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The conjugative transfer region 1 (Tral) of the IncHI1 plasmid R27 was subjected to DNA sequence analysis,
mutagenesis, genetic complementation, and an H-pilus-specific phage assay. Analysis of the nucleotide se-
quence indicated that the Tral region contains genes coding for mating pair formation (Mpf) and DNA
transfer replication (Dtr) and a coupling protein. Insertional disruptions of 9 of the 14 open reading frames
(ORFs) in the Tral region resulted in a transfer-deficient phenotype. Conjugative transfer was restored for
each transfer mutant by genetic complementation. An intergenic region between fraH and trhR was cloned and
mobilized by R27, indicating the presence of an origin of transfer (oriT). The five ORFs immediately down-
stream of the oriT region are involved in H-pilus production, as determined by an H-pilus-specific phage assay.
Three of these ORFs encode proteins homologous to Mpf proteins from IncF plasmids. Upstream of the oriT
region are four ORFs required for plasmid transfer but not H-pilus production. Tral contains sequence motifs
that are characteristic of relaxases from the IncP lineage but share no overall homology to known relaxases.
TraJ contains both an Arc repressor motif and a leucine zipper motif. A putative coupling protein, TraG,
shares a low level of homology to the TraG family of coupling proteins and contains motifs that are important
for DNA transfer. This analysis indicates that the Mpf components of R27 share a common lineage with those
of the IncF transfer system, whereas the relaxase of R27 is ancestrally related to that of the IncP transfer

system.

Bacterial conjugation is a special type of DNA replication
during which one strand of a plasmid molecule is transferred
from donor to recipient in the 5'-to-3’ direction while the
second strand is retained in the donor (38). The host-encoded
replisome is responsible for complementary strand synthesis of
both the transferred and retained DNA strands (19, 36). Hor-
izontal DNA transfer is directed by the conjugation apparatus,
which consists of three multiprotein complexes: the mem-
brane-associated mating apparatus and the cytoplasmic relaxo-
some, both of which are coupled together by the inner mem-
brane-associated coupling protein (38).

A working model of conjugation suggests that the mating
pair formation (Mpf) proteins form a membrane-associated
apparatus that functions in synthesizing and assembling ma-
ture conjugative pili on the cell surface. The conjugative pilus
facilitates the initial contact with the recipient cell, a prereq-
uisite for the formation of stable mating pairs (11). For IncF
plasmids, the transfer proteins are believed to function in pilus
extension, pilus retraction, formation of stable mating pairs,
and formation of a lumen through which plasmid transfer
occurs (12). The exact role of the Mpf proteins still remains
poorly understood.

The relaxosome is a specific DNA-protein complex that is
composed of a relaxase and accessory protein(s). Relaxases
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initiate and terminate conjugation by catalyzing site- and
strand-specific nicking and rejoining reactions at the plasmid-
encoded nic site within the origin of transfer (oriT). Nicking
results in a covalent bond between the 5’ end of the cleaved
strand and the relaxase, forming a complex known as the trans-
ferred strand intermediate. Genetic evidence suggests that the
transferring intermediate is connected to the mating apparatus
via the plasmid-encoded coupling protein (5, 17). Based on an
analysis of the crystal structure of TrwB, the coupling protein
from the IncW plasmid R388, it has been proposed that cou-
pling proteins may serve as a conduit through which the single-
stranded DNA transfers (14, 15).

Conjugative plasmids belonging to the incompatibility group
HI1 (IncHI1) encode multiple-antibiotic resistance in Salmo-
nella enterica serovar Typhi and therefore contribute to the
persistence of typhoid fever worldwide (10, 27). IncHI1 plas-
mids are low-copy-number, self-transmissible plasmids that
have an unusual mode of conjugation which is thermosensitive
for transfer, with transfer occurring optimally between 22 and
30°C, but which is negligible at 37°C (32). Recent evidence
indicates that at least one transfer gene, #hC, is not expressed
at nonpermissive transfer temperatures, suggesting that trans-
fer thermosensitivity may be imposed at the transcriptional
level (13).

R27, the prototype IncHI1 plasmid, was recently sequenced
and analyzed (30). The transfer genes of R27 are contained
within two separate regions, designated Tral and Tra2. Since
mutations in either transfer region abolish transfer, both trans-
fer regions contribute to the R27 conjugative apparatus (28,
30). An analysis of the Tra2 region has indicated that this
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region codes for mating pair formation and H-pilus synthesis
phenotypes. Protein homology led us to conclude that the R27
Tra2 region is ancestrally related to the transfer region of the
F factor (28).

The objective of this work was to characterize the Tral
region of R27 using DNA sequence analysis, mutagenesis, ge-
netic complementation, and an H-pilus-specific phage assay.
The ultimate goal was to identify IncHI1 conjugal transfer
genes and to determine any evolutionary relationships to other
type IV secretion systems, especially conjugative transfer sys-
tems.

MATERIALS AND METHODS

Bacterial strains, growth conditions, and plasmids. Escherichia coli strains and
plasmids used in this study are listed in Table 1. E. coli was grown at 27 or 37°C
in Luria-Bertani broth (Difco Laboratories, Detroit, Mich.) with shaking or on
Luria-Bertani agar plates. Antibiotics were added at the following concentration
when appropriate: ampicillin, 100 mg/liter; tetracycline, 10 mg/liter; nalidixic
acid, 50 mg/liter; rifampin, 50 mg/liter; chloramphenicol, 16 mg/liter. 5-Bromo-
4-chloro-3-indolyl-B-p-galactopyranoside and isopropyl-B-p-thiogalactoside
were each used at 50 mg/liter.

DNA manipulations. R27 DNA was isolated using either ultracentrifugation in
a CsCl-ethidium bromide gradient (35) or with a Qiagen (Mississauga, Ont.)
Large-Construct Kit. Expression and cloning vectors were purified using Qiagen
Midi-preps (Qiagen Inc.). Standard recombinant DNA methods were performed
as described by Sambrook et al. (29). Restriction endonucleases were used
according to the manufacturer’s instructions, and digested DNA was analyzed by
agarose gel electrophoresis.

Computer analysis. Laser gene software (DNASTAR Inc., Madison, Wis.) was
used for nucleotide sequence analysis. Repeated nucleotide sequences were
identified with GeneQuest. The predicted protein sequence for each open read-
ing frame (ORF) was compared to the GenBank nonredundant database using
PSI-BLAST. We identified conserved motifs manually or with ScanProsite (http:
/lca.expasy.org/tools/scnpsite.html) and obtained predictions for molecular weight
and pl values with Compute pl/M,, (http://ca.expasy.org/tools/pi_tool.html).

Mutagenesis. Mutants of 7raG, tral, trhF, trhH, and trhG were created prior to
this study using random mini-Tn/0 mutagenesis (25) as described previously
(28). Mini-Tn/0 consists of a chloramphenicol resistance cassette flanked by
Tnl0 inverted repeats (20). To identify the insertion position for each mutant, we
sequenced the region flanking the mini-TnZ0 insertions using the dideoxy meth-
od (Sequenase version 2; United States Biochemical Co., Cleveland, Ohio) with
primers PNE11 (5TATTCTGCCTCCCAGAGCCT) and PNE12 (5 TGGTGC
GTAACGGCAAAAGC). Sequence results were compared to the complete
nucleotide sequence of R27 (GenBank accession no. NC_002305). All remaining
Tral genes (orfl15, orfl16, tral, orfl18, orfl21, traH, trhR, trhY, and trhX) were
mutated by gene disruption using the E. coli recombination system recently
described by Yu and colleagues (37). This method utilizes E. coli strain DY330,
containing a defective lambda prophage that serves to protect and recombine an
electroporated linear DNA substrate in vivo. Gene disruptions were created by
insertion of a chloramphenicol resistance cassette (cat from mini-Tn/0) into each
of the above-mentioned ORFs in a sequence-specific fashion. DNA substrates
were generated through PCR with primers (~60 nt) that produced a linear cat
cassette with 40-bp terminal arms homologous to the desired target site (Table
1). DNA substrates were introduced by electroporation into DY330 harboring
R27 that was grown according to the method of Yu et al. (37). Cells were plated
on agar plates containing both tetracycline, to select for R27, and chloramphen-
icol, to select for the desired insertions. To screen presumptive colonies, the
target gene was PCR amplified (using cloning primers as described below) and
analyzed with 1% agarose gel electrophoresis. An increase in the size of the ORF
by ~900 bp demonstrated that the cat cassette had been inserted into the target
gene. The insertion location of the cat cassette in fraJ was confirmed by se-
quencing with primers GIL86 (5'CAGTTATTGGTGCCCTTAAAC) and GIL87
(5’GGTATCAACAGGGACACCAG), verifying the precision of this method.

Cloning of transfer genes. The primer sequences used for cloning Tral trans-
fer genes are listed in Table 1. PCR products, which included terminal BarmHI
and EcoRI (BamHI and PstI for tral) restriction endonuclease sites, were
cloned into pGEM-T (Promega) and then subcloned into either pMS119EH,
pMS119HE, or pBAD24. A His, tag was engineered into the C terminus of each
protein to allow for the detection of the recombinant protein by immunoblot
analysis with anti-His, antibodies.

J. BACTERIOL.

Conjugation assay. Conjugal transfer of R27 was performed as previously
described (32). For complementation experiments, E. coli donors (DY330R)
which contained the R27 Tral mutant and an expression vector encoding the
appropriate transfer protein were mated with recipients (DY330N). To deter-
mine the effect of overexpressing transfer proteins on the transfer frequency,
each transfer protein was expressed in frans within a donor containing R27
during conjugation experiments. Transfer frequencies were expressed as
transconjugants per donor.

Phage plaque assays. Hgal RNA bacteriophage was prepared as previously
described (23). Phage spot tests were performed to determine Hgal infectivity of
Tral mutants. A 50-pl sample of mid-logarithmic-phase cultures was suspended
in 8 ml of brain heart infusion broth (Difco Laboratories) containing 0.6% agar
that was incubated at 48°C. The suspension was overlaid onto a fresh brain heart
infusion plate. In the case of cultures containing Tral gene expression constructs,
ampicillin and isopropyl-B-D-thiogalactoside were included in the overlay. After
solidification of the overlay, 10 pl of Hgal stock (10° PFU/ml) was spotted on the
overlay. Plates were incubated at 27°C overnight and analyzed for zones of
clearing in the Hgal-spotted regions.

Cloning of origin of transfer. Two intergenic regions from the Tral region
were considered likely to harbor the origin of transfer (oriT), a 757-bp region
between fraH and trhR and a 400-bp region between #hY and trhX. Since the
origin of transfer is the only element required in cis on a DNA molecule for
transfer (21), we cloned each of these regions to determine if either could be
mobilized by R27. A 1.3-kbp Kpnl-SnaBI region containing the 757-bp intergenic
region was cloned into the Kpnl and Smal sites of pBAD30 (16), and a 1.5-kbp
HindIII-Xbal fragment containing the 400-bp intergenic region was cloned into
the same sites of pBAD30. The 1.3-kbp fragment was mobilized by R27 at a
frequency of 1072 transconjugants/donor, whereas both the 1.5-kbp HindIII-
Xbal clone and pBAD30 were not mobilized.

To systematically identify the minimal oriT, regions of the 1.3-kbp clone were
PCR amplified, cloned, and tested in mobilization experiments. The strategy is
outlined in Fig. 3. Two overlapping regions of the 1.3-kbp fragment were PCR
amplified using primers which incorporated Kpnl and HindIlI sites into the ends.
These products were cloned into pBAD30 using the Kpnl and HindIII sites,
resulting in clones of oriT 1.1 (977 bp) and oriT 1.2 (794 bp). The primers for
amplifying oriT 1.1 were oritclonel and nicprimer3, and the primers for ampli-
fying oriT 1.2 were orit2 and nicprimer5 (Table 1). The oriT 1.2 clone was
mobilized by R27, whereas the oriT 1.1 clone and pBAD30 alone were not
mobilized under the same conditions. Two overlapping regions of the oriT 1.2
clone were subcloned as described above, resulting in clones of oriT 2.1 (360 bp)
and oriT 2.2 (285 bp). The primers for amplifying oriT 2.1 were Trev3000 and
Trev3002, and the primers for amplifying ori7T 2.2 were Trev3001 and Trev3004
(Table 1). The oriT 2.2 clone was mobilized by R27 at a frequency of 1073
transconjugants/donor, whereas the oriT 2.1 clone and pBAD30 alone were not
mobilized.

RESULTS

Nucleotide analysis of Tral region. The location of the Tral
region in R27 was originally identified by using random trans-
poson mutagenesis and screening for transfer-deficient mu-
tants (25). The completion of the nucleotide sequence of R27
allowed us to precisely map the insertion location of 15 mini-
Tnl0 transfer mutants into five genes: traG, tral, trhF, trhH,
and 7hG (Fig. 1; Table 2) (30). The genetic organization of this
region suggests that these genes are contained within transfer
operons, an organization that is commonly seen in other trans-
fer systems, such as those from IncF (12) and IncP plasmids
(26, 33). The ends of these putative operons were used to
define the Tral region as a starting point for this study. There-
fore, the Tral region was defined as being between the coor-
dinates 98 and 117 kb on R27 and contains 14 ORFs. The
ORFs are organized into three operon units (using the operon
structure defined in reference 8), consisting of eight, two, and
four ORFs, which are separated by two intergenic regions of
757 and 400 bp. The putative transcriptional units are tran-
scribed away from the 757-bp intergenic region (Fig. 1).

To identify potential transfer genes and to determine any
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TABLE 1. Bacterial strains and plasmids used in this study
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Strain or Relevant genotype, phenotype, Cloning or gene disruEtion primers Source or
plasmid or characteristic(s)” (5' to 3') reference
E. coli
DH5a supE44 lacU169 ($p80lacZAM15) 16
hsdR17 recAl endAl gyrA96 thi-1
relA1
DY330  W3110 AlacUI69 gal-490 \cI857 6
A(cro-bioA)
DY330N Temperature-resistant revertant; Nal” This study
DY330R Temperature-resistant revertant; Rif" This study
DT1942 RG192 (Rif") with pDT1942 34
RG192  ara leu lac 2
Plasmids
pAT22  ral cloned into pMS119EH; Amp"  F: TGGATCCATGAATTTCAGGGCACTCTTC This study
R: TCTGCAGTTAATGGTGATGGTGATGGTGCGCCAGATTCCCGACCTCTTTTAG
pBAD24  Py,p expression vector; Amp” 13
pBAD30 Pgup expression vector; Amp” 13
pJEG31  R27 with cat in orf115; F: GATGGTGTGGCGAGTGATAGGAATCAGCATTATTGTCCTACTGTGACGGAAGATCACTTC This study
Tc' Cm" R: CGCTCAGAAGCCCTTCTGCATCATCAGGCAGGTATATTTCTTATTCAGGCGTAGCACCAG
pJEG36  orf122 cloned into pMS119HE; Amp" F: GGATCCATGTCTAAATCGAAGCTATTAAAG This study
R: GAATTCTTAATGGTGATGGTGATGGTGTTTGTCCCACCTCTGATTTTCAG
pJEG51  pDT1942 with cat in orfl117; F: TGCTTTTACTAGGGATGATGCTTTATCTTATTTATAGTCTCTGTGACGGAAGATCACTTC This study
Tc' Km" Cm" R: AGTAGCCTCACTATTTGGCAATAACAGATAACCACCGGTCATTATTCAGGCGTAGCACCAG
pJEGS2  pDT1942 with cat in orf118; F: CAGTGCATCTCTGAAAGTAAGTAAAAGCCGCTCGCTCGTTCGTTCTGTGACGGAAGATCACTTC This study
Tc" Km" Cm" R: TGTCATGGCAAAATTGCCCCACACATTTCAAAGCACCTTTTITATTCAGGCGTAGCACCAG
pJEGS85  orfI28 cloned into pMS119EH; Amp® F: TATATGAATTCAATGGATTACAACATCTATAC This study
R: TATATGGATCCTTAATGGTGATGGTGATGGTGCGCCTTCTTATTTCATTCAGCCAG
pJEGY94  pDT1942 with cat in orfI23; F: TCACGCGTAATTTACTCGGTAAACTATTACGTACCGAGATCTGTGACGGAAGATCACTTC This study
Tc" Km" Cm” R: TCCAAATCCATTACCAAATACTCGGCGTTGGAGGAGTGGTTTATTCAGGCGTAGCACCAG
pJEG104 pDT1942 with cat in orfl22; F: CTAAATCGAAGCTATTAAAGTCATTGGAGATTTCACGTACCTGTGACGGAAGATCACTTC This study
Tc' Km" Cm" R: GCTATCCCTGGGTAAATTCCTCTCAATGTGATTCCGTTCTITATTCAGGCGTAGCACCAG
pJEG105 pDT1942 with cat in orfI25; F: TTCAACAGCCCTTTCAGGGTCTTTCTAGTAGTCACATTTACTGTGACGGAAGATCACTTC This study
Tc' Km" Cm" R: GGTATTAACGTTAATCGAGTCATTTACCGATCTCCTCATGTTATTCAGGCGTAGCACCAG
pJEG115 pDT1942 with cat in orfl24; F: CGCTACAAAAACGATGTCTCTTGGTGCCAATAAAAACTCCCTGTGACGGAAGATCACTTC This study
Tc' Km" Cm" R: CCCTGCGGTTATCCGTGCGGCGACTCCACCCACGAATCCCTTATTCAGGCGTAGCACCAG
pJEG123  orfl24 cloned into pMS119EH; Amp® F: TGAATTCAATGGCTAAAGTCGATCAAACTAAAG This study
R: TGGATCCTTAATGGTGATGGTGATGGTGATCTAACTCTTCCTGGGAATAC
pLIS4 orf123 cloned into pMS119HE; Amp" F: GGATCCATGTCAGAATCAGATAACATC This study
R: GAATTCTTAATGGTGATGGTGATGGTGATAATCCTTCAAGAGCACTTTA
pLIS33  orf117 cloned into pMS119EH; Amp" F: TATATGAATTCAATGGCTGCGGATAATTCTGCTC This study
R: TATATGGATCCTTAATGGTGATGGTGATGGTGCGCCATAAGTTTTTGAAAGTTAG
pLIS36  orf119 cloned into pMS119EH; Amp" F: TATATGAATTCAATGACAAAATCAAAAAGAAC This study
R: TATATGGATCCTTAATGGTGATGGTGATGGTGCGCATGCAATTTCCTTAGATATT
pLIS42  orfi27 cloned into pMS119EH; Amp" F: TATATGAATTCAATGCGCGCTGATTTCCATGTTTG This study
R: TATATGGATCCTTAATGGTGATGGTGATGGTGCGCGTTACCTGTGCCACGAAGAC
pDT1942 Derepressed R27; R27::TnlacZ 34
pDT2956 pDT1942 with mini::Tn/0 inserted This study
into traG
pDT2984 pDT1942 with mini::Tn70 inserted This study
into orf127
pDT2987 pDT1942 with mini::Tn/0 inserted This study
into orf126
pDT2991 pDT1942 with mini::Tn/0 inserted This study
into orf128
pDT2995 pDT1942 with mini::Tn/0 inserted This study
into tral; Tc" Km" Cm"
pGEM Cloning vector; Amp* Promega
pMS119  IPTG inducible expression 8
HE&EH  vector; Amp"
pMWG13 pDT1942 with mini::Tn/0 inserted F: GGATCCATGACCGATGTAACAATGAATG This study
into orf121 R: GAATTCTTAATGGTGATGGTGATGGTGCCGGCGTTTACCAGACAGTTC
PMWGI18 orfI26 cloned into pPBAD24; Amp” F: TATATGAATTCAATGACTCGATTAACGTTAATAC This study
R: TATATGGATCCTTAATGGTGATGGTGATGGTGCGCGCGCGCATATGCACCTCCTAAAC
pTL138  1.3-kbp oriT Kpnl-SnaBI fragment This study
into pBAD30; Amp"
pTL139  1.6-kbp oriT SnaBI-Xbal fragment This study
into pBAD30; Amp"
R27 IncHI1 plasmid; Tc" 18
pOriT1.1  794-bp subclone of oriT region from F: ATATGGTACCTACGGCTATTATCGGACG This study
pTL138 R: ATATAAGCTTTCAGATCACGATCTCAGC
pOriT1.2  977-bp subclone of oriT region from F: ATATGGTACCTTGCTGAGATCGTGATCTG This study
pTL138 R: ATATAAGCTTTCTACACACTTAGAACGT
pOriT2.1  360-bp subclone of oriT region from F: ATATGGTACCTTGCTGAGATCGTGATCTG This study
pOriT1.2 R: ATATAAGCTTAAACCCTGACCTGCTAACG
pOriT2.2  285-bp subclone of oriT region from F: ATATGGTACCGGTTATTGCTACTTAATGCCGA This study
pOriT1.2 R: ATATAAGCTTATCTGATTCTGACATGTGCG

“ Abbreviations: Nal', nalidixic acid resistance; Rif", rifampin resistance; Tc', tetracycline resistance; Km", kanamycin resistance; Amp", ampicillin resistance.
® Underlined regions of cloning primers designate restriction endonuclease cleavage sites; bold, italicized bases designate a His tag and an engineered stop codon.
Underlined regions of disruption primers designate cat-specific bases. F, forward; R, reverse.
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118 tral

121 trhR  trhY trhX whF  whH trhG
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H-pilus/Mpf gene

relaxosome compouent gene

coupling protein gene

D non-conjugative transfer gene
[P cat cassette insertion/arrow indicates direction of cat transcription

r mini-Tn/ @ insertion/arrow indicates direction of cat transcription

Y

FIG. 1. Open reading frame map of transfer region 1 of R27. Black ORFs indicate genes required for conjugative transfer but not Hgal
infection. Cross-hatched ORFs indicate genes required for conjugative transfer and Hgal infection. White ORFs are not essential for conjugative
transfer. Black bent arrows represent the insertion location of mini-Tn/0 and the direction of cat transcription. White bent arrows represent the
insertion location of the cat cassette and the direction of transcription. oriT indicates a 285-bp region of Tral that has been cloned and is mobilized
by R27. The black horizontal line indicates a KpnI-SnaBI fragment used to identify ori7. The ORF map corresponds to coordinates 98 to 117 kbp

and ORF115 to ORF128 on R27 (30).

evolutionary relationship to other conjugative systems, the pre-
dicted protein sequence from each Tral ORF was compared
with the GenBank database using PSI-BLAST. Only six of the
protein sequences had significant hits in the database (Table
2). ORF115 shares identity with the product of orf8 from the
Bacteroides uniformis mobile element NBU1 (31). ORF116 is
homologous to putative proteinase IV from Vibrio cholerae
(18). TraG shares a low identity with TraG from the IncPp
plasmid R751 (33) but also shares homology to coupling pro-
teins from several other conjugative systems, such as IncW and

IncF. TrhF, TrhH, and TrhG share identity with TraF, TraH,
and TraG, respectively, from IncF plasmids (2).

To identify conserved sequence motifs, the predicted amino
acid sequence from each ORF from Tral was compared to the
Prosite database. The ORF116 sequence contains a motif char-
acteristic of type IV proteases, which is consistent with the
BLAST analysis. TraJ contains a helix-turn-helix motif at res-
idues 8 to 48, which is characteristic of transcriptional regula-
tors belonging to the AraC family, and a leucine zipper motif
at 182 to 202, which is a common dimerization domain. TraG

TABLE 2. Summary of computer analysis of nucleotide sequence of transfer region 1 from R27

PSI BLAST results®

Degree of relatedness®

ORF* Gene” Length® Nvlzl pl¢ (protein/source/length (identical residues/range %‘;Cﬁ;;o(ﬁongs' Motifs”
of homolog) of identity = % identity)
orfl15 242 279  9.64  ORFS from Bacteriodes 46/210 = 21% AF238367 None
uniformis
NBUI1 element (246 aa)
orfl16 393 429  7.54  Proteinase IV from Vibrio 69/343 = 20% HS82130 Type IV protease (191-325)
cholerae (616 aa)

orfl17 tral 220 25.4 9.61 None AraC transcriptional regula-
tor (8-48) and leucine
zipper (182-202)

orfl18 367 422 815 None None

orfl19 traG 694 80.0  8.61  TraG from R751 (637 aa) 70/539 = 12% (all in 522992 Walker A (205-212) and

C-terminal end) Walker B (404-414)

orf120 tral 1,011 113.0  4.68  None Zinc carboxypeptidase (588—
598) and relaxase motifs
I-11T

orfl21 240 279 9.10  None None

orf122 traH 161 19.2 9.50  None None

orf123 trhR 266 30.3 5.15 None None

orf124 trhY 170 194 857 None None

orfl25 trhX 95 11.0 491 None None

orfl126 trhF 348 39.6 520  TraF from R100 (247 aa) 46/231 = 19% AAB61943 None

orf127 trhH 470 48.1 5.02  TraH from R100 (460 aa) 108/419 = 25% BAA78879 None

orfl28 trhG 1,329 1409 534  TraG from F factor (938 aa) 121/682 = 17% (all in AAC44184 None

N-terminal end)

“ Gene/ORF designation according to Sherburne et al. (30) or from this analysis.

b Length in amino acid residues according to Sherburne et al. (30) or from this analysis.

¢ Molecular (Mol) weight was predicted using the Compute pI/Mw tool (http://ca.expasy.org/tools/pi_tool.html).
4 pI values were predicted using the Compute pl/Mw tool (http://ca.expasy.org/tools/pi_tool.html).

¢ Homologous proteins were identified with PSI-BLAST (http://www.ncbi.nlm.nih.gov/BLASTY).

/ Motifs were identified using Prosite (http://ca.expasy.org/tools/scnpsite.html) or alignment (Fig. 2).
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Walker A
R27 TraG {(200) TIRT TGNV ST\YL
R388 TrwB (125) L] GATG] SvL
R751 TraG (177) TYAPT 1GuG
B)

Walker B

R27 TraG (504

( MR TS 113VD
R388 TrwB (350) IAeWIRFEENST,
R751 TraG (444) JMLUMANIFD

FIG. 2. Alignment of Walker A (A) and Walker B (B) boxes
from coupling proteins from R27 (TraG; GenBank accession no.
NP_058332), R388 (TrwB; GenBank accession no. CAA44852), and
R751 (TraG; GenBank accession no. S22992). Each number repre-
sents the number of amino acid residues preceding the motif. Motifs
were aligned in MegAlign (DNASTAR Inc.) and shaded in GeneDoc
using the conservative mode and two levels.

contains a Walker A ATP binding motif at the 205-212 posi-
tion (Fig. 2). An alignment of TraG (IncHI1) with TrwB
(IncW) and TraG (IncPB) has identified a conserved Walker B
ATP binding domain at the 504-514 position (Fig. 2), although
the importance of this motif has yet to be demonstrated (15).
Tral, which has previously been shown to contain all three
relaxase domains (30), contains a zinc carboxypeptidase motif
at the 588-598 position, although the significance of this is
unknown.

Gene disruptions and identification of transfer mutants. To
supplement the mini-Tn/0 transfer mutants, and to identify a
role for ORFs orfl15, orfl16, tral, orfl18, orfl21, traH, trhR,

CONJUGATIVE TRANSFER REGION 1 OF IncHI1 PLASMID R27 2177

trhY, and trhX in the conjugative transfer of R27, we system-
atically created gene disruptions of each of these ORFs. A cat
cassette (chloramphenicol resistance gene) was inserted within
the first 120 bp of the predicted start codon of each ORF using
the methods of Yu et al. (37). Each plasmid mutant was then
tested for its ability to transfer (Table 3). Gene disruptions in
tralJ, traH, trhR, and trhY abolished conjugative transfer of R27.
A disruption of trhX reduced the conjugation frequency of R27
10-fold, whereas disruptions of orfl15, orfl16, orfl18, and
orf121 had no effect on the conjugation frequency. These data,
combined with that from the random transposon mutagenesis
experiments, indicate that 9 of the 14 genes within the Tral
region are essential for conjugative transfer of R27 (Table 3;
Fig. 1).

Genetic complementation of transfer-deficient mutants. The
wild-type gene corresponding to each of the transfer-deficient
mutants was cloned into the expression vector pMS119EH,
pMS119HE, or pBAD24 (Table 1). Each clone was trans-
formed into the strain containing the appropriate R27 mutant.
When the wild-type version was expressed in trans, conjugative
transfer of R27 was restored for each of the nine transfer-
deficient mutants (Table 3), demonstrating that each of these
genes is essential for conjugative transfer.

During complementation experiments, the conjugation fre-
quency varied between 221 (7hR) and 0.2% of wild-type levels
(trhY) (Table 3). Two explanations for the variation are that it
could be due to transcriptional polar effects and/or that the
overexpressed transfer proteins affect wild-type conjugation
frequencies. To address these possibilities, we compared the
complementation frequencies for each mutant to the transfer
frequency of R27 when the corresponding transfer protein was

TABLE 3. Effects of mutations in Tral on R27 conjugation

Relative conjugation

Relative conjugation Relative conjugation

R27 “in th T fer” ph fi duri fi f R27 with Pl
donor strain o mtane frequency of R27 complementation overexpressed transfer with Hgal#
mutant (%) Py protein’ (%) ¢
orfll5 + 120 N/D N/D +
orfl16 + 130 N/D N/D +
tral - 0 24 23 +
orfl18 + 100 N/D N/D +
traG - 0 5 30 +
tral - 0 5 100 +
orfl121 + 14 N/D N/D +
traH - 0 83 97 +
trhR — 0 221 177 -
trhY - 0 0.2 217 -
trhX + 16 N/D N/D +
trhF - 0 0.5 65 -
traH - 0 0.3 79 -
trhG - 0 136 77 -

“ Gene designation according to complete sequence of R27 (30) or this study. Donor strain was DY330R.

b Ability of mutant to transfer via conjugation. Detectable matings scored as “+”, and nondetectable (<10~® transconjugants/donor) scored as “—."

3

¢ cat cassette introduced into gene by either random transposon mutagenesis or homologous recombination as described in Materials and Methods.

4 Transfer frequency of R27 mutant relative to R27 [(R27 mutant frequency/R27 frequency) X 100%]. Due to the inherent variation of R27 transfer frequency,
relative frequency was determined using the R27 transfer frequency for each experiment. R27 transferred with an average frequency of 5 X 10! transconjugants/donor.
Values represent the average values of two independent experiments.

¢ Restoration of conjugation by complementation in trans using a cloned gene (see Table 1); N/D, not determined. Transconjugants/donor cell after 18-h liquid mating
with recipient DY330N, as described in Materials and Methods.

/ Designated transfer protein was overexpressed in donor containing R27 during conjugation assay. Relative transfer frequency of R27 with transfer protein/R27 for
each experiment. Values represent the average value from two independent experiments.

& Ability of H-pilus-specific RNA bacteriophage to form plaques with E. coli harboring designated mutant of R27 (agar spot test). E. coli containing R27 forms
plaques when infected with Hgal.
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overexpressed in donors during conjugation experiments (Ta-
ble 3). Any difference in the conjugation frequency between
the complementation and the overexpression experiments may
reflect polar effects on downstream genes.

Overexpression of either Tral or TraH had no effect on the
transfer frequency of R27, while the #ral and fraH mutants
were complemented to 5 and 83% of wild-type levels. This
indicates that the tral and traH mutants are partially polar.
When either TrhR or TrhY was overexpressed, the transfer
frequency increased to 177 and 152% of wild-type levels, re-
spectively. The #AR mutant complemented to 221% of wild-
type levels, whereas the #/Y mutant was complemented to
0.2% of wild-type levels. This indicates that the #2Y mutant is
partially polar. When TralJ, TraG, TrhF, TrhH, and TrhG were
overexpressed individually in donors, the transfer frequencies
were reduced to 23, 30, 65, 79, and 77% of wild-type levels,
respectively. In the case of both TraJ and TrhG, these frequen-
cies were comparable to their respective complementation fre-
quencies (Table 3). This suggests that the reduced transfer
frequency of fraJ and #rhG during complementation experi-
ments is due to the overexpression of these transfer proteins
and not because of polarity, as would be expected for mutants
at the ends of transfer operons. Since overexpression of TraG,
TrhF, or TrhH cannot account for the low levels of comple-
mentation, these mutants are likely partially polar.

These results suggest that both mini-Tn/0 and cat cassette
insertions resulted in partially polar transfer mutants of #raG,
tral, traH, trhY, trhF, and trhH. Nevertheless, these mutants
allowed the identification of nine essential transfer genes
within the Tral region of R27.

Hgal plaque assay of R27 transfer-deficient mutants. Hgal is
an H-pilus-specific bacteriophage that lyses E. coli harboring
R27 to form distinctive plaques. Hgal binds uniformly along
the shaft of H-pili (23); this property of Hgal has been used to
document the kinetics of H-pilus assembly (24). We utilized an
Hgal plaque assay to determine which of the Tral transfer
mutants were resistant or sensitive to Hgal lysis (Table 3).
E. coli cells containing transfer mutants #hR, trhY, trhF, trhH,
and rhG were resistant to Hgal, suggesting that these transfer
genes play a role in H-pilus biosynthesis. This is consistent with
the roles predicted for hF, trhH, and trhG using BLAST
analysis of these genes. Cells containing plasmids with mutants
of tral, traG, tral, and traH remained sensitive to Hgal, sug-
gesting that their role(s) in conjugation is not related to H-
pilus biosynthesis. These results would be expected for the
relaxosome components and the coupling protein, since RP4
traG remained sensitive to phage (34).

Identification and cloning of the R27 origin of transfer. The
oriT contains the nic site and is typically located next to the
DNA processing genes within conjugative systems. It was
therefore anticipated that the ori7T of R27 would be present
within the Tral region. A 757-bp intergenic region between
orf122 and orfl23 contains several hallmark features of oriT
regions, including the following: (i) being located between di-
verging ORFs, (ii) a high %A+T content (62.5 versus 52% for
R27), and (iii) a number of inverted and direct repeat se-
quences.

We localized a 285-bp minimal oriT region from the 757-bp
intergenic region that was mobilized by R27 at a frequency of
1072 transconjugants/donor (Fig. 3). The oriT is located adja-
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cent to fraR and contains three 8-bp direct repeats and one
9-bp direct repeat. A comparison of the oriT nucleotide se-
quence to the five nic site families (38) revealed no matches.
Additional studies are required to precisely identify the nic site
within this region.

DISCUSSION

The conjugative transfer genes of R27 are contained within
two separate transfer regions, designated Tral and Tra2, which
are separated by 63 kbp. Each region contributes to the con-
jugative transfer function of R27, since mutations in either
region abolish transfer. The Tra2 region contains Mpf/H-pilus
synthesis genes and is interrupted with the insertion of two
partitioning modules (28, 30). Nine genes within the Tra2
region encode proteins that share a very low level of homology
to F factor transfer proteins; six of these are essential for
transfer as determined by mini-Tn/0 mutagenesis (28). The
Tra2 Mpf genes are trhlL, trhE, trhK, trhB, trhV, trhC, trhW,
trhU, and trhN, which were named to reflect their homology
with the IncF Mpf counterparts (#rh designates R27 Mpf
genes). In addition, a putative pilin gene is located at the
beginning of Tra2. Interestingly, the #hP gene encodes for a
peptidase, a protein family essential for IncP pilin processing
(7) but not found in IncF plasmids. In this study, genetic and
sequence analysis of the Tral region has demonstrated that
this region contains genes that encode mating pair formation
proteins and H-pilus synthesis, a coupling protein, and a DNA
transfer replication protein(s), as well as a functional origin of
transfer.

There are five Mpf genes within the Tral region, and all are
transcribed in the same direction and away from the oriT.
Three genes, trhF, trhH, and trhG, specify proteins that are
homologous to the TraF, TraG, and TraH transfer proteins
from IncF plasmids. In the IncF system, these proteins are
required for Mpf/F-pilus synthesis, with TraG also being im-
portant for stabilizing mating pairs during conjugation (2, 11,
12). These 3 genes and the 10 Mpf genes from the Tra2 region
encode the core Mpf complex of R27. It therefore appears that
the H-pilus synthesis and Mpf functions of IncHI1 plasmids
and IncF plasmids share a common ancestry. It is notable that
R27 lacks a homolog of a VirB11 superfamily of nucleoside
triphosphate hydrolases (NTPase) (30). VirB11-type NTPases
are present in the majority of type IV secretion systems, in-
cluding IncP and Ti plasmids, but are lacking in the IncF
conjugative systems (6).

The other Mpf genes of Tral are #AR and trhY, which share
no homology to any component of known conjugative systems.
These genes may represent type IV secretion system compo-
nents that are unique to IncHI1 plasmids. Alternatively, since
genes that regulate conjugative transfer are generally present
around oriT and are the least well-conserved components of
transfer systems (38), these ORFs may play a role in regulating
conjugative transfer. Consistent with the latter idea, overex-
pression of TrhR and TrhY increased the transfer frequency of
R27 (Table 3).

The major component of the relaxosome is Tral. The relax-
ase motifs of Tral align best with relaxases from the IncP
family (30). Besides the three relaxase motifs, no homology
exists between Tral and any of the known relaxases, including
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CONJUGATIVE TRANSFER REGION 1 OF IncHI1 PLASMID R27 2179
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GGTTATTGCTACTTAATGCCGATAACGACTCAGGCTTTGAGGTTTTTTTATACGGTTCACATTTC

—_—>
GGGTAATGGCTGAAAGGTTAGTTTTAAGGTTCAAAGCGGCAGTATTAAAATTCCAAAAGTTAC
TTTTCATCCTTCAGAATCCAGACCTTAATTTCATGTAGAAGATTCGTACAATTGTATTGGCGCA

AGGACAATCCGCACATGTCAGAATCAGAT

FIG. 3. Origin of transfer. (A) Genetic organization of the 1.3-kbp KpnI-SnaBI fragment containing oriT activity. Shown is the location of the
285-bp oriT between traH and rhR. (B) Cloning strategy used to identify the 285-bp oriT. PCR primers were used to amplify regions and
incorporate Kpnl and HindIII restriction sites that were used to clone fragments into the same sites of pPBAD30 (see Materials and Methods for
details). Horizontal lines represent subclones of the 1.3-kbp KpnlI-SnaBI fragment and are aligned with the above schematic (panel A). Broken
lines represent clones that were mobilized by R27, whereas solid lines represent clones that were not mobilized by R27. Round 1 identified a 977-bp
region that was mobilized by R27 and was designated oriT 1.2. Round 2 identified a 285-bp region that was mobilized by R27 and was designated
oriT 2.2. (C) Nucleotide analysis of a 285-bp region with oriT activity. Three 8-bp direct repeats and one 9-bp direct repeat were identified and
are represented by arrows. No matches to any of the five nic site families were identified.

the IncP specified relaxases (Table 2). It therefore appears that
Tral is distantly related to previously characterized relaxases.
Relaxase families have been assigned based on the presence or
absence of a helicase domain in their C-terminal region that is
responsible for the DNA unwinding activity during conjugative
transfer. Relaxases from the IncF/IncW plasmid groups con-
tain a helicase motif, although these motifs and functions are
absent in relaxases from the IncP plasmid group (4). Tral from
R27 does not contain a helicase domain, suggesting that Tral
is from the IncP relaxase lineage; this is consistent with the
alignment of the relaxase motifs. From our analysis, the best
candidates for relaxosome accessory components are encoded
by traJ and traH. Both are essential for transfer but not for
H-pilus synthesis, consistent with the characteristics of relaxo-
some accessory proteins.

The coupling protein of R27, TraG, shares only a low level
of identity with characterized coupling proteins. The conserved
regions are predominantly at or around the Walker A and
Walker B motifs, indicating the functional importance of these
motifs. It therefore appears that the coupling protein from
IncHI1 plasmids is distantly related to known coupling pro-
teins.

A 285-bp region between traH and trhR was cloned and
mobilized by R27. This region is present within a 757-bp in-
tergenic region that contains hallmark features of oriTs. We
have compared the nucleotide sequence of the 285-bp oriT to
the five nic site families (38) and found no matches. Precisely
identifying the nic site of R27 will allow us to determine if it is
distantly related to one of the five nic site families or defines its
own family.

In addition to the transfer genes present in the Tral region,
four genes appear to play no role in conjugation. Other trans-
fer systems, such as IncF and IncP, also contain genes within
their transfer operons that are not essential for conjugation
under laboratory conditions (12, 22). The nonconjugative
genes are dispersed among the transfer genes, resulting in an
intermittent transfer gene organization. This arrangement cre-
ates difficulty in defining the precise boundaries for the Tral
region. Our results suggest that the Tral region is between
genes traJ and trhG, thereby eliminating orfl15 and orfl16
from the original boundaries. This does not, however, exclude
genes adjacent to the Tral region from being involved in con-
jugative transfer. For example, ORF130, which is outside the
Tral region, shares homology to a family of muramidase en-
zymes found in other conjugative systems (3). Therefore, it is
possible that other transfer genes could be present in the
vicinity of Tral.

Our analysis of the Tral region indicates that the conjuga-
tive transfer system of IncHI1 plasmids shares a common an-
cestry with multiple transfer systems. The Tral region main-
tains a mosaic-like structure, as indicated by the presence of
nontransfer genes, highlighting the complex evolutionary his-
tory of IncHI1 plasmids. The transfer systems (#b and vir) of
the Ti plasmid are also believed to have evolved by a similar
method (1, 9). These observations imply a modular nature for
the various transfer system components (Dtr, Mpf, and cou-
pling protein). Indeed, chimeric transfer systems consisting of
Dtr (IncQ), coupling protein (IncP), and Mpf (Ti) functions
constructed in vivo from different conjugative plasmid systems
have been shown to be fully functional for conjugative transfer
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(17). Therefore, plasmids, especially larger plasmids, appear to
evolve conjugative transfer systems by acquiring and combin-
ing transfer components from other conjugative transfer sys-
tems.
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