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pTAR-Encoded Proteins in Plasmid Partitioning
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Partition cassettes, essential for the segregational stability of low-copy-number bacterial plasmids, typically
encode two autoregulated proteins and an adjacent cis-acting centromere analog to which one or perhaps both
proteins bind. The diminutive partition region of pTAR of Agrobacterium spp. was reported to be exceptional,
encoding only a single protein, ParA (D. R. Gallie and C. I. Kado, J. Mol. Biol. 193:465-478, 1987). However,
resequencing of the region revealed two small downstream genes, parB and orf-84, of which only parB was found
to be essential for partitioning in A. tumefaciens. Purified ParA exhibited a weak ATPase activity that was
modestly increased by nonspecific DNA. ParB bound in vitro to repeated sequences present in a region, pars,
that possesses centromere and operator functions and within which we identified the primary transcription
start site by primer extension. In certain respects the Par proteins behave normally in the foreign host
Escherichia coli. In E. coli, as in A. tumefaciens, ParB repressed the partition operon; ParA, inactive alone,
augmented this repression. Functional similarities between the partition system of pTAR and those of other
plasmids and bacteria are prominent, despite differences in size, organization, and amino acid sequence.

Partition (par) operons are a characteristic feature of low-
copy-number bacterial plasmids. They confer segregational
stability and may do so by a factor of 100 or more. The most
thoroughly studied par operons, those of plasmids P1, F, R1,
and NR1, are simple in structure and exhibit a number of
similarities. Each consists of an autogenously regulated gene
pair (10, 19, 22, 32, 39) and a centromere analog that is either
upstream (for R1 [7] and NR1 [38]) or downstream (for P1 [1]
and F [34]). The first gene encodes an ATPase with recogniz-
able motifs (4, 25, 33). The second gene encodes a protein that
can bind tightly to plasmid-specific iterated sequences within
the cognate centromere analog (3, 5, 11, 12, 32, 39). Homologs
of plasmid partition genes with apparently analogous function
have been reported in Bacillus (17, 21, 26, 37) and in Cau-
lobacter (31) spp., as well as in members of an increasing
number of bacterial genera.

The par region of Agrobacterium tumefaciens plasmid pTAR
(a 44-kb plasmid that confers the ability to catabolize tartaric
acid [16]) is relatively small. It has been reported to be con-
tained within a 1,259-bp segment of pTAR DNA and to en-
code only a single partition protein, ParA (14). Features of the
amino acid sequence suggested that this ParA belongs to the
family of ATPases to which most other partition ATPases
(demonstrated or putative) have been assigned (25, 33).

The supposed simplicity of the pTAR partition system is
inconsistent with evidence obtained by Gallie and Kado that
insertions distal to parA reduced expression of the par operon
and could reduce the efficiency of plasmid partition (14). As
suspected, pTAR does encode a second partition protein,
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which we show here to be unusually small but otherwise un-
exceptional in its characteristics.

MATERIALS AND METHODS

Bacteria and plasmids. Bacteria are listed in Table 1. Escherichia coli K-12
strains MC1061 and DH5« served as hosts for cloning and plasmid propagation.
To allow our results to be interpreted in relation to those of earlier studies, we
confined our experiments to the LBA4301 strain of A. tumefaciens, obtained
from the Kado laboratory. As received, the strain was found to be sensitive to
rifampin rather than rifampin resistant as originally described (15).

Parental plasmids are listed in Table 2. Restriction enzymes were purchased
from New England Biolabs or Boehringer Mannheim. The shuttle vector
pUCD2000 and its par™ derivative, pUCD2001, carrying the partition region of
pTAR were kindly supplied by Clarence Kado. The in-frame deletion within
parA (designated AparAI) was made as an Ncol-generated deletion in pUCDS550
(see Fig. 1 for the locations of Ncol sites) to generate pUCDS50ANcol. In pUCD55
the parA and parB genes are flanked by an EcoRV site (as in Fig. 1) and a BamHI
site artificially introduced at position 1259 of the sequence in Fig. 1. The in-frame
deletion within parA was introduced into pUCD2001 by substitution of the EcoRV-
BamHI fragment (containing wild-type par4 and parB genes) by the correspond-
ing fragment from pUCD550ANcol. The resulting plasmid does not confer tet-
racycline resistance. pUCD2000parS™ parA™ was constructed by excision of the
BgllI-BamHI fragment from the parental plasmid pUCD2001. Deletion of the
par structural genes from pUCD2001 to yield pUCD2000parS™* was accom-
plished similarly, by the excision of a Clal fragment (from the site at position 247
in Fig. 1 to the Clal site in the promoter of the pBR322 tetracycline resistance
gene).

A parS-lacZ fusion was constructed by replacing the par4 and parB genes of
pUCD2001 (excised by Clal) with a lacZ gene as a BamHI-Smal fragment of
plasmid pOAR24. The fusion was excised as an EcoRI-BamHI fragment, blunt
ended, and inserted into the Smal site of pLDR11, from which it could be
inserted into the N attachment site (att\) of E. coli by the method of Diederich
et al. (9). The relevant feature of pPOAR24 (an intermediate in the construction
of indicator strains for gene silencing [36]) is the presence of a lacZ gene flanked
by BamHI and Smal sites which originally derived from pPP112 (35).

For experiments with E. coli, we used the compatible expression vectors
pOARI1 (a replicon of p15A) and pPBAD24-Km (a replicon of pBR322 [18]).
Vector pOART11, constructed by Oleg Rodionov of this laboratory, was derived
from pACYC184 by substitution of its HindIII-Sall fragment by the SsplI frag-
ment of pMMB67HE (13) containing lacl9, P,,., and a multicloning site (MCS).
The parAB genes, having been excised from pUCDS550 as an EcoRV-BamHI
fragment and blunt ended, were inserted into the Sall site of pOARI11 to gen-
erate pOAR11parAB. A BgllI-Kpnl fragment was deleted from pOAR11parAB
to generate pOAR11parA; similarly, a PstI-Stul fragment was deleted to generate
pOARI11parB. The vector pPBAD24-Km is a derivative of pPBAD24 (18). It was
obtained by insertion of the Km gene of pUC4K (Pharmacia) into the Scal site
(Ap gene) of pBAD24. The DNA sequences of parA, parB, and parA-parB were
prepared from plasmid pUCD2001 by PCR with appropriate primers and in-
serted into the EcoRI and Sphl sites of pBAD24-Km.

For the purification of the Par proteins as their Hisg-tagged derivatives, Ndel-
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TABLE 1. Bacterial strains

Strain

Genotype and/or characteristics

Source or reference

. tumefaciens LBA4301 (BR6394)
. coli BL21(DE3) (BR7591)

. coli BR5806 (M510)

. coli BR6326

. coli DH5a (BR2966)

rec (UV?®) ipoB (Rif*)
F~ ompT hsdSg(rg~

CEGICTOIGINN

. coli MC1061 (BR6545)
hsdR2(rx~ my ) mcrA merB1

mg"~) gal dem

penB380 zad::Tnl0 (destabilizes pBR322)

MC1061 (parSpyar-lacZ),,, (transcriptional fusion to lacZ)

F~ endAI hsdR17(ry~ my ") supE44 thyl recAl gyrA (Nal') relAl
A(laclZYA-argF) U169 deoR [$80dlacA(lacZ)M15]

F~ araD139 A(ara-leu)7696 galE15 galK16 A(lac)X74 rpsL (St")

15

Novagen

J. Beckwith via D. Sledjeski (27)
This work

New England Biolabs

Lab collection

Xhol DNA fragments bearing parA or parB were amplified by PCR from a
pUCD2001 template using the high-fidelity Pfu DNA polymerase (Stratagene).
PCR primers were custom synthesized (by BioServe Biotechnologies or Genosys
Biotechnologies). The fragments were inserted into the expression vector pET-
23a(+) (Novagen) for the production of Par proteins with His, tags at the C
termini.

Microbiological methods. Unless otherwise specified, bacteria were grown at
30°C in Luria broth (LB) with vigorous aeration or on LB agar plates (29). Media
were appropriately supplemented with antibiotics: 100 g of ampicillin/ml, 50 pg
of carbenicillin/ml, 20 pg of chloramphenicol/ml, 30 pg of kanamycin/ml, and 15
ng of tetracycline/ml. Measurements of plasmid retention in A. tumefaciens were
performed by replica plating on appropriate antibiotic-containing plates as de-
scribed previously (14) except that cultures being sampled were maintained
continuously in the logarithmic-growth phase by serial dilution. In sampling
cultures of A. tumefaciens, we took advantage of the ability of this organism to
survive in deionized water at 4°C for several days with no detectable loss of
viability. Plasmid retention was measured as described previously (24).

Protein purification. Hiss-tagged Par proteins were purified from 1 liter of
IPTG (isopropyl-B-p-thiogalactopyranoside)-induced cultures of BL21(DE3)
grown at 30°C and carrying the par genes cloned into pET-23a(+). Plasmid
amplification and protein purification by elution with imidazole from Ni>*-
nitrilotriacetic acid (NTA) His-Bind resin (Qiagen) were performed essentially
as recommended by the manufacturer.

Immunochemical assays of the partition proteins. Rabbit antibodies were
raised against C-terminally Hisq-tagged derivatives of ParA and ParB (BAbCO).
Immunoblotting procedures were performed with the ECL protein immunoblot
analysis system (Amersham) as recommended by the manufacturer.

Enzyme assays. Beta-galactosidase was assayed by the method of Miller (29),
using sodium dodecyl sulfate (SDS) and chloroform to permeabilize the cells.
ATPase was assayed by the release of 3>PO, from [y->?P]ATP (by a modification
of method B of Manne et al. [28]) in reaction mixtures prepared with various
salts. The results that we report here were obtained by following the protocol of
Davis et al. (8), in which NaCl is present at 150 mM. ParA or ParB (800 ng) was
added to 100 pl of a reaction mixture consisting of 1 pl (ca. 10 pCi) of
[y-**P]JATP (3,000 Ci/mmol; Amersham), 30 mM Tris acetate (pH 7.5), 150 mM
NaCl, 10 mM Mg acetate, 1 mM dithiothreitol (DTT), 0.1 mg of bovine serum
albumin/ml, and 0.1 mM ATP with or without 1 ug of plasmid DNA, as indi-
cated. The mixture was incubated at 30°C, and aliquots (7 pl) were withdrawn at
intervals and quickly frozen in dry ice. After all the samples had been collected,
5 wl of each was spotted along the wide edge of a 5-by-10-cm polyethyleneimine
(PEI)-cellulose plate (Sigma) and air dried. The plate was placed on its edge in
a chromatography chamber containing running buffer (1 M formic acid—0.5 M
LiCl) and run until the buffer front reached two-thirds the height of the plate.
After air drying, the plate was autoradiographed for 15 to 20 min on Kodak
Biomax film. For quantitation, bands were imaged on a Fujix BAS 2000 phos-

phorimager and analyzed with MacBas computer software (Fuji). The protocol
of Jensen and Gerdes (23) in which 50 mM KCl is present, or is replaced by
either 50 mM NaCl, 50 mM NH,CI, or 50 mM K-glutamate, did not further
increase the specific activity over background (data not shown).

DNA sequence and protein homology analyses. The DNA sequence of the
GC-rich region of pTAR downstream of par4 was obtained with the Thermo-
sequenase radiolabeled terminator cycle sequencing kit of Amersham Life Sci-
ence and the SequiTherm Excel DNA sequencing kit (Epicenter Technologies).
The sequences of cloned genes were verified with the fmol DNA sequencing
system of Promega.

DNA binding assays. Radiolabeled parS double-stranded DNAs, one compris-
ing the sequence shown in Fig. 3B without the ATG-3" (224 bp) and one
comprising that sequence plus an additional 46 bp upstream of the par operon,
were prepared, respectively, from pUCD2001 by Lofstrand Laboratories Ltd.,
Gaithersburg, Md., and from pUCDS550 by K.K. as PCR templates. The corre-
sponding 5’'-end-labeled forward primers were 5'-GGCATATCCGATTTGAT
GCG-3' and 5'-GAATTCCCCGCATTGAAAATTAAC-3'. The corresponding
reverse primers were 5'-ATGTCAATTCTCCGGTTAAAT-3" and 5'-ATGTC
ATTCTCCGGTTAAATCGAT-3'. Radioactive phosphorus was incorporated
using [y->*P]ATP with T4 polynucleotide kinase (New England Biolabs). Elec-
trophoretic mobility shift assays were performed essentially as described previ-
ously (6). Dilutions of the Hiss-tagged proteins were mixed with 1 nM radiola-
beled DNA fragment, incubated for at least 20 min at 25°C in binding buffer (20
mM Tris-HCI [pH 7.6], 150 mM NaCl, 2% glycerol, and 100 p.g of bovine serum
albumin/ml). Where indicated, ATP was added at a final concentration of 1 mM.
Samples were loaded into the wells of a 1- by 150- by 150-mm 5% polyacrylamide
gelin 0.5X Tris-borate-EDTA, beginning 10 min after the current was turned on,
and were subjected to electrophoresis at 200 V for 1 h. Gels were dried under a
vacuum at 80°C on Whatman 3MM paper and autoradiographed 12 to 16 h at
20°C on Kodak Biomax film.

Determination of transcription start site(s). RNA was extracted from A. tu-
mefaciens carrying pUCD2000parS™ parA™ and purified with the Qiagen RNA-
easy purification kit. Primer extension was performed with the Promega primer
extension Kit in accordance with the supplier’s protocol. Images were obtained
with a Fujix BAS2000 phosphorimager and MacBas computer software (Fuji).

Nucleotide sequence accession number. The region of pTAR sequenced in this
study, encompassing the entire par operon (Fig. 1), was deposited in the Gen-
Bank database under accession number AF143682.

RESULTS AND DISCUSSION

DNA sequence of the pTAR partition region: revision and
extension. The report by Gallie and Kado (14) that mutations
downstream of pTAR parA compromised plasmid partition led

TABLE 2. Plasmids

Plasmi Source of Antibiotic Other relevant Source or
asmid A .. - o

replication origin resistance feature(s) reference
pBAD24Km pBR322 Km Vector for cloning under P, J. Beckwith (18)
PCR-Blunt puC Km Ze Vector for PCR product cloning under P, Invitrogen
pET-23a (+) pBR322 Ap T7 expression vector for adding C-terminal His, tag Novagen
pLDRI11 pBR322 Ap att\ integration vector W. Messer (9)
pOAR11 pACYC184 Cm lacI® P,,. MCS O. A. Rodionov
pOAR24 pBR322 Cm Tc lacZ under P, of P1 O. A. Rodionov
pUCD105 PBR322 and pTAR Sp Ap Cm ori and par of pTAR 14
pUCDS550 pUC4 Ap par of pTAR 15
pUCD2000 pBR322 and pTAR Ap Tc Km Par~ shuttle vector; not stable in A. tumefaciens 15
pUCD2001 pBR322 and pTAR Ap Tc Km par” shuttle vector; stable in A. tumefaciens 15

“ Ap, ampicillin; Cm, chloramphenicol; Km, kanamycin; Sp, spectinomycin; Tc, tetracycline; Ze, zeocin.
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EcoRI rparS repeats

GAATTCCCCGCATTGAARATTAACTGCTTCTTTACTTTAGCCAGTCGGCATATCCGATTTGATGCGATACCCGGTTCATTGARATACCGGGTAATTTCGCTTATCCGGTAATTGTAATTA

-35 -10 *
TCGGATTTGTGTAAATACCCGGTTGCAATCAAAACCGGGTGTGTGT ITAAATCCGEGTCAATTCATTTACCGGATTTAATTATTAATCCGATATCAACTTTTACCGGGTATT TGAATAARC

ClaIl rbs parA A
CAGATTATCGATTTAACCGCGAGAATGACATATCCCTGTTGTCGTAGTGGCTTCATCAAAGGGCGGGGCAGGGAAATCCACCACCGCCCTGGETGCTGGGAACCCGAGCTTGCGCATAAGGGT
/M PV VV VA S S K 6 66 A GKSTTAVVTILGTTETLA ATHZKG

A’
GTCCCCGTCACCATGTIGGATTGCGACCCTAACCGGTCATTGACTATTTGGGCAAACGCGGGGGAAGTCCCGGAGAATATCACAGCTCTAAGCGACGTAACCGAATCCAGCATCGTCAAG
vep vV T ML D CD P NI RSLTTIWANAGTEVPENTI

B
ACGATCAAGCAGCATGACGTTGATGGAGCCGTGGTCATTGTTGACCTIGAAGGTGTAGCGTCGCGCATGGCTCTCTAGAGCAATATCTCAAGCAGACTTGGTGCTAATTCCAATGCGCCCC

T I K Q H DV D G A V V I V D L E G V A S RMV S R A I S

AAGGCACTGGACGCAACCATAGGCGCGCAGTCGCTACAGCTGATTGCAGAAGAAGAAGAAGCAATAGACCGGAARATAGCTCATGCGGTCGTGTTCACCATGGTTAGCCCCGCGATCCGT
K A L D ATTIGHAQ S L QL I

TCACATGAATACACCGGCATCAAGGCATCACTCATCGAAAACGGAGTAGAAATCATCGAACCGCCACTTGTAGAGCGGACGGCATATTCCGCGCTTTTTCAGTTCGGCGGCAATCTCCAT

S HE Y TG I KA AOS LI ENGUVEI IE

TCAATGARATCGAAGCAAGGCARATATGGCGECGGCAATCGAAAACGCCGAGGCCTICGCCATGGCAATATTTAAGAAGCTAACGGAGGCACTGCGATGAATGATTTCAAACTAGATCTAG

$ M K S K Q G NM A AATENA AEH ATFAMNMATI

GGTCGCTGAAACGGACCGCGAAGCCCGCCAGCGAAGCGGCCATCGCCAAGGCTGACGCAGTAGGGGAGGCGAGGEGGTTCGTTGATCGGTCGCCGCGCGGAAAGCCCGGTCGCAAGAAGA
G S L K R TAIKUPA S EAATIU AI KA ADA AV GEA ARG F VDR S PURGI K P G R K K

GCGAGCGCACCGGCCAGGTGCACGCCAAAGTGCTGCCGCACGTTTCCGAAGAAATCGCAGAGGAAGCTATGCGGCCTGGCCTCCTGCAAGGCGTCATTATAGAGGAAGCATGGGCACTGT
S E R T G Q VH A KV L P HV S8 E E I A E

rbs orf-84
ATTTGCAGGCCAAAGGATGACGGAGCARATGCGCTACAGGATTGAACATTCCGTCGAGGGCCGAGAGCAGGTTATTCCGCTTGACGATCTTGACGTGAAGAAGGCGCGCAGTCGCGCAAG
Y L E A K G

M T E Q M R ¥ R I E H 8§ V E G R E Q@ V I

PARTITIONING PROTEINS OF pTAR 1891
120
EcoRV

240
360
480

T A L 8 DV TE S S I VvV K
600

Q A DL V L I P M R P

NcoI

720

A E E E E A I DRIKTIW AHKAVYV YV F TMUV S P A IR
840

P P L VERTA AY S AL F Q F G G N L H

Stul NcoI rbs parB BglII
960
F K K L T E A L R

M N D F K L DL
1080
1200

E A MRIR G V V Q GV I I EEAW AL
1320

P L D DLDV K KA AWUR S R AR
1440

GTCATTGAGCAAGCAAGACGATCAATTGGGGAATGGTCTCGGCCATAGCGTCTATCTGATAGGCCAAGACGAGAGCGGCACTGATCAGGAGCAATACATCTACAACGGCGGATCGCTGGC
S L 8 K Q DD Q@ L GNGULGHSV YLIGOQQDESGTUDGQE QY I Y NG G S L A

GGATAAAGACCTCGTCAAAGACTGGAAATAAGCCATCAATGCTCTCCCACAGAAGCCGCCC 1501

D K DL V KD W K

FIG. 1. Nucleotide sequence of the pTAR partition region and deduced sequences of amino acid residues of the encoded proteins. The template for sequencing
was pUCD105 (14). The parS repeated sequences are indicated, and putative —35 and —10 sites of RNA polymerase binding are labeled explicitly, as are presumptive
ribosome binding sites (rbs) and motifs A, A’, and B in par4, which are characteristic of partition ATPases (25). An asterisk marks the start of the mRNA.

us to suspect the existence of a second open reading frame
(ORF) downstream of parA. We therefore undertook to rese-
quence the region, including parA4 (which is relatively AT rich)
and the more GC-rich downstream region of the DNA (more
typical of Agrobacterium). The relevant bacteria and plasmids
were kindly provided by Clarence Kado. We confirmed the
published sequence of parA4 and the upstream region but de-
tected 3 G residues that had been missed in the sequence of
the region downstream of parA. Their inclusion reveals an
OREF the first ATG start codon of which overlaps the par4
TGA stop codon by 2 bp (Fig. 1). Eight base pairs upstream of
the ATG is a putative ribosome binding site (GGAG) identical
in sequence to the GGAG which precedes the ATG of parA,
also by 8 bp. This ORF extends for 94 codons before termi-
nating in a TGA stop codon. Continuation of the sequencing
beyond the limits of the fragment that is required for efficient
partitioning in A. tumefaciens revealed the presence of an ad-
ditional OREF, the first ATG start codon of which overlaps the
parB TGA stop codon by 2 bp. Eight base pairs upstream of

this ATG, a GGAG sequence is again seen. The third ORF of
the operon extends for 84 codons before terminating in a TAA
stop codon. We give the names parB and orf-84, respectively, to
the ORFs downstream of parA.

Analysis of the sequence of the 222 amino acid residues that
parA of pTAR could encode led to the prediction that this
ParA is a member of the Sop/Par ATPase family (33, 41). The
pTAR ParB protein appears to belong to a family entirely
different from that of other centromere-binding partition pro-
teins such as ParB of P1 (E. V. Koonin, personal communica-
tion). No significant homology between ParB of pTAR and
other proteins in the database could be detected. The only
feature of the ParB sequence that we consider of possible
relevance to its DNA-binding capacity is a central region of 14
residues, 7 of which are basic. As for the orf-84 gene product,
it is not needed for partitioning in A. tumefaciens, but it may
have a regulatory role under particular conditions or in alter-
native hosts. We do not further examine its function in this
report.
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TABLE 3. Plasmid stabilization by the pTAR par genes:
effect of truncations within the par operon

pTAR partition gene(s) Loss frequency/generation®

in pUCD2000 A. tumefaciens E. coli pcnB
parS* parA* parB* 4X107°-6 X 107° 0.4 X 10721 X 1072
None 0.7 X 107'-0.9 x 10! 0.6 X 1072-4 X 1072
parS* 1.0x107'-1.2 x 107! 1X1072-3x 1072
parS™ AparAl parB*° 1.0 X 10712 x 101 02X 1073 x 1072
parS™ parA* 15X 10721 %107 04X 1026 x 1072

“ The ranges of plasmid loss frequencies given are based on the results of three
independent experiments with A. tumefaciens and two independent experiments
with E. coli BR5806.

> The AparAl gene carries the ANcol in-frame deletion.

A requirement for both ParA and ParB in plasmid parti-
tioning. We compared the segregational stability of an Agro-
bacterium-Escherichia shuttle vector (pUCD2000) carrying, or
not, the intact or partially deleted pTAR partition region. As
seen from Table 3, a DNA segment containing parS, parA, and
parB (and only the first 15 codons of orf-84) can confer an
approximately 1,000-fold increase in plasmid stability in A.
tumefaciens. This result is consistent with results obtained by
Gallie and Kado using similar constructs (14). In their exper-
iments, truncation of the segment from either end (to 62 bp
from the initial ATG of parA or to 19 bp from the stop codon
that terminates parA) eliminated this stabilizing effect. We
attribute the loss of stabilization that occurred upon terminal
truncation of the operon to removal of the source of ParB. The
alternative, that a cis-acting element required for partitioning
is present in this region, is inconsistent with the finding of
Gallie and Kado that the only region required in cis for par-
titioning lies upstream of parA (14). Stabilization experiments
were carried out both in A. fumefaciens and in a pcnB strain of
E. coli (BR5806). The pcnB mutation reduces the copy number
of pBR322 (27), and the shuttle vector is rendered unstable.
No statistically significant stabilization was observed in the
E. coli host (Table 3).

Autogenous regulation of the pTAR Par operon. The possi-
bility that the par4 gene is autoregulated was suggested by
Gallie and Kado (14) on the basis of increased transcription
from the par promoter when the par4 coding region (and the
region we now know to include parB) was deleted. In order to
determine which member(s) of the operon contributes to au-
toregulation, we examined the effects of inducible sources of
ParA and ParB on the expression of a transcriptional fusion of
lacZ to the promoter region of the par operon. This reporter
was inserted into the chromosome of E. coli as described in
Materials and Methods.

Two main conclusions can be drawn from the data of Table
4. We note first that the ParA and ParB proteins of pTAR can
be expressed in E. coli, as well as in A. tumefaciens, such that
they are functional for repression. Second, ParB can repress
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the partition operon. ParA, inactive alone, can modestly aug-
ment this repression. These findings are consistent with the
generalization that cooperation between the par gene products
is a common theme in par operon regulation, but the relation
of the operator region to the centromere region may influence
the choice of primary repressor. In the case of R1, NR1 and
pTAR, the two regions are intimately associated and the sec-
ond protein of the operon is the primary repressor. In the case
of P1 and F, the two regions are at opposite ends of the operon
and the first protein of the operon, the ATPase, is the primary
repressor.

Purification and some features of the products of par4 and
parB. In order to characterize the protein products of the two
par genes, the genes were cloned separately into expression
vectors, the proteins were purified as Hiss-tagged derivatives,
and antibodies were raised to them as detailed in Materials and
Methods. Since all the in vitro studies were carried out with the
C-terminally Hisq-tagged derivatives, the possibility that some
of the properties reported below are modified by the presence
of the added residues cannot be excluded.

The parA gene could encode a protein of 222 residues with
a unique cysteine residue at position 38. In the presence of the
reducing agent B-mercaptoethanol at 2.5 mM, the electro-
phoretic mobility of denatured ParA that had been boiled for
10 min in 1X Laemmli sample buffer (Bio-Rad) in a 10%
polyacrylamide gel with Tris-glycine-SDS running buffer (Bio-
Rad) was that of a monomer, whereas in the absence of 3-mer-
captoethanol, ParA migrated as a dimer (data not shown).
Possibly the intracellular form of ParA is monomeric, and
dimerization occurred during isolation. The parB gene encodes
a protein without any cysteine residues (as does orf-84). ParB
migrated to the position expected of a monomer, whether
B-mercaptoethanol was present or not (data not shown).

The results shown in Table 4 and the behavior of other pairs
of partition proteins suggest that ParA may interact with ParB
directly, possibly without requiring the mediation of parS. Our
attempts to demonstrate an interaction in vitro by the hetero-
oligomerization assay of Hope and Struhl (20) were not
successful. The two purified His,-tagged proteins did not
comigrate upon electrophoresis through a nondenaturing
gel following incubation together whether ATP was present
(1 mM) or absent during incubation and whether they were
treated with the cross-linking agent glutaraldehyde (0.02%) or
not. An interaction between the proteins might nevertheless be
demonstrable under altered preincubation or assay conditions.

Binding of Par proteins to parS DNA. We assessed the DNA
binding activity of the His-tagged ParA and ParB proteins,
separately and together, by an electrophoretic mobility shift
assay. As a substrate we used an end-labeled fragment of DNA
containing the 13 repeated sequences of the centromere-pro-
moter (parS) region (Fig. 3B) and essentially no extraneous
DNA or the same region plus an additional 46 bp of DNA
upstream of the repeats. Because similar results were obtained

TABLE 4. Effects of ParA and ParB on the expression of a parS-lacZ fusion in E. coli

B-Galactosidase sp act (Miller units) with:

Plasmids” No arabinose and: 0.2% Arabinose and:

No IPTG 0.06 mM IPTG 0.13 mM IPTG No IPTG 0.06 mM IPTG 0.13 mM IPTG
pBAD24-parA + pOARI11 (vector) 110 = 7 108 = 4 107 =3 110 = 7 108 £5 107 =2
pBAD24 (vector) + pOARI11-parB 103 =5 42 +3 2+0 102 =4 41 =4 2+0
pBAD24-parA + pOARI11-parB 105 £ 1 44 =1 2+1 103 = 6 15+2 1+0

¢ Cultures of BR6326 harboring the indicated plasmids were grown for five generations with or without inducers as shown.
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FIG. 2. Electrophoretic mobility shift assay of ParB binding to parS DNA.
Serial twofold dilutions of Hiss-tagged ParB in binding buffer were mixed with an
equal volume of 1 nM 3?P-labeled parS DNA (including 46 bp upstream of the
repeat sequences) in the same buffer, and samples were incubated and electro-
phoresed as described in Materials and Methods. Similar results (data not
shown) were obtained with **P-labeled DNA that did not include the extra 46-bp
region. The amounts of Hiss-tagged ParB in the lanes containing protein range
from 5.4 to 1,400 ng. Identical results were obtained when 1,750 ng of Hisg-
tagged ParA was included in the incubation mixture (data not shown).

with the two preparations, only one is shown. Figure 2 shows a
series of smeared bands that are increasingly retarded with
increasing concentrations of His,-tagged ParB, suggesting a
progressive occupancy of sites within the labeled fragment as
the protein concentration was increased. Because the progres-
sion of bands is not abrupt, binding to the sites does not appear
to be highly cooperative, although some degree of cooperativ-
ity is not excluded. ParA protein (also Hisy tagged), whether
ATP was present or not, caused no further mobility shift under
the conditions of our assays, but this failure (data not shown)
does not exclude the possibility that at some stage in the par-
tition process the two proteins form a complex with parS§ in vivo.

Identification of the primary transcription start site. The
observation that ParB binds to iterated sequences immediately
upstream of the genes that ParB effectively represses suggested
to us that the primary transcription start site may be situated
among these repeats. This expectation was confirmed by the
primer extension assays, in which we took advantage of the
derepression afforded by a AparB mutation to increase the
signal, otherwise extremely weak in A. tumefaciens (Fig. 3).
Similar results were obtained with E. coli (data not shown).
Although two bands appeared in some of these experiments,

A B ggcatatccgatttgat

gcgatacccggttcatt

TGAC gaaataccggctaattt

- cgcttatccggtaattg

CCGGGT taattatcggatttgtg
GTGTGT taaatacccggttgcaa -35

TTAAAT . " tcaaaaccgggtgtgtyg

CCGGTC* q 3 -10 tttaaatccggtCaatt

AATTCA =3 2 - catttaccggatttaat

a o tattaatccgatatcaa

TTTACC . = cttttaccgggtatttg

aataaacCagattatcg

atttaaccggagaatgacatatg

FIG. 3. Identification of the transcription start site of the partition operon by
primer extension. (A) Position of runoff transcript. (B) Iterated structure of parS
showing the probable transcription start site (underlined “C” with arrow) and an
additional site that is not reproducibly observed and that may represent an
artifact resulting from RNA degradation or an alternate start site (underlined
“C” without arrow).

PARTITIONING PROTEINS OF pTAR 1893

ParA + DNA
70 1
60 T d
~ ®
g 50+ ParA
& L
T 40t ° u
= ° - =
£ 301 e n
4 n
> o m
= [ )
& 20 1 .0 - ParB
< 1. A A
W1, aa A4 4 4 4 4 A
0 - + ; : : |
0 10 20 30 40 50 60
Time (min)

FIG. 4. Stimulation of the ATPase activity of ParA by plasmid DNA. ATPase
activity was measured as the release of 3?PO, from [y-*?P]ATP by thin-layer
chromatography as described in Materials and Methods. Shown are results with
pUCDS50 (containing parS). Identical results (data not shown) were obtained
with the vector pUC4.

the lower band (not shown) was more variable in intensity and
relatively weak; presumably, it represents the product of
mRNA degradation or possibly a secondary start site. The
upper band locates a start site at a cytosine residue of the
template which is appropriately positioned relative to putative
—10 and —35 sites of RNA polymerase binding. A central
location within the set of iterated sequences is similar to that of
the transcription start site in the partition operon of R1 (22).

ATPase activity of ParA. As predicted from its amino acid
sequence (33, 41), purified ParA possesses ATPase activity
(Fig. 4). The weak activity is comparable to those of other
partition ATPases, such as that of P1 (8). Substitution of KCI
or K-glutamate for NaCl did not increase the activity, and
other nucleotide triphosphates were not significantly hydro-
lyzed (data not shown). A modest stimulation of ATP hydro-
lysis by supercoiled plasmid DNA or short linear fragments of
double-stranded DNA was observed, and the stimulation did
not appear to be any greater if the DNA included the parS
region. These results are qualitatively similar to those obtained
with the partition ATPases of P1 (8), F (40), and R1 (23).

Relationships among partition cassettes. A striking feature
of the pTAR partition cassette is the similarity of its organi-
zation to that of R1 (or NR1). In each the promoter-operator
and centromere regions appear to overlap. In each they are
followed by a gene that encodes a weak ATPase whose activity
is stimulated by DNA (23, 30). In each a small downstream
gene encodes the primary repressor of the operon for which, at
least in NR1 (39) as in pTAR, the ATPase serves as a core-
pressor. In each the binding sites for the primary repressor are
a set of tandem repeats within which the transcription start site
is centrally situated. Another diminutive putative partition cas-
sette has been described in a linear plasmid of Borrelia burg-
dorferi (Ip 16.9) (2), in which the organization appears to be
similar, although the DNA of Borrelia and its numerous plas-
mids is particularly AT rich, whereas that of Agrobacterium is
particularly GC rich. Whether the observed organizational
similarities among partition cassettes of diverse provenance
are the result of divergent or of parallel evolution is a question
that remains to be answered.
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