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Abstract

More than 180 individual phages infecting hosts in the phylum Actinobacteria have been
sequenced and grouped into Cluster A because of their similar overall nucleotide sequences and
genome architectures. These Cluster A phages are either temperate or derivatives of temperate
parents, and most have an integration cassette near the center of the genome containing an
integrase gene and affP. However, about 20% of the phages lack an integration cassette, which is
replaced by a 1.4 kbp segment with predicted partitioning functions, including plasmid-like parA
and parB genes. Phage RedRock forms stable lysogens in Mycobacterium smegmatis in which the
prophage replicates at 2.4 copies/chromosome and the partitioning system confers prophage
maintenance. The parAB genes are expressed upon RedRock infection of M. smegmatis, but are
down-regulated once lysogeny is established by binding of RedRock ParB to parS-L, one of two
centromere-like sites flanking the parAB genes. The RedRock parS-L and parS-R sites are
composed of eight directly repeated copies of an 8 bp motif that is recognized by ParB. The
actinobacteriophage parABS cassettes span considerable sequence diversity and specificity,
providing a suite of tools for use in mycobacterial genetics.
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Introduction

A large collection of sequenced actinobacteriophage genomes provides high-resolution
insights into their genetic diversity and evolution (Pope et al., 2015). The more than 1,300
sequenced phage genomes (http://phagesdb.org), can be organized into over two-dozen
clusters (Cluster A, B, C, etc.) composed of distinct nucleotide sequences, many of which
can be divided into subclusters based on their overall sequence similarities. There is
substantial diversity within subclusters, and their architecturally mosaic genomes reflect a
long evolutionary history of genetic exchange (Hatfull et a/,, 2010, Pope et al., 2015). The
genetic diversity is reflected in considerable biological novelty and these phages have
provided numerous insights into gene expression, regulation, and function (Hatfull, 2010,
Hatfull, 2012, Hatfull, 2014).

Many of the actinobacteriophages are either temperate, or are recent derivatives of temperate
parents (Hatfull, 2014). A majority of the phages encode an integrase of either the tyrosine-
or serine- class of site-specific recombinases that mediate prophage formation by
chromosomal integration (Hatfull, 2014). Several phages (particularly those organized in
Clusters P, N, and 1) employ an unusual system of life cycle regulation in which the phage
attachment site for integration (aftP) is located within the repressor gene, such that the 3’
end of the repressor that encodes a degradation tag is recombinationally dissociated from the
rest of the gene, resulting in repressor stabilization (Broussard et al., 2013). In other phage
genomes such as L5 and Bxb1 (both organized in Cluster A), prophage integration is
independent of repressor synthesis, although the immunity system is unusual in that the
repressor binds to a large number (~25-30) of repressor binding sites distributed across the
genomes (Jain & Hatfull, 2000, Brown et al., 1997, Pope et al., 2011). Repressor binding
interferes with transcriptional progression and these sites are known as ‘stoperators’, in
contrast to the operator sites that regulate transcription initiation (Brown et al., 1997).

Cluster A is the largest group of actinobacteriophages, and currently can be divided into 17
subclusters (A1 — A17). However, these all share a common organization in which the virion
structure and assembly genes are organized with a common synteny in the left arms, and the
right arms contain DNA metabolism and regulatory genes, along with a large number of
small open reading frames of unknown function [see Fig. 1A, (Hatfull & Sarkis, 1993,
Hatfull, 2012)]. The left arm genes are transcribed rightwards, and the right arm genes are
typically transcribed leftwards, although some of the phages (primarily within Subcluster
Al) also have up to six genes at the right ends of the genomes that are also transcribed
rightwards (Hatfull, 2012). Most of the Cluster A phages encode an integrase gene and a
closely-linked attPsite situated at the center of the genomes, between the left and right arm
genes (Hatfull, 2012, Hatfull, 2014).

Bacterial chromosomes and many plasmids — especially those replicating at low copy
number — encode a partitioning system that enables segregation of plasmid molecules into
both daughter cells at division, resulting in stable maintenance of the plasmid in a population
of cells (Baxter & Funnell, 2014, Ebersbach & Gerdes, 2005). The partitioning systems are
highly diverse but can be organized into three main groups, Type | (subdivided into la and
Ib), Il and 111, each of which typically contains a centromere binding protein (CBP), an
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ATPase or GTPase partitioning protein, and a centromere-like DNA site (Reyes-Lamothe et
al., 2012, Wang et al., 2013, Baxter & Funnell, 2014, Ebersbach & Gerdes, 2005). The CBP
binds to the centromere-like site, and the NTPase uses nucleotide hydrolysis to move DNA
throughout the cell (Baxter & Funnell, 2014). Partitioning systems have also been described
in temperate phages such as P1 and N15 of Escherichia coli, which replicate as
extrachromosomal circular and linear prophages, respectively (Sternberg & Austin, 1981,
Lobocka et al, 2004, Ravin & Lane, 1999, Ravin, 2011, Ravin et a/., 2000). Although
extrachromosomally-replicating prophages seem to be a relatively uncommon life style
among temperate phages compared to chromosomal integration, related systems have been
described in phages of diverse bacterial hosts, including Leptospira interrogans [Ipc3, (Zhu
et al., 2015)], Streptomyces sp. [pZL12, (Zhong et al., 2010)], Vibrio vulnificus [pVVv01,
(Hammerl et al., 2014)] Yersinia enterocolitica [PY54, (Hertwig et al., 2003)], Vibrio
parahaemolyticus [VP58.5, (Zabala et al., 2009)], and Halomonas aquamarina [PHAP-1,
(Mobberley et al., 2008)].

Although the vast majority of phages infecting actinobacterial hosts (i.e.
actinobacteriophages) that group in Cluster A encode an integration cassette, a subset do not,
and instead have a putative partitioning cassette located at a similar genomic position to the
integration functions of closely related phages (Hatfull, 2014, Stella et a/.,, 2013). These
phages must presumably encode an origin of prophage replication, although no RepA-like
proteins or other such replication functions have been identified. Here we characterize the
partitioning systems of mycobacteriophage RedRock and related phages. We show that
RedRock forms lysogens carrying extrachromosomal prophages replicating at an average
copy number of 2.4 copies/chromosome, and that a Type Ib partitioning system encoding
ParA and ParB promotes prophage stability. The parAB genes of four different phages are
expressed in lysogens and expression is autoregulated by ParB binding to a parS site
upstream of parA. A putative origin of prophage replication lies adjacent to parAB and is
associated with a highly expressed non-coding RNA in lysogenic cells. Two parS sites flank
the parAB genes and are composed of multiple copies of an 8 bp directly repeated sequence
motif that is recognized by ParB. Phylogenetic analysis of Par proteins shows that they span
considerable sequence variation, and may be under selective pressures directed by prophage
incompatibility, which we demonstrate for several pairs of par-containing phages.

Cluster A actinobacteriophages encode diverse partitioning cassettes

Over 1,300 completely sequenced phages of actinobacterial hosts are deposited in the
phagesdb database (http://phagesdb.org), including 706 entries that are fully annotated and
available from GenBank or http://phagesdb.org. We therefore focused our analyses on these
706 phages, 183 of which are grouped in Cluster A, and which can be further divided into 17
subclusters (A1-A17) based on their overall genomic similarities. Most of these infect
Mycobacterium smegmatis although one (the sole member of Subcluster A13) infects
Mycobacterium phlei and three (all within Subcluster A15) infect Gordonia terrae (http://
phagesdb.org). Nine of the subclusters (A2, A6, A9, All, A13, Al4, Al5, Al6, and Al7)
contain phages encoding putative homologues of previously described parA and parB genes;
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in each instance parA and parB are closely linked and are genomically located where the
integration cassette — containing an integrase gene and aftP attachment site — is typically
located (Fig. 1A). For example, the temperate mycobacteriophages L5 and RedRock (both in
Subcluster A2) share substantial nucleotide sequence similarity and similar overall genomic
organization. However, whereas the integration cassette is located between the rightwards-
transcribed virion structural and assembly genes and the leftwards-transcribed right arm
genes of L5 (Hatfull & Sarkis, 1993), in RedRock this position is occupied by the parA and
parB genes (Fig. 1A), as it is also in the previously described phages 20ES, 40AC, and First
(Stella et al.,, 2013). The shared synteny is consistent with the integration and partitioning
cassettes conferring the same biological function of prophage stability, although unlike the
integrating phages, par-containing prophages presumably replicate autonomously and
extrachromosomally.

In RedRock, genes 37and 38encode the parA and parB functions respectively, and are
organized into an apparent operon (Fig. 1B). The genes are flanked to their immediate left
and right by ~70 bp sites that include multiple copies of an 8 bp repeated motif (5°-
TCGAGTNN). This organization is reminiscent of the centromere-like parS sites of some
Type Ib plasmid partitioning systems — e.g. pSM19035 (Dmowski et a/., 2006) and TP228
(Zampini et al., 2009) — and we designate these as parS-L and parS-R for the left and right
sites respectively (Fig. 1B). We note that there are other circular permutations of the 8 bp
repeat including those on the opposite strand (because of its partial palindromic nature), but
six of the positions are highly conserved (present in at least 13 of the 16 repeat units at
positions 1-6, in 5’-TCGAGTNN) and two (positions 7 and 8) are more varied (Fig. 1B).
Similar characteristics of parSloci have been described in pPSM19035 and TP228.
Presumably one protomer of RedRock ParB recognizes each of the 8 bp matifs.

We identified 42 genomes among the sequenced actinobacteriophages containing
partitioning cassettes; these include 37 M. smegmatis phages, 1 M. phlei phage, 3 G. ferrae
phages, and a previously described extrachromosomally replicating phage of Streptomyces,
pZL12 (Fig. 2; details of phages used in the analysis are shown in Table S1) (Stella et af.,
2013, Zhong et al., 2010). We examined the predicted ParA and ParB proteins of each of
these for helix-turn-helix DNA-binding motifs (Dodd & Egan, 1990), conserved domains,
and structural motifs using HHpred (Soding, 2005), and compared them to 41 previously
identified partitioning systems representing the three major types (Fig. 2, S2). Several lines
of evidence suggest that all of the Cluster A cassettes belong to Type Ib (Fig. 2). First, the
predicted ParA proteins contain a particular variant of the Walker A ATPase motif common
to Type | ParA proteins, but do not contain a predicted DNA binding motif common to Type
la. Second, a structural motif analysis of the ParB proteins predicts C-terminal ribbon-helix-
helix (RHH) motifs. The strongest hits are to pSM19035 omega (Murayama et a/., 2001) and
TP228 ParG (Golovanov et al., 2003), structurally defined members of Type Ib systems, at
probabilities greater than 98% (except for Echild and 40AC). These motifs are found in Type
Ib but not Type la systems, and are located at the C-terminal ends of the proteins (Baxter &
Funnell, 2014). More broadly, the structural motif analysis shows closest similarity of the
ParA and ParB proteins to domains that are specific to Type Ib ParA and ParB proteins and
lack domains specific to Type la, 11, or 11 proteins (see Materials and Methods). Lastly, the
ParA and ParB proteins range in size from 159-228 amino acids and 84-104 amino acids,
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respectively, both of which are within the common size ranges for Type Ib proteins, but
smaller than common Type la proteins.

In most of the actinobacteriophage systems we identified, putative parS sites are located to
the left and right of parAB, as in RedRock (Figs. 1B, S2A), although some lack either parS-
L or parS-R. Motif searches identified putative repeated sequences related to the 8 bp
identified in the RedRock parS sites (Fig. S2B).

The number and diversity of the partitioning systems identified here provides an opportunity
to examine their evolutionary patterns. We compared the ratios of non-synonymous
substitutions (K ) to synonymous substitutions (Kg) for parA and parB between the par-
containing actinobacteriophages (Fig. 2C) and observed that although the Ka/Kg ratios of
parA genes are rarely above 0.3 — suggesting they are under strong purifying selection — the
Ka/Ks ratios of parB are highly varied, and in some cases approach 1.0; furthermore, there
is no apparent correlation of the parA and parB Ka/Kg ratios. The parB ratios are outside of
the range typically regarded as indications of strong diversifying selection (Ka/Kg > 1.0),
although diversifying selection may act only on parts of the sequences, thus moderating the
overall signal. Nevertheless, there appears to be different evolutionary pressures exerted on
ParA and ParB. This is consistent with the hypothesis that the CBP proteins of these Type Ib
partitioning systems evolve rapidly to develop new parS specificities, presumably because
phages with similar partitioning cassettes will exhibit incompatibility and prophage loss
(Ebersbach & Gerdes, 2005, Hyland et al., 2014, Radnedge et al., 1996, Sergueev et al.,
2005). Prior analyses suggested that ParA and ParB phylogenies tend to mirror each other
(Petersen et al., 2009, Stella et al., 2013), but quantitatively comparing their evolutionary
rates is complicated because ParB homologs tend to be much more diverse and difficult to
predict than their ParA counterparts (Gerdes et al., 2000, Fothergill et al., 2005).

The RedRock prophage replicates extrachromosomally

All of the actinobacteriophages with partitioning cassettes are predicted to be temperate, and
encode repressors related to those of other Cluster A phages such as L5 and Bxb1
(Donnelly-Wu et al., 1993, Jain & Hatfull, 2000); the exceptions are phages Jeffabunny,
Jewelbug, and Phlei in which the repressor gene appears to have been deleted. We
successfully generated stable lysogens for ten par-containing phages (Alma, ArcherNM,
DaVinci, EagleEye, Et2Brutus, Gladiator, LadyBird, Mulciber, Pioneer, and RedRock)
representing nearly all major clades of the ParB phylogeny (Fig. 2B), and showed that all of
them are temperate, and not only form turbid plaques on M. smegmatis, but also form stable
lysogens (data not shown); plaque turbidity varies considerably (the least turbid being Alma
and Pioneer, the most turbid being EagleEye) likely reflecting variations in lysogeny
frequency. Phage Echild forms turbid plaques but we were unable to propagate a stable
lysogen. RedRock and Echild also infect and form turbid plaques on M. tuberculosis, Alma,
Ladybird, and Pioneer infect M. tuberculosis at a reduced efficiency of plating (ranging from
1074-1075), and EagleEye, Gladiator, and Mulciber do not infect M. tuberculosis.

To address specifically whether a RedRock prophage in a lysogenic strain replicates
extrachromosomally we isolated total DNA from a lysogen and performed whole genome
sequencing. We reasoned that the sequencing reads mapping to the RedRock genome should
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have characteristics that are distinct from those of an L5 lysogen, in which the prophage is
chromosomally integrated (Hatfull & Sarkis, 1993). First, if lytic growth is tightly down-
regulated then both samples should contain few if any reads corresponding to the precise
ends of the viral genomes, which are otherwise readily recognized in sequence reads of viral
DNA alone (Table 1). As expected, for both L5 and RedRock few reads mapped to the
precise viral genome ends (Table 1). In addition, fewer than 2% of reads across the
attachment sites map to a L5 viral aftPsite, with the rest mapping to the integrated a#L and
attR sites, consistent with the sample containing only minor amounts of viral DNA (Table
1). Second, the L5 prophage has average sequence coverage that is the same as that for the
rest of the M. smegmatis genome, consistent with it being chromosomally integrated (Table
1), whereas in the RedRock lysogen the prophage coverage is 2.4 fold higher than the
bacterial chromosome (Fig. S1). We conclude that the RedRock prophage replicates as an
extrachromosomal circle with an average copy number of 2.4 per host chromosome, and
note that other extrachromosomally-replicating prophages such as P1 also replicate at low
copy number [P1 has a copy number of 1.6/chromosome in standard growth conditions,
(Lobocka et al., 2004, Prentki et al.,, 1977)].

The RedRock genome must presumably contain two origins of DNA replication, one for
lytic growth and one for extrachromosomal prophage replication, whereas L5 and other
integrating phages require only a lytic replication origin. Comparison of the L5 and
RedRock genomes (Fig. 1A) shows close relationships in both the left-arm and right-arm
sets of genes, such that the likely location of a prophage origin is nearby the parAB cassette.
There are no additional reading frames in this region (or elsewhere in the genome) encoding
putative plasmid replication-like functions [similar to the RepA protein of P1, (Chattoraj,
2000)], and the only gene for consideration of this role is gene 36, which is downstream of a
transcriptional terminator at the end of gene 35 (Fig. 1B). However, the 62-residue gp36
protein has no database matches and has no known function; it is conserved in phages such
as Rebeuca, Larenn, and Serenity, that encode integration rather than partitioning systems,
and is thus unlikely to be associated with partitioning or replication functions. It is plausible
that the replication origin is located in the non-coding gap between genes 36and 37 (parA)
and that only RNA products are required for initiation and regulation of replication. We also
note that RedRock lacks additional functions associated with P1 prophage plasmid
maintenance, such as a site-specific recombination system to resolve plasmid dimers [as in
loxP/Cre of P1, (Austin et al., 1981)], or a toxin-antitoxin addiction module [as in P1
doc/phd (Lehnherr et al., 1993)]. Finally, the G-C and A-T skew patterns of RedRock and L5
are very similar, suggesting the prophage replication origin does not contribute substantially
to overall biases in nucleotide composition (Fig. S3). This is consistent with the hypothesis
that the integration and ori/partitioning cassettes are actively exchanging among this group
of genomes.

RedRock parAB confers plasmid stability

To show that the RedRock parABS cassette is required for prophage stability we attempted
to construct mutant phage derivatives in which parA, parB, or both parA and parB are
deleted using BRED mutagenesis (Marinelli et al,, 2008). For all mutant constructions we
were able to identify the presence of mutant alleles in screening of primary plaques, but
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were unable to purify the mutants to homogeneity. The parA and parB constructions were
repeated using a complementation system, but we again failed to purify the mutants to
homogeneity (Fig. S4). Complementation of mycobacteriophage mutants has previously
been found to be somewhat fickle (Dedrick et al,, 2013), but the general profile of
mutagenesis is consistent with the parABS cassette being required for RedRock lytic
growth; it could also be accounted for toxicity associated with loss of function.

Although we were unable to construct mutant phage derivatives, we determined whether the
RedRock parABS system is able to confer stability to mycobacterial plasmids carrying an
origin of replication (oriM) derived from plasmid pAL5000 (Rauzier et al., 1988). These
plasmids replicate at moderate copy numbers in M. smegmatis of about 22 copies/cell (Huff
et al., 2010) but are somewhat unstable, with about 35% plasmid loss following 30
generations of unselected growth (Lee et al,, 1991). We used an oriM plasmid (pLO87)
containing an mCherry gene driven by the strong /sp60 promoter (Oldfield & Hatfull,
2014), which confers a visible red color to M. smegmatis colonies and liquid cultures. This
plasmid confers a notable growth disadvantage to M. smegmatis and in the absence of
selection is lost quickly, and less than 1% of colonies retain the plasmid after 52 generations
of unselected growth (Table 2); the liquid culture also lost all visible fluorescence (data not
shown). In contrast, plasmid pMOO1 — a derivative of pLO87 carrying the parABS cassette
(RedRock coordinates 27,720 — 28,898) — maintained fluorescence in unselected liquid
growth, and plasmid loss was constrained to about 20% after 52 generations of unselected
growth (Table 2). In similar experiments in which the plasmids lack the hsp60-mCherry
cassette and are better tolerated (e.g. pMO20), we observed only 13% loss after 52
generations of unselected growth in the absence of parABS, and full stabilization with
inclusion of parABS (pMO21; Table 2).

Interruption of the parA gene in plasmid pMOO1 destroys the plasmid stabilization effect
confirming that ParA is required for stability (Table 2). We were unable to test the
requirement for parB in this assay, as a plasmid derivative in which parB was interrupted
fails to transform M. smegmatis. Removal of parS-L confers the same phenotype, and we
hypothesize that ParB plays a regulatory role in binding to parS-L, and interruption of this
regulation confers the non-transformable phenotype, perhaps due to toxicity of unregulated
parA overexpression from an upstream promoter. Deletion of parS-R shows that it is not
required for stabilization, exhibiting no significant change in plasmid retention from pMOO01
(Table 2).

Expression and regulation of RedRock parAB

Because RedRock parABS is required for prophage stability we predict that the parAB
genes are expressed during lysogenic growth. RNAseq analysis of a RedRock lysogen shows
that the parAB genes are indeed expressed, although at a level approximately 5-fold lower
than the phage repressor, gene 74 (Fig. 3A); the phage lytic genes are tightly down-regulated
as expected. A precise transcription start site cannot be readily identified — perhaps due to
RNA processing or degradation — although transcription likely begins in the 36-37 intergenic
region. We also note that there is low level of expression of gene 36 (Fig. 3B).
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Interestingly, there is a region of strong leftwards transcription just to the left of the parAB
genes (Fig. 3A, B). The peak of strongest signal is approximately 200 bp long and
corresponds to about 70% of the level of repressor RNA, although weaker signals extend
leftwards for about another 900 bp. There are no predicted leftwards open reading frames in
this region and we propose that the RNA product is either a functional or a regulatory
component of the prophage origin of replication. RNAseq analysis of the lysogens of three
other par-containing phages, Alma, EagleEye, and Pioneer, show that all make a similar
leftwards-transcribed RNA adjacent to the parAB genes (Figs. 3C, S5), in addition to parAB
expression. For Alma, EagleEye, and Pioneer this coincides with a predicted, rightwards-
transcribed gene (35, 37, and 35 respectively), but all three have very weak coding potential
and are likely mis-annotations. Insertion of a 1.68 kbp fragment from RedRock (coordinates
27,232 — 28,911) that spans the parABS locus and intergenic transcript into a non-replicating
vector did not support autonomous replication in M. smegmatis, so other prophage-encoded
functions are likely required (data not shown).

Two other regions of RedRock prophage expression are observed. One includes genes 3, 4
and 5, with transcription starting within gene 2and ending in the gene 5 6 intergenic gap.
Gene 4is predicted to encode an HNH endonuclease, gene 5encodes a putative virion tail
protein, and gene 3is of unknown function. It is unclear whether any of the genes could be
associated with prophage replication. The second region is within a non-coding region at the
right end of the genome, and its role is unclear although similar expression has been
observed in related but non-parABS phages, and is therefore also unrelated to prophage
maintenance [our unpublished information; (Halleran ef a/., 2015)]. Similar profiles are
observed for the Alma, EagleEye, and Pioneer lysogens, although the expression at the
genome right end is not seen in EagleEye (Fig. S5).

We also examined expression in RedRock-infected cells, both early (30 mins) and late in
infection (2.5 hours). At the early time, expression is predominantly of the right arm genes,
although some expression of genes at the beginning of the left arm is also observed (Fig.
3A). At the late time, expression of the right genes remains, although the left arm genes
encoding the virion structure and assembly genes are expressed strongly. Interestingly, the
parAB genes are among the most highly expressed genes early post-infection, although less
so at the later time (Fig. 3A). A plausible explanation is that during liquid infection (using a
multiplicity of infection of 3) a proportion of infected cells are in the process of establishing
lysogeny, and that parAB expression is vigorous until it is subsequently down-regulated
once lysogeny is established.

To further explore the regulation of parAB expression we constructed reporter fusion
plasmids and determined promoter activity in the presence and absence of ParB (Fig. 3D).
Initially a 178 bp fragment containing parS-L and the upstream sequences (RedRock
coordinates 27,720 — 27,897) was inserted into vector pLO106 (Villanueva et al,, 2015) in
either orientation relative to the mCherry reporter gene. In the forward orientation (pMO16)
substantial promoter activity was observed at a level greater than that of the strong /sp60
promoter (Oldfield & Hatfull, 2014), indicating that a highly active promoter for parAB
expression is in this region. However, this activity is strongly down-regulated in a strain
expressing RedRock ParB (Fig. 3D), consistent with transcriptional repression by binding of
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ParB to parS-L. Interestingly, when the same DNA segment in pMO16 is inserted in the
opposite orientation (pMO17), a similarly active promoter is observed, and it appears to be
up-regulated by ParB (Fig. 3D). There are no clear bioinformatic signals as to the precise
promoter locations, but the promoter is presumably located upstream of parS-L (Fig. 3B).
We designate these promoters as Ppar and Pqyi respectively (See Fig. 1B).

Binding of RedRock ParB to parS DNA

To investigate RedRock ParB binding to the repeated sequences designated as parS-L and
parS-R, we overexpressed the ParB protein and purified it to near homogeneity. Using a
DNA substrate spanning the entire 666 bp 36-37 intergenic region (coordinates 27,232 —
27,897), ParB binds and forms complexes separable by native gel electrophoresis (Fig. 4A).
ParB binding affinity varies somewhat between experiments (Kd = 100 nM — 300 nM), and
forms discernible complexes at lower protein concentrations, but at high protein
concentrations forms indistinct complexes with much slower mobilities. A similar pattern is
seen using a 194 bp fragment that includes parS-R although the complexes are less distinct
(Fig. 4A). A simple explanation is that RedRock ParB binds specifically to parS sequences,
but due to the complexity of the locus — similar to what has been observed with the Type Ib
partitioning cassettes of pSM19035 (Dmowski et a/., 2006) and TP228 (Zampini et al., 2009,
Carmelo et al.,, 2005) — ParB may recognize individual sites with different affinities and with
cooperativity at higher concentrations, forming a variety of complexes.

RedRock ParB binds to a 75 bp substrate containing the eight 8bp repeat motifs of parS-L to
form a single complex (Fig. 4B). ParB binds substrates containing the four leftmost or four
rightmost repeats similarly, such that these are equivalent for recognition. ParB also binds to
a 75 bp substrate containing just the four leftmost repeats and nonspecific DNA, and forms a
complex with similar mobility to the 75 bp 8-motif DNA (Fig. 4B).

ParB binds poorly, if at all, to a DNA substrate containing only a single repeat unit 5’-
TCGAGTAG, and binding is enhanced when two or more repeats are present (Fig. 4C). We
note, however, that there are alternative circularly permuted versions of the 8 bp repeat
motif, and that 5’-TCGAGTAG is only one particular configuration. It is likely that ParB
binds primarily as a dimer based on RHH structures, and as reported for other Type Ib
systems (Huang et af., 2011, Schreiter & Drennan, 2007); it could also recognize sites in
inverted repeat orientation as described for ParG of TP228 (Zampini et al., 2009). To
investigate ParB-parS interactions, we constructed several substrates based on the parent
substrate with two repeat units (Fig. 5), each with single base substitutions. Substitutions at
the G in the —1 position and at the T in the +17 position in Figure 5 both show little or no
impact on ParB binding, suggesting that these are either not important for recognition, or are
not elements of intact binding sites in the substrates. In contrast, the T’s at positions 1 and 9
both show reduced binding, such that this T position likely corresponds to the first and not
the last position in the 8 bp repeat unit. Interestingly, substitutions at positions 2 — 5 and 10 —
13 have notably different impacts depending on whether they are in the first or the second 8
bp unit of the substrate. A plausible explanation is that ParB binds more weakly to the
second than it does to the first of the repeats, such that binding is nearly undetectable in the
2 — 5 mutants, but is only modestly impacted by mutations at positions 10 — 13. We also note

Mol Microbiol. Author manuscript; available in PMC 2017 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dedrick et al.

Page 10

that ParB binding to the parent substrate as well as to the mutations at positions 8, 15, 16,
and 17 forms complexes with discrete mobilities, whereas many of the other mutant
substrates form complexes with indiscrete mobilities. In addition, although the T at position
6 is well conserved, substituting with an A at either position 9 or 14 has little impact on
binding (Fig. 5). While it is not clear what causes these patterns, it has been shown that
TP228’s ParG can bind to nonspecific sequence adjacent to a half-site (Carmelo et a/., 2005)
and RedRock’s ParB may be exhibiting a similar phenomenon, resulting in nucleoprotein
complexes that are unstable during electrophoresis. Nonetheless, these observations are
consistent with the repeated unit that is recognized by a ParB protomer being defined as 5’-
TCGAGnNNn.

Specificities of ParB-parS binding

The 42 partitioning systems identified in actinobacteriophages span considerable sequence
diversity (Fig. 2). In general, the ParA and ParB proteins of each system appear to be co-
evolving, consistent with a model in which the two proteins interact directly, as described for
other partitioning systems (Baxter & Funnell, 2014). We predict that the parsS sites similarly
co-evolve and the entire systems are likely to be under selection for diversity to avoid
incompatibility, as described for plasmid systems (Baxter & Funnell, 2014). We note for
example that mycobacteriophages Pioneer and Alma are generally closely related (both are
grouped in Subcluster A9; Fig. S6) but the partitioning cassettes are more highly diverged
than the rest of the genomes, and the ParA and ParB proteins share only 60% and 44%
identity, respectively.

To further explore the specificity of ParB-parS interactions, we examined the binding of
RedRock ParB to the parSsites of a variety of other phages. First we asked whether
RedRock ParB binds to Gladiator parS sites, because although the ParB proteins share only
51% identity, the consensus repeat motifs are similar (Figs. 1, S7). RedRock ParB binds to
both parS-L and parS-R with only modest reduction in affinity relative to its own sites, and
forms slow moving indistinct complexes as seen for RedRock parS (Figs. 4, 6A). We also
tested RedRock ParB binding to the parS sites of mycobacteriophages Alma and Echild, as
well as Gordonia phage KatherineG. The ParB proteins of these phages are more distant
relatives of RedRock ParB (45%, 17%, and 37% amino acid sequence identity; Fig. 2) and
the parS sites have related but different 8 bp repeat consensus sequences (Fig. S7). We
observed little or no RedRock ParB binding to any of these sites (Fig. 6A).

We also overexpressed and purified the ParB protein of phage Alma. Alma ParB binds to
both Alma parS-L and parS-R sites and forms slowly migrating complexes. Somewhat
surprisingly, Alma ParB is more promiscuous than RedRock ParB and is able to bind to both
RedRock parS-L and parS-R sites (Figs. 6B, S7). Alma ParB also binds albeit with
somewhat lower affinity to Gladiator parS sites (Fig. 6B, Fig. S7), and also to Echild parS-L
despite the divergence of the motif consensus sequences, but not to KatherineG parS-R (Fig.
S7). Similar to the analysis of RedRock parS individual repeat positions, these observations
show that specificity of the partitioning systems is complex, and that although there is
substantial sequence variation, ParB proteins can range broadly in their specificities.
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Partitioning-mediated prophage incompatibility

To test whether par-containing prophages exhibit incompatibility, we identified pairs of
mycobacteriophages containing par cassettes in which the immunity repressors and their
operator/stoperator binding sites are sufficiently different that they are heteroimmune. As a
control, we used phages Bxb1 and RedRock, which are heteroimmune, but unlike RedRock,
Bxb1 has a canonical integration cassette (Kim et al., 2003). Starting with a RedRock
lysogen, we attempted to construct double lysogens by superinfection with Bxb1, Alma, or
Pioneer, followed by propagation through several rounds of purification and growth in liquid
culture, and testing for superinfection immunity to each of the phages throughout the
experiment (see Materials and Methods and Fig. S8 for details). For the RedRock/Bxb1
infections, we successfully generated double lysogens, confirming they are fully compatible.
In contrast, for the RedRock/Alma and RedRock/Pioneer pairs, we identified double
lysogens after the initial superinfection, but were unable to propagate the strains through
purification. Nearly all colonies tested resulted in a single lysogen of either Alma or Pioneer
in which the RedRock prophage had been displaced. These pairs of par-containing phages
thus clearly exhibit incompatibility. This is consistent with the non-reciprocal parS
recognition of the Alma and RedRock ParB proteins (Fig. 6), and we predict that Pioneer
ParB may behave similarly, although we cannot discount that incompatibility results from
the prophage replication systems, rather than partitioning per se. In similar experiments
where either RedRock or Alma superinfected a Gladiator lysogen, Alma failed to displace
Gladiator, RedRock displaced Gladiator 40% of the time to generate single RedRock
lysogens, and no double lysogens were obtained. Alma and L5 (an integrating phage) co-
infections of wild type M. smegmatis successfully generated double lysogens, as seen with
RedRock and Bxb1.

To determine whether the par systems specifically contribute to incompatibility, we tested
the compatibility of plasmid pMOO1 — which contains the parABS cassette but not the
putative RNA-encoding replication functions to its left (see above) — with a RedRock
lysogen. Plasmid pMOO01 was introduced into RedRock lysogenic cells by electroporation,
and kanamycin resistant transformants were selected (Fig. 7A). Three independent
transformants were propagated and tested for lysogeny by a standard spontaneous phage
release assay. All transformants were shown to have lost the RedRock prophage (Fig. 7B). In
contrast, control transformants carrying pLO87 DNA (which lacks parABS) all maintained
RedRock lysogeny, and lysogeny was maintained in L5 lysogens that carry an integrated
prophage. Plasmid pMOO1 thus displays incompatibility specifically with the RedRock
prophage. Phage release was also observed by pMOO01 transformants of the EagleEye
lysogen suggesting partial incompatibility between the RedRock and EagleEye par systems.
However, we note that this may be exacerbated by the relatively high plasmid copy number
[~20 copies/chromosome (Huff ef al., 2010)] relative to the EagleEye prophage, which we
assume has a similarly copy number of ~2.4 copies/chromosome as RedRock.

Discussion

Phage-encoded partitioning systems are not uncommon among temperate phages of the
actinobacteria although all are found within a group of related phages defined as Cluster A
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[the exception is pZL12 which was identified as a plasmid in Streptomyces and is unrelated
to the other phages (Zhong et al., 2010)]. Approximately 20% of the Cluster A phages have
partitioning cassettes and the remainder have integration cassettes, distributed between
tyrosine- and serine-integrase systems. These par systems considerably expand the number
of previously described phage-encoded partitioning systems. All of the Cluster A phage par
components belong to the Type Ib system, which have not been previously identified in
phage genomes.

Phage RedRock forms stable lysogens in which the prophage replicates extrachromosomally
at an average copy number of 2.4 copies/chromosome, with the parABS system promoting
prophage maintenance. RedRock ParB binds to two parS sites flanking the parAB genes and
plays a regulatory role in addition to its presumed role in prophage segregation. Upon
infection, RNAseq analysis shows strong unregulated expression of parAB from a promoter
located between gene 36 and parA, which is then down regulated in lysogeny through the
binding of ParB to parS-L. ParB could also play a role in terminating transcription of parAB
by its binding to parS-R. The inability to construct a deletion derivative of parB can be
explained by the toxic consequences of parA overexpression, although the inability to
construct a lytically-proficient deletion of parA is more puzzling. It is possible that parB
expression is inhibitory to lytic growth unless parA is also expressed.

In general, the actinobacteriophage parS sites are composed of 5-10 copies of tandemly
repeated 8 bp motifs. We propose that one ParB protomer binds to each of these motifs, but
that occupancy may be stimulated by several factors, similar to other Type Ib systems, such
as those described in pSM19035 (Dmowski et al., 2006; Schreiter & Drennan, 2007), TP228
(Carmelo et al., 2005; Zampini et al.,, 2009), and pCXC100 (Huang et al., 2011). For
instance, repeats that vary in sequence can be bound with varying affinities, the repeats can
occur in multiple orientations that can impact affinity, and binding of tandem sites can be
cooperative. The N-terminal tail of the CBP, which tends to be unstructured, has been shown
to enhance binding stability through transient interactions with the folded C-terminal region.
Taken together, while the current study investigates the general binding behaviors of several
actinobacteriophage partitioning systems, further investigations are needed to elucidate the
binding interactions in greater detail. Additionally, we note that the phage-encoded parS
sites are distinctly different from the palindromic sites that form the host parSsite in
Mycobacterium tuberculosis and M. smegmatis (5’-GTTTCACGTGAAAC 3’) or parSin
Bacillus subtilis (5’-TGTTCCACGTGAAACT 3’°) (Lin & Grossman, 1998, Jakimowicz et
al., 2007).

The partitioning cassettes span considerable diversity, and we note that the partitioning
cassettes of phages Echild and 40AC are noticeably different than other Cluster A phages
(Fig. 2). Their parA genes can be readily identified (Fig. 2A), but their parB genes are more
divergent (Fig. 2B). Structural domain analysis shows that Echild’s ParB has noticeably
fewer Type 1b domain hits than other Cluster A phages, and 40AC’s ParB has no predicted
domains of any partitioning type. Additionally, the tandem repeat program, etandem (Rice et
al., 2000), predicts parS-L sites for Echild and 40AC, but no parS-R for 40AC, and an

Echild parS-R that is distinct from its parS-L and thus may not represent a ParB recognition
sequence (Fig. S2). A prior study failed to isolate 40AC stable lysogens (Stella et al., 2013),
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suggesting the predicted ParB may not be functional. We have successfully isolated an
Echild lysogen that exhibits superinfection immunity (data not shown), although lysogeny is
not stably maintained and non-lysogenic derivatives accumulate at high frequency (data not
shown). The Ka/Ksg ratios indicate that parA and parB are under selection, and is thus
plausible that Echild and 40AC have a bona fide partitioning cassette, but that does not
function efficiently in M. smegmatis.

The paractinobacteriophages are broadly distributed within Cluster A, and are found in over
half of the component subclusters. The ParA and ParB sequences themselves span
considerable sequence diversity, illustrated by the most distantly related ParB proteins (e.g.
Echild and RedRock) sharing only 17% amino sequence identity. Because lysogeny could
not be established by two different extrachromosomal phages in the same cell, it is likely
that there is selective pressure to diversify the partitioning systems in order to avoid
incompatibility, as seen in plasmid systems (Radnedge et al., 1996, Sergueev et al., 2005,
Hyland et al., 2014). This could occur at two levels: by diversification of the ParB and the
parS sites that they recognize, or through variation in the interactions between the interacting
components of ParA and ParB. It seems likely that both play important roles, and we show
here that the ParB proteins can distinguish between parS sites of distantly related phages.
The pairs of phages that could be readily tested for compatibility (RedRock and Alma,
RedRock and Pioneer) do show marked incompatibility, and we demonstrated par-mediated
incompatibility using a RedRock par-containing recombinant plasmid and a RedRock
prophage.

The par-containing actinobacteriophages replicate extrachromosomally as low copy number
prophages, and thus must have an origin of replication that is absent from the integrating
phages. The most obvious location for the origin is adjacent to the parABS cassette with
which it can co-evolve, and this is consistent with genome comparisons of pairs of closely-
related phages encoding integration and partitioning cassettes. However, none of the
extrachromosomal phages encode RepA or other plasmid-like replication proteins, but
RedRock as well as three other lysogens express an RNA implicated in prophage replication.
The nucleotide sequences of the ~300 bp regions to the left of parABS are highly varied,
and although folded RNA structures can be predicted, there is little in common to these
phages that reveals the functional components. Efforts to clone RedRock DNA fragments
that promote autonomous replication have thus far been unsuccessful.

The actinobacteriophage partitioning cassettes have three potential utilities for bacterial
genetics. First, the pAL5000-derived plasmid vectors commonly used in mycobacterial
genetics are often poorly maintained in the absence of selection, and the parABS cassettes of
RedRock and related phages can be used to confer plasmid maintenance (Table 2). There are
a variety of particular applications where this may be useful, but notably where
recombinants are tested in animal model systems or as live vaccine candidates, and where
expression levels derived from the use of multicopy plasmids is desirable. Second, although
the origin of replication has yet to be precisely determined, the ori-parfunctions have the
potential to provide a new series of low copy number plasmid vectors that are fully
compatible with extant vector systems. Lastly, the ability of ParB to bind to parSin multiple
copies offers the possibility that ParB-GFP fusion proteins could be used to geographically
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identify chromosomal segments in the cell by introduction of parS sites into the host
genome. This approach has worked well in £. coliusing P1 ParB (Erdmann et al., 1999),
and the variety of actinobacteriophage partitioning cassettes provide multiple systems that
could be used in combination and are anticipated to be well-expressed. The phylogenetic and
structural domain analyses of the partitioning systems may enhance the development of
similar tools in other bacterial hosts including Lepfospira [exploiting Icpl, lcp2, and Icp3,
(Zhu et al., 2015)], Streptomyces [plasmids pZL12, pSLEL, and pSLE2 (Gomez-Escribano
et al., 2015, Zhong et al., 2010)], and in Vibrio [using ®HAP-1, pVv01, and Vp58.5
(Mobberley et al., 2008, Hammerl et al., 2014, Zabala et al., 2009)].

Materials and Methods

Bacteria and plasmids

Liquid cultures of M. smegmatis mc?155 and the lysogenic derivatives were grown in
Middlebrook 7H9 at 37°C with shaking. Phage infection assays on solid media were
performed using exponentially growing cultures plated with a soft top agar layer on
Middlebrook 7H10 plates. Plasmids used in this study are listed in Table S2. Plasmid
pMOOL1 is a derivative of pLO87 (Oldfield & Hatfull, 2014) an extrachromosomal shuttle
vector with Phspeo driving mCherry expression, with the RedRock par cassette (coordinates
27,720 — 28,898) cloned downstream of mCherry. Several derivatives of pMOO1 were
constructed, including pMO02 and pMOO03, which contain translational termination codons
early in the parA and parB open reading frames, respectively. Plasmids pMO04 and pMO05
are derivatives of pMOO1 with deletions of parS-L and parS-R, respectively. Plasmid
pMO20 and pMO21 are derivatives of pLO87 and pMOO01, respectively, in which the /sp60-
mCherry cassette has been removed. Plasmid pMO16 and pMO17 are derivatives of the
extrachromosomal shuttle vector pLO106 (Villanueva et al., 2015), which contains phage
BPs p6 driving mCherry expression. A 178 bp fragment of RedRock (coordinates 27,720 —
27,897) was cloned in the forward orientation (pMO16) and reverse orientation (pMO17)
downstream of p6. Plasmid pMO15 is a derivative of the integration-proficient vector pJV39
carrying Phspso fused to RedRock parB. Plasmids pJCO4 and pJCO5 are derivatives of vector
pLAM12 (Marinelli et al., 2008) containing RedRock parA and parB, respectively.

Plasmid Maintenance Assays

M. smegmatis transformants carrying various plasmids were grown in liquid culture with
antibiotic selection for plasmid maintenance for approximately 24 hours or until saturated.
Cultures were then diluted 1:10,000 into antibiotic-free media and re-grown to saturation
(approximately 13 generations), and subsequent rounds of dilution were used to increase the
number of rounds of unselected growth. Cultures were then plated onto solid media, and
colonies were scored for plasmid maintenance (red) or for plasmid loss (white). Statistical
significance of changes in plasmid retention was computed using two-sample two-tailed t-
test of the retention level from three independent replicates.

Promoter Strength Assays

Individual colonies of M. smegmatis transformants carrying various plasmids were grown in
liquid media with shaking, at 37°C, for 24-48 hrs. Readings of mCherry fluorescence were
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taken as described previously (Oldfield & Hatfull, 2014), except that the measurement of
optical density was taken at 600 nm in a Beckman Coulter DU530. Fluorescence units are
reported as the amount of fluorescence per area per ODgqp.

DNA sequencing and RNAseq

DNA from a 2 ml sample of the RedRock or L5 lysogen was extracted from late
logarithmically growing cells (ODgqq approximately 1.0) using the Wizard kit (Promega)
according to the manufacturers’ instructions. DNA was quantified using Qubit and libraries
were prepped using the TruSeq Library Kit (Illumina) according to the manufacturers’
instructions. The completed libraries were run on an lllumina MiSeq and data was evaluated
using CLC Genomics software. For RNAseq, total RNA was isolated from M. smegmatis
cultures in exponential growth, as well as 30 min and 2.5 hrs after infection with RedRock at
a multiplicity of infection of three. DNA was removed using the DNA-free kit (Ambion) and
rRNA was depleted using the Ribo-Zero kit (Illumina). Libraries were prepared using a
TruSeq Stranded RNAseq kit (Illumina) and run on an Illumina MiSeq: one lane for each
RedRock sample, and one multiplexed lane for wild type M. smegmatis, Alma, Pioneer, and
EagleEye lysogens. The fastq reads were analyzed for overall quality using FastQC
(Andrews, S. http://www.bioinformatics.babraham.ac.uk/projects/fastqc/), trimmed at the 5’
and 3’ ends with cutadapt (Martin, 2011) using a quality score threshold of 30, and then
mapped simultaneously to the M. smegmatis and RedRock genomes with Bowtie2
(Langmead & Salzberg, 2012). SAMtools (Li et al., 2009) and BEDtools (Quinlan & Hall,
2010) were used to process reads that aligned to exactly one locus (as computed by
Bowtie2) and calculate strand-specific genome coverage. Integrative Genomics Viewer
(Thorvaldsdottir et al, 2013) was used to visualize the data. The RNAseq data set is
deposited in the Gene Expression Omnibus (GEO) with accession number GSE79010.

Purification of ParB

The parB gene was PCR amplified from RedRock or Alma and inserted into plasmid
pPET28a (Novagen) such as to include a Hisg tag at the C-termini of each protein. After
verification by sequencing, the resulting plasmids (pJC02 and pWNO1, respectively) were
transformed into BL21* (DE3)pLysS cells and grown to an ODgqg of 0.5 at 37°C in LB.
His-ParB expression was induced by the addition of 1 mM IPTG at 37°C for 3 hrs. Cells
were pelleted, resuspended in 5 ml/g of lysis buffer (50 mM Tris-HCL (pH8), 300 mM NacCl
and 5% glycerol), and sonicated. The sonicated cells were centrifuged and the cleared lysate
was applied to a nickel column using Ni-NTA column (Qiagen). The column was washed
with lysis buffer, 10 mM, and 50 mM imidazole and the proteins eluted with 150 mM
imidazole. Fractions were collected and dialyzed in lysis buffer containing 30-50% glycerol
overnight at 4°C.

Electrophoretic Mobility Shift Assays

DNA substrates were prepared using either gel-extracted PCR substrates or annealed
synthetic oligonucleotides (IDT & Invitrogen) (Table S3). Double stranded DNA substrates
were 5’-end radiolabeled using ATP, [y-32P] with T4 polynucleotide kinase (Roche) at 37°C
for 30 min and cleaned up using G-50 sephadex columns. 5-10 ng of radiolabeled substrates
were incubated at room temperature for 30 min with indicated concentrations of ParB in a
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buffer containing 20 mM Tris pH 7.5, 10 mM EDTA, 25 mM NaCl, 10 mM spermadine, 1
mM DTT and 1 ug calf thymus DNA in a total volume of 10 ul. The DNA-protein samples
were then resolved on a 5% native polyacrylamide gel run at 4°C. The gel was dried and
exposed to a phosphorimaging plate, then scanned using a Fuji 5,000 Phosphorimager.
Dissociation constants (Kd) were calculated as the protein concentration at which 50% of
the input DNA was protein-bound.

Phylogenetic analysis of partitioning cassettes

A database (Actinobacteriophage 706) was constructed using the program Phamerator as
described previously (Cresawn et al., 2011, Pope et al., 2015). The database contains 706
genomes of phages infecting Actinobacterial hosts coding for 70,341 genes that are grouped
according to their sequence similarity into 9,523 phamilies (phams). This database contains
42 genomes with predicted partitioning cassettes. The protein sequences for 41 other
putative and characterized NTPase and CBP genes from partitioning cassettes were
identified from the literature and retrieved from NCBI (see Table S1). This non-exhaustive
list of par cassettes represents cassettes from each partitioning type [la, Ib, I, Il1, or
unknown, depending on how cassettes have been previously categorized in (Gerdes ef al.,
2000, Ebersbach & Gerdes, 2005, Schumacher, 2012)], from various replicon types
(chromosomal, plasmid, or phage), and from various bacterial host genera. In some replicons
where there was a previously predicted NTPase but no accompanying CBP, there
nevertheless tended to be an ORF immediately downstream in an apparent operon with
parA, and these sequences were used as a potential CBP in the phylogeny. Protein sequences
were aligned in Seaview (Gouy et a/., 2010) using ClustalO and a phylogeny was created
using the BioNJ algorithm with observed distances. A bootstrap analysis was performed
with 100 replicates. Trees generated using other methods were comparable. Phylogenies
were visualized and appended with genomic data using Evolview (Zhang et al., 2012).

Prediction of partitioning types

HHpred (Soding, 2005) was used to predict the types of partitioning system for the cassettes
used in this study. First, each partitioning protein was analyzed using HHpred with the
pdb70_15Feb16 database and with default settings as of February 22, 2016. The top 100
domain hits per gene that exceeded a homologous relationship probability (as computed by
the program) cutoff of 90% were retained. All structural domain hits returned for the group
of partitioning cassettes that have been previously categorized as Type la, Ib, Il, or I (see
Table S1) were assigned a partitioning type category as follows. If the domain was found in
one or more genes from only one partitioning cassette type category, the domain was
assigned the same partitioning type category, reflecting that in this analysis the domain is
only found in genes of that particular partitioning type. If the domain was present in genes
from more than one partitioning type, it was categorized as “nonspecific.” Next, the
frequency of each domain category was calculated for partitioning genes in the entire set of
83 partitioning cassettes. Finally, stacked bar graphs of these frequencies were generated for
each gene to provide a qualitative measure of how similar each partitioning gene is to
previously characterized partitioning genes. The analysis was done separately for parA and
parB genes.
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ParA and ParB coevolution analysis

The rate of evolution of the actinobacteriophage parA and parB genes were analyzed as
follows. Of the 42 phages in the Actinobacteriophage_706 database, Echild, 40AC, and
pZL12 were not used; their ParA and/or ParB genes did not group with the rest of the
actinobacteriophages in the protein sequence phylogenies, suggesting they were too distantly
related for meaningful comparison. Of the remaining 39 phages, redundant DNA sequences
of each partitioning gene were removed, reducing the list to a total of 27 phages that contain
unique parA and parB sequences available for analysis (see Table S1); parA and parB genes
were processed separately. DNA sequences were aligned at the codon level using
webPRANK (Loytynoja & Goldman, 2010) and processed using the kaks tool in the “seqinr’
R package to compute the pairwise Kp, Ks, and Ka/Kg values. The Ka/Kg ratios for all
pairwise comparisons that had a Kg < 2.0 were retained, and a scatter plot of the matching
parA and parB ratios was generated.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

The parABS system of mycobacteriophage RedRock. A. Alignment of genome maps of
mycobacteriophages RedRock and L5. Both phages are grouped in Subcluster A2 and share
similar genomic organizations and sequence similarity. However, at the centers of the
genomes L5 contains an integration cassette (int, attP), whereas RedRock has parAB genes.
Maps were generated using Phamerator (Cresawn et al., 2011). Predicted genes are shown as
boxes transcribed rightwards or leftwards (shown above or below the genome ruler,
respectively) with the gene number inside each box. Genes were assorted into phamilies
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(phams) of related sequences as described elsewhere (Cresawn et al., 2011, Pope et al.,
2015), and colored according to pham membership; pham numbers are shown above or
below each gene with the numbers of members in parentheses. Shading between genomes
indicates nucleotide sequence similarity determined by BlastN and is spectrum colored with
violet being the most similar. B. Detailed view of parABS organization. The parAB genes
are transcribed rightwards and are flanked by centromere-like sites parS-L and parS-R. The
location of putative promoters (P) and terminators (t) are shown, as well as a region (black
bar) in which a non-coding RNA is highly expressed. Shown below are the sequences for
parS-L and parS-R, with individual 8 bp repeat sequence motifs indicated, which are aligned
to provide a consensus sequence on the right.
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categorized structural domains identified by HHpred analysis is displayed in a colored
horizontal bar graph. We note that Leptospiralcpl, Icp2, and lcp3 have been predicted to
have partitioning cassettes (Zhu et al., 2015), but their roles in segregation have not yet been
reported. Although Icp3 ParB has no par type domains and no close relatives, Icpl ParB
groups with LE1 ParB, which has been shown to play a role in plasmid stability (Bourhy et
al., 2005), and is positioned in a clade of Type Ib ParBs from TP228, pAW63, and pCI2000
replicons. In contrast, Icp2 is positioned elsewhere in the tree and has many Type la
domains; likewise, the predicted ParB of the Streptomyces plasmids pZL12 (Zhong et al.,
2010), pSLE1, and pSLE?2 (Gomez-Escribano et al., 2015), also have many Type la
domains. The cassettes from ®HAP-1, pVv01 and Vp58.5 (Mobberley et a/., 2008,
Hammerl et al., 2014, Zabala et al., 2009), exhibit Type Ib similarities, including ParB-like
genes adjacent to parA that were not previously predicted. C. Rate of evolution of ParA and
ParB genes. For 27 actinobacteriophages with non-redundant ParA and ParB DNA
sequences, a Ka/Kg analysis was performed to compare rates of evolution between the two
genes. For all pairwise comparisons of partitioning cassettes, the resulting ParA and ParB
Ka/Ksg ratios were graphed as a scatter plot. The dotted line reflects how the data would be
distributed if both genes experienced similar selective forces.
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Figure 3.
Expression and regulation of the RedRock parABS cassette. A. Strand-specific RNAseq

analysis of a RedRock lysogen (green) and at early (30 mins; blue) and late (150 mins; red)
times post-infection. Lanes corresponding to top and bottom strand sequence reads and scale
maxima are shown at the left. A map of the RedRock genome is shown below. B. Details of
parAB expression. Profiles are colored as in panel A. C. Detailed view of the RNAseq
profiles of the parAB genes from Alma, EagleEye, and Pioneer lysogens. The full genome
profiles are shown in Fig. S5. D. Reporter gene expression of par-promoters. The
fluorescence of M. smegmatis strains containing mCherry reporter plasmids, as indicated, is
shown. Strains also lacked (blue bars) or contained (red bars) integrating plasmid pMO15 in
which RedRock ParB is expressed from the Asp60 promoter. Reporter plasmids contain the
following promoters: hsp60 (pLO87), phage BPs p6 (pLO106), Ppar (PMO16), and Py
(pPMO17) (see Fig. 1).
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Figure 4.
Binding of RedRock ParB to parSA. Binding of RedRock ParB to parS-L and parS-R. ParB

was incubated at different concentrations to a 45 bp nonspecific DNA fragment (left), a 666
bp fragment containing parS-L (middle) and a 194 bp fragment containing parS-R (right),
and the complexes separated from unbound DNA by native acrylamide gel electrophoresis.
Protein concentrations from left to right are : 0, 8.4, 25, 76, 228, 684, 2054, 6163, and 18490
nM. B. ParB binding to DNA fragments (from left to right) containing all 8 repeats of parS-
L (60 bp), the four leftmost repeats (38 bp), the four rightmost repeats (38 bp), and the four
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leftmost repeats with flanking nonspecific DNA (60 bp). Protein concentrations are as in
panel A. C. ParB binding to DNA fragments containing varying numbers of 8 bp repeats.
From left to right, increasing the parS-L repeat from 1 to 4. Protein concentrations are as in
panel A. D. The substrates used in panels B and C with the parS-L repeats identified.
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Figureb5.
Mutational analysis of parS. The substrate for all EMSAS shown here is at the bottom of the

figure. It contains the 18 bp predicted parS site and is flanked by nonspecific DNA. This
sequence contains two copies of a tandem repeated sequence (shown by arrows). ParB binds
to this substrate, but when single base mutations are made and binding is assayed, it is clear
that the first repeat sequence is more important for binding. ParB protein concentrations are
the same as in Figure 4.
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RedRock
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wecnacanid
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Sssccns
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cccssces
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tescceer
Nonspecific

Specificity of ParB binding to parSA. Binding of RedRock ParB to parS sites of
mycobacteriophages Alma, Gladiator (Glad), and Echild, as well as Gordonia phage
KatherineG (KathG). Gladiator, Alma, and KatherineG, all have predicted parS-L and parS-
R sites flanking the parAB genes; a parS-L site is predicted upstream of Echild parA, but the
sequences downstream of Echild parB are not obviously related to parS-R. Protein
concentrations are as in Figure 4, panel A. B. Binding of Alma ParB to parS sites of
mycobacteriophages Alma, RedRock, Gladiator (Glad), and Echild, as well as Gordonia
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phage KatherineG (KathG). Protein concentrations of Alma ParB from left to right are: 0,
7.8, 23.4,70.2, 210, 632, 1896, 5690, and 17070 nM.
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Figure7.
Phage RedRock par-mediated incompatibility. A. Scheme to test for parABS-mediated

incompatibility. Plasmids pMOO1 (carrying RedRock parABSand mCherry), pLO87
(lacking parABS) were electroporated into M. smegmatis lysogens of L5, RedRock, or
EagleEye. and kanamycin-resistant transformants selected (step 1). Three individual red
transformants (or un-transformed control colonies) were propagated in liquid selective
media (step 2), and spotted onto a lawn of wild type M. smegmatis to test for phage release
(seen as rings of infection surrounding spotted cultures) indicating lysogeny (step 3). B.
Plasmid MOO0L1 displaces the RedRock prophage. Three independent transformants carrying
pMOO01 show no spontaneous phage release indicating prophage loss, which is dependent on
parABS (pLO87 transformants of RedRock lysogen all show phage release). All
transformants and (untransformed cells) of an L5 lysogen show prophage maintenance and
compatibility. Spontaneous phage release is reduced in pMOO1 transformants of the
EagleEye lysogen suggesting partial incompatibility between the RedRock parABSin
pMOO01 and the EagleEye prophage.
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Table 2
par-mediated plasmid stabilization

Plasmid Reporter par locus Plasmid retention (%)L
pLO87 hsp60-mCherry None <1

pMOO01  hsp60-mCherry  parSL-parA-parB-parSR 822

pMOO02  hsp60-mCherry  parSL-  -parB-parSR 7

pMOO05  hsp60-mCherry parSL-parA-parB 712

pMO20 None None 873

pMO21 None parSL-parA-parB-parSR 1003

Page 34

'ZPIasmid retention determined by percentages of red (pLO87, pMOO01, pMO02, pMOO5) or kanamycin-resistant (p)M0O20, pMO21) colonies after
52 generations of unselected growth.

2Difference in pMOO01 and pMOOS retention levels is not significant (p-value 0.25).

3Difference in pMO20 and pMO21 retention is statistically significant (p-value 0.002).

Mol Microbiol. Author manuscript; available in PMC 2017 August 01.



	Abstract
	Graphical Abstract
	Introduction
	Results
	Cluster A actinobacteriophages encode diverse partitioning cassettes
	The RedRock prophage replicates extrachromosomally
	RedRock parAB confers plasmid stability
	Expression and regulation of RedRock parAB
	Binding of RedRock ParB to parS DNA
	Specificities of ParB-parS binding
	Partitioning-mediated prophage incompatibility

	Discussion
	Materials and Methods
	Bacteria and plasmids
	Plasmid Maintenance Assays
	Promoter Strength Assays
	DNA sequencing and RNAseq
	Purification of ParB
	Electrophoretic Mobility Shift Assays
	Phylogenetic analysis of partitioning cassettes
	Prediction of partitioning types
	ParA and ParB coevolution analysis

	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Table 1
	Table 2

