
Plasmid 57 (2007) 55–70

www.elsevier.com/locate/yplas
TraA is required for megaplasmid conjugation in Rhodococcus 
erythropolis AN12

Joyce C. Yang a, Philip A. Lessard a,b, Neil Sengupta b, Steven D. Windsor b, 
Xian M. O’Brien a, Michael Bramucci d, Jean-Francois Tomb d, 

Vasantha Nagarajan d, Anthony J. Sinskey a,b,c,¤

a Department of Biology, Massachusetts Institute of Technology, Cambridge, MA 02139, USA
b Microbial Genetics Project Laboratory, Massachusetts Institute of Technology, Cambridge, MA 02139, USA

c Division of Health Sciences and Technology, Massachusetts Institute of Technology, Cambridge, MA 02139, USA
d DuPont Central Research and Development, Biochemical Sciences and Engineering, P.O. Box 80328, Wilmington, DE 19880-0328, USA

Received 16 June 2006, revised 1 August 2006
Available online 25 September 2006

Communicated by Ellen Zechner

Abstract

Pulsed-Weld gel electrophoresis (PFGE) revealed three previously uncharacterized megaplasmids in the genome of Rho-
dococcus erythropolis AN12. These megaplasmids, pREA400, pREA250, and pREA100, are approximately 400, 250, and
100 kb, respectively, based on their migration in pulsed-Weld gels. Genetic screening of an AN12 transposon insertion
library showed that two megaplasmids, pREA400, and pREA250, are conjugative. Mobilization frequencies of these AN12
megaplasmids to recipient R. erythropolis SQ1 were determined to be approximately 7£ 10¡4 and 5£ 10¡4 events per recip-
ient cell, respectively. It is known for other bacterial systems that a relaxase encoded by the traA gene is required to initiate
DNA transfer during plasmid conjugation. Sequences adjacent to the transposon insertion in megaplasmid pREA400
revealed a putative traA-like open reading frame. A targeted gene disruption method was developed to generate a traA
mutation in AN12, which allowed us to address the role of the traA gene product for Rhodococcus megaplasmid conjuga-
tion. We found that the AN12 traA mutant is no longer capable of transferring the pREA400 megaplasmid to SQ1. Fur-
thermore, we conWrmed that the conjugation defect was speciWcally due to the disruption of the traA gene, as pREA400
megaplasmid conjugation defect is restored with a complementing copy of the traA gene.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Rhodococcus sp. bacteria are Gram-positive acti-
nomycetes that possess a variety of biochemical and
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metabolic properties relevant to environmental and
industrial microbiology (de Carvalho and da Fons-
eca, 2005; van der Geize and Dijkhuizen, 2004).
Gene clusters that enable these unique enzymatic
pathways often reside on large episomal elements
called megaplasmids. Rhodococcus megaplasmids
exhibit either circular or linear topology, and range
.
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from less than 50 kb to greater than one megabase-
pairs in length (Priefert et al., 2004; Shimizu et al.,
2001; Stecker et al., 2003; Trott et al., 2002). Though
megaplasmids are common within this genus of acti-
nomycetes, this type of extrachromosomal replicon
is not exclusive to rhodococci. Large plasmids
(>50 kb) have been found in Gram-negative bacteria
(Argandona et al., 2003; Pedraza and Diaz Ricci,
2002) and other types of Gram-positive bacteria
(Kinashi et al., 1987; Scholle et al., 2003).

Molecular details of plasmid conjugation, involv-
ing both cis- and trans-acting elements, have been
well-characterized for many Gram-negative bacteria
(Lanka and Wilkins, 1995). For these plasmids, the
DNA processing is initiated in cis at the origin of
transfer (oriT) by a trans-acting protein complex
called the relaxasome. The core enzyme of this com-
plex is called a relaxase, and it cleaves one strand of
the plasmid at the nic site within the oriT via a
transesteriWcation reaction. The nicked plasmid is
then unidirectionally transferred to the recipient cell
as a singled-stranded DNA intermediate. In plasmid
F, the relaxase is encoded by a gene called traI (Mat-
son and Ragonese, 2005; Traxler and Minkley,
1988). This mechanism of plasmid conjugation
appears to be conserved in many replicons isolated
from Gram positive bacteria. In plasmid pIP501,
which is found in the Gram-positive bacterium
Streptococcus agalactiae, the relaxase is encoded by
a gene called traA (Kopec et al., 2005; Kurenbach
et al., 2002).

Several diVerent Rhodococcus megaplasmids are
known to be conjugative (Dabrock et al., 1994;
Desomer et al., 1988; Kalkus et al., 1993; Priefert
et al., 2004; Shimizu et al., 2001). The sequences and
gene annotations of Wve rhodococcal megaplasmids-
p33701 from Rhodococcus equi ATCC33701 (Takai
et al., 2000), pBD2 from Rhodococcus erythropolis
BD2 (Stecker et al., 2003), pRHL3 from Rhodococ-
cus sp. RHA1 (Warren et al., 2004), as well as
pREC1 and pREL1 from R. erythropolis PR4
(Sekine et al., 2006)- were recently completed. Anal-
ysis of pREC1 (Genbank Accession No.
NC_007486) revealed that pREC1 Orf16 encodes a
putative relaxase (Sekine et al., 2006). This suggests
that a single-stranded DNA transfer system similar
to other bacterial conjugation systems may function
in the transfer of Rhodococcus megaplasmids. How-
ever, no functional analysis for this Rhodococcus
TraA-like relaxase has been completed.

AN12 was Wrst isolated and so named for its abil-
ity to use the aromatic compound, aniline, as a
carbon source. Besides the initial characterization of
its small cryptic plasmid, pAN12 (Kostichka et al.,
2003), it was not known whether the genome of
AN12 harbored other extrachromosomal replicons,
nor whether any of its replicons are transmissible via
bacterial conjugation. We show in this study that
AN12 possesses at least three distinctly migrating
species of megaplasmids, and that at least two of the
AN12 megaplasmids (pREA400 and pREA250) can
be mobilized to a closely related R. erythropolis
strain, SQ1. A putative traA open reading frame was
found on the AN12 megaplasmid, pREA400. We
demonstrate a role of this putative relaxase in Rho-
dococcus megaplasmid transfer, as a traA mutant
was unable to transfer pREA400 to SQ1.

2. Materials and methods

2.1. Bacterial strains and culturing conditions

Bacterial strains, plasmids, and primers used in the
present study are summarized in Table 1. Both strains of
R. erythropolis AN12 and SQ1, as well as strains of Esche-
richia coli, were grown in LB liquid or on LB plates with
2% agar (Sambrook and Russell, 2001) supplemented with
the following antibiotics purchased from Sigma–Aldrich
(St. Louis, MO) as appropriate; gentamicin (Gm, 10 �g/
ml), kanamycin (Km, 100 �g/ml), rifampicin (Rf, 20 �g/
ml), and streptomycin (Sm, 150 �g/ml). R. erythropolis
AN12 and SQ1 cells were cultivated at 30 °C, while E. coli
strains were cultivated at 37 °C. All liquid culture Xasks
were shaken on an orbital shaker at 120 rpm, and small
(<5 ml) volumes of liquid cultures were agitated using a
roller drum. Frozen stocks of each strain were prepared by
mixing equal volumes of saturated liquid cultures of bac-
teria and sterile 40% glycerol, then storing cells at ¡80 °C
until use. All experiments were conducted with colonies
that had been cultured for fewer than ten days from the
initial frozen stock inoculum.

2.2. Preparation and standard transformation of 
electrocompetent AN12 cells

AN12 electrocompetent cells were prepared essentially
as previously described (Kostichka et al., 2003), except
cells were grown in NBYE/0.05% Tween 80 media in a 1 L
baZed Xask with shaking until OD600 of about 0.5 was
reached. Standard transformations with plasmids capable
of replicating in Rhodococcus was achieved by incubating
0.5 �g of transforming DNA in 1£ TE buVer with 100 to
150 �l competent AN12 cells for 5 min prior to electropor-
ation. This suspension was placed in an ice-cold sterile
2 mm gapped electroporation cuvette. Electroporation
was carried out at 2.5 kV, 25 �F, 400 �, with a Bio-Rad
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Gene Pulser (Hercules, CA). Immediately following puls-
ing, 200 �l of LB was added to the cells. Cells were allowed
to recover after electroporation at 30 °C for 2 h with gentle
agitation prior to selection with appropriate antibiotics.
2.3. AN12 transposon library construction and screening

Two modiWcations to the above standard transforma-
tion method were made to generate the AN12 transposon
Table 1
Bacterial strains, plasmids, and primers used in this study

Strain, plasmid, or 
primer name

Description or sequence Source or reference

Strains
DH5� Escherichia coli; supE44�lacU169 (�80 lacZ�M15) recA1 endA1 hsdR17 thi-1 gyrA96 

relA1
Invitrogen (Carlsbad, CA)

EC100D pir-116 Escherichia coli; F¡ mcrA�(mrr-hsdRMS-mcrBC) �80dlacZ�M15�lacX74 recA1 
endA1 araD139�(ara, leu)7697 galU galK �¡ rpsL nupG pir-116(DHFR)

Epicentre (Madison, WI)

TOP10 Escherichia coli; F-mcrA�(mrr-hsdRMS-mcrBC) �80 lacZ�M15�lacX74 recA1 deoR 
araD139�(ara-leu)7697 galU galK rpsL (SmR) endA1 nupG

Invitrogen

AN12 Environmental isolate of Rhodococcus erythropolis Kostichka et al. (2003)
SQ1 Environmental isolate of R. erythropolis; RfR SmR ATCC4277-1
AN12PL AN12 derivative This study
AN12PL-1F6 Rhodococcus erythropolis AN12PL derivative recovered from transformation with 

EZTn transposome; (pREA400::EZTn); KmR
This study

AN12-5A6 Rhodococcus erythropolis AN12 derivative recovered from transformation with 
EZTn transposome; (pREA250::EZTn); KmR

This study

JY524 Rhodococcus erythropolis SQ1 derived transconjugant recovered from mating with 
AN12-1F6; (pREA400::EZTn); KmR RfR SmR

This study

JY640 Rhodococcus erythropolis SQ1 derived transconjugant recovered from mating with 
AN12-5A6; (pREA250::EZTn); KmR RfR SmR

This study

JY825 Rhodococcus erythropolis AN12 transformed with pJY37 to disrupt the pREA400 
megaplasmid encoded traA; KmR

This study

JY893 JY825 derivative transformed with pJY48; KmR GmR This study
JY926 JY825 derivative transformed with pJY49B; KmR GmR This study
JY953 Rhodococcus erythropolis SQ1 derived transconjugant recovered from mating with 

JY926; KmR GmR RfR SmR
This study

Plasmids
pEZTn1F6 Plasmid containing the EZTn transposome and Xanking AN12 genomic sequences 

isolated from AN12-1F6; KmR
This study

pEZTn5A6 Plasmid containing the EZTn transposome and Xanking AN12 genomic sequences 
isolated from AN12-5A6; KmR

This study

pREA400 Endogenous AN12 megaplasmid This study
pREA250 Endogenous AN12 megaplasmid This study
pREA100 Endogenous AN12 megaplasmid This study
pAL349 RP4 mob PCR product ampliWed from pSUP301 as a MfeI-PstI fragment, then 

ligated into pAL298 digested with EcoRI and PstI
Simon et al. (1983); 
Lessard et al. (2004); 
This study

pJY37 Plasmid used for traA targeted disruption; primers JYP560 and JYP561 were used to 
amplify a 706 bp fragment from AN12 genomic DNA, then cloned into pCR2.1Topo

This study

pJY48 FspI deletion of pAL349 This study
pJY49B 4900 bp XmnI fragment isolated rom pEZTn1F6 containing the entire traA ORF 

cloned into pAL349 digested with FspI
This study

Primers
JYP543 Reverse primer to amplify pCR2.1Topo sequences; 5�-

ACGCCAAGCTTGGTACCGAGC-3�

This study

JYP557 Forward primer to amplify AN12 genomic DNA sequences; 5�-
GTGGCCATGTGATGACCCTCC-3�

This study

JYP560 Forward primer to amplify AN12 genomic DNA sequences; 5�-
GGCGATGGCTACGAGTACCTG-3�

This study

JYP561 Reverse primer to amplify AN12 genomic DNA sequences; 5�-
CGGGTGAAGCACGCTTCCTTC-3�

This study

JYP576 Reverse primer to amplify AN12 genomic DNA sequences; 5�-
CGCCACTTGCCGTCCTTTTCC-3�

This study
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library. First, 20 ng (1 �l) of EZ::TN �R6K�/KAN-2�
transposon (Epicentre, Madison, WI) was used per trans-
formation. Second, cells were allowed to recover for 24 h
prior to plating on selective media. Genomic DNA was
prepared from a subset of kanamycin resistant AN12
mutants, which was screened using Southern blotting
techniques to ensure that transposon insertion sites were
relatively random (data not shown). The matings to R.
erythropolis SQ1 were conducted by pooling 4 or 5 indi-
vidual donor mutant cultures and incubating with an
equivalent volume of SQ1 recipient culture, Wrst on LB
agar plates for 24 h, then on selective media. Few or no
putative triply resistant (KmR RfR SmR) transconjugants
were detected when the majority of mutants were mated to
SQ1. However, two pools of mutants from the library gave
rise to >10,000 CFUs on the selective medium upon mat-
ing to SQ1. Independent matings of the individual
mutants in these two pools revealed that a single-mutant
donor in each case was responsible.

2.4. Site-speciWc gene disruption transformations of AN12

The traA disruption plasmid, pJY37, replicates in E. coli
but not in Rhodococcus. Plasmid integration in Rhodococcus
was selected using the plasmid-borne kanamycin resistance
marker. pJY37 also harbors a 706 bp traA homology cas-
sette starting from 25 bp of the coding sequence (nt. 2710 to
3416 of Genbank Accession No. DQ489716). Within this
cassette, there is an endogenous BspEI site used to prelin-
earlize the plasmid. Digestion of pJY37 with BspEI leaves
430 and 273 bp of traA homology upstream and down-
stream of the BspEI site, respectively. To generate the traA
mutant, 2�g of pJY37 was treated with BspEI in a 20�l
digestion reaction, then 1�l of this reaction was used for
each transformation of AN12. The transformation was then
carried out as described previously except after electropora-
tion, cells were allowed to recover for 24 h prior to plating
on selective media.

2.5. Rhodococcus conjugation and megaplasmid 
mobilization frequency

Matings were carried out on solid LB agar surfaces as
previously described (Lessard et al., 2004). The plasmid
mobilization frequencies were determined by plating
appropriate serial dilutions of the mating cell resuspen-
sions (consisting of 1:1 mixtures of donor and recipient
cultures) onto selective media, and plating control recipi-
ent culture dilutions to obtain recipient viable counts on
non-selective media. Mating eYciencies were calculated as
transconjugant CFU per recipient viable cell counts.

2.6. DNA manipulation and plasmid construction

Plasmids used in the present study, as well as a brief
description of the cloning strategies used for the con-
struction of each, are summarized in Table 1, except for
pEZTn1F6 and pEZTn5A6, which are described below.
All DNA modifying enzymes and DNA size ladders were
purchased from New England Biolabs (Beverly, MA)
and used according to manufacturer’s instructions. All
PCR primers used in this study were purchased from
Integrated DNA Technologies (Coralville, IA). Rhodo-
coccus genomic DNA was prepared as previously
described (Lessard et al., 2004). Rhodococcus plasmid
DNA was isolated using the procedures previously
described (Kostichka et al., 2003). pEZTn1F6 and pEZ-
Tn5A6 were generated via a plasmid rescue approach by
digesting 2 �g total genomic DNA prepared from
AN12PL-1F6 and AN12-5A6, respectively, with EcoRI
for 2 h, followed by incubation at 65 °C for 30 min to
abolish EcoRI activity. The DNA fragments were ligated
with T4 DNA ligase, supplemented with 1 mM ATP
(Sigma–Aldrich). 1 �l of the ligation reaction was used to
transform EC100 pir-116 (Epicentre) cells. Transformed
E. coli harboring recircularized plasmids containing
transposons and associated AN12 sequences were
selected with LB Km media.

2.7. Pulsed-Weld gel electrophoresis (PFGE)

Cell pellets from saturated overnight 2.5 ml LB cultures
were frozen at ¡80 °C for >1 h, then resuspended in 1 ml of
resuspension buVer (10 mM Tris, pH 8.0, 1 mM EDTA, and
10% Triton X-100). Resuspended cells were incubated at
30 °C for 2 h with gentle rocking, pelleted, washed with 1 ml
wash buVer (0.2 M NaCl, 10 mM Tris, pH 8.0, and 100 mM
EDTA), and pelleted again. To normalize, cell pellets were
resuspended in the appropriate amount of wash buVer to a
concentration of [200�g/�l] wet cell weight per volume
buVer. This suspension was pre-warmed at 42 °C before
mixing with an equal volume of molten 1% Pulsed-Field
Gel CertiWed Agarose (Bio-Rad) in 1£ TBE, yielding a Wnal
cell concentration of 100�g/�l. Eighty microliters of this
mixture was quickly dispensed into a disposable plug mold
(Bio-Rad). The 0.5% agarose plugs containing embedded
bacterial cells were incubated at 4 °C for 15 min to ensure
solidiWcation. Then, individual plugs were incubated with
1 ml of enzyme lysis solution (10 mM Tris, pH 8.0, 50 mM
NaCl, and 100 mM EDTA) containing fresh lysozyme
[5 mg/ml] and mutanolysin [200 U/ml] (Sigma–Aldrich) for
2 h at 37 °C in microfuge tubes on a rocking platform. The
supernatant was removed, and the plugs were treated with
1 ml of detergent lysis solution (10 mM Tris, pH 8.0, 50 mM
NaCl, 100 mM EDTA, 4.8 mM sodium deoxycholate, and
1.7 mM N-lauryl sarcosine) overnight at 37 °C on a rocking
platform. The supernatant was discarded and plugs washed
once with washing buVer. Finally, the plugs were incubated
with 1 ml of digestion buVer (10 mM Tris, pH 8.0, 50 mM
EDTA, and 3.4 mM N-lauryl sarcosine) containing fresh
proteinase K [0.5 mg/ml] overnight at 50 °C on a rocking
platform. DNA species were resolved using the Bio-Rad
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CHEF-DR II PFGE apparatus with 1% agarose gel (Bio-
Rad) in 1£ TBE at 14 °C, 5 V/cm, included angle of 120 °
for 24 h with 30 s initial and 60 s Wnal switch times. The
lambda ladder PFG marker (NEB) was used to estimate
replicon size.

2.8. Southern blot analysis

For standard hybridizations, 2–5 �g genomic DNA
was digested with appropriate restriction enzymes, then
separated on agarose gels. Gels were subjected to depuri-
nation with 0.25 M HCl for 40 min, denaturation with
0.5 N NaOH for 30 min, and neutralized with Tris–Cl for
30 min. DNA was then transferred onto positively charged
nylon membranes (Roche Diagnostics Corp., Indianapo-
lis, IN) using 20£ SSC as the transfer buVer for 24 h. This
step was extended to 48 h to accommodate for the transfer
of the large DNA replicons resolved using PFGE. DIG-11
dUTP labeled probes were generated, and hybridizations
were carried out by using reagents in the DIG-High Prime
DNA Labeling and Detection Starter Kit per manufac-
turer’s instruction. Hybridizing species were detected
using Kodak Biomax Light scientiWc imaging Wlm.

2.9. Rhodococcus erythropolis colony PCR

Approximately 100 �g of cells were collected using a
pipet tip, then resuspended in a 50 �l PCR reaction using
all of the reagents and protocols from the HotStarTaq
Polymerase Kit (Qiagen Sciences, Valencia, CA). DNA
was ampliWed in a PTC-200 Cycler (Bio-Rad, Waltham,
MA) using cycling parameters of 1 cycle of 15 min at
94 °C, followed by 30 cycles of 30 s at 94 °C, 30 s at 55 °C,
and 1 min at 72 °C, followed by an added extension time
of 10 min at 72 °C. Annealing temperatures and extension
times were adjusted to optimize performance of each
primer pair.

3. Results

3.1. Discovery of AN12 extrachromosomal elements

It was shown previously that R. erythropolis
AN12 possesses at least one extrachromosomal cir-
cular replicon of ca. 6.3 kb, called pAN12 (Kos-
tichka et al., 2003). Preliminary experiments in our
lab suggested that at least two diVerent species of
megaplasmids also exist in the AN12 genome.
Pulsed-Weld gel (PFG) electrophoresis parameters
were further optimized to examine the megapla-
smid species of AN12 and R. erythropolis SQ1. By
modifying two conditions in the protocol, namely,
the lysis step and the concentration of the embed-
ding agarose, both the yield and resolution of these
large replicons were signiWcantly enhanced. An
example of this is shown in Fig. 1. Three distinct
megaplasmid species in AN12 can now be detected
using these PFG conditions. These plasmids were
named pREA400, pREA250, and pREA100, for R.
erythropolis AN12, based on their approximate
sizes in kb. One distinct megaplasmid migrating at
400 kb was observed in SQ1, consistent with what
has been previously shown for this strain (Priefert
et al., 2004). We propose to call this SQ1 megapla-
smid, pRES400.

3.2. A genetic screen for transmissible elements in 
AN12

A few characterized Rhodococcus megaplasmids,
such as pBD2 and pRHL2, have been shown to be
conjugative at frequencies of approximately
1£ 10¡4 event per recipient cell (Dabrock et al.,
1994; Shimizu et al., 2001). To determine whether
any AN12 replicons are transmissible, a commer-
cially available transposon-mediated mutagenesis
system (EZ::TN �R6K�ori/Kan-2�) was used to tag
genetic elements of AN12. By using the transposon-
encoded kanamycin resistance marker, the selection
of transconjugants need not rely on activities
encoded on the DNA elements being transferred.

Fig. 1. Pulsed-Weld gel (PFG) proWles of wild-type AN12 and
SQ1 replicons. Approximately 2 �g of the lambda ladder PFG
marker were loaded to determine the migrating size of the mega-
plasmids. Chromosomal (chrom.) and distinguishable species of
plasmids, as well as relevant ladder sizes (in kb) are labeled.
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Thus theoretically, any cryptic but transmissible
AN12 replicon should be detected using this library.

Two founding strains, AN12-wild-type (WT) and
an AN12 derived strain, AN12PL, which lacks
pREA100 and possibly pREA250, were used in the
generation of a transposon library consisting of a
total of 432 mutants. A subset of 119 mutants was
then screened for the ability to mobilize the kana-
mycin resistance cassette and associated AN12
genomic DNA to SQ1, which is naturally resistant
to rifampicin (RfR) and streptomycin (SmR) (Les-
sard et al., 2004). Thus, SQ1-derived transconju-
gants can be selected on the basis of triple antibiotic
resistance (KmR RfR SmR). When used as donors,
two mutants, AN12PL-1F6 and AN12-5A6, gave
rise to KmR RfR SmR transconjugants. Conjugal
transfer of the tagged AN12PL-1F6 element was
determined to occur at a frequency of 7.1£ 10¡4

events per recipient SQ1 cell, and the tagged AN12-

Table 2
Summary of mobilization frequency of AN12 megaplasmids to
SQ1

Donor 
strain

No. 
trials

Weighted average 
frequency per SQ1 CFU

Standard
deviation

AN12PL-1F6 5 7.1£ 10¡4 9.9 £ 10¡5

AN12-5A6 4 5.2£ 10¡4 1.3 £ 10¡4

JY825 4 2.2£ 10¡8 3.8 £ 10¡9

JY893 3 3.2£ 10¡8 1.9 £ 10¡8

JY926 4 1.4£ 10¡5 2.0 £ 10¡6
5A6 element at 5.2£ 10¡4 events per recipient cell
(Table 2), comparable to the frequencies determined
for pBD2 and pRHL2 (Dabrock et al., 1994; Shi-
mizu et al., 2001).

3.3. AN12PL-1F6 and AN12-5A6 mutants bear 
transposon insertions in transmissible megaplasmids

Southern blots were used to verify that AN12-
speciWc DNA was transferred from the AN12PL-
1F6 and AN12-5A6 mutants to SQ1. DNA adjacent
to each transposon insertion site was rescued (see
Section 2) from AN12PL-1F6 and AN12-5A6 in the
form of plasmids that we named pEZTn1F6
(Fig. 2A) and pEZTn5A6 (data not shown), respec-
tively. These plasmids were used as templates to syn-
thesize probes that were hybridized to fragmented
genomic DNA from each donor, recipient and
transconjugant. Results indicated that transposons
and associated AN12 sequences were indeed derived
from the donor strains, and mobilized to SQ1. Fur-
thermore, no homologous sequences were detected
in the “wild-type” SQ1 parent strain (data not
shown).

Pulsed-Weld gel (PFG) electrophoresis was used
as the initial approach to address whether the
AN12PL-1F6 and AN12-5A6 mutants bear trans-
poson insertions in megaplasmids. As shown in
Fig. 2B, the transconjugant (JY640) from the AN12-
Fig. 2. Transposon-tagged megaplasmids can be transferred to SQ1. (A) Schematic diagram of the plasmid rescue product from recircular-
ized genomic DNA isolated from AN12PL-1F6. Gray or black coloring is used to diVerentiate between ORFs encoded by the transposon
and those derived from Rhodococcus megaplasmid, pREA400, respectively. The EcoRI site (E) used to recircularize this plasmid, as well as
XmnI sites (X) used in the construction of a traA complementation plasmid, pJY49B, are indicated. (B) Pulsed-Weld gel (PFG) proWles of
donor strain, AN12-5A6, recipient strain, SQ1, and SQ1-derived transconjugant, JY640. The AN12 replicon, pREA250, that has been
mobilized to SQ1 is labeled with an arrow. (C) PFG (left) and subsequent Southern blotting (right) of extrachromosomal replicons. An
arrow indicates hybridizing replicons from lysed AN12PL-1F6, SQ1, and JY524 (SQ1 transconjugant) cells. The surrounding sequences
adjacent to the AN12PL-1F6 transposon insertion in the form of pEZTn1F6 served as the template for the DIG-labeled Southern probe.
Relevant ladder bands have also been indicated with sizes in kbs.
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5A6£SQ1 mating gained the pREA250 megapla-
smid. PFG analysis showed that all other transcon-
jugants isolated from this mating also gained the
pREA250 element (data not shown). These data
suggest that the AN12-5A6 insertion is in pREA250,
and that pREA250 can be mobilized to SQ1.

PFG analysis alone could not discern mobiliza-
tion of a megaplasmid from AN12PL-1F6 to SQ1. It
was likely the transposon insertion of AN12PL-1F6
lies in pREA400, whose presence in the transconju-
gant was obscured by the endogenous SQ1 megapla-
smid, pRES400. To determine whether this was so, a
Southern blot of a PFG was performed to compare
AN12PL-1F6, SQ1, and the JY524 transconjugant.
Using the same pEZTn1F6-derived probe generated
earlier, it was determined that, indeed, the probe
hybridized strongly to pREA400 in the AN12PL-
1F6 lane (Fig. 2C). No probe hybridized to DNA in
the SQ1 lane. Moreover, a hybridizing megaplasmid
of the same size was present in the JY524 transcon-
jugant. These data strongly suggests that AN12PL-
1F6 harbors a transposon insertion in the pREA400
megaplasmid, and that pREA400 can be mobilized
to SQ1.

3.4. The AN12PL-1F6 transposon insertion is in 
pemK

Plasmid “addiction” systems ensure the stable
inheritance of a plasmid through rounds of cell divi-
sion by killing oV cells that have lost the plasmid
(Engelberg-Kulka and Glaser, 1999). Generally, a
long-lived toxin protein is paired with a short-lived
antitoxin (protein or mRNA). The antitoxin not
only acts to repress toxin expression, but its binding
to the toxin protein precludes toxin binding to
essential cellular proteins. Loss of plasmid after cell
division is concurrent with loss of antitoxin produc-
tion, and the toxin then induces cell arrest. An ORF
encoding a PemK-like toxin has been identiWed on
the Rhodococcus megaplasmid, pBD2, suggesting
that an analogous post-segregational killing mecha-
nism may function in megaplasmid inheritance in
actinomycetes (Stecker et al., 2003).

Analysis of pEZTn1F6 revealed that the transpo-
son pREA400 inserted one basepair downstream of
the start codon of a pemK-like toxin gene, likely dis-
rupting its expression. We looked for the potential
instability of the transposon tagged pREA400
megaplasmid in AN12PL-1F6. However, our pre-
liminary evidence suggests that even without antibi-
otic selection for 10 consecutive days on LB plates,
all thirty independent AN12PL-1F6 single-colony
isolates retained the ability to subsequently thrive
on LB plates supplemented with kanamycin, sug-
gesting that the tagged megaplasmid is inherited sta-
bly in each case. This may mean that the
Rhodococcus PemK-like protein is not required for
megaplasmid maintenance, or perhaps other selec-
tive pressures are at play, obscuring the potential
activity of the PemK-like protein.

3.5. Sequence analysis of pREA400 encoded traA

One aim of this project was to Wnd determinants
of Rhodococcus megaplasmid conjugation. A candi-
date gene, traA, adjacent to the AN12PL-1F6 trans-
poson insertion whose gene product was likely to be
involved in this process was identiWed. Sequence
analysis indicated that the pREA400 megaplasmid
traA encodes a protein of 1506 amino acids (a.a.).
Proteins putatively involved in plasmid transfer iso-
lated from Gram-positive actinomycetes were
among those most similar to the pREA400 TraA.
Not surprisingly, the putative transfer protein
encoded by orf16 (Genbank Accession No.
BAE46257) from the pREC1 megaplasmid in R.
erythropolis PR4 (Sekine et al., 2006) is one of the
closest matches to pREA400 TraA with 34% iden-
tity over 1049 residues. The TraA (Genbank Acces-
sion No. CAE09129) from Gordonia westfalica is
encoded by a 101 kb megaplasmid called pKB1
(Broker et al., 2004), and is 31% identical to
pREA400 TraA over 1079 residues. It is unclear
whether the traA gene product (Genbank Accession
No. AAS20144) from Arthrobacter aurescens also
resides on a megaplasmid (Sajjaphan et al., 2004),
however, this protein is 29% identical to pREA400
TraA over 1005 residues. The R. equi ATCC33701
traA gene product (Genbank Accession No.
AAG21733) encoded by the circular p33701 mega-
plasmid (Takai et al., 2000) is 33% identical to
pREA400 TraA over 972 amino acid residues. The
gene products of the following exhibit less homol-
ogy to pREA400 TraA. The tra gene product
(Genbank Accession No. NP_863184) from Coryne-
bacterium diphtheriae is encoded by the 12 kb circu-
lar plasmid, pNG2 (Tauch et al., 2003), and aligns to
two distinct portions of pREA400 TraA from a.a.
190 to 419 and from a.a. 590 to 976 with an overall
33% identity over 633 residues. The putative relax-
ase from Streptomyces clavuligerus (Genbank
Accession No. AAQ93521) is encoded by pSCL2- a
linear 200 kb megaplasmid (Wu et al., 2006) and
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aligns to only the N-terminal portion of pREA400
TraA from a.a. 1 to 422 with 29% sequence identity.

A conserved domain (CD) search revealed a
pREA400 TraA region (a.a. 545 to 964) that is simi-
lar to ATP-dependent RecD type helicases (March-
ler-Bauer and Bryant, 2004). In addition, this region
is 27% identical to TraA relaxase/helicase encoded
by the Agrobacterium tumefaciens pTiC58 plasmid
(Farrand et al., 1996), and 22% identical to the TraI
relaxase/helicase of the E. coli F factor (Abdel-
Monem et al., 1983; Larkin et al., 2005; Street et al.,
2003). Alignments to the consensus helicase motifs
(Hall and Matson, 1999) revealed that pREA400
TraA and its actinomycete relatives belong to the
superfamily I (SFI) type of helicases (Fig. 3A).
Nearly all of the residues are conserved except for
some diVerences in SFI helicase motif III and IV. In
these alignments (where +, o, and x denote hydro-
phobic, hydrophilic and any residues, respectively),
the second hydrophobic residue in conserved motif
III (++++GDxoQ) appears to be replaced by a
hydrophilic arginine residue in most of these actino-
mycete helicases, and the third, hydrophobic residue
in consensus motif IV (xx+xooxR) has been
replaced with a hydrophilic threonine residue.

Helicase activities are sometimes paired with
relaxase activities in plasmid transfer proteins. It
was not clear by performing BLAST and CD analy-
sis over the entire length of the pREA400 TraA
protein whether it encodes relaxase function. Func-
tional studies and sequence analysis indicate that at
least four families of relaxases-exempliWed by
founding members from plasmids F, RP4, RSF1010,
and pMV158- exist that diVer in amino acid identity
over three well-conserved relaxase motifs (Zechner
et al., 2000).

Based on what is known for the these Gram-neg-
ative relaxases/helicases, we anticipated that the
pREA400 TraA relaxase domain may be located at
the N-terminus. Therefore, a partial alignment of
pREA400 TraA a.a. 1 to 312 to sequences from the
Gordonia, Arthrobacter, and Streptomyces TraA’s
using ClustalW analysis (Thompson et al., 1994) was
completed (Figs. 3B and C). We found that
pREA400 TraA is 43, 42, and 35% identical to
pKB1 TraA, Arthrobacter TraA, and pSCL2 TraA,
respectively, over this N-terminal region. Analysis of
the Wrst 60 amino acids of these proteins shows that
these actinomycetes proteins most closely resemble
each other, yielding new consensus motifs I
(+T+Hx+x+GxGYxY+xoxx+xxD) and IA
(LxoYYxxxGxxPGxWxGxG+xx+) (Fig 3B). More-
over, alignments to F TraI (Genbank Accession No.
AAC44186), R388 TrwC (Genbank Accession No.
CAA44853), RP4 TraI (Genbank Accession No.
CAA38336), and pMV159 MobM (Genbank Acces-
sion No. CAA33713) reveal that, although the
pREA400 TraA and related relaxases show certain
similarities to RP4 TraI and pMV158 MobM
(Fig. 3B), they more closely resemble F-factor TraI
and R388 TrwC relaxases, especially with respect to
relaxase motifs II and III (Fig. 3C). Recently, a crys-
tal structure of the relaxase domain of F factor TraI
protein was reported, and key residues (Y16, D81,
H146, H157, and H159) of the active site were deter-
mined (Larkin et al., 2005). Importantly, all of these
catalytic residues of F factor TraI, in addition to the
arginine (R150) residue required for substrate bind-
ing, are absolutely conserved in these actinomycete
relaxases (Figs. 3B and C).

Taken with the alignment to helicases, we pro-
pose that pREA400 TraA, like the F factor TraI, is a
consolidated relaxase/helicase conjugation initiat-
ing protein. While this combination of relaxase/heli-
case appears to be rare for Gram-negative transfer
proteins (Byrd et al., 2002), it appears to be the rule
in actinomycetes since the R. erythropolis Orf16, R.
equi TraA, Arthrobacter TraA, Corynebacterium
Tra, and Gordonia TraA proteins all appear to be
consolidated relaxase/helicases, with the Streptomy-
ces TraA being an exception as it appears to only
encode relaxase activity.

3.6. Targeted gene disruption of traA

A gene disruption strategy based on double-
stranded DNA break repair for homologous recom-
bination was developed to address the function of
pREA400 traA in megaplasmid conjugation. It is
well known that double-stranded DNA breaks can
trigger homologous recombination at the site of the
lesion (Cox, 1999; van den Bosch et al., 2002). This
phenomenon was Wrst exploited to achieve genetic
transformations of Saccharomyces cerevisiae (Orr-
Weaver et al., 1981). The approach we adopted (see
Section 2) to generate a traA disruption is similar to
the yeast model, and is shown in Fig. 4. A colony
PCR assay was developed to quickly screen whether
the drug resistant transformants arose by homolo-
gous recombination at the traA locus or illegiti-
mately elsewhere (Fig. 4). Only recombinants that
integrated homologously at the traA locus should
give the expected 800 bp PCR product. Of the one
hundred transformants analyzed with colony PCR,
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(CAA44853), E. coli RP4 TraI (CAA38336), and Streptococcus agala
 tiae pMV158 MobM (CAA33713).
Fig. 3. Protein alignments of DNA helicase and relaxase domains of pREA400 TraA. (A) Alignments of actinomycete transfer proteins
from the indicated strains or plasmids to the consensus motifs (I, IA, II, III, IV, V, and VI) of superfamily I-type helicases (Hall and Mat-
son, 1999). Consensus hydrophobic, hydrophilic and non-speciWc helicase residues are indicated with +, o, and x, respectively. Common
variants to the conserved residue are listed directly below the consensus motif. Aligning residues are indicated (gray boxes). (B) ClustalW
alignments between the N-terminal amino acids from 1 to 312 of pREA400 TraA and related gene products are shown. The consensus
relaxase motif I and motif IA derived from these alignments are shown below these proteins. These motifs were then compared and
aligned to relaxases from F, R388, RP4 and pMV158, whose absolutely conserved residues (Zechner et al., 2000) are indicated (bold).
Aligning amino acids residues to the actinomycete consensus motifs I and IA are highlighted with gray boxes. The active site tyrosine res-
idues are indicated (¤). (C) Alignments of various relaxase motifs II and III. Crystallographically determined (Larkin et al., 2005) active
site residues of the relaxase domain of F plasmid (Y16, D81, H146, H157, and H159), and aligning residues have been indicated (bold).
Also in bold are residues that align with R150 of the F plasmid, which is known to be important in DNA substrate binding (Harley et al.,
2002). In all of these alignments, single a.a gaps are indicated with dashes, and larger gaps (> 10 a.a.) are indicated with periods. The num-
berings at the left and right of each line correspond to residue numbers of the Wrst and last amino acids of that line in that particular
sequence, respectively. GenBank accession numbers for these proteins are as follows; R. erythropolis pREA400 TraA (ABF48485), R. equi
p33701 TraA (BAB16639), R. erythropolis pREC1 Orf16 (YP_345077), A. aurescens TraA (AAS20144), G. westfalica TraA (CAE09129),
C. diphtheriae pNG2 Tra (NP_863184), S. clavuligerus pSCL2 TraA (AAQ93521), E. coli F TraI (AAC44186), E. coli R388 TrwC
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one gave a positive result (Fig. 5A). We named this
candidate mutant strain, JY825.

We expected the gene disruption strategy to yield
a partially duplicated traA locus, although neither of
the partial traA fragments should express full-length
protein. The Wrst traA would contain the upstream
regulatory sequence, as well as the start codon.
However, the expression of this traA should yield a
carboxy-terminally truncated protein, the length of
which is predicted to be less than 250 a.a.. The sec-
ond traA includes most of the ORF, but no start
codon nor promoter, and should not be expressed.
Southern blot analysis was used to verify the traA
targeted locus. Genomic DNA samples from AN12
WT, JY825, AN12PL-1F6, and SQ1 were examined
(Fig. 5B). We conclude that pREA400 traA is indeed
disrupted as expected in JY825, because annealing
fragments of the predicted sizes were detected in all
sample lanes.

3.7. Phenotypic analysis of the traA mutant and 
genetic complementation of the traA defect

Either JY825 or AN12PL-1F6 (as positive con-
trol) was mated to SQ1 to determine whether the
traA disruption aVected the conjugal transfer of the
tagged megaplasmid, pREA400. Triple drug (KmR

RfR SmR) resistances can be used to positively select
for SQ1-derived transconjugants from both JY825
and AN12PL-1F6 donor strains, as both strains
bear insertions of KmR cassettes in pREA400. While
the AN12PL-1F6 donor strain frequently gives rise
to greater than 200,000 transconjugants per mating,
JY825 gives rise to less than 30 transconjugants per
mating (Table 2, Fig. 6C), a roughly 10,000-fold
reduction. This strongly suggests that traA gene
function is required for pREA400 megaplasmid
conjugation.

To make certain that the defect in pREA400
transfer was speciWcally due to traA disruption and
not due to the disruption of neighboring genes, such
as the pemI/pemK locus, a complementation plas-
mid was constructed and introduced to the JY825
mutant strain. The pAL349 parent plasmid con-
tains a ColEI replication system and the aacCI gene
encoding gentamycin resistance (GmR). The entire
traA ORF and Xanking sequences was subcloned
into pAL349, resulting in the complementation
plasmid pJY49B. A modiWed pAL349 control plas-
mid, pJY48, was also generated at the same time
(Table 1).

Both pJY48 and pJY49B were introduced to
JY825 traA mutant and transformants were selected
following a 24 hour recovery period. Since neither
pJY48 nor pJY49B can replicate in Rhodococcus,
the only way the cells could express the gentamicin
resistance is if pJY48 or pJY49B had illegitimately
or legitimately recombined into the genome, respec-
Fig. 4. Schematic diagram of the Rhodococcus targeted gene-disruption strategy. The EcoRI fragment (9190 bp) from pREA400 is shown
with the traA ORF, pemI ORF, and pemK ORF. The integration plasmid, pJY37, was prelinearized at the unique BspEI site to induce
homologous recombination. The targeted pREA400 locus (14,056 bp) is depicted following the integration of pJY37. Sites corresponding
to AXIII recognition sequences are labeled. Sites where colony PCR primers (JYP557 and JYP543) anneal (A) are indicated (bent black
and gray arrows, respectively). DNA species predicted to anneal to a Southern probe generated with pEZTn1F6 template DNA are indi-
cated (wavy lines).
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tively. Greater than 500 GmR CFUs were observed
when pJY49B was used as the transforming DNA,
whereas only 3 GmR CFUs were observed when
pJY48 was used. We named one non-speciWc pJY48
integrant JY893. We suspected that pJY49B would
recombine preferentially at the second partial traA
locus, as this region oVered close to 4 kb of sequence
homology (Fig. 6A). This was indeed the case for
one traA complementing transformant, JY926, as
conWrmed by plasmid rescue experiments (data not
shown) and Southern blot analysis (Fig. 6B).

The traA complementing strain, JY926, and the
control strain, JY893, were tested for the ability to

Fig. 5. IdentiWcation and veriWcation of the candidate traA dis-
ruption mutant strain, JY825. (A) Colony PCR-based screening
using primers JYP557 and JYP543 should yield an approxi-
mately 800 bp product if the traA locus is disrupted as expected.
Each lane represents a kanamycin resistant AN12(pJY37) trans-
formant. The control colony PCR reaction was done using prim-
ers JYP557 and JYP576 on wild-type AN12. This reaction is
expected to yield ca. 900 bp product. The Xanking lanes each con-
tain 0.5 �g 100 bp DNA ladder. (B) Southern blot. Genomic
DNA fragments digested with AXIII from the indicated strains
were hybridized to DIG-labeled probe made from pEZTn1F6
plasmid template. Expected hybridizing fragment sizes for DNA
from each of the following strains are as follows: wild-type
AN12—3588, 1342, 1100, and 1021 bp; JY825—3210, 2227, 1342,
1100, and 1021 bp; AN12PL-1F6—3588, 3022, 1342, and
1100 bp. No hybridizing bands were expected in wild-type SQ1.
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give rise to triply resistant (KmR RfR SmR) trans-
conjugants when mated to SQ1 recipients. We do
not yet know on what replicon the pJY48 plasmid
integrated in the JY825 genome, however, it was
clear that the empty vector could not restore
pREA400 megaplasmid transmission (Fig. 6C). In
contrast, the full-copy of traA in the JY926 strain
does indeed complement the original traA disrup-
tion in JY825. The eYciency of JY926 to transfer
pREA400 is about an order of magnitude less than
wild-type, but about three orders of magnitude more
than the negative control (Table 2). From these
data, we conclude that the pREA400 encoded traA
gene function is required for megaplasmid transfer
in R. erythropolis AN12.

4. Discussion

Common modes by which bacteria exchange
genetic information include phage-mediated trans-
duction and plasmid conjugation. Exploitation and
further understanding of the latter method should
prove most beneWcial for the industrially relevant
Rhodococcus, since plasmids have the largest capac-
ity for genetic information after the chromosome.
The conjugative properties of these megaplasmids
are of particular interest from the metabolic engi-
neering point of view, because traditional piecemeal
cloning methods required to reconstitute multi-
enzymatic pathways could prove extremely diYcult.
Indeed, one could imagine engineering a single
strain of Rhodococcus with many desirable activities
simply by shuZing together megaplasmids via con-
jugation.

This study has shown that the genome of R. ery-
thropolis AN12 harbors at least three megaplasmids
in addition to the previously characterized small
cryptic plasmid pAN12. Two megaplasmids,
pREA400 and pREA100, appear brighter on
pulsed-Weld gels than pREA250, suggesting that
they are more abundant. Quantitative PCR tech-
niques can be used in future experiments to deter-
mine the relative copy numbers of these
megaplasmids in relationship to the AN12 chromo-
some.

Conjugative transfer frequencies of pREA400
and pREA250 were determined to be more than 1
event per 10,000 recipient SQ1 cells, which is very
comparable to what has already been shown for
other rhodococcal megaplasmids. Interestingly,
plasmid size is apparently not a factor in determin-
ing eYciency of plasmid transfer for rhodococci,
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since pREA400 and pREA250 exhibit essentially the
same mobilization frequency.

PFG analysis shows that AN12PL-1F6 was
apparently cured of megaplasmid pREA100, and
possibly pREA250. One alternative explanation for
this observation might have been that the AN12PL-
1F6 mutant is actually an SQ1 contaminant, since
SQ1 carries a megaplasmid of approximately 400 kb.
However, four lines of evidence (data not shown)
allowed us to rule out the possibility. First, sequence
analysis and subsequent Southern blotting showed
that the rescued plasmid containing the transposon
and Xanking AN12PL-1F6 genomic DNA, pEZ-
Tn1F6, harbored AN12-speciWc sequences not
found in SQ1. Second, pAN12 can be puriWed from
AN12PL-1F6 but is never found in wild-type SQ1
cells. Third, unlike SQ1, AN12PL-1F6 is sensitive to
the antibiotics, rifampicin and streptomycin. Lastly,
Fig. 6. Genetic and phenotypic complementation of the traA disruption mutant. (A) The integration of the complementation plasmid,
pJY49B at the disrupted traA locus is depicted. pJY49B contains 4900 bp homologous sequence corresponding to the entire traA ORF,
221 bp of upstream sequence, as well as 156 bp downstream sequence. The exact site of pJY49B integration is unknown. Sites correspond-
ing to AXIII recognition sequences are labeled, as are the regions which anneal to Southern probes generated from pEZTn1F6 template
(indicated with wavy lines). (B) Southern blot conWrmation. Genomic DNA from each sample was linearized with AXIII, then probed with
digoxygenin labeled probe synthesized with pEZTn1F6 template DNA. Expected annealing DNA fragments are as follows: JY825 and
JY893—3210, 2227, 1342, and 1100 bp; JY926 and JY953(JY926 £ SQ1 transconjugant)—3210, 2855, 2227, 1342, and 1100 bp. The
arrows point to novel 2,855 bp hybridizing bands in JY926 and JY953 that diVerentiate these strains from JY925 and JY893 traA mutants.
No DNA from SQ1 was expected to hybridize to the probe. (C) Phenotypic analysis of the traA disruption mutant. Donor strains
AN12PL-1F6, JY825, JY893, or JY926 were mated to SQ1 recipients (marked as donor £ recipient), and a 1:200 dilution of the each mat-
ing cell suspension were plated out onto LB with triple (Rf Sm Km) drug selection. Photographs were taken 5 days after plating.
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AN12PL-1F6 growth rate is virtually identical to
AN12 WT, whereas SQ1 cells grow more slowly.
These data strongly suggest that this strain is an
AN12 derivative. We reasoned that the curing of the
megaplasmids in AN12PL-1F6 was a spontaneous
event and not related to electroporation or the pres-
ence of the EZ::Tn transposon, since the AN12-5A6
mutant generated in the same way appears to have
all of its megaplasmids. Furthermore, all other cells
tested from the same culture that was used to gener-
ate AN12PL-1F6 also lacked pREA100 (and possi-
bly pREA250), indicating that curing of these
megaplasmids was a common feature of the found-
ing culture.

At this time, without sequence information for
pREA100, we cannot be certain whether it has been
completely lost from the AN12PL-1F6 genome. It is
possible that the copy number of pREA100 in
AN12PL-1F6 is below our limits of detection. It is
also possible that pREA100 integrated into the
genome. This has been shown to be the case for the
large plasmids of Streptomyces, which exhibit
remarkable Xuidity and recombination potential
(Bey et al., 2000). It would be very interesting to
determine whether this plasticity is the case for rho-
dococci as well.

Four methods of targeted gene disruption that
rely on double cross-over (ends-out) recombinations
have been described for Rhodococcus genetic analy-
sis prior to this work (Desomer et al., 1991; Patrau-
chan et al., 2005; Plaggenborg et al., 2006; van der
Geize et al., 2001). One recent study of carotenoid
production in R. erythropolis ATCC47072 success-
fully employed a simple single cross-over (ends-in)
recombination strategy with a targeting cassette of
800 bp homologous sequence to generate a gene
knockout (Tao and Cheng, 2004). We devised an
ends-in targeted gene disruption strategy to study
Rhodococcus gene function, based on similar strate-
gies employed in eukaryotic systems. Our prelimi-
nary results indicate that the DNA lesion within the
homologous sequence is critical to generate the
desired targeted gene disruption/recombination
event, as we could not achieve the traA mutation
with an intact pJY37 plasmid, nor with pJY37 pre-
linearized at a restriction site outside of the homol-
ogy cassette (data not shown). Evidence suggests
that larger targeting cassettes facilitate the recombi-
nation in R. erythropolis AN12, as the integration
event of the pJY39 rescue construct was readily gen-
erated (>500 GmR CFU with 0.1 �g DNA), whereas
the traA gene disruption event was rare. Currently,
the gene-disruption frequency of our method (1%) is
poor compared to the 12% success rate reported by
the �-red-mediated gene disruption method (Patrau-
chan et al., 2005). In the future, we seek to optimize
our procedure by exploring the eVects of increasing
lengths of homology, the restriction site used, and by
improving transformation eYciencies. Although we
have used this gene disruption strategy to study the
eVects of a traA loss-of-function mutation, simple
modiWcations to this homologous recombination
driven strategy should allow one to generate epi-
tope-tagged fusion proteins in vivo, and to study the
regulation of gene expression in vivo by integrating
reporter genes, such as lacZ or GFP, downstream of
promoters of interest. Alternatively, a modiWcation
of this strategy could be used to replace endogenous
promoters to alter gene expression.

Though a putative relaxase function has been
predicted by a recent Rhodococcus megaplasmid
sequencing eVort (Sekine et al., 2006), the present
study is the Wrst genetic analysis of a determinant of
megaplasmid conjugation in Rhodococcus. It is
known that the transesteriWcation reaction carried
out by all relaxases characterized thus far is depen-
dent on the action and proximity of 3 or 4 key resi-
dues at the active site, one of which is the absolutely
conserved catalytic tyrosine residue required for the
formation of a covalent phosphotyrosyl bond
between DNA and protein (Larkin et al., 2005;
Pansegrau et al., 1994; Scherzinger et al., 1993;
Street et al., 2003). It is expected that the relaxase
encoded by R. erythropolis AN12 pREA400 traA
will function similarly because these residues appear
to be conserved (Figs. 3B and C). Mutagenesis of
each of these residues, and genetic analysis of the
ability of the mutant to restore megaplasmid trans-
fer should give us additional insights as to the con-
servation of the relaxase active site in Rhodococcus.

While relaxase/helicase functions of the F factor
traI and similar genes found on other Gram-nega-
tive plasmid have been well-characterized over the
past two decades, only three Gram-positive plasmid
encoded relaxases have been examined in detail; the
traA gene product from the 30 kb Streptococcus
plasmid, pIP501, the nes gene product of the 50 kb
Staphylococcus pGO1, and the mobM gene product
from 5 kb Streptococcus plasmid, pMV158 (Climo
et al., 1996; de Antonio et al., 2004; Grohmann et al.,
1999; Guzman and Espinosa, 1997; Kopec et al.,
2005; Kurenbach et al., 2002). None of these previ-
ously characterized Gram-positive relaxases also
encode helicase activities. In contrast, our study
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indicates in actinomycetes, relaxase activities are
often associated with helicase activities. In fact,
based on sequence similarities of pREA400 TraA to
its most closely related proteins, we propose that
pREA400 TraA may be the founding member of a
new family of relaxases since its relaxase motif I
seems to diverge considerably from consensus motif
I sequences of other relaxases. Alternatively, these
actinomycete relaxases may be a subfamily of the
IncF/W relaxases, such as F TraI and R388 TrwC, as
they align well-over relaxase motifs IA, II and III.
Particularly interesting is the conservation of the
two tyrosine residue (Y23 and Y24 of F TraI, and
Y35 and Y36 in pREA400 TraA) in the motif IA,
with the gap between these and the active site tyro-
sine (Y16 of F TraI and Y14 of pREA400 TraA)
being slightly longer in the actinomycete relaxases.
Some evidence suggests that the Wrst of these two
tyrosine residues in R388 TrwC (Y26) can partici-
pate in DNA cleavage reactions in vitro and may be
important for conjugation termination (Grandoso
et al., 2000). Further experimentation will show
whether this holds true for the analogous Y35 resi-
due in pREA400 TraA.

Our study suggests that the basic machinery
required to initiate plasmid transfer appears to be
evolutionarily conserved from previously well-char-
acterized plasmids, such as F, pTiC58, and RP4 to a
newly characterized actinomycete megaplasmid,
pREA400. Based on the conservation of the
pREA400 traA relaxase with the F plasmid relaxase,
we speculate that pREA400 may transfer as a single-
stranded DNA. Further characterization of the traA
function, regulation, gene product localization and
protein–protein interactions will elucidate conserved
and novel aspects of actinomycete megaplasmid
conjugation.
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