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Conjugative relaxases are the proteins that initiate bacterial con-
jugation by a site-specific cleavage of the transferred DNA strand.
In vitro, they show strand-transferase activity on single-stranded
DNA, which suggests they may also be responsible for recircular-
ization of the transferred DNA. In this work, we show that TrwC,
the relaxase of plasmid R388, is fully functional in the recipient cell,
as shown by complementation of an R388 trwC mutant in the
recipient. TrwC transport to the recipient is also observed in the
absence of DNA transfer, although it still requires the conjugative
coupling protein. In addition to its role in conjugation, TrwCis able
to catalyze site-specific recombination between two origin of
transfer (oriT) copies. Mutations that abolish TrwC DNA strand-
transferase activity also abolish oriT-specific recombination. A
plasmid containing two oriT copies resident in the recipient cell
undergoes recombination when a TrwC-piloted DNA is conjuga-
tively transferred into it. Finally, we show TrwC-dependent inte-
gration of the transferred DNA into a resident oriT copy in the
recipient cell. Our results indicate that a conjugative relaxase is
active once in the recipient cell, where it performs the nicking and
strand-transfer reactions that would be required to recircularize
the transferred DNA. This TrwC site-specific integration activity in
recipient cells may lead to future biotechnological applications.

bacterial conjugation | plasmid R388 | site-specific integration | strand
transferase | TrwC

B acterial conjugation is a widespread mechanism for hori-
zontal DNA transfer among prokaryotes. Under labora-
tory conditions, conjugation has also been reported between
bacteria and eukaryotic cells (1-3). Any DNA molecule con-
taining a short segment called the origin of transfer (oriT) can
be conjugatively transferred to a recipient cell if the rest of the
conjugation machinery is provided, either in cis or in trans.
The transfer apparatus can be divided into three functional
modules (4-6). (i) A nucleoprotein complex known as relaxo-
some consists of oriT-binding proteins and their cognate DNA.
These proteins include one relaxase plus one or more acces-
sory nicking proteins; the relaxase introduces a site-specific
nick at the oriT and remains covalently bound to the 5’ end of
the strand that is to be transferred. (if) A type IV secretion
system (T4SS) is a multiprotein complex spanning the inner
and outer membranes through which the substrate is secreted.
(iti) The conjugative coupling protein (T4CP) is responsible
for connecting the two other functional modules. Current
models for DNA transfer through T4SS, in both conjugation
and the Agrobacterium tumefaciens T-DNA transfer system (7,
8), postulate that a T4CP recruits the relaxosome to the T4SS
via protein—protein interactions.

For >20 years, models for conjugative DNA transport have
postulated that the relaxase catalyzes the final recircularization step
of the transferred DNA because of its strand-transfer activity (8, 9).
Nevertheless, it was not until recently that experimental data
demonstrated that relaxases are substrates of their cognate T4SS
and consequently enter the recipient cell. Transfer of the RSF1010
relaxase MobA through the Legionella Dot/Icm and plasmid RP4
T4SSs was inferred by fusing it to Cre and detecting Cre activity in
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the recipient, in the absence of DNA transfer (10). Also, the
C-terminal domain of a conjugative relaxase (protein TraA of 4.
tumefaciens plasmid pATC58) mediated protein transfer to eukary-
otic cells through the T4SS of Bartonella henselae (11). In the related
A. tumefaciens T-DNA transfer system, the role of the relaxase
homologue VirD2 as a DNA pilot protein in the plant cell is well
established (12, 13); however, its role in integration of the T-DNA
into the plant genome remains controversial (14).

TrwC, the relaxase of plasmid R388, is a bifunctional protein with
an N-terminal relaxase domain and a C-terminal DNA helicase
domain (15). The atomic structures of the relaxase domains of
TrwC and Tral of plasmid F have been solved (16, 17). They share
a common fold with replication initiation proteins of parvoviruses,
such as tomato yellow leaf curl virus (18) and adeno-associated
virus (19). Besides initiating replication, the adeno-associated virus
Rep protein catalyzes integration of the viral genome into a unique
site in the human genome (20). In addition to the site-specific
nicking and strand-transfer activities that these proteins share,
TrwC has the ability to catalyze an oriT-specific recombination
reaction in the absence of conjugation (21).

In this work, we show that a conjugative relaxase is active once
in the recipient cell. We detected TrwC transport in vivo by
measuring its ability to complement a rwC mutation and to catalyze
an oriT-specific recombination in the recipient. In addition, we
show that the incoming TrwC protein can catalyze site-specific
integration of the transferred DNA.

Methods

Plasmids. Plasmids used are listed in Table 1. For a detailed
description, see Plasmid Construction, which is published as sup-
porting information on the PNAS web site.

Matings. Bacterial conjugations were performed as described (27).
Donor and recipient strains were D1210 (28) and DH5«a (29),
respectively. For integration experiments, strains CC118 Apir and
S17-1 Apir (30) were used as donors in matings with strains UB1637
(31) or DH5q, respectively. These matings were carried out at 30°C
to minimize prophage induction (30). Each Apir strain was also
mated with DHS« Apir as a conjugation control. Triparental
matings were performed by mixing derivatives of DH5« strain
carrying the test plasmids (strain 1), UB1637 strain carrying the
R388 mutant (strain 2), and HMS174 (32) as the recipient (strain
3). Transfer frequencies are expressed as number of transconju-
gants per donor cell. In triparental matings, frequencies represent
number of HMS174 transconjugants per strain 2 cell. Frequencies
calculated as transconjugants per strain 1 cell were very similar
(data not shown).
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Table 1. Plasmids used in this work

Plasmid Description Phenotype* Source
pBBR::oriT R388 oriT in pBBR6 Gm This work
pClomob::oriT pSU4814::R388 oriT Cm This work
PET29c¢ Expression vector Km Novagen
PET29::trwABC Pagc-trwABC! in pET29c Km This work
PET29::trwAC Papc-trwA-trwC' in pET29c Km This work
pET3a Expression vector Ap Novagen
PET3::trwAC Pagc-trwA-trwCt in pET3a Ap This work
pPET3:trwACmut As pET3::trwAC, TrwC Y18FY26F Ap This work
pKK223-3 Expression vector Ap Pharmacia
pKK::oriT pKK223-3:R388 oriT Ap This work
pKK::oriT-Km pKK::oriT plus npt/l gene Ap Km This work
pKM101Amob pKM101 Smal deletion derivative* Ap This work
pR6K::0riTw oriV(R6K)::R388 oriT + nptll gene Cm This work
PR6K::0riTw oriTp pPR6K::0riTw plus RP4 oriT Cm This work
pRec2oriT-Ap oriT recombination substrate Ap Km This work
pRec2oriT-Cm oriT recombination substrate CmKm This work
pSU711AoriT::aac3 R388 derivative without oriT GmKm 22
pSU1371 R388 oriT in pSU19 Cm 23
pSU1443 R388 trwB Tp Km 21
pSU1445 R388 trwC Tp Km 21
pSU1458 R388 trwC Tp 21
pSU1547 pET22::trwA Ap 24
pSU4028 R388 trwA Cm 25
pSU4058 R388 T4SS in vector pHG329 Ap 25
pSu4814 pSU19::CloDF13mob Cm 26

*Antibiotic resistance: Ap, ampicillin; Cm, chloramphenicol; Gm, gentamicin; Km, kanamycin; Tp, trimethoprim.

TPagc, R388 promoter for the trwA-trwB-trwC operon.

*This plasmid retains only the T4SS component of its transfer system.

Recombination Assays. TrwC-mediated recombination in donor
cells was assayed by the loss of a DNA segment between two oriT
copies, as described (21), but instead of checking for loss of
kanamycin (Km) resistance, recombinants were detected by count-
ing blue colonies after growing cells for 40 generations and plating
on selective media containing 60 pg/ml X-Gal. The lacZAMI15
strain DHS5« was used as the host for B-galactosidase complemen-
tation. Any colony showing at least one blue sector was considered
a recombinant. Recombination in recipient cells after conjugation
was measured directly by the ratio of blue transconjugants.

Integration Assays. Matings were carried out by using a Apir strain
as donor and a recipient strain harboring a plasmid with or
without R388 oriT. pR6K::0riTw, containing R388 oriT and an
R6K replicon, was mobilized from Escherichia coli CC118 Apir
containing helper plasmids for conjugative mobilization into
UB1637, where the R6K replicon is not functional;
pROK::0riTworiTp (pROK::0riTw with RP4 oriT) was mobilized
from E. coli S17-1 Apir into DHS5a. Parallel matings were
performed by using DHS5a Apir strain as a recipient to calculate
conjugation frequencies. Integration events were selected in
plates supplemented with SmApCm for pR6K::0riTw matings or
NxApCm for pR6K::oriTw oriTp matings. A total of 170 resistant
colonies were then replicated onto Km-containing plates. DNA
was extracted from 40 independent colonies for further analysis.

Results

TrwC protein Is Active After Conjugative Transport to the Recipient Cell.
Triparental matings were performed as illustrated in Fig. 1 to detect
protein transfer via conjugation. Strain 1 carried a combination of
elements of the transfer machinery. Strain 2 carried R388 transfer-
deficient (Tra) mutants. The recipient (strain 3) contained no
plasmids and was used to select for transconjugants of the R388 Tra
mutants. The defective gene in each R388 Tra mutant in strain 2
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was always present in strain 1 in a functional form on a nonmobi-
lizable plasmid. Thus, R388 Tra mutants became transfer-proficient
only if the missing protein was provided by strain 1. To avoid entry

pSU1371 CrmR
pET29::R388 trwABC
pKM101Amob

A9

(R3881rwB)

Strain 1
NxR

pSU1445
(R3881rwC)

Select Strain 3 No
transconjugants RfR transconjugants
RfRKmR RfRKmR

Fig. 1. Scheme of triparental matings. Bacteria are represented by ovals
containing the respective plasmids. Antibiotic resistance of strains and mobi-
lizable plasmids is indicated. Plasmid pSU1371, containing R388-oriT, is mo-
bilized from strain 1 by nonmobilizable helper plasmids pET29:trwABC (pro-
viding R388 trwA, trwB, and trwC genes) and pKM101Amob (providing the
T4SS). TrwC is represented by a diamond, leading or not the transferred DNA
(wavy line) into a recipient cell. TrwC in strain 2 is able or not to complement
the R388 mutants (strain 2, left and right, respectively), leading to transcon-
jugants or lack thereof in strain 3 (strain 3 left and right, respectively). Nx,
nalidixic acid; Sm, streptomycin; Rf, rifampicin.

Draper et al.



Table 2. Mating experiments to check for protein transfer into recipient cells

Transfer elements in strain 1
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R388
T4SS T4SS oriT-mob mutation Transfer
Experiment Plasmids oriT trwA  trwB  trwC R388 pKM101 CloDF13 in strain 2 frequency
1. trw(C control pKM101Amob + pET29c + trwC <1077
(pSU1445)
2. trwB control pKM101Amob + pET29c + trwB <1077
(pSU1443)
3. trwA control pKM101Amob + pET29c + trwA 8 X 1076
(pSU4028)
4. TrwC transfer pKM101Amob + pET29:trwABC + + + + trwC 8 x 1073
with DNA pSU1371 (pSU1445)
transfer
5. TrwB transfer pKM101Amob + pET29:trwABC + + + + trwB 8x 1077
with DNA pSU1371 (pSU1443)
transfer
6. TrwA transfer pKM101Amob + pET29:trwABC + + + + trwA 2 X 1076
with DNA PBBR::oriT (pSU4028)
transfer
7. TrwC transfer pKM101Amob + pET29:trwABC + + + trwC 5X 107>
w/o DNA transfer (pSU1445)
8. TrwB transfer pKM101Amob + pET29:trwABC + + + trwB 2% 1077
w/o DNA transfer (pSU1443)
9. TrwA transfer pKM101Amob + pET29:trwABC + + + trwA 5X 1076
w/o DNA transfer (pSU4028)
10. TrwC transfer pKM101Amob + pET29:trwABC + + + + trwC 5X 107>
w/CloDF DNA psSu4814 (pSU1445)
transfer
11. Negative control pKM101Amob + pET29c + pSU4814 + trwC <1077
for CloDF13 (pSU1445)
12. TrwC transfer pKM101Amob + pET29:trwAC + + trwC 2 x 1077
w/o coupling (pSU1445)
protein
13. TrwC transfer pSU711AoriT::aac3 + + + + trwC <1077
with entry (pSU1445)
exclusion
14. TrwB transfer pSU711AoriT::aac3 + + + + trwB <1077
with entry (pSU1443)
exclusion

Triparental matings were performed as explained in Methods. The first column describes the aim of each experiment. To facilitate interpretation, the elements
of the conjugative machinery present in strain 1 are indicated. Frequencies represent number of transconjugants per strain 2. Figures are the mean of two to

six experiments.

exclusion between two R388-derived transfer machineries in strains
1 and 2, the T4SS of the related IncN plasmid pKM101 was used
to mobilize R388 derivatives from strain 1. The T4SSs of R388 and
pKM101 are functionally interchangeable with ~10% efficiency
(33) but neither excludes transfer of the other.

We tested for transfer of TrwA, TrwB, and TrwC by their ability
to complement their respective mutations in strain 2. R388 frwB and
trwC are transfer-deficient mutants, whereas R388 frwA retains
weak transfer efficiency (Table 2, experiments 1-3). In the presence
of a mobilizable plasmid carrying R388 oriT in strain 1, TrwC
transport could be detected by a high conjugation frequency of the
R388 #rwC mutant plasmid (4-log increase; Table 2, experiment 4).
Because the functional #rwC gene resided on a nonmobilizable
plasmid, transconjugants can be explained only if the TrwC protein
itself was transferred from strain 1 to strain 2, where it comple-
mented the R388 srwC mutation for transfer to strain 3. Thus, TrwC
enters strain 2, where it is fully active. No increase in the number
of transconjugants was observed when R388 #rwB or trwA mutants
were used (experiments 5 and 6), suggesting that neither TrwB nor
TrwA can be transported into the recipient. The absence of
complementation in these cases also discards other possible mech-
anisms to explain complementation of the R388 #rwC mutant, such
as conduction of the #wABC-containing plasmid to strain 2 by
physical association with the mobilizable plasmid in strain 1, or
transfer of the mutant R388 from strain 2 to strain 1, where it would
be complemented.

Draper et al.

TrwC Is Transported by the R388 T4SS. We expect bona fide T4SS
substrates to be recruited for secretion by the T4CP even in the
absence of trailing DNA, as shown for other conjugative relaxases
(10, 11). With this in mind, we tested for protein transfer in the
absence of a mobilizable plasmid in strain 1. Results (Table 2,
experiments 7-9) again show an increase in transfer frequency only
for the R388 frwC mutant, indicating that TrwC was transported on
its own, in the absence of DNA transfer. Nevertheless, the observed
increase was ~2 logs, significantly lower than in the presence of
DNA transfer. To rule out the possibility that TrwC was being
transferred passively, hitchhiking on any transported DNA as
suggested for other ssDNA-binding proteins (34), the same exper-
iment was performed in the presence of a CloDF13 mobilizable
system (experiments 10 and 11). CloDF13 can use the T4SS from
different transfer systems for its mobilization, providing its own
coupling protein (26). No further increase in transfer frequency was
observed (compare experiments 7 and 10). We also confirmed that
there was no TrwC transport in the absence of a T4CP in strain 1
(i.e., no increase in the transfer frequency; compare experiments 7
and 12). This means the T4CP is required for recruitment of the
protein substrate (the relaxase), whether it is alone or covalently
linked to the DNA strand. Finally, we observed no TrwC transfer
when there was entry exclusion between strains 1 and 2 (experi-
ments 13 and 14), implying that Eex in strain 2 blocks both DNA
and protein transfer from strain 1, i.e., the TrwC export pathway is
the same as that of TrwC-DNA.

PNAS | November 8,2005 | vol.102 | no.45 | 16387
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Fig. 2.  Assays for TrwC-mediated oriT-specific recombination. (a) Structure
of the recombination cassette and the resulting product after recombination
between the two oriT copies (black circles). Arrows point in the direction of
transcription. Plac, lactose promoter. npt /I, neomycin phosphotransferase
gene conferring Kmresistance. (b) DH5« (pRec2oriT-Cm) colonies transformed
with pET3::trwAC and plated on CmAp X-Gal plates. Each blue sector origi-
nated from a single recombination event. (c) Assay for TrwC transfer into
recipient cells carrying the recombination cassette. Helper nonmobilizable
plasmids in the donor are indicated in brackets. Relaxases are shown as
diamonds leading the DNA (wavy line) into recipient cells.

TrwC Catalyzes a Site-Specific Recombination Reaction Both in Donor
and in Recipient Cells. TrwC catalyzes a site-specific recombination
reaction between two directly repeated oriT copies in the absence
of conjugation. This reaction was shown to depend on the presence
of a functional TrwC (21). To analyze this reaction in more detail,
an improved substrate plasmid was created that contained two
R388 oriT copies separated by an antibiotic resistance marker and
a lactose repressor gene lacl? (Fig. 2a). Upon recombination and
subsequent loss of the intervening DNA, the lactose promoter
comes into close proximity with the lacZa gene. Thus, in the
appropriate genetic background and in an X-Gal-containing me-
dium, recombination can be monitored by the appearance of blue
bacterial colonies, simplifying the screening procedure. Fig. 2b
shows a sample of the type of colonies observed when recombina-
tion is taking place, with characteristic blue sectors originating from
each recombination event. Table 3 shows the recombination fre-
quencies obtained: after 40 generations of growth, 100% of the
colonies containing the substrate plasmid and TrwC were blue,
whereas the background recombination level without TrwC was
<1%. The recombination reaction likely reflects the strand-
transferase activity of TrwC. A double mutant in the pair of
active-site tyrosines (Y18F+Y26F) was shown to be completely
transfer-deficient in vivo as well as strand-transfer-deficient in vitro
(27). This mutant was also deficient in catalyzing site-specific

16388 | www.pnas.org/cgi/doi/10.1073/pnas.0506081102

Table 3. oriT-specific recombination catalyzed by TrwC

TrwC Percent
Goal of experiment Helper plasmid protein blue
TrwC-mediated pPET3:trwAC Wild-type 100.0
recombination
Strand-transfer mutant pET3:trwACmut Y18FY26F 0.7
Negative control pSU1547 None 0.7

Transformation of helper plasmid into DH5a (pRec2oriT-Cm). Blue colonies
screened after 40 generations of growth. Data are the mean of three inde-
pendent assays.

recombination (Table 3), confirming that nicking and strand-
transfer reactions are necessary for recombination to take place.
To determine whether TrwC is able to catalyze this recombina-
tion upon entering the recipient cell, matings were performed with
recipient cells harboring the substrate plasmid (Fig. 2c¢). The
plasmid mobilized from the donor cell did not carry a functional
trwC gene, so only the TrwC protein, with or without the transferred
DNA, was transported into the recipient cell. Results are shown in
Table 4. A significant percentage of transconjugants (10%) con-
tained the recombined substrate when TrwC was encoded in the
donor cell, confirming that the protein can catalyze recombination
in the recipient cell. As a negative control, a CloDF13 derivative
carrying R388 oriT was mobilized by MobC to the same recipient
cell in the absence of TrwC. This experiment was designed to rule
out the possibility that recombinants may arise in the recipient by
a TrwC-independent recombination process, such as recombina-
tion induced by the stress caused by the incoming single-stranded
DNA. The recombination level in this case was 100 times lower
(0.1%). A similar recombination frequency was obtained by direct
transformation of the substrate plasmid into a DH5« derivative
containing plasmid pSU1458 (R388 #rwC; data not shown).

Site-Specific Integration in the Recipient. The oriT-specific recom-
bination reaction catalyzed by TrwC was shown to occur intermo-
lecularly (21). This prompted us to look for TrwC-mediated inte-
gration of transferred DNA into an oriT-containing plasmid
resident in the recipient cell. Matings were carried out by using as
donor a Apir strain carrying pR6K::oriTw (a plasmid with the R6K
origin of replication and R388 oriT) and two helper plasmids for
conjugative mobilization: one encoding TrwABC of R388
(PET29::wABC) and the other providing the pKM101 T4SS
(pPKM101Amob). The recipient strain, which does not allow repli-
cation of the incoming R6K-derived plasmid, harbored a plasmid
with or without the R388 oriT. In addition, pR6K::0riTy carried a
silent npt IT gene downstream of its oriT; the expression of this gene
should be activated after integration into the recipient plasmid,
which carries a strong promoter upstream of its oriT.

Integration events were selected for by resistance due to the
mobilizable plasmid. Because this plasmid cannot replicate in the
recipient strain, resistant colonies represent integration events.
Table 5 shows the results obtained in this case. A significant number
of colonies were obtained only when pR6K::0riTw was mobilized
into a recipient cell carrying an oriT-containing plasmid
(pKK::0riT) (Table 5, compare lines 1 and 2). When these colonies
were replicated onto kanamycin-containing plates, 100% were
Km-resistant. However, when integration events were selected by
plating cells after mating directly onto kanamycin-selective me-
dium, no colonies grew; this observation is addressed within the
Discussion. DNA from Km-resistant colonies was extracted and
subjected to PCR and restriction analysis as shown in Fig. 3. Results
confirm that they represent integration events of the incoming
DNA into the oriT copy present in the recipient. Restriction
analyses show that cointegrates coexist with the unaltered target
plasmid in the recipient cell. Parallel matings into a Apir strain
served to estimate pR6K::oriTw transfer frequency in this system.

Draper et al.
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Table 4. oriT-specific recombination in recipient cells

Percent
Goal of experiment Plasmids in donor Plasmid features blue
Recombination in recipient pSU711AoriT + pSU1371 R388 w/o oriT + vector::oriT 10.0
(TrwC-DNA transfer)
Negative control pClomob::oriT + pSU4058 CloDF13 w/R388 oriT + vector::T4SS (R388) 0.1

(MobC-DNA transfer)

Conjugation from D1210 into DH5« (pRec2oriT-Ap). Direct count of blue/white transconjugants. Data are the

mean of three independent assays.

The frequency of integration is ~1 in 200 transconjugants (compare
lines 1 and 3 in Table 5).

To confirm that integration depended on TrwC, plasmid
pROK::0riTw oriTp, containing both the RP4 and R388 oriTs, was
assayed for mobilization by the RP4 transfer system in the absence
of R388 TrwC. Thus, pR6K::0riTw oriTp entered the recipient cell
as a single strand guided by the RP4 relaxase protein and carrying
an R388 oriT in its sequence. The results (Table 5, line 4) show that
no resistant colonies were obtained, confirming the dependence of
integration on the presence of TrwC.

Discussion

We show here that a conjugative relaxase is functional after
conjugative transport into the recipient cell. Our results support the
long-held assumption that termination of conjugation is accom-
plished by relaxase-mediated recircularization of the transferred
DNA in the recipient cell. This is an important step forward in
deciphering the molecular mechanism of conjugation in the recip-
ient, about which there is little information.

Evidence for TrwC transfer and function in the recipient is
provided by a range of genetic experiments. First, donors expressing
TrwC from a nonmobilizable plasmid transport TrwC protein into
a strain containing a #rwC-deficient R388, rendering it transfer-
proficient by the incoming protein. Second, a plasmid with two oriT’
copies resident in the recipient strain undergoes TrwC-dependent
oriT-oriT recombination when TrwC protein is transferred from a
donor carrying a nonmobilizable #rwC gene. Finally, we demon-
strate TrwC-dependent integration of the transferred DNA into a
recipient-based oriT. Exhaustive negative controls in all cases
ensure that these results can be explained only by T4SS-dependent
transfer of the TrwC protein.

Triparental matings as diagrammed in Fig. 1 were performed to
detect conjugative protein transfer. Results shown in Table 2 make
evident that a #rwC mutation in strain 2 can be complemented,
whereas neither #rwA nor #wB mutations can be complemented.
Thus, TrwC protein is transferred into strain 2, where it comple-

Table 5. TrwC-mediated site-specific integration in recipient cells

Frequency/
Donor strain (plasmids) Recipient strain donor*
CC118 Apir (pR6K::0ri Ty + UB1637 (pKK::oriT) 5.4 X 10°¢
pKM101Amob + pET29::trwABC)
CC118 Apir (pR6K::0ri Ty + UB1637 (pKK223-3) <1.5x10°8
pKM101Amob + pET29::trwABC)
CC118 Apir (pR6K::0riTy + DH5a Apir 1.0 X 1073
pKM101Amob + pET29::trwABC)
S17-1 Apir (pR6K::0ri T, 0OriTp) DH5a (pKK::oriT) <1.2x 1077
S17-1 Apir (pR6K::0ri T, oOriTp) DH5« (pKK223-3) <1.4 x 1077
S17-1 Apir (pR6K::0riTy 0riTp) DH5a Apir 3.0 X 1072

*Matings between donor and recipient strains were performed as explained
in Methods. Selective plating was done on plates containing chloramphen-
icol plus ampicillin plus the antibiotic to select for the recipient strain.
Frequencies are shown as number of resistant colonies per donor and are the
average of three independent assays. The numbers represent integration
frequencies or transfer frequencies when DH5a Apir was used as recipient.
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ments the #7wC mutant pSU1445. Although the results support our
contention that TrwA and TrwB are not transported during con-
jugation, we cannot rule out the possibility that these proteins are
transferred but are not functional in the recipient.

TrwC is a DNA-binding protein, so the observed protein trans-
port could be the consequence of DNA transfer. Passive protein
transport concomitant with DNA transfer was previously suggested
for RecA transport during conjugation (34). In contrast, comple-
mentation of the #rwC-deficient plasmid in strain 2 was observed in
the presence and absence of DNA transfer from strain 1 (Table 2).
Hence, TrwC protein can be transferred during conjugation on its
own, as was shown indirectly for relaxase MobA of RSF1010 (10)
and the relaxase homologue VirD2 of A. tumefaciens (12). This
result underscores the concept that T4SSs are protein secretion
machines, and that DNA is dragged along by the relaxase substrate.
We observed that the complementation level of the R388 #wC
mutant was ~100 times lower in the absence of conjugative DNA
transfer, but again this was not due to a “hitchhiking” effect of the

ori R6K
b 1234567891011121314
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—
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NdeI PCR
Fig. 3.  Analysis of integrants. (a) Structure of the oriT-containing plasmids

present in donor (pR6K::0riTy) and recipient (pKK::oriT) cells and of the resulting
cointegrant upon integration. Arrows point in the direction of transcription or
DNA transfer. Small inner arrows indicate the annealing sites for the primers used
in PCR reactions. (b) DNA analysis of integrants. Lanes 1-6, Ndel restriction
digestion. Lane 7, 1-kb ladder (sizes in kb from the bottom of the gel: 1.0-1.5-
2.0-2.5-3.0-4.0-5.0-6.0-8.0-10). Lanes 8-14, products of PCR reactions with
oligonucleotides M13R (—48) and BamHindnptlIR (see Table 6, which is published
as supporting information on the PNAS web site), which anneal 5’ to the vector
Ptac promoter and 3’ to the npt Il gene, respectively. Lanes 1-4 and 8-11, four
different colonies obtained in the integration assays. Lanes 5 and 12, pKK::oriT.
Lanes 6 and 13, pR6K::oriTy. Lane 14, positive control (plasmid pKK::oriT-Km).
Other plasmids present in the matings (pKM101Amob, pET29::trwABC,
pKK223-3) were also PCR-negative (not shown).
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protein traveling passively on any transferred DNA, because con-
jugative transfer of a coresident CloDF13 plasmid did not contrib-
ute to TrwC transport (Table 2). The higher level of complemen-
tation in the presence of mobilizable plasmids containing R388 oriT’
could reflect either that a TrwC-DNA complex is a better substrate
for the T4SS, or that the TrwC-DNA complex is more stable, and
so the half-life of the relaxase in the recipient is increased.

That TrwC is not transferred when there is no TrwB in donor
cells indicates that the T4CP is needed to recruit the substrate, the
relaxase, independently of the presence of a trailing DNA. This
supports the current view of T4CPs as protein substrate recruiters
for T4SS (5, 6). The potential active role of T4CPs on DNA
transport may have been acquired independently of their function
as substrate recruiters. Alternatively, their role as DNA motors
could have been lost in T4SSs that do not secrete DNA, keeping the
T4CP for substrate recruitment only. There is increasing evidence
that ancestral T4SSs were conjugation systems, and relaxases could
be the ancestors of T4SS protein substrates in general (11).

The ability of TrwC to catalyze an oriT-specific recombination
reaction in the absence of conjugation was reported a decade ago
(21). There have been scarce reports that relate conjugative relax-
ases to site-specific recombination reactions (21, 35-37). How these
proteins accomplish a reaction characteristic of the family of
site-specific recombinases is still to be determined. The ability to
perform this type of events must rely on some common activity of
relaxases, the obvious candidate being their strand-transfer ability.
We show here that this activity of TrwC is indeed responsible for
the recombination reaction, because a mutant in the catalytic Tyr
residues loses this function (Table 3). Most interestingly, we also
demonstrate that TrwC catalyzes oriT-specific recombination upon
entering the recipient cell. Donor cells carrying nonmobilizable
trwC genes were mated with recipient cells containing the substrate
plasmids for recombination, and a 100-fold increase in the number
of transconjugants containing the recombined plasmid was ob-
served when TrwC protein enters the recipient (Table 4). Thus,
TrwC can act as a site-specific recombinase in a recipient cell when
introduced in vivo by conjugation.

The possibility that a conjugative relaxase transported to the
recipient cell can undergo strand-transfer reactions is essential
to understanding the mechanism of termination of conjuga-
tion. In the case of relaxases containing a single active-site Tyr,
as is the case for RP4 Tral, termination requires two relaxase
molecules (38), and this can occur only if additional relaxase
molecules can be transported to the recipient, where they
engage in the termination strand-transfer reaction. The ob-
served relaxase transfer in the absence of trailing DNA may
reflect the necessary transport of additional relaxase mole-
cules to the recipient cell.
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The ability of TrwC to catalyze site-specific integration of the
transferred DNA strand into the recipient genome was also tested.
We performed matings between a Apir donor and an oriT-
containing recipient strain; transferred DNA cannot replicate in the
recipient strain, so transconjugants were produced only by integra-
tion of the incoming DNA into the oriT copy present in the
recipient. We observed integration events with a frequency only 200
times lower than conjugation events (Table 5). The structure of
integrants was checked by DNA analysis (Fig. 3). The dependence
on TrwC was confirmed by mobilization of a similar plasmid by the
RP4 relaxase, in which case no integration events were observed
(Table 4). Upon integration, a silent npt II gene on the incoming
DNA was placed downstream of a tac promoter. Interestingly, Km
resistance was detected only after replica-plating of the colonies
obtained by Cm selection, indicating that integration does not occur
immediately upon DNA transfer. The result also suggests that DNA
needs to be converted to its double-stranded form (which allows cat
transcription) before integration.

The above results make TrwC potentially useful for biotechno-
logical and biomedical purposes. TrwC and any ori7-containing
DNA can be conjugatively transferred into a recipient cell. Bacteria
conjugate to a wide variety of recipient cells, including mammalian
cells (3), and introduction of DNA by bacterial conjugation may
provide a decisive advantage over existing viral vectors for gene
therapy, because it imposes no size limit on the transferred DNA.
Once in the recipient, TrwC can catalyze integration of the trailing
DNA into a resident oriT sequence. Future work includes deter-
mining the minimal DNA target sequence for TrwC-mediated
integration. By analogy to adeno-associated virus—Rep, we expect
it to be similar to the region required for nicking and strand transfer
in the donor, which is 18 nucleotides in length (ref. 17 and M. Lucas,
personal communication). A database search for sequences resem-
bling the R388 nic region shows several putative target DNA
sequences in the human genome. Our own results show that TrwC
efficiently binds and catalyzes strand-transfer reactions on oligo-
nucleotides containing these sequences (data not shown). Current
approaches to accomplish targeted modification of mammalian
genomes by using classical recombinases such as Cre, Flp, or phage
®C31 integrase require that the target site be first inserted into the
recipient genome (39); in contrast, DNA sequences resembling nic
sites could represent naturally existing target sites for relaxase-
mediated integration.
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