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Summary

In preparation for transfer conjugative type IV secre-
tion systems (T4SS) produce a nucleoprotein adduct
containing a relaxase enzyme covalently linked to the
5’ end of single-stranded plasmid DNA. The bound
relaxase is expected to present features necessary
for selective recognition by the type IV coupling
protein (T4CP), which controls substrate entry to the
envelope spanning secretion machinery. We prove
that the IncF plasmid R1 relaxase Tral is translocated
to the recipient cells. Using a Cre recombinase assay
(CRAfT) we mapped two internally positioned trans-
location signals (TS) on F-like Tral proteins that
independently mediate efficient recognition and
secretion. Tertiary structure predictions for the TS
matched best helicase RecD2 from Deinococcus
radiodurans. The TS is widely conserved in MOB¢ and
MOB. families of relaxases. Structure/function rela-
tionships within the TS were identified by mutation. A
key residue in specific recognition by TACP TraD was
revealed by a fidelity switch phenotype for an F to
plasmid R1 exchange L626H mutation. Finally, we
show that physical linkage of the relaxase catalytic
domain to a Tral TS is necessary for efficient conju-
gative transfer.
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Introduction

Bacterial type IV secretion systems (T4SS) translocate
proteins and DNA across the cell envelope (Christie and
Vogel, 2000; Alvarez-Martinez and Christie, 2009). One
group of T4SS transfers effector proteins directly into the
cytosol of eukaryotic cells (Fischer et al., 2002; Backert
and Meyer, 2006; Schmid and Scheidegger, 2006; Juhas
et al., 2008; Franco et al., 2009). Secretion of these pro-
teins is often an essential part of the virulence mecha-
nisms of pathogenic bacteria. A second group secretes
DNA, covalently linked to protein, into a recipient cell. This
group is responsible for DNA transfer by conjugation, and
is important in the spread of antibiotic resistance (de la
Cruz and Davies, 2000; Christie, 2001). A third group of
T4SS transfers DNA into and from the extracellular milieu
(Chen et al., 2005; Hamilton et al., 2005). This classifica-
tion emphasizes the versatility and importance of T4SS,
but the groups also overlap functionally: for example,
systems involved in translocation of virulence proteins
can often transfer plasmid DNA.

A conserved component called the type IV coupling
protein (T4CP) identifies the appropriate macromolecules
for secretion in most systems (Gomis-Rith et al., 2001;
Llosa et al., 2002; Schréder and Lanka, 2003; Alvarez-
Martinez and Christie, 2009). The underlying mechanisms
are not fully understood. Some knowledge of secretion
protein recognition features is available (referred to here-
after as translocation signals, or TS). Data from the Agro-
bacterium tumefaciens VirB/VirD4 paradigm and the
Legionella pneumophila Dot/lcm T4SS revealed that a
surprisingly simple cluster of positively charged or hydro-
phobic residues at the C-termini constitute a functional TS
(Nagai et al., 2005; Vergunst et al., 2005). More complex
bipartite TS are shared by the seven Bartonella effector
proteins, BepA-G. The charged C-terminal residues are
combined with one or more copies of a second motif
intrinsic to the conserved Bep intracellular delivery (BID)
domain (Schulein et al., 2005). The CagA effector protein
of Helicobacter pylori carries a 20-amino-acid C-terminal
TS adjacent to a larger interaction domain for its secretion
chaperone CagF (Hohlfeld etal., 2006; Pattis etal.,
2007). Together, these features are sufficient to recruit
CagA to the secretion apparatus. A subsequent recogni-
tion step involves an N-terminal domain (Hohlfeld et al.,
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Table 1. Tral protein is functional after conjugative transport to a recipient cell.

Mobilization frequency Conjugation frequency

Donor strains 1 Recipient strain 2 Recipient strain 3 to strain 3 to strain 3
MS411 MS411 MS614 (SmF) (Amp+Sm) (Km+Sm)
I [R1-16] [pGZ119EH] oriT plasmid (AmpF) - 6.1 x107° = 0.001 5.4 +0.7
II. [R1-16Atral] [pGZ119+tral] oriT plasmid (Amp®) - 2.8x107° = 0.001 0.7 £ 0.2
1. [R1-16Atral] [pGZ119EH] oriT plasmid (Amp®) - <10~ <10~
Three independent triparental matings (1, I, 1ll) combined MS411 carrying a conjugative plasmid (strain 1), MS411 carrying a mobilizable plasmid

(strain 2) and MS614 (strain 3). The transfer frequencies are given as number of transconjugants per donor cell. Values represent the mean of three
experiments. Standard deviations are shown. Amp, ampicillin; Km, kanamycin; Sm, streptomycin.

2006). Modular architecture is a feature shared by the few
other characterized T4 protein substrates (Alvarez-
Martinez and Christie, 2009).

In Gram-negative bacterial conjugation a series of con-
served reactions prepares the plasmid DNA to be trans-
ferred in single-stranded form (de la Cruz et al., 2010). A
relaxase and one or more accessory proteins recognize
the plasmid origin of transfer (oriT) and catalyse site- and
strand-specific cleavage of the DNA strand destined for
transfer (T-strand). The phosphodiester bond on the
T-strand where cleavage occurs and duplex unwinding
begins is called nic. The processed DNA-protein
complex, or relaxosome, is linked to the mating channel
via the T4CP. As originally proposed (Willetts and Wilkins,
1984), the nucleoprotein adduct of relaxase covalently
linked to the 5" end of the T-strand is then conveyed to the
recipient cell via the T4 secretion machinery (Draper
etal, 2005; Parker and Meyer, 2007). At present,
however, we still understand little about the specific
relaxosome/T4CP interactions that initiate nucleoprotein
uptake by the transporter.

Our work investigates F-like (MOBg) systems where the
relaxase Tral is fused to a conjugative DNA helicase.
Biochemical studies with T4CP TraD and MOBe relaxo-
some proteins demonstrated physical interaction between
TraD and TraM (Disque-Kochem and Dreiseikelmann,
1997; Beranek et al., 2004; Lu et al., 2008). TraD stimu-
lates both the nic-cleavage and DNA helicase activities of
Tral from plasmid R1 (Mihajlovic et al., 2009; Sut et al.,
2009). Here we identify the TS of F-like Tral proteins and
determine key functional residues. The TS are predicted
to share structural similarity and are broadly conserved in
MOBg and MOBq relaxases. Moreover, the data imply that
a covalent connection of Tral TS and catalytic domains is
required for productive conjugative DNA processing.

Results
Tral protein is translocated to the recipient

Triparental mating experiments were performed to test
whether Tral protein is physically transferred via bacterial

conjugation to recipient cells. As summarized in Table 1
MS411 donor cells (strain 1) were compared that carried
either R1-16 (line I) or a conjugation deficient R1-16Atral
with (line 1l) or without (line Ill) tral complementation
in trans. To monitor Tral protein transfer two distinct
recipient strains were present. One harboured a mobi-
lizable oriT AmpF plasmid (strain 2). Strain 3 is resistant
to streptomycin (Sm) and carried no plasmid. For
triparental mating the individual donor strains were
combined with both recipient types. Transfer of the con-
jugative plasmids to strain 3 was detected by selection
on kanamycin (Km) and Sm. As expected, the R1-16 tral
null derivative was transfer proficient only when
the donor strain expressed tral (Il). Selection for Amp®
SmR transconjugants of strain 3 identifies cells that
acquired the oriT mobilizable plasmid. Transfer of this
plasmid from strain 2 depends on the presence of Tral
protein for conjugative DNA processing. Transconjugant
cells that acquired the mutated R1-16 lack the fral gene,
however. Thus, a subsequent mobilization of the oriT
test plasmid from transconjugants with R1-16Atral
should only be possible when functional Tral protein is
transmitted from a donor to the recipient cell. Ampicillin-
resistant transconjugants of strain 3 were observed with
both R1-16 and the complemented R1-16Atral donor
strains with equal efficiencies. We conclude therefore,
that Tral is transmitted, either as a nucleoprotein
complex or free protein during conjugation, and that the
protein retains or refolds to a functional conformation in
transconjugant cells. The related protein TrwC of
plasmid R388 gives precedence for this finding (Draper
et al., 2005).

Two functionally independent regions mediate Tral
secretion

To map the TS in Tral protein we applied the Cre recom-
binase assay for translocation (CRAfT) (Vergunst et al.,
2000; Vergunst et al., 2005). In this assay, Cre lacks fea-
tures that enable it to be recognized and transported by
a T4SS. Fusion of a bona fide secretion substrate, or its

© 2010 Blackwell Publishing Ltd, Molecular Microbiology, 78, 1539—1555



Table 2. Bacterial strains used in this study.
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Strain Description and references® Primer sequences 5'-3"
E. coli DH50. endA1 recA1 gyrA96 thi-l hsdR17 supE44 A~
relA1 deoR A(lacZYA-argF)- U169
@80dlacZA(M15) (Woodcock et al., 1989)
E. coli MS411 ilvG rfb-50 thi (M. Schembri; DTU, Denmark)
E. coli MS614 SmP, ilvG, rfb-50, thi, rpsL (M. Schembri; DTU,
Denmark)
E. coli CSH26 ara, A(lac-pro), thi (Miller, 1972)
E. coli CSH26crt CmR, CSH26 galK::cat::resC-tet-resC, this study
E. coli TOP10::LKL KmP, loxP-Km-loxP (Parker and Meyer, 2007)
E. coli CSH26Cm::LKL ~ KmR, CSH26 galK::cat::loxP-Km-loxP, this study ~ Fw_loxPCm: TTCAGGAGCTAAGGAAGCTAAAATGGAGAAAAA

E. coli CHS26Cm::LTL

E. coliMS614Cm
2004), this study
E. coli DY330
(Yu et al., 2000)

TcR, CSH26 galK::cat::loxP-Tet-loxP, this study

CmP, derivative of MG1655Str (Miranda et al.,

W3110 AlacU169 gal 490 ts Acl857 A(cro-bioA)

AATCACTATAACTTCGTATAGCATA

Rev_loxPCm: CTTTACGATGCCATTGGGATATATCAACGGTGG
TATATCCGGATAACTTCGTATAATGTA

Fw_loxPTc: CCCGGGTGACTAACTAGGAGGAATAAATGGCTAA
AATGAGACAAGAATTGCCGGCGGAT

Rev_loxPTc: CCCGGGTCATTATGCCCTCCAGGTACTAAAACAA
TTCATCGGTATTTCACACCGCATAGC

a. Antibiotic resistance: CmP, chloramphenicol; Km®, kanamycin; SmF, streptomycin; Tc*, tetracycline.

b. Underlined: homologous region.

TS regions, to Cre supports secretion of the fusion by
the cognate T4SS. The indicator recipient strain
(Table 2) harbours one antibiotic resistance gene inter-
rupted by a second resistance cassette flanked by loxP
sites. Recombination catalysed by the acquired Cre
fusion at loxP restores functional expression of the dis-
rupted resistance cassette. Protein transfer to a recipient
strain is thus measured by the heritable change in anti-
biotic resistance phenotype. For this study, the full-
length tral of R1 and a suite of sequential fral deletion
variants were fused to the 3’ end of the Cre recombi-
nase gene (Fig. 1). A normal level of recombination and,
indirectly, the stability of all fusion proteins described in
this work was first confirmed through transformation of
the indicator strain with the Cre-plasmids and selection
for recombinant cells (data not shown). In the CRAfT
assay, donor cells harbour a derepressed conjugative
plasmid, R1-16, to provide all of the essential compo-
nents for substrate recognition, conjugative DNA pro-
cessing and transport (including wild-type Tral protein).
The translocation frequencies of the R1 fusion proteins
were measured by scoring recombinants per donor cells
(Fig. 1). R1-16 plasmid transfer occurs simultaneously
and provided an internal standard for the conjugative
transfer efficiency in every experiment. The summary
illustration in Fig. 1B depicts two minimal TS identified in
the R1 Tral protein (TSA and TSB, grey). The mapped
positions span residues 530-816 (TSA) and 1255-1564
(TSB). As an alternative explanation the results could
correspond to single-stranded DNA (ssDNA) binding

domains associated with the Tral helicase, in which case
the results would reflect an artefact of hitch-hiking on the
T-strand. Recent mapping of the ssDNA binding activi-
ties for Tral of F and R1 excludes that possibility (Dostal
and Schildbach, 2010).

To verify the functional assignment of these TS we
performed a similar mapping with the closely related Tral
protein of plasmid F. These experiments identified identi-
cal minimal TS (residues 530 to 816 and 1255 to 1564)
that were competent for translocation by the F derivative
pOX38 (Fig. 2, grey). The transfer efficiency of a set of F
Tral variants with 31 residue insertions (i31) at defined
locations in the protein (Haft etal., 2006) was then
compared. When TSA is separated from TSB, all i31 in
TSA of F disrupted or significantly lowered (20- to 60-fold)
protein transfer. Interestingly, however, the same i31
mutations in the full-length Tral were efficiently
transferred. Thus, a single wild-type TS in the full-length
protein was sufficient to complement the effect of a muta-
tion in the second TS. We conclude that (i) the two Tral TS
function independently, (ii) one TS is sufficient for recog-
nition and uptake by the transporter, and (iii) dominant
negative interference of these TS during the process is
ruled out.

Conserved structure supports fold recognition for
F-like TS

The existence of two regions of Tral, which are indepen-
dently competent for translocation, implies that these

© 2010 Blackwell Publishing Ltd, Molecular Microbiology, 78, 1539—1555
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Fig. 1. Functional mapping of the TS of R1 Tral protein.

A. Schematic representations of full-length Tral and fragments fused to an N-terminal Cre recombinase (left). Patterned box at the Tral
N-terminus represents the relaxase. Black vertical stripes indicate the position of conserved helicase motifs. The minimal TS identified are
shown in grey. Vector expressing Cre recombinase alone serves as negative control. The translocation frequency is given as recombination
events per donor (right). Bars represent frequencies of translocation with (black) or without (white) statistical significance compared with the
negative control. Concomitantly measured R1-16 transfer frequencies are shown (grey bars). Values represent the mean of at least three

experiments. Standard deviations are shown.
B. Summary of the mapped Tral TS A and B.

share characteristics important to T4 recognition.
Although alignment of the primary sequences of the TS
regions of Tral did not reveal much similarity it was rea-
sonable to predict that the pair of signals may be

structurally related. Tertiary structure prediction using the
fold recognition server GenTHREADER (Jones, 1999;
McGuffin and Jones, 2003) revealed the structure of an
N-terminal truncation mutant of RecD2 from Deinococcus

© 2010 Blackwell Publishing Ltd, Molecular Microbiology, 78, 1539—1555
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translocation frequency (x10-3)
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pOX38-Km 0,0002 &
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Fig. 2. Verification of the TS of F Tral. A set of Tral derivatives with 31 residue insertions at defined locations in the protein (*) was tested for
translocation. Tral fragments are illustrated (left) with the minimal TS identified (grey). Frequencies (recombination events per donor) are
shown (right). Bars represent frequencies of translocation with (black) or without (white) statistical significance compared with the negative
control (Cre). Conjugation frequencies of pOX38 are indicated with grey bars. Values represent the mean of at least three experiments.
Standard deviations are shown.

radiodurans (PDB-entry: 3e1s) (Saikrishnan et al., 2008) (PDB-entry: 3fld) (Guogas et al., 2009), as expected. The
as the best template for both TSA and TSB (12% structurally conserved region common to TSA and TSB is
sequence identity). RecD2 is a 53" helicase belonging to shown in Fig. 3A. The sequence structure alignments of
the family of RecD-like proteins lacking RecB and RecC TSA and TSB to RecD2 obtained from GenTHREADER
(Wang and Julin, 2004; Rocha et al., 2005). TSB also (shown in Fig. S1) revealed only about 10% sequence

matched the structure of the C-terminal domain of F-Tral identity (20% similarity), but a cluster of conserved resi-
A p B
Heze (e - R1344Q % wt translocation
TS Aryr 705 FRPEKMPVADG-ERLRVTGKIPGLRVSG 731 n.d.
TS BRIF 1332 YTPDKIRVGTG—D@{[RFTKSDRERGYVA 1358 0.8%
srs7sw MODApR 160 91 LASEFAQHLTGAERLPYTLATHAGGGEN 118 0.8%
V1382 (TSB) . * ke %
\ a
« AT 2 LDR
"'“J*R‘ 24P \ e
3 \ IRt i" RecD2 576 VRIAEGEARPG-DTVVQTKNDYNNEIFN 602
(B
v v \

Fig. 3. Protein folding similarity is predicted for TSA and TSB with helicase RecD2 of Deinococcus radiodurans.

A. The structure of RecD2 is shown. The region conserved in Tral TS is indicated above (black). Variant amino acids in TSA of R1 versus F
(S757) and in TSB of R1 versus F (V1382) colocalize (yellow). The second variant amino acid 626 in TSA (red) represents a fidelity
determinant for efficient protein translocation. The conserved residues (G[E/D]R[L/M]R[V/F]T) similarly positioned in TSA and TSB are shown
(pink B sheet).

B. Similarity to the consensus in a TS of MobAg11e2 is shown. A nearby insertion (LDR) in MobA, and R to Q mutations in R1 and F TSB
(boxed), block translocation. Mutation of TSA was not done, n.d. The corresponding RecD2 sequence is shown underneath.

© 2010 Blackwell Publishing Ltd, Molecular Microbiology, 78, 1539—1555
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dues representing a B-strand (Fig. 3A, pink) was identified
in both TS (Fig. 3B). Using the ClustalW program (Thomp-
son et al., 2002) we searched for this cluster in MobAg1e2,
which is the only other relaxase where TS have been
mapped (Parker and Meyer, 2007). Two hits, one in each
TS of MobAgs, were scored. Interestingly, mutations
near this signature in the N-terminal TS of MobA disrupted
protein transfer (Parker and Meyer, 2007), as did both
R1344Q exchanges we created in R1/F TSB of Tral
(Fig. 3B). Translocation of the mutant forms of TSB was
barely detectable (3 x 10°), compared with the frequen-
cies of wild-type TSBgrs and TSBg (2.9 x 10° = 1.6 x 10
and 3.9x10* = 3.2x 10 respectively). We conclude
that the TS present in Tral of IncF plasmids are structur-
ally related to each other and to RecD2 and that con-
served residues in these signals are important to function.

RecD/TS modules are conserved in relaxase families

Partial sequences of TSA and TSB (Fig. S1, bold letters)
were used to assess the distribution of the TS/helicase
module in the known relaxase families using PSI-BLAST
(Altschul et al., 1997). Multiple alignments and subsequent
phylogenies were constructed for the conserved regions
identified among the relaxases (listed in Table S1). The
maximum likelihood tree shown in Fig. 4 identifies five
relatively well-resolved clades (indicated with coloured
lines). The corresponding proteins overlap very closely
with the MOBq and MOBe groups defined previously
(Garcillan-Barcia et al., 2009), as indicated with arcs in
Fig. 4. Detailed information including bootstrap values and
position of conservation for each entry protein is accessible
in Fig. S2 and Table S1. Clades 1-4 (red, orange, yellow
and green) represent conjugative relaxases harbouring
only one TS/helicase module and correspond to MOBag,
MOBE13, MOBEg11 and MOBE; respectively (Garcillan-Barcia
etal, 2009). Clade 5 (blue) is the largest and includes
MOBe12 and other MOBg; relaxases (Garcillan-Barcia
et al., 2009). This clade can be divided into two branches
(TSA, TSB; shaded) with each representing a different
TS/helicase module in the same protein. The fact that TSA
and TSB regions cluster together implies that they arose by
an internal duplication event (arrow). Unexpectedly, the
branching pattern and branch lengths for the two copies
are very similar, with slightly longer branches (more diver-
sification) for TSA. The constraints placed upon diversifi-
cation of both TS-helicase modules imply that retention of
the recognition properties for the T4CP is a key task for
each domain. It is also important to note that although
motifs important to the catalysis of DNA unwinding in F Tral
are linked only to module TSB, the high affinity ssDNA
binding activity associated with the helicase (residues 1 to
822) overlap with protein fragments carrying TSA (Dostal
and Schildbach, 2010).

Linkage of Tral relaxase domain to TS is necessary for
effective conjugative DNA processing

The domain structures of F-like Tral proteins and the
related TrwC protein of plasmid R388 enable the
N-terminal relaxase activity to be separated physically from
the C-terminal helicase domain without compromising sta-
bility or catalytic activity in vitro (Llosa et al., 1996; Sut
et al., 2009). Interestingly, however, the separated protein
fragments support only very low frequencies of conjugative
plasmid transfer from a donor bacterium (Llosa et al.,
1996; Byrd et al., 2002). A defect in localization seems
unlikely. The relaxase domain binds the nic region of the
plasmid oriT with high affinity (Stern and Schildbach,
2001). The relaxosome is linked to the secretion apparatus
by interactions of TraM or the R388 counterpart, TrwA, with
both oriT and the T4CP (Schwab et al., 1991; Disque-
Kochem and Dreiseikelmann, 1997; Moncalian etal.,
1997; Beranek et al., 2004; Tato etal., 2007; Lu et al.,
2008). Also the helicase fragments used in earlier work
carry one (TrwC) or both (Tral) TS (Llosa et al., 1996; Byrd
et al.,, 2002; M. Llosa, pers. comm.). Thus, recruitment of
the relaxase catalytic domain based on oriT binding and
the helicase domain via interactions with the DNA and the
T4CP is apparently insufficient to support conjugative DNA
processing. We therefore asked whether the extension of
the N-terminal Tral relaxase domain to include TSA would
correct this deficiency. Conjugative transfer of R1-16Atral
was complemented to wild-type levels by full-length Tral
expressed from a plasmid vector (Fig. 5). As expected from
earlier studies, expression of the Tral helicase individually,
or combined with the relaxase fragment (N-terminal 309
residues), failed to restore efficient conjugation (= 0.01%
wild-type activity). By contrast, concomitant expression of
the helicase with a longer Tral fragment, including both the
relaxase domain and TSA (N-terminal 992 residues), from
the same pair of vectors complemented transfer of
R1-16Atral as efficiently as full-length Tral. These findings
indicate that physical linkage of the Tral catalytic domains
is not required for efficient plasmid transfer. Rather, we
propose that each enzymatic domain requires additional
docking interactions mediated by the TS regions for pro-
ductive conjugative DNA processing.

Molecular determinants of substrate discrimination

Conjugative DNA transfer of a tral null derivative of R1-16
or pOX38 is complemented equally well by the tral gene of
the heterologous system (Dostal and Schildbach, 2010;
data not shown). The Tral proteins of R1 and F are 97%
identical and the Tral binding sites surrounding nic are
identical in these plasmids (Ostermann etal., 1984;
Thompson et al., 1989). Given that the mapped TS of each
system are predicted to fold similarly we expected that

© 2010 Blackwell Publishing Ltd, Molecular Microbiology, 78, 1539—1555
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gene duplication event

Z1 400N

0.1-

Fig. 4. Maximum likelihood tree of the helicase/TS modules. Bootstrap values = 50% are indicated with circles and shown in Fig. S1. RecD2
(PDB 3e1s) was used as an outgroup. Major clades are emphasized in colour. Red, clade 1; orange, clade 2; yellow, clade 3; green, clade 4;
blue, clade 5. The origin of the gene duplication creating the tandem modules is indicated with an arrow. TSA and TSB are indicated with grey

boxes. Arcs designate the corresponding MOB classes (Garcillan-Barcia et al., 2009).

protein translocation would also be supported by the
related T4SS. Nonetheless, system-specific recognition of
Tral was stringent (Fig. 6). Fusion proteins (full-length Tral
or TS) of a given system were transferred at reduced (60-
to 1000-fold lower) or undetectable frequencies by the
heterologous system. Amino acid variation between R1
and F proteins is limited to two residues in TSA and nine in
TSB. The positions of non-identical residues in R1 and F
were evaluated relative to their predicted overlap with

RecD2 (Fig. 3). Notably, two independent positions of het-
erogeneity (S757 of TSA and V1382 of TSB) colocalize
relative to the RecD2 structure (Fig. 3A, yellow). This
implied that mutation at the variant position would be
tolerated in the substrate recognition process generally
and not likely involved in the plasmid-specific discrimina-
tion for Tral observed here (Fig. 6). By contrast, the second
position of natural variation in the TSA fragments of R1 and
F (Fig. 3A, red) did not colocalize with heterogeneity in

© 2010 Blackwell Publishing Ltd, Molecular Microbiology, 78, 1539—1555
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Fig. 5. Effective DNA transfer requires linkage of Tral relaxase domain to TS. Transfer frequencies are shown (left) for plasmid R1-16 or the
R1-16Atral derivative when complemented with a wild-type tral allele or fragments thereof, as indicated schematically (right). Wild-type plasmid
transfer was observed with the combination of Tral fragments Ni.g9. (relaxase+TSA) and Nsio.17s6 (helicase). Values represent the mean of at

least three experiments. Standard deviations are shown.

TSB. This residue was thus expected to contribute directly
to specific recognition. To identify determinants underlying
the observed substrate discrimination, we generated
selected amino acid exchanges and tested their effect on
protein translocation. Consistent with the model-based
predictions we found that an F to R1 L626H exchange led
to an F to R1 fidelity switch and a 12-fold gain of function for

the heterologous R1 system (Fig. 7). This site would thus
appear to represent a specificity determinant in IncF
systems that cognate T4SS readily distinguish. Moreover,
the TSA hybrid we generated with an F to R1 amino acid
exchange S757T did not alter competence for transloca-
tion with pOX38 compared with the wild-type TSA¢ (Fig. 7).
Similarly, exchange E1382V in TSBr reduced translocation

A
translocation frequency (x10-3)
Cre 0,002 = H
ConTral R1 [N Il | M e
CoaTislF I I II II | 0,08  — ;l*** #
CreTral F (530-816) ] 0,0006 H
CreTral F (1255-1564) 1] 0,0006 H
R1-16 0,0003 r
10-6 10-5 104 10-3 10-2 101 10+0 10+1
B
translocation frequency (x10-3)
Cre 0,0004
.
CreTral R1 1| I ‘ 0,004 .
CreTral F | ] 394 s
T —————
CreTral(530-816) ] 0,001 = "
CreTral(1255-1564) | 0,0002 N
pOX38 0,0002 | 2

10-6 105 1044 103 102 10-1 10+0 10+1

Fig. 6. IncFl and IncFIl Tral TS are distinguished by the cognate T4SS. The translocation frequencies supported by R1-16 (A), or pOX38 (B)
are shown (right) with schematic representations of the tested Tral fragments (left). Values represent recombination events per donor. Only
black bars represent frequencies of translocation with statistical significance compared with the vector control. Conjugation frequencies are
indicated with grey bars. Values represent the mean of at least three experiments. Standard deviations are shown (***P < 0.001).

© 2010 Blackwell Publishing Ltd, Molecular Microbiology, 78, 1539—1555



N
« & & &
) Q9 &
5 &5 FF L E LS F

&

e i/ W i W

L J L J
TSA TSB
10-4
T4SS: R1-16

10-5
>
o
f =
[0
3
o
@
=
S 106
©
o
o
[}
=
8 T4SS: F

10-5

10-4

I
T Y=
T
[
-
10-3 —

Fig. 7. Exchange of a variant TS residue switches system fidelity.
The tested Tral TS fragments are illustrated above for F (grey) and
R1 (white). Vertical stripes indicate a single exchange mutation.
The translocation frequencies (recombination events per donor)
supported by R1-16 (upper panel), or pOX38 (lower panel) are
shown. No reported value indicates the absence of transfer by the
heterologous system. All values shown were statistically significant
compared with the vector control. The L626H exchange in TSAr
switches transfer fidelity from F to R1 (black bar). Values represent
the mean of at least three experiments. Standard deviations are
shown (*P < 0.05; **P < 0.01).

by pOX38 twofold but did not measurably enhance trans-
location by R1-16. As a final test of the proposed model of
Tral protein recognition features we investigated variant
residue 1283 in TSB. This position lies outside the region of
predicted structural conservation (Fig. S1) and therefore
may be dispensable for recognition. Consistent with that
prediction, a pair of exchanges at this position were toler-
ated by the cognate system or led to 10-fold reduction in
translocation, but did not measurably enhance activity in
the heterologous system (Fig. 7).

Fidelity in protein translocation involves components of
the relaxosome and/or the T4 channel

The role of the T4CP as the primary substrate receptor is
well established (Cascales and Christie, 2004). Comple-
mentation of conjugative DNA transfer of fraD null deriva-
tives does not exhibit plasmid specificity (Willetts and
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Maule, 1986). We asked whether a traD-swap experiment
would alter the fidelity of protein translocation. We used
traD null derivatives of F and R1 to provide the T4 channel
and the relaxosome. Plasmids carrying either wild-type
traD alleles and/or the Cre—tral alleles were present in
trans. We found no change in plasmid-specific discrimi-
nation of the cognate full-length Tral (Fig. 8A) based on
the source of TraD.

In this experiment significantly lower frequencies of
pOXtraD411 DNA transfer were observed when a Cre—tral
fusion allele was overexpressed in trans compared with
Cre alone (Fig. 8B). Overexpression of the same fusion
proteins in trans to R1-16AtfraD did not alter the conjuga-
tion frequency (Fig. 8A). A dominant negative effect of
overexpressed F Tral on pOX38 DNA transfer was also
observed in this study (Fig.2) consistent with earlier
results (Haft et al., 2006). The effect is not observed for
R1-16 transfer (Fig. 1). An overview of pOX38 DNA trans-
fer inhibition mediated by an excess of Tral in full-length or
TS form is shown (Fig. 8C). Decreased pOX38 transfer
can be observed from all donor cells expressing high
levels of Cre fused to any fragment of Tralr or Tralg; that
is competent for protein transfer. In the traD swap experi-
ment we noted substantially increased transfer efficien-
cies for pOXtraD411 DNA (23-fold) and Cre-Tralg protein
(40-fold) when F fraD was also expressed from a high
copy vector (Fig.8B). A similar enhancement can be
observed for pOX38 transfer (sevenfold) and Cre-Trale
transfer (15-fold) with coexpression of traDr (Fig. 8C).
Suppression of the negative effects of excessive Tral
protein by increasing the intracellular levels of TraD
emphasizes the importance of the balance of those
factors. Importantly, however, coexpression of traDr failed
to suppress the negative dominance of Tral from R1
[Fig. 8B and C (arrows)]. Also coexpression of fraDgs and
tralr did not improve transfer (Fig. 8B). These data imply
that another factor important to both pOX38 transfer and
protein translocation is limiting when excess Tral or TS is
present. The limitation is apparently plasmid specific.
Taken together, the data indicate that substrate discrimi-
nation observed for F-like plasmids is due to the T4CP
and an additional component of the T4SS.

Plasmid-specific accessory proteins

F-like relaxosome components TraM and TraY bind effec-
tively only to their cognate oriT (Klimke etal., 1998;
Fekete and Frost, 2000; Zechner et al., 2000). Specificity
on the DNA binding level presumably tags the correct
plasmid for recognition by the transfer machinery. More-
over, TraM interactions have been mapped to the
C-termini of both Tral and TraD (Sastre etal.,, 1998;
Beranek et al., 2004; Ragonese et al.,, 2007; Lu et al.,
2008). To test the prediction that TraM or TraY contributes
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A Fig. 8. Discrimination of Tral proteins
involves more factors than the T4CP alone.
traD null derivatives of R1-16 (A) and pOX38

translocation frequency (x10-3) (B) traD were complemented with the cognate
R1TraD G or heterologous traD (left). (C) Summary of
R1-16AtraD rab. Lre 0,0009 H pOX38 transfer inhibition by overexpressed

R1-16AtraD R1TraD CreTral R1 1,05 Tral and TS fusion proteins. The translocation
frequencies of the tested Tral proteins are

given as recombination events per donor

R1-16AtraD  F TraD CreTral R1 0,92

R1-16AtraD R1TraD  CreTral F 0,09 ! (right). Bars represent frequencies of
R1-16AtraD FTraD  CreTral F 0,06 H translocation with (black) or without (white)

statistical significance compared with the
R1-16AtraD  F TraD Cre 0,002 H

vector control. Conjugation frequencies are
R1-16AtraD - - 0,0006 - indicated with grey bars. Values represent the
‘ ‘ ‘ ‘ ‘ ‘ mean of at least three experiments. Standard
10-6  10-5 10-4 10-3 10-2 101 10+0 10+1 deviations are shown. Significant
enhancement of protein transfer due to
B co-overexpression of traDr and tralr is shown
(**P < 0.01). No enhancement is seen when
traDr and tralg, are overexpressed (arrows).

translocation frequency (x10-3)

pOXtraD411 R1TraD Cre 0,002 = H
pOXtraD411 R1TraD CreTral R1 0,007 = H
pOXtraD411 F TraD CreTral R1 0,02 i H
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pOX38 - CreTral(1255-1564) 0,0001 | H
pOX38 - CreTral(530-816) 0,001 = H
pOX38 - CreTral R1 0,004 — H -«
poOX38 - CreTral F (1255-1564) 0,61 oo —
pOX38 - CreTral F (530-816) 3,25 p ; H
pOX38 - CreTral F 5,82 1 —
pOX38 F TraD CreTral F 85,1 b g
pOX38 FTraD CreTral R1 0,002 — -
pOX38 FTraD - 0,0001
pOX38 - - 0,0001 | —

106 10-5 104 10-3 10-2 10-1 10+0 10+1

to the fidelity of Tral protein recognition these F alleles positions of TS in Tral are consistent with biochemical
were overexpressed together with the Cre—Tral fusions evidence that the T4CP stimulates both Tralg; relaxase
(Fig. 9). No change in phenotype was observed with traMr and DNA helicase activities via interactions independent
(Fig. 9A) or traYr (Fig. 9B) expressed in trans. Therefore, of the N-terminal 309 residues (Mihajlovic et al., 2009; Sut
TraM and TraY proteins do not appear to be involved in et al., 2009). In light of current models these positions are
competitive binding with Tral under these conditions. unorthodox in that they are neither located within the

N-terminal relaxase domain nor at the protein C-terminus
[(Alvarez-Martinez and Christie, 2009); Fig. 10]. They are

Discussion also comparatively long. Substrates of the A. tumefaciens
In this work we mapped two TS regions of F-like Tral VirB T4SS are all marked for secretion by signals not
proteins that are individually sufficient for transfer. The longer than 50 amino acids, including relaxase
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A Fig. 9. Dominant negative effect of Tral F is
not supressed by co-overexpression of TraM
or TraY. Conjugative transfer of pOX38 (grey)

translocation frequency (x10-3) and translocation frequencies of the indicated
Tral fusion proteins were compared from
donor cells overexpressing additionally (A)
pOX38 FTraM - 0,0001 W i TraM or (B) TraY. Only black bars represent
pOX38 F TraM CreTral R1 0,003 frequencies of translocation with statistical
]:H significance compared with the vector control.
pOX38 FTraM  CreTral F 433 a Values represent the mean of at least three
pOX38 - - 0,0001 W - experiments. Standard deviations are shown.
106 10-5 10-4 10-3 10-2 10-1 10+0 10+1
B
translocation frequency (x10-3)
pOX38 F Tra¥ - 0,0001 | —
pOX38 F TraY CreTral R1 0,0001 | —
pOX38 F TraY CreTral F 4,29 i i
pOX38 - - 0,0001 | =
106 10-5 10-4 10-3 10-2 10-1 10+0 10+1
MobAgsrio10. The Dot/Ilcm system of L. pneumophila trans- moreover, the presence of one wild-type copy in the full-
ports numerous substrates via C-terminal tails = 115 length protein was observed to complement the translo-
amino acids. In the Vir system of Bartonella henselae, cation defects of insertion mutations in the second TS.
recognition of basic C-termini is enhanced by required The Tral TS do share features with the sig1 and sig2 TS
internal signals within the BID of the Bep substrates defined for MobA relaxase (Parker and Meyer, 2007). The
(Schulein et al.,, 2005). The C-terminal signal of CagA IncQ plasmids R1162 and the nearly identical RSF1010
protein is necessary but also insufficient without the addi- can be translocated by a number of different conjugative
tional activity of a larger N-terminal domain (Hohlfeld and effector T4SS. A MobA TS recognized by the A.
et al., 2006). The ancestral helicase module in Tral that tumefaciens VirB system was first defined as a cluster of
carries the TS underwent duplication but the pair of positive charge at the C-terminus (Vergunst et al., 2005).
signals clearly did not acquire a bipartite dependence. Not By contrast, the P-like transfer system specified by plasmid
only is each signal individually sufficient for transfer but R751 required much larger MobA peptide fragments exhib-
LB vwiF
[ B vire2
A. tumefaciens [ B viEs
| H MobAgsr1010
H. pylori | E==H caga
5 henselae { [ [T H Bepac
‘ (I (LT [T H BepD-G
R —
neum a
prement B aw
E. coli [R751] ([l | [ T MobAgye,
E. coli [R1-16]/
E. g;: Epoxgg] | | - | | - | | Tralrir

H  rposttively charged secretion motif, [RXRXRXRXX())

[T sep intraceiiuiar delivery domain (BID)
Bl consensus (GEDRLMRNVAT]

Fig. 10. Experimentally determined recognition domains for T4SS substrates. Proteins examined for recognition and translocation features
are illustrated. The test T4SS for effective translocation is identified on the left. Where investigated, peptide fragments assigned an
independent TS (grey) or bipartite TS function are shown (stripes, BID). Conserved signals are described (below) including the signature motif
of the F-like Tral proteins. This consensus is present in both mapped TS of MobAgi1ez.
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iting comparably more secondary structure for effective
recruitment and translocation (Parker and Meyer, 2007).
The two signals, sig1 and sig2, mapped by these authors
were also dependent on the accessory factor MobB.

Fold recognition using GenTHREADER (Jones, 1999;
McGuffin and Jones, 2003) predicted that the F-like TS
share structural properties most closely resembling a
portion of the three dimensional structure of helicase
RecD2 of D. radiodurans. Bioinformatic analyses of the
evolution of the TS of Tral and other relaxases reveal that
an ancient fusion of RecD2 to the 3" end of a progenitor
gene took place. Accordingly, conservation of a
helicase/TS module was detected in different families of
relaxases defined previously (Garcillan-Barcia et al.,
2009). The current data indicate also that this early fusion
was followed in the MOBE1, group by a later internal dupli-
cation event linking a tandem copy of the TS/helicase
module downstream. Based on what we know for MOBE»
Tral proteins of F and R1 (Dostal and Schildbach, 2010),
one of the modules (TSB) has retained helicase activity
whereas the other (TSA) has retained just ssDNA binding
activity associated with DNA unwinding. Usually, a func-
tional loss reduces the constraint for conservation, result-
ing in a much faster diversification (Birschmann et al.,
2005). Given that diversification of domain TSA remained
modest, the additional task of mediating recognition inter-
actions with the T4CP and/or other T4 components is
apparently demanding. That conclusion is supported by
the demonstration that separate fragments of Tral each
carrying just one catalytic domain necessary for conjuga-
tive DNA processing need not be physically linked as long
as each carries additionally at least one TS region. By
contrast, the TrwC relaxase-helicase of R388 belongs to
MOBE+1 and contains a single conserved TS module. We
predict that physical separation of the helicase and relax-
ase activities is not tolerated in that system due to the lack
of a second TS.

Plasmid R1 is similar enough to F that both the het-
erologous T4CP and the full-length Tral proteins support
efficient conjugative transfer of the cognate relaxosome.
Although the DNA sequences at and around nic that are
required for relaxase recognition are identical in F and
R1, the remaining oriT sequences diverge such that pro-
ductive interactions of auxiliary relaxosome factors TraM
and TraY are plasmid specific (Everett and Willetts,
1980; Willetts and Maule, 1986; Fekete and Frost,
2000). Natural variation in the primary sequences of the
full-length Tral of F and R1 revealed a stringent plasmid
specificity for protein translocation. We exploited the
plasmid-specific aspects of the related systems to follow
two important lines of investigation. Extrapolation of the
structural data for RecD2 to the F-like TS followed by
single residue exchange mutations revealed that posi-
tion 626 fills a particularly key function in the fidelity of

substrate selection. The L626H exchange for this
molecular determinate resulted in a fidelity switch and
gain of function for the heterologous R1 system. Other
positions of natural heterogeneity were tolerated by both
systems.

The hypersensitive plasmid-specific responses to
amino acid variation in TS appear to be related to the
relaxosome. A single mutation that lowers the affinity of
Tral TS and an interaction partner may still be compatible
with function if Tral is integrated in the relaxosome. In that
case many additional protein—protein and protein-DNA
interactions would contribute to stable and productive
contacts with the T4CP. In the CRAfT assay wild-type Tral
protein encoded by the conjugative plasmid is always
present to support normal conjugative DNA processing.
This is necessary since the majority of Tral truncations
should disrupt their activity as enzymes. We observed
generally lower protein translocation efficiencies as the
fusion proteins were shortened. It is reasonable to
propose that as the length of Tral is decreased, it will be
less likely to be able to support a normal range of protein
and DNA interactions. Creating hybrid TS ggrs in the
minimum length fragment thus resulted in a hypersensi-
tive response and a comparably clear view of structure
and function within that determinant.

In support of this explanation the data also indicate that
other factors in addition to substrate receptor TraD are
involved in substrate recognition. This possibility has been
suggested before (Beranek et al., 2004; Lu et al., 2008).
Raising the concentration of predicted interaction partners
TraM and TraY had no effect in our experiments. At
present this aspect of the recognition and recruitment
pathway remains unclear. Accessory factors with various
secretion chaperone-like mechanisms of action are
known for T3 and T4SS. These act via direct interactions
to stabilize the substrates, prevent aggregation, induce
productive docking conformations in the substrate pro-
teins and/or help traffic the substrates to the secretion
apparatus assembly sites (Parsot et al., 2003; Ghosh,
2004; Alvarez-Martinez and Christie, 2009).

In current models interactions between relaxosome and
T4CP are also expected to control conjugative DNA pro-
cessing (as reviewed in detail; de la Cruz et al., 2010).
Importantly, knowledge of the locations of the Tral TS
provides new options to investigate that regulation. We
reconstituted effective DNA transfer for the first time with
separate Tral catalytic domains by extending the
relaxase-containing fragment to include TSA. In these
complementation experiments TSA and TSB are both
present on the helicase fragment of Tral (residues 309—
1756). The relaxase domain alone (residues 1-309), or
the domain with TSA, bind to DNA at nic. Therefore, we
expect that both the catalytic domains should be present
at the relaxosome /T4CP interface whether or not the
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recircularization

X A

Fig. 11. Reconstitution of conjugative DNA processing requires a covalently linked relaxase-TSA. Wild-type Tral (la) and the combination of
helicase domain plus a relaxase-TSA fragment (Ib) may support essential stages of DNA processing reactions in the donor (I1). In that case,
TSA mediated control of relaxase domain is necessary for progression. Transmission of these regulatory cues does not occur if relaxase is
severed from TSA (Ic). In a second possibility, productive DNA processing may be terminated in recipient cells (Ill) only when relaxase is
present there. In that case, transfer of the truncated relaxase domain in reconstitution Ic is apparently insufficient for recircularization and
stabilization of the plasmid DNA. Protein components are illustrated as follows: the bifunctional Tral relaxase (blue) with active site tyrosine
(Tyr) and Tral helicase domain (light blue), IHF (orange), TraY (purple), TraM (green) and the T4CP TraD (yellow).

relaxase fragment is also linked to a TS. Productive con-
jugative DNA processing occurred only in the latter case.
This finding suggests two possible explanations that are
not necessarily exclusive (Fig. 11). In the first scenario,
the reaction cascade controlling T-strand production and
delivery to the T4CP requires TS-mediated docking con-
tacts with recognition factors at the conjugative pore
(Fig. 11, la, Ib and Ic). The key link in effective reconsti-
tution physically joins Tral relaxase activity and TSA
(Fig. 11, la and Ib). Regulatory signals may be conveyed
over TSA to the relaxase domain to trigger a key step, e.g.
to permit productive loading of the DNA helicase at nic. In
this model a truncated relaxase domain that is discon-
nected from a TS module (Fig. 11, Ic) cannot be activated
to produce the necessary ssDNA loading platform or to
permit access to that ssDNA as required for Tral helicase
activation. Conjugative DNA processing is blocked in the
donor cells in that case (Fig. 11, II). In the second possi-
bility, recircularization of the transferred T-strand is cataly-
sed by the relaxase domain of Tral in recipient cells
(Fig. 11, Ill). The link of TSA and relaxase performs the
simple task of ensuring that sufficient protein reaches the
recipient to perform efficiently. Both explanations may
apply. Importantly, advances in the functional map of Tral
and insights to the structure of a T4 secretion signal
provide new tools to investigate both conjugative DNA
processing and selective uptake by the secretion channel.

Experimental procedures
Strains and plasmids

All E. coli K-12 strains used in this study are described in
Table 2. Plasmids are described in Table S2.

DNA preparation and PCR amplification

Plasmid DNA was purified from E. coli cells with the QlAprep
Spin Miniprep Kit (Qiagen, Hilden, Germany). Restriction
endonucleases and DNA modifying enzymes were obtained
from Fermentas GmbH (St. Leon-Rot, Germany). DNA frag-
ments for cloning were amplified using Phusion High-Fidelity
DNA Polymerase (Finnzymes Oy, Espoo, Finland) or the
Tag-Polymerase (New England Biolabs, Beverly, MA, USA).
The correct DNA sequence of all amplified fragments used in
cloning was verified. Enzymes were used according to manu-
facturers’ recommendations.

Construction of tral and traD null derivatives

Primer sequences are shown in Table S2. To generate
pOX38Atral, R1-16Atral and R1-16AtraD, the primer pairs
ar042 and DtralDcas, UtralUcas and DtralDcas, or TraDU-
cas_fw and TraDDcas_rev were used to amplify a TetRA-
resistance cassette from pAR183 (Reisner et al., 2006). The
amplified fragments were introduced into E. coli DY330
[pOX38] or E. coliDY330 [R1-16] and integrated via homolo-
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gous recombination as previously described (Reisner et al.,
2002).

Construction of expression plasmids

Cre fusion plasmids were constructed by inserting PCR-
amplified DNA between the Kpnl or Kpnl/Sall sites of the CFP
B plasmid (Parker and Meyer, 2007). The R1 tral inserts were
PCR amplified from R1-16, pHP2, p99l+ or p99tral derivates.
CreTral F derivatives were constructed by ligating the Kpnl/
Sall fragment from p99l+ or a p99tral derivative with CFP B.
To generate streptomycin (Sm) resistant derivatives CFP B
Sm, CreTral(3-1756) Sm and CreTral F Sm the aadA gene
from pAH144 (Haldimann and Wanner, 2001) was amplified
with primers FW_CFPSm and Rev_CFPSm. This fragment
was introduced into E. coli DY330 harbouring CFP B,
CreTral(3-1756) or CreTral F to replace the bla gene via
homologous recombination as previously described (Reisner
et al., 2002). Two-step PCR was used to generate all R1/F
hybrid TS plasmids. In the first step primer sets 1 and 2
(Table S2) were used to amplify two fragments, which both
carried the desired point mutation. In the second step these
two fragments were annealed and amplified with primer set 3.
The inserts for pMSTraD_wt, pMSTraMF, pMSTraY, pTralrel
and pCGO02 were amplified with the indicated primers
(Table S2) from R1-16 or pOX38 and ligated with pMS119EH
or pGZ119EH.

Construction of recipient strains

The indicator E. coli strains CSH26Cm:LKL and
CSH26Cm::LTL, used in the CRAfT experiments, were
created in sequential steps. To generate E. coli CSH26c¢rt, the
cat::resC-tet-resC cassette of E. coli K10636 was inserted
into galK of CSH26 via P1 phage transduction. Primers
(Table 2) Fw_loxPCm and Rev_loxPCm were used to amplify
the loxP-Km-loxP cassette from E. coli TOP10::LKL. The
5’-overlapping termini of this primer pair contain sequence
homologous to the cat gene of E. coli CSH26crt. The
temperature-sensitive pKD46 was introduced into CSH26c¢rt
and the resC-tet-resC cassette was replaced with the loxP-
Km-/oxP cassette via homologous recombination as
described (Datsenko and Wanner, 2000). The same strategy
was used to create CSH26Cm:LTL using targeting DNA
made with primers Fw_loxPTc and Rev_loxPTc and template
pAR183.

MS614Cm is a chloramphenicol-resistant derivative of
MG1655Str (Miranda et al., 2004) that was created by bac-
teriophage A integrase-mediated insertion of pAR185 in attB;
using the CRIM helper plasmid pint-ts as described previ-
ously (Haldimann and Wanner, 2001). pAR185 carries a func-
tional cat gene and is a derivative of pPCAH63 (Haldimann and
Wanner, 2001) lacking the Pstl fragment encoding the 3" end
of the uidAF gene.

Triparental mating assay

An overnight culture of donor E. coli MS411 carrying a con-
jugative plasmid and tral expression vector (Table 1, strain 1)
was subcultured in drug-free LB for 1 h at 37°C to an Asoo

0.02. A 10-fold excess of both recipient strains E. coli MS411
carrying mobilizable plasmid pMM-MO (strain 2) and E. coli
MS614 (strain 3) was added and the mixture incubated for
2.5 h at 37°C without shaking. DNA transfer was stopped by
vortexing for 1 min and rapid cooling on ice. Transconjugants
were selected by plating serial dilutions on LB agar plates
with ampicillin (100 ug ml-") and streptomycin (25 ug ml") or
kanamycin (40 ug ml™") and streptomycin (25 pug mi~'). Donor
cell counts were determined with kanamycin (40 ug ml~') and
chloramphenicol (10 ug ml™') selection.

CRAT(ST (Cre recombinase assay for translocation)

The Cre fusion reporter assay (Vergunst et al, 2000) was
applied with E. coli MS614 harbouring pOX38 or R1-16 to
provide the respective T4SS. T4-mediated plasmid transfer
and secretion of the fusion protein occurred under the condi-
tions described for mating above, except that a single recipi-
ent, CSH26Cm::LTL, was present. Transconjugants were
identified by plating serial dilutions on LB agar with kanamycin
(40 ug mi~') and X-Gal (50 ug mi-'). Recombinants created by
uptake of the Cre-protein fusion were selected on plates
containing chloramphenicol (10 ug ml™'). Donors were
selected on kanamycin (40 ug ml™') or kanamycin (40 pg ml™)
and ampicillin (100 ug mI"). The conjugation and protein
translocation frequencies are calculated as transconjugants or
recombinants per donor respectively. Prior to mating experi-
ments, a functional test for Cre recombinase and indirectly, the
stability of each fusion protein was performed by transforming
the recipient strain with plasmid DNA and selecting for
chloramphenicol resistant recombinants.

The complementation assays for the tral and traD null
mutants were performed similarly, except that E. coli MS411
carrying the plasmids of interest was used as donor. Conju-
gative transfer in this case was measured in a parallel experi-
ment using MS614Cm as recipient and selection of
transconjugants on chloramphenicol (10 ug ml~') and kana-
mycin (40 ug mi™'). The presence of all plasmids in the donor
was confirmed by PCR before and after the CRAfT was
performed.

Computational annotation of TS domains and
phylogenetic reconstruction

Putative occurrences of helicase/TS domains were deter-
mined by PSI-BLAST (Altschul etal, 1997). The TSA and
TSB amino acid subsequences of Tral were searched in the
NCBI non-redundant database (Sayers et al., 2009) using
five iterations and an e-value threshold of 1e-04. From the
resulting hits, a position specific scoring matrix was built.
This matrix has been used to screen a data set of conju-
gative relaxases compiled from the review of Garcillan-
Barcia et al. (2009) with one iteration of PSI-BLAST using the
same e-Value cut-off. For all resulting local alignments, the
subsequences corresponding to the aligned regions of the
database proteins were retrieved from the database. A mul-
tiple alignment of these sequences was calculated using
MUSCLE (Edgar, 2004). A phylogenetic tree was recon-
structed by RAXML (Stamatakis, 2006) using the PROTGAM-
MAJT model and the fast bootstrap algorithm. For estimating
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the statistical support of branches, 1000 bootstrap repli-
cates were calculated. The most likely tree and the boot-
strap values were visualized using the iTOL server (Letunic
and Bork, 2007).
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