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The broad-host-range plasmid RP4 encodes a highly efficient partitioning system (par) that was previously
mapped within the 6.2-kb Ps¢I C fragment. The essential functions were assigned to a region of 2.2 kb between
JfiwA and 1S21 (IS8). On the basis of the nucleotide sequence data of the entire par locus and of in vitro and in
vivo expression studies, three distinct loci encoding polypeptides of 9, 18, and 24 kDa were identified. Evidence
for the expression of another polypeptide was found. A putative divergent promoter was localized in an
intergenic region and is suggested to be responsible for transcription of these genes. It was found that the RP4
par region includes a function resolving plasmid dimers. The 24-kDa polypeptide is considered to function as
a resolvase, since its predicted amino acid sequence shows homology to sequences of resolvases of the Tn3
family. Furthermore, palindromes present in the intergenic region containing the divergent promoter resemble
repeat structures specific for res sites of Tn3-related transposons. However, it was found that dimer resolution
itself was not sufficient for stabilization; additional functions, including the other two polypeptides, seemed to
play an important role. These results suggested that RP4 contains a complex stabilization system involving
resolution of plasmid dimers during cell division, thus ensuring the delivery of at least one copy to each

daughter cell.

Naturally occurring plasmids are usually stably inherited
under nonselective conditions. A random distribution pro-
cess would be sufficient only for plasmids maintained at a
high copy number. Plasmids that are present in only a few
copies per cell obviously inherit functions for active parti-
tioning systems. Such loci, termed par (partitioning) or stb
(stability), have been identified in several bacterial plasmids,
including F (25), R1 (15), NR1 (42), and pTAR (13), and in
bacteriophage P1 (1). These stability functions apparently
ensure the correct distribution of plasmid molecules to
daughter cells during cell division. In each case, cis-acting
DNA regions and trans-acting plasmid-encoded protein fac-
tors are involved. Participation of host factors in partitioning
has also been reported (5). However, little is known regard-
ing the molecular modes of action of different par systems. A
recent model suggests pairing of plasmid molecules from a
free pool promoted by plasmid-encoded proteins that bind to
specific sites of the partitioning system (3).

Additional functions preventing plasmid-free segregants
from surviving have been identified for plasmids F (19), R1
(14), and R100 (44). In all cases, plasmid-free cells generated
during cell division are selectively killed. Site-specific re-
combination has been shown to be involved in the mainte-
nance of P1 (4) as well as multicopy plasmids (16, 40).

The broad-host-range IncP1 plasmid RP4 and its homologs
RK2, RP1, R68, and R18 have been extensively studied with
respect to replication and maintenance properties (43). RP4
has a copy number of about four to seven (9) and is
maintained extremely stable under nonselective conditions.
By investigating a set of in vivo-generated deletion deriva-
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tives (36), a region involved in stable inheritance (par) has
been identified. The PstI C fragment of RP4 has been found
to contain the complete information for an efficient system
preventing the formation of plasmid-free segregants. Molec-
ular cloning of this fragment into different replicons such as
pBR322 or pACYC177 results in an extremely high degree of
stabilization. Loss of plasmids cannot be detected for such
clones even after more than 200 generations of growth under
nonselective conditions. The stabilization effect of the PstI C
fragment is independent of orientation. In addition to func-
tioning in Escherichia coli hosts, the stabilizing region of
RP4 has been shown to function in a variety of gram-
negative bacteria (35).

In this study, we present a more detailed molecular
analysis of the par region of RP4. The essential region
involved in the stabilization process was localized, and the
complete nucleotide sequence of this region was determined.
Several gene products encoded in this section have also been
identified. One of these gene products was found to be
involved in the resolution of plasmid dimers. This resolution
system seems to be part of a more complex function ensuring
the extremely stable inheritance of plasmid RP4.

MATERIALS AND METHODS

Strains, phages, and plasmids. E. coli C600 (rec*; ATCC
33525), HB101 (recA; ATCC 33649), SF8 (recBC; R. Eichen-
laub, University of Bochum, Federal Republic of Germany),
and XL1 (F' proAB lacI"ZAM15 Tnl0; Stratagene, La Jolla,
Calif.) were used as hosts for plasmids. Phages M13mpl8
and M13mp19 and recombinants were propagated in E. coli
JM101 (ATCC 33867). Plasmids pT7-5 and pT7-6, which
differ from plasmid pT7-1 (41) in orientation of the B-lacta-
mase gene and orientation of the multipurpose cloning site,
respectively, as well as the M13mp8 derivative mGP1-2,
containing the structural gene of the T7 RNA polymerase
under the control of the lac promoter, were kindly provided
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by Stan Tabor (Harvard University, Cambridge, Mass.).
Other plasmids used were pBR322 (ATCC 37017) and
pTUG3, which consists of pBR322 containing the entire PstI
C fragment of RP4 (35).

Media and growth conditions. E. coli strains were routinely
grown in YT medium (10 g of tryptone [Difco Laboratories],
5 g of yeast extract [Difco], and 5 g of NaCl per liter) at 37°C.
For JM101, properly supplemented M9 mineral media (24)
were used when necessary. M13 recombinants were selected
on S5-bromo-4-chloro-3-indolyl-B-D-galactosidase (X-Gal)
plates (23). Ampicillin (100 mg/liter) or tetracycline (10
mg/liter) was added for the selection of plasmids.

Plasmid stability assay. E. coli C600 cells containing the
plasmids to be tested were grown overnight at 37°C in 50 ml
of YT medium supplemented with the appropriate antibiotic
(300-ml shaker flasks); 0.05 ml of this culture was transferred
to 50 ml of fresh antibiotic-free YT medium (10*-fold dilu-
tion). After incubation for 8 h at 37°C, the culture was diluted
in the same manner into fresh antibiotic-free medium and
grown again for 8 h at 37°C. This cycle, which gives almost
exactly 10 generations, was repeated until at least 200
generations of growth under nonselective conditions were
reached. After usually every 50 generations, appropriate
dilutions of the cultures were plated onto nonselective YT
agar plates and incubated overnight at 37°C. Approximately
200 colonies were examined for resistance pattern by replica
plating, and the percentage of plasmid-free cells was deter-
mined from the ratio of sensitive to resistant colonies.
Resistant and sensitive colonies were occasionally examined
for the presence of plasmid DNA by the alkaline lysis
method. In all cases, the results of these control experiments
were consistent with the resistance pattern data.

DNA techniques. Plasmids were constructed according to
standard molecular cloning techniques (23); Bal31 (Boehr-
inger GmbH, Mannheim, Federal Republic of Germany) was
used for the generation of nested deletions within the RP4
par region. After Bal31 nuclease digestion, the DNA ends
were filled to make blunt ends with the Klenow fragment of
E. coli DNA polymerase I and phosphorylated with T4
polynucleotide kinase. Nonphosphorylated BamHI linkers
(8-mer) were introduced at the deletion endpoints as de-
scribed previously (37).

DNA was sequenced by the dideoxynucleotide chain
termination method developed by Sanger et al. (34), using
M13-generated single-stranded DNA as templates. Reagent
kits employing either the Klenow fragment of E. coli DNA
polymerase I or reverse transcriptase (Bio-Rad, Richmond,
Calif.), or Sequenase (United States Biochemicals, Cleve-
land, Ohio) or Taq polymerase (Promega Biotec), were used
as instructed by the suppliers. 7-Deaza-dGTP or dITP was
used occasionally to reduce secondary-structure formation.
The programs of the Gene Master system (Bio-Rad) were
used to handle and analyze sequence data.

Identification of polypeptides. For in vitro transcription and
translation, a commercial system (Zubay system from Am-
ersham International, Amersham, United Kingdom) based
on S30 lysates of E. coli was used. Highly purified super-
coiled plasmid DNA or linear DNA fragments were applied
as templates. The T7 RNA polymerase-based in vivo system
was used as described previously (41) except that strain XL.1
was used as the host. Specific transcription from the T7
promoter was induced by infection with phage mGP1-2,
which contains the T7 RNA polymerase gene under the
control of the E. coli lac promoter, in the presence of
isopropyl-B-D-galactopyranoside (IPTG). Synthesized poly-
peptides were labeled with [>*S]methionine and analyzed by

MOLECULAR CHARACTERIZATION OF THE par LOCUS OF RP4 6195

sodium dodecyl sulfate-polyacrylamide gel electrophoresis
and fluorography.

Nucleotide sequence accession number. The sequence re-
ported has been deposited in the GenBank data library under
accession number M37620.

RESULTS

The par locus of RP4 comprises a 2.2-kb region between
1S21 (IS8) and fiwA. We previously reported (35) that the Pst1
C fragment of RP4 contains the genetic information for a
very efficient stabilization process. To locate gene functions
involved in the stabilization process more precisely, various
deletion derivatives and subclones of the PstI C fragment
were constructed from pTUGS3, using known restriction sites
and pBR322 as the vector. In addition, progressive deletions
starting from the single Hpal site in pOH24 (Fig. 1), which
was shown to be located outside the essential region for the
partitioning function, were generated by nuclease Bal31
digestion. BamHI linkers were introduced at the deletion
endpoints, and a set of derivatives with deletions extending
from the Hpal site into the par region was selected (o GMA6
to pGMAZ28). A second set of derivatives with progressive
deletions into both directions from the Sall site was con-
structed from pGMA27 by using a coincident strategy
(pGMA41 to pGMA49). Schematic maps of the relevant
derivatives are summarized in Fig. 1. The exact deletion
endpoints of Bal31-generated derivatives are indicated in the
nucleotide sequence shown in Fig. 4.

Plasmid stability under nonselective conditions was deter-
mined for all derivatives, using E. coli C600 as the host
strain. Some of the plasmids were also tested by using the
recombination-deficient host E. coli HB101, but no signifi-
cant differences were observed. The plasmids could be
combined into four groups characterized by different kinet-
ics of plasmid loss (Fig. 2). Group a plasmids expressed the
same high stability as did plasmids containing the entire PstI
C fragment (e.g., pTUG3). No plasmid-free cells were de-
tected under the conditions of the stability assay. All of these
plasmids contain the region between the Sphl site at position
33.17 kb of the RP4 map (22) and the deletion endpoint of
pGMAZ27, the smallest fully stabilized derivative found.

A stabilization effect was also seen with group b plasmids.
However, in contrast to the group a plasmids, a certain
percentage of plasmid-free cells was reproducibly detected
during prolonged growth under nonselective conditions (5 to
10% after 200 generations). All of these group b plasmids
contain the region to the right of the Sall site (Fig. 1), but
parts of the region left of this Sall site, at least the small
0.48-kb Sphl fragment (Fig. 1), are deleted.

When analyzing the Bal31-generated derivatives with de-
letions extending from the right side into the par region, it
was found that pGMAZ27 and all derivatives having smaller
deletions (e.g., pGMA28) were fully stabilized. Although
derivatives pGMA23 and pGMA25 were repeatedly exam-
ined, they could not be clearly classified. In most cases,
these plasmids showed no stabilization effect. However, in
about half of the experiments a partial stabilization effect, as
was found with group b plasmids, could be observed. All
derivatives having larger deletions (e.g., pGMA21) clearly
showed no stabilization effect, and the kinetics of plasmid
loss were comparable to those of pBR322 (group c). Dele-
tions in both directions from the Sall site usually resulted in
loss of any stabilizing capability (group c). In some cases, a
destabilization effect was observed (group d). Only plasmid
pGMAA41 showed a partial stabilization effect and was clas-
sified as a group b plasmid.
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FIG. 1. Deletion analysis of the PstI C fragment of plasmid RP4. pOH plasmids were constructed by deleting fragments from pTUG3 or
by recloning respective fragments of the PstI C fragment into pBR322, using the known restriction sites (22). Fragments in pOH1, pOH2, and
pOH3 are cloned into the PstI site of pBR322, and fragments in pOH22, pOH23, and pOH24 are cloned into the SpklI site. pPOH38 and pOH41
are deletion derivatives of pOH24 and pOH23, respectively. Numbers in parentheses indicate plasmids with the fragment in the inverse
orientation. The pPGMA plasmids are Bal31-generated deletion derivatives. Plasmids pPGMA7 to pPGMA28 were constructed from pOH24. The
deletions in these derivatives start from the single Hpal site and extend from IS2] into the par region and into the tetracycline resistance gene
of pBR322, respectively. Plasmids pPGMA41 to pGMA49 have deletions extending from the Sall site into both sides of the par region and were
constructed from pGMA27. All Bal31-generated derivatives contain an additional BamHI site at the deletion junction. For better presentation
of smaller derivatives, the scale for PGMA27 was enlarged. Stability of the plasmids in E. coli C600 is indicated on the right. The classification
into groups a to d corresponds to the plasmid loss kinetics shown in Fig. 2. The scale (kilobase coordinates) and restriction sites correspond
to the physical map of RP4 (22). The patterned bars beneath the open bar representing the Pst1 C fragment show the locations of the
partitioning system (par) and adjacent functions of RP4, fiwA (11), and IS27 (IS8) (6, 31).
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On the basis of these data, we assigned the RP4 par locus (17), sequences fitting well to the o’ promoter consensus
to a region of about 2.2 kb between the Sphl site at position were identified on both strands within this region (indicated
33.17 kb and the deletion endpoint of pGMA27 at position in Fig. 4). This finding provides evidence for the presence of
35.4 kb of the RP4 restriction map (22). Small deletions on a divergent promoter system in this region which mediates
either side of this 2.2-kb fragment reduced or completely transcription in both directions. The sequences of these
abolished stabilizing capability. putative promoter regions do not contain inverted sequence

Complete nucleotide sequence of the RP4 par region. The repetitions specific for korB-regulated genes involved in
complete nucleotide sequence of the RP4 par fragment plasmid maintenance (29). In some of the identified putative
present in pGMA28 (Fig. 1) was determined. Appropriate promoter sequences, a motif at position —12 (tGCt), specific
DNA fragments from the PszI C fragment or from Bal31- for promoters functioning well in Pseudomonas spp. (7) and
generated deletion derivatives were subcloned into classified as group A54 (8), could be found (indicated in Fig.
M13mp18 or M13mp19 and sequenced by the dideoxy-chain 4). This class represents a set of regulated promoters tran-
termination method. The sequencing strategy is outlined in scribed by the ntrA (o°7)-like RNA polymerase holoenzyme.
Fig. 3. Problems due to marked tendencies of some regions This motif is also present in the promoters of the RP4 genes
to form secondary structures could be overcome by using trfA, trfB, kilA, and kilB (29).

different DNA polymerases and nucleotide analogs. The The entire sequence is characterized by an outstanding
gomplete nucleotide sequence of the RP4 fragment present accumulation of both direct and inverted repeats. The most
in pPGMAZ28 is shown in Fig. 4. significant structures are indicated in Fig. 4. However, at

A strong binding site for E. coli RNA polymerase has been this stage of our studies there is no definitive evidence for a
described as being present at RP4 map position 35 kb (28), biological function of such structures. The inverted repeat
corresponding to nucleotide positions 1800 to 1900. Using a between nucleotides 2290 and 2307 would give rise to a
computer program based on data for 263 E. coli promoters G+C-rich stem-loop, followed by an A+U-rich stretch that
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FIG. 2. Kinetics of the loss of plasmids containing different parts of the RP4 par region. All plasmids were tested in an E. coli C600 host.
Cells grown overnight at 37°C in selective medium were repeatedly subcultured by 1,000-fold dilution into nonselective medium, followed by
8 h of incubation; this procedure yielded almost exactly 10 generations per cycle. Appropriate dilutions were plated onto antibiotic-free YT
plates, and at least 200 colonies were checked for resistance pattern by replica plating to determine the percentage of plasmid-free cells. The
letters a to d refer to groups of plasmids showing similar behavior: a, pTUG3, pOH23, pOH24, pOH41, pGMA27, and pGMAZ28; b, pOH2,
pOH3, pOH22, pOH28, and pGMAA41; c, pBR322, pOH1, pGMA?7 to pGMA21, pPGMA23, pGMA25 (in two of four experiments, plasmids
pGMA23 and pGMA25 showed loss kinetics comparable to those of group b), pPGMA42, and pPGMA44; d, pOH38, pGMA43, pGMAA45, and
pGMAA49. Curves represent the values obtained with the most stable plasmid of a group. All other plasmids of a group showed values ranging
within the borders indicated. The data represent mean values of two parallel determinations of at least two independent experiments.

resembles a Rho-independent transcription termination site
(30). Two large palindromes, each characterized by one

Detection of polypeptides encoded by the RP4 par region.
Experiments to identify par polypeptides by in vitro tran-

mismatch, as well as a smaller perfect palindrome are
present in the intergenic region containing the divergent
promoters. In addition, this region contains various smaller
direct and inverted repeats. A further region characterized
by a significant accumulation of repeat structures is located
between bases 1100 and 1350.

Several open reading frames preceded by putative ribo-
some-binding sites can be found on both strands (see Fig. 6).
These features are discussed below, together with data on
identified polypeptides encoded in the par region of RP4.

scription-translation in a Zubay system gave evidence for
expression of a 9-kDa protein from plasmids containing the
entire par region or the region to the right of the Sall site
(Fig. 5A). A polypeptide of the same size was also expressed
in an in vivo T7 RNA polymerase-promoter system when the
direction of transcription was from the Sphl site to the
BamHI site in pPGMA28 (Fig. 5B). When the subfragment of
pGMA49 from bases 1874 to 2241 was analyzed with this
system (data not shown), a 9-kDa protein was again found.
Thus, this protein should be the product of open reading

—_
Sphl » Saw3A 44 » Bgll »
Xholl Sau3A : 45 42
Sphl , Sau3A . Sall 43 > 49 .
= = = s Z
= ] = [} ] 7] 'E, .g g
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FIG. 3. Sequencing strategy. The central bar represents the region of RP4 present in pPGMA28. Sequencing was based on the set of the
ordered Bal31-generated deletions. Proper fragments were cloned into M13mp18 and M13mp19 by using the BamHI site introduced at the
deletion junction. Furthermore, specific fragments of pGMA28 were directly cloned into M13mp18 and M13mp19 by using already known
restriction sites. Numbers refer to the respective pPGMA clones; for directly cloned subfragments, the relevant restriction sites used are
indicated. The direction of sequencing is marked by arrows. The length of each arrowed bar corresponds to the number of bases that could
be read from the gels.
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Sphl
GCATGCCAGCTTCTGGTTCGTCGGCTGGGTGATGGCGTCGGTTTTGGCCGGCGGCGTCGGCGCGATCGCCAGCGCGAAGCAACTGGCGTTCCTCGGCGAACATAGCGGCATGGTGGCCTT

CGGCTTCTTCCGCGACCAGGTGARGGACATGCACTGCGATGCGGACGTGATCCTGGCCCGGTGGGATGARAAGGCGAACTCGCCGGTGGTCTACCGCTGCCCGARGGCGTACCTGCTCAA
ORF5
CAGGTTCGCA‘l‘CCGCGCCC'1"1‘CGTGCCCTGGCCGGACTACACCGAGGGGGAMGCGAGGATCTAGGTAGGGCGCTCGCAGCGGCCCTGCGGGACGCGMM@GMMGCCGGGCAC

TGCCCGGCTTTATTTTTGCTGCTGCGCGTTCCAGGCCGCCCACACTCGTTTGACCTGGCTCGGGCTGCATCCGACCAGCTTGGCCGTCTTGGCAATGCTCGATCCGCCGGAGCGAAGCGT
* K Q Q Q ANWAAWVRIKVOQS?PSCGVULI KA ATI KA ATISSGG S RIULT

Sphl -— 22
GATGATGCGGTCGTGCATGCCGGCGTCACGT TTGCGGCCGGTGTAGCGGCCGGCGGCCTTCGCCAACTGGACACCCTGACGTTGACGCTCGCGCCGATCCTCGTAGTCGTCGCGGGCCAT
I I RD H MG A DRIKI RGTYRGAAIKA AL QV G QRO OQRETRUIRDETYUDTUDT RAM

45
CTGCAAGGCGAGCTTCAAAAGCATGTCCTGGACGGATTCCAGAACGATTTTCGCCACTCCGTTCGCCTCGGCGGCCAGCTCCGACAGGTCCACCACGCCAGGCACGGCCAGCTTGGCCCC
Q L AL KLLMD QUV S ELUV I KAV GNA A AEA BAALESTLDUVVGZPVATLIKAG

49
TTTGGCCCGGATCGACGCAACCAGGCGCTCGGCCTCGGCCAACGGCAAGCGGCTGATGCGGTCGATCTTCTCCGCAACGACGACTTCACCAGGTTGCAGGTCCGCGATCATGCGCAGCAG
K A R I S A VL REAEA ALUZPTZLARUSTI RDTIIKEA AVV VEG?P QLDA ATIMRBRIULL

43
CTCGGGCCGGTCGGCGCGTGCGCCGGACGCCTTCTCGCGGTAGATGCCGGCGACGTAGTACCCGGCGGCCCGCGTGGCCGCTACAAGGCTCTCCTGGCGTTCAAGATTCTGCTCGTCCGT
E P RDARA AG S A KERYTIGA AV Y Y G AARTA AAVLSEU QRTETLNZGQET DT

ACTGGCGCGCAGGTAGATGCGGGCGACC’I@CTTCGTCCCTCCGGTTGTTGCTCTCGCG'!‘CGCCAT'1‘TCCACGGCTCGACGGCGTGCGGA’!‘CGGACCAGAGGCCGACGCGCTTGCCT
S A RL Y IRAV KTILURIR RGEUZPI QAQETRTAM (ORFJ4)
* GE DRURNNSERURWIEKWZPEV AHUPUD S WULGVRIKSG

ORF5

CGCGCCTCCTGTTCGAGCCGCAGCATTTCAGGGTCGGCCGCGCGGCCG'1‘GGAAGCGJECCCACGCCATGCCCTGGTGMCCATCGCGGCGTTGACGT‘I‘GCGCGGCTGCGGCGGCCGG
R A EQ E L RLMEUZPUDA AA ARG HT FRYAWAMGU QHVMAANTGYVNR RTUPUGQZ®PZPR

Sall

CTGGCCAGCTCCATGTTGACCCACACGGTGCCCAGCGTGCGGCCGTAACGGTCGGTGTCCTTCTCGTCGACCAGGACGTGCCGGCGGAACACCATGCCGGCCAGCGCCTGGCGCGCACGT
S A LEMNVWUVTGLTRGYURUDTDI KTEHDV VLV HRRTFVMGA ALA AAQRA AR

TCGCCGAAGGCTTGCCGCTTTTCCGGCGCGTCAATGTCCACCAGGCGCACGCGCACCGGCTGCTTGTCTACCAGCACGTCGATGGTGTCGCCGTCGATGATGCGCACGACCTCGCCGCGT
_BGFAQRKEPADIDVLRVRVPQKDVLVDITDGDIIRVVEGR

ORF3 ORF3

AGCTCGGCCCATGCCGGCGAGGCAACGACCAGGACGGC TAGCTTCGGC TGGCC TGATGATCGGGGTACGCCAGGT
LBAHAPSAVVLVALAAAARLHAYSRRKH(OR!‘3)
* A H G WOQQHDUP Y AL

GCAGCACTGCATCGAAATTGGCCTTGCAGTAGCCGTCCAGCGCCACCCGCGAGCCGAACGCCGGCGAAAGGTACTCGACCAGGCCGGGCCGGTCGCGGACCTCGCGCCCCAGGACGTGGA
H'L V ADTFNA AIKTZCYGDULAVRSGTFA AP SULYZEVLGT?PU RUDIBRVUYETRTGTULUVaA

TGCGCCGGCCGCGTGTGCCGTCGGGTCCAGGCACGAAGGCCAGCGCCTCGATGTTGAAGTCGATGGATAGAAGTTGTCGGTAGTGCTTGGCCGCCC! GCGTCCCCCTTGGTCAAAT
I RRGRTGDUPGPVV FALAETINTFUDTIS STILULOQRTYUHIZ KU AA ARMADTGTI KTTL

ORF3 =21 ) 49— . .
TGGGTATACCCATITGGGCC m@mmcrmm@mcmrummcmm@@mmc
-

N P I G M (ORF 2)

23
ATATG%T_ACG‘I'G'X‘AT‘!"1‘TATGGAGG‘!‘TAMWWWWWMMQWCMTGWWCWAC
— ’ (ORF 1) M S R L T IDMTODOGQQH QS LKA ATLA AALUG QGGTI KT

- 25
CATTAAGCAATACGCCCTCGAACGTCTGT TCCCCGGTGACGCTGATGCCGATCAGGCATGGCAGGAACTGAAAACCATGCTGGGGAACCGCATCAACGATGGGCT TGCCGGCAAGGTGTC
I K Q YA LERTLTFZPGDADA ADUG QA AMWU QETLTZKTMLGNTZ RTINDGTLA AGTIKUV S

27
CACCAAGAGCGTCGGCGAMTTCTTGA‘.['GAAGAACTCAGCGGGGATCGCGCT‘!’GACGGCC1‘ACA'I‘CCTC&CGGCTGAGGCCGMGCCGATCTACGCGGCATCATCCGCTACACGCGCCGG
T K $ VG E I L DETETLS GDR A *

GAGTGGGGCGCGGCGCAGGTGCGCCGCTATATCGCTAAGCTGGAACAGGGCATAGCCA
—— e .

120
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FIG. 5. Polypeptides encoded by the RP4 par region. (A) Pro-
teins synthesized in a DNA-dependent in vitro transcription-trans-
lation system (Amersham). Highly purified DNA (2 to 5 ug) was
applied to the system, and polypeptides were synthesized by incu-
bation for 40 min at 37°C in the presence of 20 pCi of
[**SImethionine. After denaturation, proteins were separated by
electrophoresis on a 20% sodium dodecyl sulfate-polyacrylamide gel
and visualized by fluorography. Lanes: 1, standard; 2, pAT153
(control DNA supplied with the system); 3, linear PstI C fragment;
4, pOH41; 5, pOH22; 6, pOH38. Lanes 3, 5, and 6 contained
supercoiled plasmid DNA. (B) In vivo analysis by a strand-specific
T7 RNA polymerase-promoter system. Fragments of the RP4 par
region were cloned into pT7-5 or pT7-6. The resulting plasmids were
transformed into E. coli XL1. Characterized transformants were
grown in YT medium to an optical density at 690 nm of 0.5 and
then infected with phage mGP1-2. After induction of T7 RNA
polymerase with IPTG (1 mM), polypeptides were labeled by 10-min
incubation at 37°C in the presence of 10 uCi of [>*S]methionine and
0.2 mg of rifampin per ml. After separation on a higher cross-linked
15% sodium dodecy! sulfate-polyacrylamide gel (10:1 acrylamide/
bisacrylamide), proteins were visualized by fluorography. Lanes: 1,
Sphl-Sall fragment of pOH38 in pT7-6; 2, pT7-5; 3, entire BamHI-
Sphl par fragment of pPGMAZ28 cloned in pT7-5; 4, standard; 5, same
fragment as in lane 3 cloned in pT7-6; 6, pT7-6. Sizes (in kilodaltons)
of proteins of the [1*C]-methylated protein standard mix are shown
on the left. Bands representing Par proteins are marked by arrow-
heads.
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frame 1 (ORF1) (Fig. 6). The second ATG at position 1964 is
the most probable start codon, since the size of the resulting
possible coding region corresponds to the apparent mass of
the protein. Also, there is a remarkable putative ribosome-
binding site: 13 of 15 bases are homologous to the 3’ end of
the 16S rRNA. A second polypeptide of about 10 kDa is
expressed in the Zubay system from clones missing the
region left of the Sall site, such as pOH22 (Fig. SA, lane 5)

- or pOH3 (data not shown). With the T7 system, it was not

possible to clearly detect a corresponding polypeptide en-
coded by the pGMA28 par fragment. Unfortunately, back-
ground bands probably corresponding to vector-encoded
products were seen at the respective positions on the auto-
radiograph when the vector itself was analyzed (Fig. 5B,
lane 2). ORF2 (Fig. 6), which has two possible translation
start sites (ATG at positions 1780 and 1813) preceded by
possible ribosome-binding sites, would fit quite well to
encode a 10-kDa polypeptide. Since with pOH41 and with
the PstI C fragment the 10-kDa protein was not detected in
the Zubay system, a regulated expression for this polypep-
tide that depends on genetic information present in the
region left of the Sall site might be postulated. However,
further work is necessary to clarify the situation with ORF2.

It was not possible to clearly detect additional polypep-
tides specific for the par region with the Zubay system. Two
additional polypeptides, of about 18 and 24 kDa, could be
definitely detected with the T7 system when transcription in
the analyzed par fragment of pGMA28 was in the direction
of the Sphl site (Fig. 5B, lane 3). The 24-kDa polypeptide
was also expressed from a subfragment containing only the
region to the left of the Sall site (Fig. 5B, lane 1). This
polypeptide should therefore be encoded by ORF4. Two
possible translation start sites (ATG at position 1029; TTG at
position 993) giving rise to putative polypeptides of about 23
and 24 kDa, respectively, were found. The TTG is preceded
by a more reliable ribosome-binding site. Since a double
band was seen on most gels (Fig. 5B, lanes 1 and 3), it is also
possible that both translation start sites can be used, at least
in the T7 promoter-polymerase system. The 18-kDa protein
may be encoded by ORF3 starting at position 1502 (ATG) or
at position 1523 (ATG), giving rise to putative polypeptides
of about 19 and 20 kDa. Another possible start codon
situated nearby at position 1535 as well as an additional ATG
far upstream at position 1835 are not preceded by any
reliable ribosome-binding site. Since there is good evidence
that the 9-, 10-, 18-, and 24-kDa proteins are encoded by
ORF1, ORF2, ORF3, and ORF4, we designated genetic loci
for the proposed coding regions (see Fig. 4) as indicated in
Fig. 6.

It should be noted that the stop codons of ORF2 and ORF3
overlap the predicted start codons of ORF3 and ORF4,
respectively. Interestingly, the same situation was found
with the open reading frames of the istA and istB genes of
IS21 (31), which are located adjacent to the par region.

Another interesting finding is that ORF5 completely cov-

FIG. 4. Nucleotide sequence of the 2.3-kb par region of plasmid RP4 present in pGMA28. The deletion endpoints of relevant
Bal31-generated deletion derivatives are indicated by angled arrows. The numbers next to the arrows refer to the corresponding pPGMA
plasmids. Significant repeat structures are indicated by arrows below the sequence; mismatches are indicated by small boxes within these
arrows. The deduced amino acid sequences for the polypeptides that could be adjoined to open reading frames are written in the one-letter
code below the nucleotide sequence. The deduced amino acid sequences are given from the first possible start codon preceded by a reliable
ribosome-binding site. Further putative start codons within these frames and of the open reading frames for which no polypeptides could
definitively be assigned are marked by boxes with an angled arrow indicating the direction of translation. Stop codons are marked by boxes
with a vertical bar. The —10 and —35 regions of the promoter consensus sequences found by computer analysis in the intergenic region
between ORF1 and ORF2 are boxed. The tGCt motif of Pseudomonas promoters (7, 8) is marked by a open bar below the sequence.
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FIG. 6. Relevant open reading frames in the RP4 par region. The central bar indicates the sequenced region of pPGMA28. Proposed genetic
loci are indicated within. < >, The divergent promoter. Relevant open reading frames of both strands are marked by open bars, with arrows
inside indicating the direction of transcription. Possible start codons are marked by vertical lines. The molecular sizes of detected
polypeptides that could be assigned to open reading frames are indicated within the open bars.

ers the region of ORF4 on the complementary strand (Fig.
6). A possible translation start site for ORF5 would be a
GTG at position 343. Until now, no indication for the
expression of a polypeptide from ORFS5 has been found.
Identification of a dimer resolution system. All of the open
reading frames discussed above were compared by dot
matrix analysis at the nucleotide and amino acid sequence
levels with all published sequences of the par systems of
plasmids F, R1, pTAR, and P1, including the ccd and
hok/sok systems of F and R1 and the related pem system of
R100. However, no significant similarities were detected.
From routine plasmid isolations, we got the impression that
resolution of dimers might be involved in the stabilization
process mediated by the RP4 par region (O. Hrabak, Ph.D.
dissertation, Technical University of Graz, Graz, Austria,
1987). It was possible to demonstrate a specific phenotypic
effect attributed to expression of ORF4 (Fig. 7). Isolated
plasmid DNA of pBR322 derivatives containing different
parts of the par region consists of only monomeric molecules
when a functional ORF4 including the promoter region is
present. Plasmid DNA from derivatives either deleted in
parts of ORF4, such as pOH22 (Fig. 7, lane 1), or lacking the

FIG. 7. Effect of resolvase on plasmid DNA. pBR322 derivatives
containing different parts of the RP4 par region were transformed
into E. coli SF8. Plasmid DNA was extracted from the respective
transformants by the alkaline lysis method (minipreparation) and
analyzed on a 0.7% agarose gel. Lanes: 1, pOH22; 2, pGMA44; 3,
pGMAA41; 4, pGMA27; 5, pGMA25; 6, pGMA23; 7, pGMA21.
Abbreviations: mm, monomer; dm, dimer; ccc, covalently closed
circle; oc, open circle.

proposed promoter region around nucleotides 1800 to 1900,
such as pGMA21 (Fig. 7, lane 7), also contained dimeric
molecules when isolated from a recBC host. Derivatives
with deletions between the promoter region and ORF4 but
retaining at least the second possible translation start site of
ORF4, such as pPGMA41 or pGMA44 (Fig. 7, lanes 2 and 3),
did not show dimeric forms.

From these data, it can be concluded that a dimer resolu-
tion system which includes ORF4 and the region containing
the proposed divergent promoter is present within the par
region of RP4. Furthermore, dimer resolution itself is not
sufficient for efficient stabilization. Derivatives pGMA41,
pGMA44, pGMA23, and pGMA2S5 express resolution activ-
ity but show either no or only a reduced stabilizing effect
(Fig. 2).

Comparison of amino acid sequences revealed a pro-
nounced homology of the deduced polypeptide of ORF4 to
resolvases of transposons of the Tn3 family (Fig. 8), being
highest to that of Tnl/721 (33). The conserved regions,
including the presumptive serine involved in the 5'-phos-
phoseryl linkage to DNA and the cro-like DNA-binding
domain at the C terminus (38), are all present in the deduced
sequence of the ParA protein. From these data, it can be
concluded that ORF4 encodes a resolvase. The region
between ORF1 and ORF2 including the three palindromes
(Fig. 4) may represent a possible cis-acting site for resolvase
action. The sequence features of this region resemble those
of res sites of known site-specific resolution systems (18, 38).

DISCUSSION

Our previously reported studies (35) demonstrated that the
broad-host-range plasmid RP4 contains a highly efficient
stabilization system that is located within the 6.2-kb PstI C
fragment. In this study, it was shown that all essential
functions are located on a 2.2-kb region between coordinates
33.17 and 35.4 kb of the RP4 map (22). A complex system
consisting of at least three polypeptides transcribed from a
divergent promoter (summarized in Fig. 6) and a putative
cis-acting site was found to be responsible for the extremely
high segregational stability of the plasmid RP4. Comparison
of sequences with essential components of other partitioning
systems revealed no significant similarity. Therefore, it can
be assumed that the RP4 system may represent a novel
system.

Deletions extending from IS21 (IS8) into the par region
have no effect on stability as long as ORF1 remains intact



VoL. 172, 1990 MOLECULAR CHARACTERIZATION OF THE par LOCUS OF RP4 6201
10 20 30 40 50 60 70 80
WRIFG MARMSTSONS LOLE--IRAL KD-AGUKANR IFTOKASGSS TOREGLIDLLA MKUEEGDUIL Tn3
* |
NATREQQPEG RALKUAR|-- WILRASTOENN LERQESLUAR TRAAGYYUAG IYREKASGAR ADRPELLANI ADLQPGE-YY  RP4-par
VQGHR I|-6 |VVRVISISFOQN PERQ|--LE-- ---- QTQUSK UFTD KD TQRPOLEALL SFUREGOTUVY  Tn 1721
90 100 110 120 130 140 150 160
KK-LORLGA| D-TADNIQL KEFDAQG--U AURFIDD-G- 1ST--D0--- --- D----M6 QHUUTILS[Alv ROAERRRI Tn3
* x % ®
REKIDRI SR LPLAEAERLL ASIRAKGAKL AUPGUUDLSE LAREANGUAK IULESUQODML LKLALQN-AR DDVE-DR- RP4-par
HS-NDRLAR N-LDDLARLY QKLTQRGI--V RIEFLKE-GL UFT-GE---- --- DS--PHA NLMLSUNGAF REF[ERAL I Tnl721
170 180 190 200 210 220 228
THE(GROERK LKG|I KFGRRA TU---DRKUY [L-TLHOKGTG ATEIRMOLS| ARSTUVKILE DERAS Tn3
x x *
QROGUOLAK AAGRYTGRKR DAGHHORIIT |LA---SGGSS IAKTAKLUGC SPSQUKRUWA AUNAQQOK RP4-par
QRE[G|I ALIAK| QRGRYRGRKK ALSD-EQART |LAQRATAGEP KAQLAREFNI SRETLYQYLR TOD Tni721
A---6- ----U

HELIX TURN HELIX

FIG. 8. Alignment of the amino acid sequences of the resolvases of the RP4 partitioning system (parA), Tn3, and Tnl721. Amino acids
highly conserved within the sequences of the whole Tn3 resolvase family (38) are boxed. Additional homologies of the RP4 ParA protein to
the resolvase protein of Tn3 or Tnl721 are marked by asterisks. The potential helix-turn-helix DNA-binding motif (27) at the carboxyl-

terminal end of the resolvases is indicated below; its highly conserved amino acids are shown separately.

(PGMA27). Deletion of ORF1 or parts thereof (p(GMA23 and
pGMA25) clearly affects the stabilizing property. The finding
of a partial stabilization effect in some experiments with
plasmids pGMA23 and pGMA2S may indicate a role of the
ORF1 protein in compensating environmental or physiolog-
ical conditions. Because of slight experimental variations
during different stability assays, cell populations might have
been exposed to changes of environmental parameters (e.g.,
substrate limitations or oxygen supply), which in turn may
have resuited in varying influences on the maintenance of
those plasmids lacking an intact parD region. Roberts et al.
(32) also analyzed various deletion derivatives of the RP4
par region. In contrast to our studies based on multicopy
replicons (pBR322), low-copy replicons were used in their
studies. However, the results obtained with the two systems
are in general comparable. Roberts et al. also found that
derivatives having deletions extending into the region con-
taining ORF1 were characterized by a drastic decrease but
not by a complete loss of stabilizing capability. It is notable
that the 9-kDa protein encoded by ORF1 is very efficiently
expressed in the in vitro Zubay system as well as in the in
vivo T7 polymerase-promoter system. Therefore, we as-
sume that a sufficient level of ORF1 protein might be needed
to ensure effective plasmid maintenance. Since nothing is
known about in vivo expression levels of the ORF1 protein
under natural conditions of plasmid maintenance, further
studies are necessary.

We demonstrated that the RP4 par region contains a
function which prevents the appearance of plasmid dimers.
It has also been reported that the PszI C fragment contains a
multimer resolution function (N. J. Grinter and P. T. Barth,
Abstr. Conf. Promiscuous Plasmids of Gram-Negative Bac-
teria, 1987). Roberts et al. (32) were able to define cis- and
trans-acting regions for this multimer resolution system and
located both regions within the boundaries of the partitioning
system. We found that the region between ORF1 and ORF2,
which contains the putative divergent promoter and the set
of the three palindromes (Fig. 4), is essential for the stabili-
zation process. No stabilizing effect could be seen when this
region or parts thereof were deleted. This region shows a

pronounced similarity in organization to the res site of Tn3
(18, 38) and could likely be regarded as the cis-acting site for
the resolution system. In fact, it was demonstrated that this
region represents the cis-acting part of the site-specific
recombination system included in the RP4 par region. Fur-
thermore, it was found that site-specific recombination is
independent of site orientation, indicating the involvement
of a recombinase belonging to a class that can act on both
direct and inverted repeats (32). We found that the amino
acid sequence of the resolvase of the RP4 partitioning
system (parA) has highest homology to the resolvase of
transposon Tn1721, which was shown to belong to such a
class of recombinases (2).

An interesting similarity was found between the loci of the
par resolvase of RP4 and the D protein of the mini-F
plasmid. Both proteins have resolvase activity but share no
significant sequence homologies. However, the situation
that the complete reading frame of the resolvase (ORF4) is
mirrored in the opposite strand by an open reading frame
(ORFS5) has also been found with the D protein of mini-F
(21). Whether this fact has any significance cannot be
decided at this stage of investigation.

Partial or complete removal of the structural gene of the
resolvase (parA) and retention of the proposed resolution
site as well as parD (e.g., pPOH3 and pOH22) results in that
phenotype of stabilization at a reduced level (group b plas-
mids; Fig. 2). An explanation for this effect would be that a
resolvase activity provided by the host can partially comple-
ment the plasmid-encoded resolvase of the partitioning sys-
tem. Involvement of host factors in plasmid site-specific
recombination has been shown for multicopy plasmids. For
example, at least two unlinked functions encoded on the E.
coli chromosome can act on the cer site of plasmid ColE1
(39).

There is clear evidence that a polypeptide can be ex-
pressed from parB. Derivatives deleted of the parB region
but retaining an intact resolution system and parD are
unstable (pGMA44) or at most partially stabilized
(pGMAA41). Therefore, we assume that parB is an essential
part of the RP4 partitioning system.
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Complementation and incompatibility studies have been
performed with different parts of the RP4 PstI C fragment
(M. Gerlitz, unpublished data). Weak incompatibility was
found between pMB1 and pl5A replicons containing the
entire PstI C fragment. When distinct parts of the PstI C
fragment were tested for incompatibility or complementa-
tion, the situation turned out to be rather complex, since
multiple interactions, including drastic destabilization and
oscillation effects, occur, indicating impairment of regula-
tory systems. Blocking of the function of partitioning sys-
tems, destabilization effects, and inhibition of plasmid main-
tenance as a result of overexpression of Par proteins have
been reported for other plasmids (1, 12, 20). The effect of a
higher rate of plasmid loss found with some deletion deriv-
atives (group d plasmids; Fig. 2) could also be the result of
disturbing regulatory circuits.

In conclusion, the RP4 par region represents a complexly
organized system. The resolution of plasmid multimers does
not seem to be the main principle of the stabilization
process. No detectable amounts of plasmid multimers could
be found in plasmid DNA preparations from rec* or recA
hosts even though all plasmids that do not contain an intact
RP4 par region are unstable in these hosts. Larger amounts
of dimers with plasmids lacking an intact resolution system
were observed only when a recBC host was used. The recBC
gene product (exonuclease V) is known to be involved in the
resolution of recombination intermediates (10). In addition,
it was shown that derivatives having an intact resolution
system but lacking other segments, such as parD (pGMA23
and pGMA2S) or parB (pGMA44 and pGMA41), are unsta-
ble or at least not fully stabilized. We speculate that the
site-specific recombination system of RP4 might be part of
an efficient partitioning mechanism. It has been postulated
that partitioning involves tight pairing of two plasmid mole-
cules by DNA-protein interaction (3, 26). Furthermore, the
absence of incompatibility with the NR1 system is explained
by a very efficient pairing of plasmids during or immediately
after replication, before they enter a free pool (3). One way
of explaining the mechanism of the RP4 par system would
include the involvement of the formation of plasmid dimer
intermediates that are resolved by the site-specific resolution
system during cell division, thus ensuring the exact parti-
tioning of at least one copy to each daughter cell. This
assumption is further supported by the fact that the chromo-
somally encoded integration host factor, an essential com-
ponent of the site-specific integration-recombination system
of phage \, has been shown to be part of the protein-DNA
complex formed at the parsS site of P1 (1, 3).

Further study of the interaction of the various components
of the RP4 par region is in progress.
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