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Abstract

The promiscuous IncPa plasmids RK2 and R995 encode a broad-host-range partition system,
whose essential components include the /ncC and korB genes and a DNA site (Og) to which the
korB product binds. IncC2, the smaller of the two /ncC products, is sufficient for stabilization of
R995A /ncC. It is a member of the type la ParA family of partition ATPases. To better understand
the role of ATP in partition, we constructed three alanine-substitution mutants of IncC2. Each
mutation changed a different residue of the Walker-like ATP-binding and hydrolysis motif,
including a lysine (K10) conserved solely among members of the ParA and MinD families. All
three IncC2 mutants were defective in plasmid partition, but they differed from one another in
other respects. The IncC2 T16A mutant, predicted to be defective in Mg2* coordination, was
severely impaired in all activities tested. IncC2 K10A, predicted to be defective in ATP
hydrolysis, mediated enhanced incompatibility with R995 derivatives. IncC2 K15A, predicted to
be defective in ATP binding, exhibited two distinct incompatibility properties depending on the
genotype of the target plasmid. When in transto plasmids carrying a complementable /ncC
deletion, IncC2 K15A caused dramatic plasmid loss, even at low levels of expression. /n fransto
wild-type R995 or to R995A /ncC carrying a functional P1 partition system, IncC2 K15A-
mediated incompatibility was significantly less than that caused by wild-type IncC2. All three
Walker-like A box mutants were also defective for the host toxicity that normally results from co-
overexpression of incCand korB. The phenotypes of the mutants support a model in which
nucleotide hydrolysis is required for separation of paired plasmid complexes and possible
interaction with a host factor.
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1. Introduction

Active partition is the process of DNA segregation in bacteria. The prototypical partition
locus consists of an autoregulated operon of two genes and at least one c/s-acting DNA
element functionally analogous to the eukaryotic centromere (Gerdes et al., 2004; Hayes and
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Barilla, 2006; Leonard et al., 2005b; Schumacher, 2008). The genes specify a weak ATPase
and a DNA-binding protein specific for the c/s-acting element. The locus constitutes a
functional cassette sufficient to stabilize heterologous, unstable plasmids (Austin and
Abeles, 1983a; Gerdes and Molin, 1986; Kalnin et al., 2000; Kwong et al., 2001; Ogura and
Hiraga, 1983).

Partition systems have been identified in numerous Eubacteria and Archaea. The majority
can be divided into two distinct and evolutionarily unrelated families that are most easily
distinguished by the ATPases they encode (Gerdes et al., 2000). Members of the type |
group encode Walker-type ATPases and type 1l members encode ATPases of the actin/
Hsp70 family. Type 11 systems use actin-like filaments to drive plasmid partition (Garner et
al., 2007; Moller-Jensen et al., 2003; Moller-Jensen et al., 2002; Salje and Lowe, 2008). In
contrast, the mechanism of type I partition remains unclear. In an early step, molecules of
the DNA-binding protein attach to the cis-acting site to generate a large nucleoprotein
structure, termed the partition complex. Subsequent events have yet to be clearly defined.
According to a recent model (Soberon et al., 2011), the partition complex recruits the
ATPase, in the presence of which the complex undergoes a change in conformation to
generate the segregation apparatus. DNA molecules are paired via their partition complexes
at this juncture, although plasmid pairing may also occur prior to ATPase recruitment
(Edgar et al., 2001; Ringgaard et al., 2007). Separation may occur via polymerization of the
partition ATPase or may be driven by oscillation of the protein, possibly within spiral-
shaped structures in the cell (Barilla et al., 2005; Bouet et al., 2007a; Ebersbach and Gerdes,
2004; Hatano et al., 2007; Lim et al., 2005; Ringgaard et al., 2009).

Plasmids of incompatibility group P (IncP) are capable of replication and stable maintenance
in a variety of gram-negative bacteria (Kolatka et al., 2010; Thomas and Helinski, 1989).
They consist of two distinct groups: IncPa plasmids, such as RK2 and R995 with virtually
identical genetic backbones, and IncPB plasmids, which include R751 (Pansegrau et al.,
1994; Thorsted et al., 1998). Stable inheritance of the IncPa prototype, RK2, depends
heavily on a broad-host-range active partition system with strong similarities to, and notable
differences from, other well-characterized plasmid and chromosomal partition systems
(Bignell et al., 1999; Motallebi-Veshareh et al., 1990; Rosche et al., 2000; Siddique and
Figurski, 2002). The system comprises /ncC, which encodes a weak ATPase (Batt et al.,
2009) (A. Siddique and D. H. Figurski, unpublished results); korB, which encodes a DNA-
binding protein (Balzer et al., 1992; Khare et al., 2004) that interacts with IncC (Rosche et
al., 2000); and Og, the 13-bp DNA target for KorB (Balzer et al., 1992; Khare et al., 2004;
Rosche et al., 2000; Williams et al., 1998). The plasmids RK2 and R995 encode identical
incC genes (Siddique and Figurski, 2002) that express two polypeptide products: full-length
IncC1 (38.1 kDa) and the shorter IncC2 (27.5 kDa), which is initiated from an internal
translation start site in /ncC (Kornacki et al., 1984; Thomas and Smith, 1986) (Fig. 1). Both
incCI1and incC2are members of the large family of genes that are predicted to encode
partition ATPases related to the type | ParA protein of plasmid P1 (Gerdes et al., 2000;
Hayes, 2000; Motallebi-Veshareh et al., 1990). KorB is a bifunctional protein that acts both
as a transcriptional repressor of several IncP operons and as an integral component of the
plasmid partition apparatus (Bechhofer et al., 1986; Jagura-Burdzy et al., 1999; Pansegrau et
al., 1994; Rosche et al., 2000; Williams et al., 1998). Whereas most other partition systems
harbor a single partition site, the IncPa plasmid RK2 carries 12 Og sites (Og 1-12) located
throughout its genome (Pansegrau et al., 1994). Six are positioned at or near promoters and
are required for KorB-mediated transcriptional regulation (Jagura-Burdzy et al., 1999;
Pansegrau et al., 1994), while the other six are in locations with no obvious function. Unlike
other plasmid partition systems, in which three components are sufficient to stabilize a
heterologous unstable replicon, the three analogous components known to be required for
IncP plasmid partition (/ncC, korB and a single Og site) are not, indicating that at least one
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other gene or Og site is necessary for the system to function properly (Rosche et al., 2000;
Verheust and Helinski, 2007).

The defining feature of type | partition ATPases is a short glycine/lysine-rich sequence
termed the Walker-like A box (KGGXXK]T/S]) (Koonin, 1993; Motallebi-Veshareh et al.,
1990), which is similar to, but distinct from, the classical Walker A box motif found in many
prokaryotic and eukaryotic proteins (Walker et al., 1982). The Walker-like A box and
another conserved sequence, the Walker-like B box, form critical portions of the ATP-
binding and catalysis pocket. Residues of the Walker-like A box form a flexible loop-like
structure (known as the P-loop) that contacts the phosphate groups of the bound nucleotide
(Hayashi et al., 2001; Leonard et al., 2005a; Pratto et al., 2008). The last two residues in the
Walker-like A motif are highly conserved among Walker-type proteins. The lysine seems to
be important for the binding of ATP (Hishida et al., 1999; Mitchell and Oliver, 1993;
Panagiotidis et al., 1993; Seefeldt et al., 1992) and the threonine/serine residue is involved in
Mg?2* coordination, which is essential for catalysis (Hayashi et al., 2001; Hishida et al.,
1999; Jang et al., 2000; Story and Steitz, 1992).

In the partition ATPases of plasmids P1 (ParA) and F (SopA), residue changes within the A
and B boxes abolish /n vivo partitioning, alter autoregulatory properties and plasmid
localization patterns, and impair ATPase activity (Davis et al., 1996; Fung et al., 2001;
Hatano and Niki, 2010; Li et al., 2004; Libante et al., 2001). Biochemical studies have
revealed that the P1 ParA protein requires ATP for partition complex formation but prefers
ADP for operator-binding and transcriptional regulation, indicating that ATP hydrolysis
regulates a switch from a form of the protein active for partition to one required for
transcriptional regulation (Bouet and Funnell, 1999). A number of P1 ParA homologs form
dynamic ATP-dependent filaments (Barilla et al., 2005; Bouet et al., 2007a; Ebersbach and
Gerdes, 2004; Ebersbach et al., 2006; Lim et al., 2005). ATP is also required for the non-
specific binding of F SopA and P1 ParA to DNA (Bouet et al., 2007a; Castaing et al., 2008;
Vecchiarelli et al., 2010). Thus, adenine nucleotides play multiple roles in the biology of the
ParA protein. To gain further insight into the role of nucleotide in partition, we have
undertaken a genetic analysis of the Walker-like A box of IncC2. The mutants generated
during this study were found to have different phenotypes. These phenotypes indicate
distinct roles for the two lysine residues in the Walker-like A box of IncC.

2. Material and Methods

2.1. Bacterial strains

The Escherichia coli strains used in this study are DF4063 (thr-1 leuB6 lacY1 thi-1 tonA21
SUPE44 rfbD1 AtrpES5 gyrA) (Ayres et al., 1993), EKAL3 (AsdR lacY leuB6 AtrpES5 recAl
gyrA) a spontaneous nalidixic acid mutant of JA221 (a gift from Charles Yanofsky), and
TOP10 (F~ mcrA A(mrr-hsdRMS-mcerBC) $80d/ac(lacZAM15) AlacX74 deoR recAl
araD139 A(ara-leu) 7697 galU galK rpsL endA1 nupG) (Invitrogen, Carlsbad, CA).

2.2. Plasmids

A list of plasmids used in this study is presented in Table 1. Construction of unpublished
plasmids is described below. For pR9410, the parABS locus of plasmid P1 was excised from
pALA1557 (a gift from Stuart Austin) and inserted into the BamHI site of a cloned QAp
Himd1l1 fragment (Fellay et al., 1987). The resulting P1 parABS-QAp cassette was excised
with AHirdlll and inserted into the unique AH/imdlIl site within the gphA (kanamycin
resistance) gene of pR9401 (Siddique and Figurski, 2002). /n vitro insertion of the EZ::TN
<KAN-2> transposon (Epicentre, Madison, WI) into the fetA (tetracycline resistance) gene
of the pR9401 derivative generated a kanamycin-resistant, tetracycline-sensitive version of
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the plasmid, designated pR9410. pRK22429 was constructed by PCR amplification of incC2
from pRK2178 (Bechhofer et al., 1986), cloning of the PCR product into pCR2.1
(Invitrogen), and ligation of the Xbal- and HimdllI-digested incC2-T7 fragment from
pCR2.1 to pJAK16 (J. A. Kornacki, unpublished) digested with the same enzymes. For
pRK22455, the 5’-half of incC2was amplified by PCR from pRK2178 (Bechhofer et al.,
1986) and the resulting PCR product, which incorporates an AAA—1GCA change at codon
10, was cloned into pCR2.1. A Nof digest released a 5’ -fragment of incC2 K10A that was
inserted into a NMoAl deletion-derivative of pRK22429. The resulting plasmid was digested
with Xbal and Himdlll, and the incC2 K10A-T7 fragment was ligated to Xbal- and Himd111-
digested pJAK16 to generate pRK22455. pRK22456 and pRK22457 were constructed by
the same method as for pRK22455. The cloned incC2-T7 genes incorporate an AAG—GCG
change at codon 15 (for pRK22456) and an AAG—TCG change at codon 16 (for
pRK22457).

All strains were grown on Luria-Bertani (LB) medium at 37°C (Sambrook et al., 1989). The
following antibiotics were used at the indicated concentrations: ampicillin, 50 pg/ml;
penicillin, 150 pg/ml; kanamycin, 50 pg/ml; chloramphenicol, 50 pg/ml; tetracycline, 30
pg/ml (on plates) and 15 pg/ml (in broth); and nalidixic acid, 20 pg/ml. Expression from the
tac promoter was induced with the addition of isopropyl-B-D-thiogalactopyranoside (IPTG)
to solid or liquid medium.

2.4. Molecular procedures

2.5. Plasmid

3. Results

DNA manipulations using restriction endonucleases, T4 DNA ligase, calf intestinal alkaline
phosphatase, and £. co/i DNA polymerase | Klenow fragment were done according to
manufacturers’ recommendations (New England BioLabs, Beverly, MA and Fermentas Inc.,
Hanover, MD). Amplification of DNA by PCR was done with Taq DNA polymerase
(Qiagen, Valencia, CA) or Vent DNA polymerase (New England BioLabs). All cloned PCR
products were confirmed by nucleotide sequencing. Preparation of plasmid DNA was done
either by a protocol involving alkaline lysis, phenol-chloroform extraction and ethanol
precipitation (Ausubel et al., 1989) or by one involving alkaline lysis followed by column
purification (Qiagen).

stability assay

E. coli DF4063 cells carrying the appropriate plasmid(s) were grown in broth at 37°C with
selection for the resident plasmid(s) until the cultures reached saturation. The cultures were
diluted 105-fold into medium without selection for the test plasmid, grown to stationary
phase, then diluted 10°-fold again into fresh non-selective medium. This cycle was repeated
until loss of the test plasmid was observed or until the strains had grown approximately 70 —
90 generations. At the time of each dilution, serial dilutions of the cultures were plated on
medium without selection for the test plasmid. Plasmid retention was measured by picking
100 colonies from the non-selective plates onto plates with selection for the test plasmid.
Each experiment was independently performed at least twice.

3.1. Construction of Walker-like A box mutants of IncC2

The 27.5-kDa polypeptide product of the RK2 /ncC gene, IncC2, is sufficient to confer full
partition function on R995A /ncC, a R995 derivative lacking a functional and identical /ncC
gene (Fig. 2) (Siddique and Figurski, 2002). Consequently, our analysis of IncP plasmid
partition has focused on IncC2, which is smaller and simpler to use than full length IncCL1.
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To facilitate detection of IncC2, we generated a T7 epitope-tagged version of the protein.
The incC2-T7fusion is indistinguishable from wild-type /ncCZ2in its ability to complement
R995A incC for stable maintenance and in its incompatibility and host toxicity properties, as
described below.

To investigate the /n vivoroles of ATP-binding and hydrolysis in partition, we constructed
mutants of the Walker-like A box of IncC2. Three highly conserved residues in the region
were targeted for substitution with alanine: lysine 10 (K10), lysine 15 (K15), and threonine
16 (T16) (Fig. 1). By analogy with Walker-like A boxes of related proteins, K10 is predicted
to be involved in nucleotide hydrolysis; K15, in nucleotide binding; and T16, in Mg2*
coordination (see Discussion for details).

The Walker-like A box mutations were generated in the context of /ncC2-77by PCR; and,
like wild-type incC2-T7, the mutant genes were inserted downstream of the fac promoter in
an expression vector (pJAK16). Western blot analysis showed that the IncC2 K10A-T7 and
IncC2 K15A-T7 proteins are expressed at levels similar to that of wild-type IncC2-T7.
IncC2 T16A-T7 is expressed at a level significantly lower (approximately 5-fold) than that
of wild type (data not shown).

3.2. Complementation and incompatibility with R995AincC

We first tested the T7-tagged version of /ncC2 for the ability to complement R995A /ncC in
transin E. coli. Uninduced expression of /ncC2-T7 or expression induced with a low level of
IPTG (0.001 mM) was able to restore R995A incC stability to wild-type levels, indicating
that IncC2-T7 and IncC2 have equivalent stabilization properties [Fig. 3B, data not shown;
compare to Fig. 3A in (Siddique and Figurski, 2002)].

Elevated expression of /ncC causes the increased loss of IncP plasmids (“incompatibility™)
(Rosche et al., 2000; Siddique and Figurski, 2002). Therefore, we expected that increased
expression of /ncC2-T7would also destabilize R995A /ncC. Indeed, induction of incC2-T7
with elevated IPTG levels (0.1 mM or 1 mM) caused rapid loss of R995A /ncC (Fig. 3B).
The rates of loss are indistinguishable from those caused by the equivalent expression of
wild-type /ncCZ, indicating that the two proteins have similar incompatibility properties
(compare to Fig. 3A in (Siddique and Figurski, 2002)). In contrast, the pJAK16 vector had
no discernable effect on R995A jncC stability at any IPTG induction level (Fig. 3A). Having
shown the equivalence of wild-type IncC2 and its epitope-tagged version with regard to the
phenotypes of stable maintenance and incompatibility, we have simplified the following text
by using “IncC2” or “wild-type IncC2” in place of “IncC2-T7”.

We tested the three /ncC2 mutants for complementation of R995A /ncC stability and for
incompatibility with R995A /ncC. Induction of the /ncC2 T16A allele (plasmid pRK22457)
with concentrations of IPTG up to 0.1 mM had no detectable effect on R995A jncC stability
(Fig. 3C). However, partial complementation of R995A /ncC stability was observed with
maximal induction of IPTG (1 mM). The inability of /ncC2 T16A to complement at the
lower IPTG levels is not due to inadequate intracellular protein concentration. The amount
of IncC2 T16A protein after induction with 0.1 mM IPTG is at least 10-fold greater than that
of uninduced wild-type IncC2 (data not shown).

The incC2 K10A allele is unable to complement R995A incC stability at any IPTG induction
level. Low level expression from the /ncC2 K10A plasmid, pRK22455, had no effect on
R995A /ncC stability, while higher expression levels (= 0.01 mM IPTG) destabilized the
plasmid (Fig. 3D). Thus, IncC2 K10A is unable to partition but can still generate
incompatibility against R995A jncC.
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The incC2 K15A mutant provided a surprising phenotype. £. colitransformants containing
both R995A jncC and the incC2 K15A plasmid, pRK22456, grew poorly on double
selection. In stability assays, R995A /ncC was lost so rapidly that only 20% of the colonies
tested from the T=0 plates contained the plasmid (Fig. 3E). The plasmid was undetectable
by the subsequent time point (T=20 generations). The rapid loss of R995A incC in the
presence of the incC2 K15A allele occurred even in the absence of any induction, implying
that a very low level of protein is sufficient to trigger loss of R995A /ncC. Thus, the
phenotype, although consistent with the concept of incompatibility, is distinctly different
from that caused by the overexpression of wild-type incC2. We refer to this phenotype as
“super-incompatibility.”

The results show that all three Walker-like A box mutants of IncC2 are incapable of
partition. Two of the mutants (7ncC2 K10A and incC2 K15A) display incompatibility
phenotypes, indicating that they possess some degree of function /n vivo.

3.3. Incompatibility with R995

To examine the dominance or recessiveness of the mutant alleles with respect to
incompatibility, we tested the ability of the mutants to destabilize wild-type R995 (incC").
As expected, wild-type incC2expression in transto R995 caused loss of the plasmid (Fig.
4). The rate of loss correlated with the degree of induction. IPTG concentrations below 0.01
mM had no discernable effect on R995 maintenance, while higher levels caused increasing
plasmid destabilization (Fig. 4, data not shown). With 0.1 mM (Fig. 4B) and 1 mM IPTG
(not shown), R995 was lost from the host population within approximately 15 generations,
similar to what was observed earlier with R995A jncC as the target plasmid (Fig. 3B). The
pJAK16 vector control had no effect on R995 stability at any IPTG induction level.

Induction of the /ncC2 T16A allele had no discernable effect on R995 maintenance, even at
the highest IPTG induction level (1 mM) (data not shown). Thus, incC2 T16A is incapable
of causing incompatibility with R995.

Surprisingly, induction of /ncC2 K10A in transto R995 caused greater plasmid
destabilization than that caused by wild-type incC2expressed at the same level, indicating
possible genetic dominance of the mutant allele with respect to incompatibility. It is most
obvious at the 0.01 mM IPTG induction level (Fig. 4A). At higher IPTG concentrations (=
0.1 mM), R995 destabilization by both wild-type incC2and incC2 K10A was so severe that
the loss curves are indistinguishable (Fig. 4B).

In striking contrast to earlier results with R995A /ncC, uninduced expression of the incC2
K15A allele had no destabilizing effect on R995 (data not shown). This implies that the
incC2 K15A allele is recessive, since the native wild-type /ncC allele on R995 was able to
abolish the super-incompatibility phenotype displayed by the mutant. Increased expression
of incC2 K15A resulted in some loss of R995, but the degree of destabilization (visible at
intermediate IPTG induction levels) was considerably less than that caused by wild-type
incC2expressed at the same levels (Fig. 4A).

3.4. Requirements for IncC2 K10A-mediated incompatibility and IncC2 K15A-mediated
super-incompatibility are different

Since the incompatibility phenotypes conferred by the /ncC2 K10A and incC2 K15A alleles
differed from those of wild-type incC2and from each other, we wished to know whether the
three /jncC alleles have the same or different genetic determinants for sensitivity to
incompatibility. The minimal genetic requirements for sensitivity to incompatibility by wild-
type /ncC are the korB gene and a single Og site (Rosche et al., 2000). These minimal
determinants are present on plasmid pRK22324, a P15A derivative carrying a region of RK2
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that contains Ogl, korA, korB, and the AincC allele that is present in R995A incC (Fig. 2).
As expected, expression of wild-type /ncC2 in trans destabilized pRK22324, whereas the
pJAK16 vector had no effect (Fig. 5). Therefore, we used pRK22324 to test the
incompatibility requirements of the /ncC2 mutants.

Induction of /ncC2 K10A caused greater destabilization of pRK22324 than did equivalent
induction of wild-type /ncC2 (Fig. 5). Even uninduced expression of /ncC2 K10A
destabilized pRK22324, whereas uninduced expression of wild-type /ncC2had no effect on
the stability of the plasmid (Fig. 5A). Thus, incC2 K10A displays enhanced incompatibility
with pRK22324, as it does with R995. This indicates that the determinants necessary for the
incompatibility phenotype of /ncC2 K10A are present on pRK22324.

In contrast, the /incC2 K15A allele did not display its super-incompatibility phenotype with
pRK22324. Instead, the incompatibility was weaker than that caused by equivalent
expression of wild-type /ncC2 (Fig. 5). Thus, the components on pRK22324 are not
sufficient for sensitivity to IncC2 K15A-mediated super-incompatibility.

3.5. Requirements for super-incompatibility

The super-incompatibility phenotype of incC2 K15A was observed with R995A /ncC but not
with pRK22324. Yet the cloned region on pRK22324 contains the same /ncC allele present
on R995A /ncC and possesses the necessary components for incompatibility with wild-type
incC. One significant difference between the plasmids is the potential to partition. The
presence of wild-type incC2 in trans allows for efficient stabilization of R995A /incC, but it
has no stabilizing effect on pRK22324 at any IPTG level (T. M. Rosche and D. H. Figurski,
unpublished). It is possible, therefore, that the super-incompatibility phenotype conferred by
incC2 K15A requires not only the components necessary for incompatibility, but also
determinants that provide the target plasmid with the capacity to partition. If so, a A/ncC
plasmid that can be stabilized by wild-type /ncC in trans (unlike pRK22324) should be
sensitive to super-incompatibility by /incC2 K15A.

One such plasmid is pRK22330, a derivative similar to pRK22324, but harboring a region of
RK2 stretching from the korA promoter to upf54.8 (Fig. 2). This plasmid, like pRK22324,
contains the A/ncCallele of R995A /incC, and korB. However, unlike pRK22324, it has three
Opg sites (Og1-3) and additional genes. Plasmid pRK22330 is unstable, as expected; but, in
contrast to pRK22324, it can be stabilized by wild-type /ncCZ2 in trans. After overnight
growth in the absence of selection, only 4% of cells lacked pRK22330 with incC2 in trans,
whereas 52% of cells with the isogenic vector lacked pRK22330. Stabilization by incC2 in
trans occurred in the absence of IPTG induction, as it does for R995A /ncC. In contrast,
pRK22330 was strongly destabilized by the incC2 K15A allele in trans (87% of cells lacked
pRK22330, even without induction of the fac promoter). Thus, pRK22330, unlike
pRK22324, is sensitive to IncC2 K15A-mediated super-incompatibility. The difference in
sensitivities of pRK22324 and pRK22330 to IncC2 K15A may indicate that the protein
causes the destabilization of plasmids by interacting in an abnormal manner with an IncP
plasmid partition apparatus that has all the components necessary for partition except IncC.

3.6. Suppression of super-incompatibility by P1parABS

The previous result predicts that an inactive IncP partition system would not be sensitive to
IncC2 K15A-mediated super-incompatibility. One possible way to inhibit the partition
system on R995 is to insert a heterologous functional partition system to create a dicentric
plasmid. Studies have revealed that the presence of a second partition system on a plasmid
does not destabilize it as one might expect if the two partition systems were to compete
(Austin and Nordstrom, 1990; Austin, 1984; Bignell et al., 1999; Bouet et al., 2005;
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Ebersbach and Gerdes, 2001). The results have been interpreted to indicate that the
formation of one partition complex is inhibitory to the function of a second complex on the
same plasmid, possibly as a result of topological constraints induced by the first complex
(Austin, 1984).

To test whether the presence of an independent partition system on R995A /ncC would
prevent IncC2 K15A-mediated super-incompatibility, we constructed an R995A incC
derivative carrying the parABS partition locus of the P1 plasmid. The P1 partition system
fully stabilizes R995A /ncC, indicating that it is functional in this context (Fig. 6).
Stabilization is not the result of complementation of the A incCallele, since parABS has no
effect /n trans (data not shown). We then tested the R995A incCIP1parABS* plasmid for
sensitivity to super-incompatibility mediated by the /ncC2 K15A allele. Remarkably,
uninduced expression of /ncC2 K15A had no effect on R995A incCIP1parABSt
maintenance, indicating that the presence of the P1 partition system is able to overcome
IncC2 K15A-mediated super-incompatibility (Fig. 6A). At higher levels of IPTG, the /ncC2
K15A allele did cause some incompatibility, but the degree of R995A jncCIP1parABS*
destabilization was less than that caused by equivalent expression of wild-type /ncC2 (Fig.
6B, data not shown). We conclude that the presence of a functional partition system on
R995A incC can suppress the super-incompatibility phenotype associated with the incC2
KI15A mutant.

3.7. Walker-like A box mutants of IncC2 are defective for host toxicity

We previously demonstrated that elevated expression of incCand korB together, but not
individually, is toxic to £. colicells (Rosche et al., 2000). We suggested that IncC-KorB
complexes interact with and titrate or block an essential host component required for
partition, thereby compromising cell viability. If ATPase activity is required for this activity,
Walker-like A box mutants of IncC2 would be expected to exhibit reduced toxicity when
overexpressed with KorB. We therefore examined the mutants for toxicity in £. coli strains
harboring pRK2300, which expresses elevated levels of KorB (Rosche et al., 2000).
Induction of /ncC2-T7 in transto pRK2300 caused toxicity similar to that caused by wild-
type /ncC2 (EOP = ~10~4) (Table 2). In contrast, all three mutants were defective for
toxicity (Table 2). Induction of incC2 K15A or incC2 T16A had no effect on the numbers of
colony-forming units or their size. Expression of incC2 K10A caused weak toxicity
characterized by smaller colonies on IPTG-containing selective plates. Thus, the Walker-
like A box mutants of IncC2 cause little or no toxicity in £. coli.

4. Discussion

The phenomenon of plasmid incompatibility has been documented for more than four
decades, yet the molecular basis of partition-related incompatibility remains unclear. What is
likely is that the molecular mechanism is different depending on the plasmid involved and
the circumstances under which it is destabilized (Bouet et al., 2007b; Bouet et al., 2005;
Dabrazhynetskaya et al., 2005; Lemonnier et al., 2000). A widely accepted explanation for
the phenomenon is that partition-related incompatibility results from competition between
plasmids for pairing (Austin and Abeles, 1983b; Nordstrom and Austin, 1989). Our previous
analysis of IncC-mediated destabilization of IncP plasmids, in which excess IncC appeared
to induce indiscriminate pairing between plasmids via IncC-KorB complexes at multiple Og
sites on RK2, is consistent with this interpretation (Rosche et al., 2000). Intermolecular
pairing of ParB (wy)-bound parS sites by the ParA homolog (ay) of plasmid pSM19035 has
been demonstrated by atomic force microscopy (Pratto et al., 2009). Increasing the ratio of
a; to wy resulted in the appearance of higher-order structures containing 3 or more paired
parS sites. These structures could be similar to the RK2 aggregates postulated to form in the
presence of excess IncC.
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The lysine residue equivalent to K15 in IncC2 is highly conserved among Walker family
ATPases (including Walker-like ATPases). Mutation of this residue typically impairs ATP-
binding (Hishida et al., 1999; Mitchell and Oliver, 1993; Panagiotidis et al., 1993; Seefeldt
etal., 1992). Among partition ATPases, alteration of this residue has a detrimental effect on
partition-related functions, although the defects vary depending on the type of substitution
made (Fung et al., 2001; Hatano et al., 2007; Libante et al., 2001; Vecchiarelli et al., 2010).
Not surprisingly, IncC2 K15A is defective for plasmid partition. It is also defective for host
toxicity. Its unusual incompatibility properties depend on the target plasmid.

Against R995, incC2 K15A exhibited reduced incompatibility relative to wild-type incC2.
Since IncC-mediated incompatibility appears to be associated with plasmid pairing (see
above), the phenotype may indicate that the mutant protein is deficient in the ability to pair
plasmids. This would imply that there is a requirement for ATP binding in plasmid pairing
or in an earlier step, such as nucleoprotein complex-formation. /n vitro work with the P1
ParA protein showed that the interaction of ParA with a ParB-parS complex is strictly
dependent on the presence of ATP (Bouet and Funnell, 1999). Our results agree with these
data and with recent evidence demonstrating ATP-dependent coupling of centromere-
carrying plasmids by the type b partition system of pSM19035 (Pratto et al., 2008).

In transto R995A incC, the incC2 K15A allele triggered remarkably rapid loss of the
plasmid from cells (.e., super-incompatibility). This loss occurred even in the absence of
induction, indicating that the destabilization phenotype is distinctly different from the
incompatibility typically generated by overexpression of /ncC2. The phenomenon is
reminiscent of the strong partition defects observed with certain Walker-like A box and
motif 2 mutants of P1 ParA and with the P1 parAM314/ mutant (Fung et al., 2001;
Youngren and Austin, 1997). The super-incompatibility phenotype was abolished by the
presence of the wild-type /ncCallele. It also appeared to require that the target plasmid have
the potential to form a functional IncP partition complex (see section 3.5.). If sensitivity to
super-incompatibility requires a potentially functional IncP partition system, this phenotype
may provide a powerful assay to identify the missing components of the IncP plasmid
partition apparatus.

What is the mechanism of IncC2 K15A-mediated super-incompatibility? One possibility is
that IncC2 K15A triggers silencing of essential plasmid genes or sites. Partition-related
silencing, well-documented upon elevated expression of P1 ParB, F SopB or Bacillus
subtilis Spo0J (Breier and Grossman, 2007; Lynch and Wang, 1995; Rodionov et al., 1999),
is caused by the binding of the ParB/SopB/Spo0J protein to the target partition site followed
by polymerization of the protein along the DNA in both directions from the site of initial
binding (Lynch and Wang, 1995; Rodionov et al., 1999). Interestingly, certain mutants of P1
ParA are able to generate strong ParB-dependent transcriptional blocks on genes adjacent to
a parS site probably by a mechanism similar to silencing (Sawitzke et al., 2002). In the case
of IncC2 K15A, the need for an IncP plasmid system with the potential for partition may
reflect the requirement for a “correct” KorB-Og complex to be present before the mutant
protein can trigger polymerization and silencing. Further studies are required to test this
hypothesis.

Unlike the residues corresponding to K15 and T16, the K10 equivalent residue is generally
absent from the classical Walker A box, yet it is highly conserved in the Walker-like A box.
Alteration of the corresponding residue in the Walker-like protein MinD resulted in loss of
in vivo function (Hayashi et al., 2001). Structural analysis of the B. subtilis ParA homolog
(Soj) dimer revealed that the nucleotide-binding pocket forms part of the interface between
interacting subunits and that the K10 equivalent residue of one monomer interacts with the
a and -y phosphates of the ATP molecule bound to the second monomer (Leonard et al.,
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2005a). Similarly, in the dimeric nitrogenase Fe-protein, the equivalent lysine contacts the
terminal oxygen of the p-phosphate of the nucleotide bound to the adjacent subunit and is
proposed to stabilize the leaving group during hydrolysis (Schindelin et al., 1997). These
data indicate a possible role for the lysine residue corresponding to K10 in ATP hydrolysis
and an association between nucleotide modification and protein multimerization.

In our study, IncC2 K10A mediated enhanced incompatibility against all plasmids tested,
including R995A /ncCIP1parABS* (data not shown). The simplest interpretation of this
result is that IncC2 K10A can pair plasmids but is unable to separate them. We hypothesize
that the K10 residue is required for the separation of plasmid pairs or the release of
separated plasmids from the segregation machinery. Since ATP is required for partition
complex formation, plasmid pairing and the formation of ParA protein filaments (Barilla et
al., 2005; Bouet et al., 2007a; Bouet and Funnell, 1999; Ebersbach et al., 2006; Lim et al.,
2005; Pratto et al., 2008), but nucleotide hydrolysis is necessary for the directed separation
of plasmids (Barilla et al., 2007; Pratto et al., 2009), the phenotype of the /ncC2 K10A
mutant may be indicative of a role for the K10 residue in ATP hydrolysis.

Might the host play a role in plasmid segregation? While many current models discount an
active role for a host factor in plasmid partition, RK2 might make a case for it. We
previously showed that IncC2 and KorB are toxic to the host when co-expressed, although
neither one alone is toxic (Rosche et al., 2000). In this work, the involvement of the host is
strengthened by the finding that partition-defective mutants of IncC2 are also toxicity-
defective. In addition, localization studies have revealed that RK2 is highly mobile in the
absence of a partitioning system, but the plasmids become fixed to sites at the quarter
positions of the cell in the presence of partitioning proteins (Anand and Khan, 2010; Derman
et al., 2008). One interpretation is that a host factor anchors RK2 to a specific site(s) in the
cell. In this context, the relatively weak host toxicity of the IncC2 K10A mutant might
indicate an inability to interact with the host. If IncC2 K10A is unable to hydrolyze ATP, the
toxicity phenotype of incC2 K10A would imply that ADP, not ATP, is required by IncC for
productive interaction with the host. The nature of the putative host factor is a mystery.
However, the association of many ParA-type proteins with the nucleoid might indicate that
the host factor is a nucleoid-associated protein or a site on the chromosome itself.
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Page 16

ATP-binding motifs in the IncC1 and IncC2 proteins. The Walker-like A and B boxes and
motifs 2 and 3 are represented on a schematic of the IncC1 and IncC2 proteins. The Walker-
like A and B boxes are described in the text. Motifs 2 and 3, also known as the A’ and B’
boxes, respectively, are conserved motifs that are also predicted to be part of the nucleotide-
binding pocket (Koonin, 1993; Leonard et al., 2005a; Motallebi-Veshareh et al., 1990). The
amino acid sequences of the core segments of the Walker-like A and B boxes are shown
below the schematic. Upper numbers that flank the sequences refer to IncC1 amino acid
residues; lower numbers refer to IncC2 residues. The residues targeted for mutation within

IncC2 are lysine 10, lysine 15 and threonine 16. All were mutated to alanines. The

schematic is drawn approximately to scale.
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Fig. 2.

Linear schematic of key plasmids used to study the incompatibility properties of the incC2
mutants. The IncPa backbone for plasmids RK2 and R995 is shown at the top with
landmark genetic determinants for reference. The primary difference between the IncPa
plasmids, R995 and RK2, is transposon TnZ in the &//C operon, which is present only in
RK2 and is excluded from this schematic. The bold horizontal arrows in the R995/RK2
schematic refer to genetic loci or operons; in the pRK22330 and pRK22324 schematics, the
arrows indicate genes. orfVVand oriT refer to the plasmid origin of replication and the origin
of conjugal transfer, respectively. Kn?” denotes the gene for kanamycin resistance; 7¢”
denotes the tetracycline resistance locus. The angled arrows indicate promoters. The black
circles, referred to as Ogl, Og2 and Og3, indicate binding sites for KorB. The korA gene
lies within the /ncC coding sequence, but in a different reading frame. A jncC refers to a 465-
bp in-frame deletion within /incC (see text for details). The /ncC deletion present on

R995A /ncC is the same as the one depicted here in the schematics of pRK22330 and
pRK22324.
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Fig. 3.

The effect of incC2mutant gene expression on R995A /ncC stability. DF4063 strains
containing the plasmids listed below were grown to saturation in media with selection for all
resident plasmids. At T=0, the cultures were diluted 10°-fold into media with selection only
for the /ncC2-expressing plasmid and grown to stationary phase, at which point the cultures
were diluted again. The procedure was repeated until the strains had grown approximately
70 generations. Colonies were screened for the presence of the target plasmid (R995A /incC)
on medium containing kanamycin. All strains contain pR9401 (R995A jncC). In addition
they contain pJAK16 (vector), pRK22429 (tacp-incC2-T7), pRK22457 (tacp-incC2 T16A-
77), pPRK22455 (tacp-incC2 K10A-T7) or pRK22456 (tacp-incC2 K15A-T7). Circles: no
IPTG,; triangles: 0.01 mM IPTG; diamonds: 0.1 mM IPTG; squares: 1 mM IPTG. Error bars
refer to the standard error of the mean (SEM). For the sake of clarity, error bars that are less
than +2% are not shown. For each point, the sample size is three (n=3), except for a few
points along the curves where the cultures were sampled twice.
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Fig. 4.
IncC2 K10A- and IncC2 K15A-mediated incompatibility against R995. Stability assays
were performed as described in Fig. 3. All strains harbor R995. In addition, they contain
pJAK16 (vector) (circles), pRK22429 (tacp-incC2-T7) (squares), pPRK22455 (tacp-incC2
K10A-T7) (upward-pointing triangles) or pRK22456 (tacp-incC2 K15A-T7) (downward-
pointing triangles). (A) 0.01 mM IPTG, (B) 0.1 mM IPTG. SEM bars are indicated as in Fig.

3.
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Fig. 5.

IncC2 K10A- and IncC2 K15A-mediated incompatibility against pRK22324. Stability
assays were performed as described in Fig. 3, except that ampicillin was used to screen for
the presence of the target plasmid (pRK22324). All strains harbor pRK22324 (A incC korB*
Ogl1™*; Fig. 2). In addition, they contain pJAK16 (vector) (circles), pRK22429 (tacp-incC2-
77) (squares), pRK22455 (tacp-incC2 K10A-T7) (upward-pointing triangles) or pPRK22456
(tacp-incC2 K15A-T7) (downward-pointing triangles). The symbols are the same as those
used in Fig. 4. (A) no IPTG, (B) 0.01 mM IPTG, (C) 0.1 mM IPTG. SEM bars are indicated
as in Fig. 3.
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Fig. 6.

IncC2 K15A-mediated incompatibility against R995A incCIP1parABS*. Stability assays
were performed as described in Fig. 3. Strains contain pR9410 (R995A incC/P1parABSY)
and pJAK16 (vector) (circles), pR9410 and pRK22429 (tacp-incC2-T7) (squares), and
pR9410 and pRK22456 (tacp-incC2 K15A-T7) (downward-pointing triangles). The symbols
are the same as those used in Fig. 4. (A) no IPTG, (B) 0.1 mM IPTG. SEM bars are
indicated as in Fig. 3.
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Table 1
Plasmids
Plasmid Markers Relevant Genotype  Description Reference or
source
pDB6 Kmf - P15A replicon; vector control for pPRK2300 Bechhofer &
Figurski
pJAK16 cm’ lach tacp IncQ replicon; expression vector Kornacki?
pR9401 Km' Tc" A incC R995 with 465-bp in-frame deletion within /incC (Siddique and Figurski, 2002)
pR9410 Km' Ap' T¢®  AincCPlparABS"  pR9401 with P1 parABS locus and an Ap™ marker This study
inserted into the gphA (Km") gene, and an EZ::TN
<KAN-2> transposon inserted in the fetA-tetR
locus; parAB reads in the same direction as aphA
pRK2300 Km' korA* AincC korB*  P15A replicon; carries RK2 korA and korB genes; (Bechhofer et al., 1986)
korF* Ogl~ has 465-bp in-frame deletion within /incC
pRK22324 Ap korA*® AincC korB*  P15A replicon; carries region of RK2 from korAp (Rosche et al., 2000)
Ogl* to korB with 465-bp in-frame deletion within /ncC
(Fig. 2)
pRK22330 Ap korA*® AincC korB*  P15A replicon; carries region of RK2 from korAp (Rosche et al., 2000)
korF* korG* kfrA* 10 upr54.8with 465-bp in-frame deletion within
upf54.8" Ogl* Og2+  11cC(Fig. 2)
Og3*
pRK22429 cm’ lacl $[tacp-incC2-  PIAKLG6 with incC2-T7 coding region expressed This study
T7Tag] from tacp
pRK22455 cmf lacl pJAK16 with incC2 K10A-T7 coding region This study
¢[tacp-incC2 K10A-  expressed from facp
T7 Tag]
pRK22456 cm’ lach pJAK16 with incC2 K15A-T7 coding region This study
¢[tacp-incC2 K15A-  expressed from tacp
T7 Tag)
pRK22457 cm’ lacl pJAK16 with incC2 T16A-T7 coding region This study
¢[tacp-incC2 T16A-  expressed from facp
T7Tag]
R995 Km' Tcr incC* Natural IncPa plasmid (Fig. 2) (Villarroel et al., 1983)

aD. H. Bechhofer and D. H. Figurski, unpublished results

bJ. A. Kornacki, unpublished results
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Table 2

Walker-like A box mutants of IncC2 are defective for toxicity

Plasmid 18 Relevant properties  plasmid 22

Relevant properties

Relative EOP on
double

selectionP

pDB6

pIAK16

pRK2300 korA* korB* korF* pJAK16

pDB6

pRK22429

pRK2300 korA* korB* korF* pRK22429

pDB6

PRK22455

pRK2300 korA* korB* korF* pRK22455

pDB6

PRK22456

pRK2300 korA* korB* korFt  pRK22456

pDB6

PRK22457

pRK2300 korA* korB* korFt  pRK22457

vector
vector
tacp-incC2-T7
tacp-incC2-T7
tacp-incC2 K10A-T7
tacp-incC2 K10A-T7
tacp-incC2 K15A-T7
tacp-incC2 K15A-T7
tacp-incC2 T16A-T7
tacp-incC2 T16A-T7

11
0.8
11
1.3x107
0.8
0.5¢
11
11
1.0
13

aEKAlS is the host strain

bReIative EOP (efficiency of plating) = CFU[+IPTG]/CFU[-IPTG]

colonies on IPTG-containing plates are significantly smaller than those on plates lacking IPTG
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