstrates that MbeC_ColE1 is
a DNA-binding protein possibly belonging to the RHH family.
By comparison to other accessory proteins, we propose that
MbeC induces DNA bending, helping the MbeA relaxase to
melt the DNA around the nic site and cleave the phosphodi-
ester bond. This role has been suggested for most accessory
nic-processing proteins such as TrwA_R388, Tral RP4,
TraY_F, and NikA_R64, all belonging to the RHH family, as
confirmed here by sequence comparison. For this reason, de-
spite the differences among the various conjugative systems, we
propose that this potentially universal mechanism for DNA
processing in bacterial conjugation exists for all accessory pro-
teins.
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