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Abstract
The Rhodobacter capsulatus gene transfer agent (RcGTA) is a phage-like particle that
mediates horizontal gene transfer between R. capsulatus strains, and its production is regulated
by several bacterial systems, including quorum sensing and the CckA-ChpT-CtrA phosphorelay.
This thesis presents evidence that RcGTA is released from cells by cell lysis, that lysis is
modulated by the concentration of inorganic phosphate in the growth medium and that lysis
requires an endolysin and holin gene. The expression of the lysis genes is regulated by the
histidine kinase CckA, the phosphotransferase ChpT and the response regulator CtrA, and
requires phosphorylation of CtrA. The endolysin and holin were characterized by expression in
E. coli. High resolution electron microscopy images of affinity-purified RcGTA confirmed that
RcGTA contains tail fibers and head spikes, and newly revealed the presence of a baseplate-like
structure. RcGTA was found to undergo a maturation process similar to that of phages, and this
maturation was regulated by the CckA-ChpT-CtrA phosphorelay. Cells lacking CckA produced
tail-less particles containing DNA and polytube structures. During particle assembly spikes are
attached to the head of RcGTA, and spike formation required ghsA and ghsB, which appear to be
co-transcribed and regulated by CckA-ChpT-CtrA and quorum sensing. Spikes were required for
efficient binding of RcGTA to the R. capsulatus capsular polysaccharide. Two new regulators of
RcGTA, ClpX and DivL, were identified. ClpX was required for transduction, and capsid
formation in cells lacking ClpX appeared to halt RcGTA production prior to DNA packaging.
DivL appeared to be involved in regulating the CckA kinase activity; however a loss of DivL
resulted in opposite phenotypes for an RcGTA overproducer and a wild type strain. Additionally,
RcGTA production was found to be stimulated by temporary depletion of amino acids, but did
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not require the (p)ppGpp-mediated stringent response or a homologue of the general stress
response sigma factor EcfG.
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Chapter 1: Introduction
1.1

Rhodobacter capsulatus and the purple nonsulfur bacteria
Rhodobacter capsulatus (previously Rhodopseudomonas capsulata) is a purple nonsulfur

bacterium and a member of the Alphaproteobacteria. Purple nonsulfur bacteria, as well as the
purple sulfur bacteria, are capable of growth using autotrophic photosynthesis and H2S as a
source of reductant. The purple nonsulfur bacteria are typically found in stagnant or eutrophic
aquatic environments, and the optimal growth conditions are photoheterotrophic conditions on
organic carbon and ammonia (or nitrate), and most members can fix N2 (Madigan and Jung,
2009).
R. capsulatus is a metabolically very versatile organism and can be cultured
phototrophically with either CO2 or organic carbon, or in darkness by respiratory, fermentative
or chemolitotrophic growth using H2 as the reductant (Madigan and Jung, 2009, Weaver et al.,
1975). Together with the nonsulfur bacteria Rhodobacter sphaeroides and Rhodopseudomonas
palustris, R. capsulatus has been extensively studied as a model organism for a wide variety of
physiological activities.
1.2

Horizontal gene transfer in bacteria
Horizontal gene transfer (HGT; also called lateral gene transfer) is the transfer of a gene

to an organism by means other than classical (vertical) inheritance to progeny from a parent.
HGT is a common occurrence among prokaryotes and several examples of HGT have been
reported for multicellular organisms (Boto, 2014, Soucy et al., 2015). HGT is recognized as
providing advantageous traits such as antibiotic resistance, virulence factors, or new metabolic
mechanisms (Soucy et al., 2015).
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Several mechanisms of HGT among the prokaryotes have been discovered, however most
fall within three broad categories: conjugation, natural transformation, or transduction (Frost et
al., 2005, Thomas and Nielsen, 2005).
1.2.1

Conjugation
Conjugation is the transfer of genetic material, typically a plasmid, by direct cell-cell

contact by a diverse set of mechanisms. The most common mechanism of transfer is through a
mating bridge that requires pilus formation by a type IV secretion system encoded on the
plasmid (Norman et al., 2009, Thomas and Nielsen, 2005). Conjugation readily occurs between
bacteria of different species (Musovic et al., 2006) and is responsible spread of antibiotic
resistance in many environments (Carattoli, 2013). Conjugation may transfer DNA between
different kingdoms of life: the Alphaproteobacterium Agrobacterium tumefaciens transfers the Ti
plasmid to plant cells via conjugation during invasion and colonization (Gelvin, 2003).
1.2.2

Natural transformation
Natural transformation is the uptake and recombination of naked DNA from the

environment (Johnston et al., 2014, Thomas and Nielsen, 2005). A conserved set of proteins,
collectively called Com proteins (e.g., ComEC), are involved in transporting double stranded
DNA from the environment to the cytoplasm of the transformed cell. Incoming DNA can either
become integrated into the genome by homologous recombination (resulting in transformation)
or alternatively be degraded for nutrients. One strand of the incoming dsDNA is degraded in the
process of transport, and during transformation the single stranded DNA is bound by DNA
processing protein A (DprA) that recruits the recombination protein RecA to allow for
homologous recombination. Bacteria capable of taking up DNA are termed competent, and
several species exhibit this as a transient feature during laboratory growth (Johnston et al., 2014).
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Competence is often regulated by alternative sigma factors or transcription factors. In
Streptococcus pneumoniae and Bacillus subtilis, competence is regulated by pheromones
(similar or analogous to quorum sensing, see below) and requires the alternative sigma factor σX
or transcription factor ComK, respectively (Claverys et al., 2006).
1.2.3

Transduction
Transduction is HGT mediated by bacteriophages (phages) or phage-like particles.

Several phages mediate transduction as a by-product of their life cycle either by specifically
incorporating a part of the host genome during excision from the prophage state (specialized
transduction) or by erroneous packaging of host DNA (generalized transduction). When the
phage particle infects a new cell, the bacterial-derived genes may recombine into the new host
genome (Frost et al., 2005). Generalized transduction is most commonly observed among phages
that utilize a headful packaging mechanism, in which DNA packaging does not require a specific
sequence after initiation (Casjens and Gilcrease, 2009).
1.2.4

Other forms of HGT
The transposon is a mobile genetic element that in the simplest form can catalyze

intragenic genetic movement, but not transfer to a new host. Transposons move by site-specific
excision and integration, and can integrate into conjugative plasmids which allow them to
transfer to a new host (Frost et al., 2005). Additionally, some transposons harbor elements to
catalyze their own conjugation and are considered members of the integrative and conjugative
elements (ICEs) together with other conjugative elements that integrate into the chromosome
(Burrus et al., 2002).
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Lastly, outer membrane vesicles budding off from bacteria have been proposed to
mediate HGT, however there is currently little molecular evidence available to support vesicles
having a direct role in HGT (Fulsundar et al., 2014, Schwechheimer and Kuehn, 2015).
1.3

Transduction mediated by phage-like gene transfer agents
In addition to phage-mediated transduction, several bacteria encode small phage-like

particles termed gene transfer agents (GTAs) that appear to have evolved to mediate genetic
exchange (Lang et al., 2012).
1.3.1

RcGTA, the gene transfer agent of R. capsulatus
R. capsulatus produces a GTA termed RcGTA and has become the model system for

studying GTAs. GTAs were first reported in 1974 as an unusual mechanism of genetic
recombination that shared similarities with transducing phages, but did not cause plaques (Marrs,
1974). Isolation of an RcGTA overproducer mutant Y262 after chemical mutagenesis, which
produced approximately 1,000-fold increased levels of RcGTA, allowed for the initial
characterization of RcGTA as small bacteriophage-like (phage-like) particles with approximately
30 nm head-diameter. Analysis of the RcGTA nucleic acid indicated that the particle packaged
linear dsDNA. Restriction analysis, and later DNA microarray hybridization analysis, indicated
that the DNA contained in RcGTA was essentially random, in contrast to phages that
preferentially packages their own genome (Hynes et al., 2012, Yen et al., 1979). Later
experiments revealed that an ~15 kb gene cluster (Figure 1), containing genes homologues to
phage genes, was required for RcGTA production (Lang and Beatty, 2000). Single cell
experiments using this promoter revealed that RcGTA is produced by a small (~0.1% to 3%)
proportion of the cell population in stationary phase for wild type (WT) cells, whereas this
proportion was greatly increased for an RcGTA overproducer strain (Fogg et al., 2012b, Hynes
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et al., 2012). H. Ding has recently identified a mutation that appears to be responsible for the
RcGTA overproduction phenotype, however it is unclear how this mutation results in the
increased production level (H. Ding, unpublished data). Although it has not been demonstrated
that RcGTA offers a fitness advantage to the bacterium, it was suggested that RcGTA benefits
the bacterial population by increasing diversity in response to a change in environmental
conditions (Lang et al., 2012).

Figure 1 The RcGTA gene clusters
The known (“structural”) genes required for formation of RcGTA: the ~15 kb RcGTA primary, lysis and head spike
gene clusters. Modified from Lang et al. 2013.

1.3.2

GTAs produced by other Alphaproteobacteria, unrelated GTAs and the possible

importance of GTAs
An RcGTA-like primary gene cluster is conserved in many members of the
Alphaproteobacteria and appears to have been vertically inherited (Lang and Beatty, 2007, Lang
et al., 2002, Lang et al., 2012). Recently, functional RcGTA-like activity has been demonstrated,
and particles visualized by transmission electron microscopy (TEM) for other organisms such as
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Ruegeria pomeroyi and Roseovarius nubinhibens (Biers et al., 2008, McDaniel et al., 2010,
McDaniel et al., 2012). Rhodovulum sulfidophilum was demonstrated to produce a RcGTA-like
particle in TEM, and contained a 4.5 kb fragment of DNA (Nagao et al., 2015).
Phylogentically diverse bacteria produce particles that have been recognized as GTAs,
because of their transduction potential and the presence of DNase I-protected, non-discrete
segments of DNA. However, none of these systems are genetically related to RcGTA (Lang et
al., 2012). The spirochaete Brachyspira hyodyseneriae produces a particle termed VSH-1, the
sulfur-reducing bacterium Desulfovibrio desulfuricans produces Dd1, some members of
Bartonella have been shown to produce BLPs, and Methanococcus voltae produces VTA
(Anderson et al., 1994, Barbian and Minnick, 2000, Bertani, 1999, Eiserling et al., 1999, Matson
et al., 2005). For many of the species, particles were visualized by TEM.
Because GTAs appear to be widespread in prokaryotes and because RcGTA-like genes
are widely conserved and maintained in genomes that and appears to encode functional proteins,
it has been argued that GTAs may serve a beneficial role to the bacteria (Lang and Beatty, 2007,
Lang et al., 2012, Stanton, 2007). It is possible that GTAs increase the rate of HGT in a
population when cells are undergoing stress and that this benefits the cells, however no thorough
experiments have been performed to investigate this. It can be speculated that RcGTA facilitates
the transfer of a beneficial mutation from one subset of a population to cells harbouring another
beneficial mutation, thereby producing an additive or synergistic effect. Similarly, a mutation
that yields a non-beneficial allele in one genome could yield a beneficial effect on a recipient cell
that has one or more alleles that differ from the genotype of the RcGTA producing cell. RcGTAmediated transduction appears to be strain dependent (Wall et al., 1975), indicating that RcGTA
particles may preferentially transduce to related rather than less-related bacteria. DNA contained
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in the capsid is protected from nucelases present in the environment, which together with the
strain specificity could indicate that RcGTA-mediated transduction is a targeted and efficient
mechanism of horizontal gene transfer compared to other horizontal gene transfer mechanisms
such as transformation. An alternative beneficial mechanism of GTAs was proposed by Stanton,
who suggested that GTAs may provide cells with a temporary diploid state of the genes encoded
an incoming DNA fragment, and that this may increase production of beneficial proteins for
some of the recipient cells (Stanton, 2007).
1.4

RcGTAs and connections to phages
RcGTA has a phage-like morphology (Yen et al., 1979) and the organization of the

primary RcGTA gene cluster is similar to the majority of the late genes of lambdoid phages, with
DNA packaging genes followed by head and tail formation genes (Casjens and Hendrix, 2015,
Lang et al., 2012). Because of such similarities to phages and the vertical inheritance in the
Alphaproteobacteria, it was proposed that RcGTA evolved from an ancestral prophage early in
the evolution of the Alphaproteobacteria (Lang and Beatty, 2007).
Virulent phages, such as enterobacterial phage T4, are phages that infect, replicate and
release phage progeny from a bacterium (the lytic state) without taking up prolonged residence in
the bacterium. In contrast, temperate phages such as lambda can either undergo a lytic process or
take up residence as a prophage once inside a bacterium (the lysogenic state). The prophage can
reside in the lysogenized bacterium for numerous cell divisions before initiating a lytic cycle to
produce numerous copies of the phage and escape the host. Many temperate phages, including
enterobacterial phages lambda and Mu, form prophages by integrating their genome into the
bacterial chromosome using site-specific recombination or transposition. Other prophages, such
as enterobacterial phage P1, replicate as a plasmid inside the host (Campbell, 2005). Most
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studied prophages remain latent due to repression of gene expression by a repressor protein, such
as the lambda cI repressor. For lambda, a DNA damage-induced SOS response results in
cleavage of the cI repressor and induction of the lytic pathway (Little, 2005). During the lytic
cycle, the phage expresses the previously latent genes that encode the structural proteins of the
particle as well as the DNA packaging machinery.
Phages are classified based on their morphology. The majority of phages have tails, and
those containing linear, dsDNA are grouped in the order Caudovirales and further divided into
three morphological groups based on their tail structure (Ackermann, 2003).
The Siphoviridae family contains phages with long, non-contractile and typically flexible
tails (Figure 2A); well-studied models include lambda, T1, T5 and HK97, all infecting
enterobacteria such as E. coli, SPP1 that infects Bacillus subtilis, and the lactococcal phages
Tuc2009, p2 and TP901-1 (Davidson et al., 2012). Phages with contractile tails are grouped in
the Myoviridae family and includes the enterobacterial phages T4 and Mu (Leiman and Shneider,
2012). The Podoviridae includes phages with short tails such as the enterobacterial phages P22
and T7 (Casjens and Molineux, 2012). RcGTA is morphologically and genetically similar to the
Siphoviridae family, with several similarities (see below) to phage HK97 (Lang et al., 2012, Yen
et al., 1979).
1.5

Phage assembly and maturation
The assembly of long-tailed dsDNA phages (Siphoviridia and the contractile Myoviridae)

follows two separate pathways: a head formation pathway that involves DNA packaging into a
preformed head, and a tail formation pathway (Aksyuk and Rossmann, 2011). The two pathways
proceed independently; mutations that block the tail formation pathway allow for production of
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heads and vice versa. After head and tail completion, the two pathways merge to create the
infectious particle, or virion.

9

Figure 2 Siphoviridae
A, Siphoviridae are dsDNA viruses with long, non-contractile tails. The head and tail component of the virions
assemble by two separate pathways. Several conserved proteins present in matured particles and discussed in text
are indicated. B, Some tail gene mutants produce excessively long tail-like features termed polytails (B) or
polytubes (C). See text for details. Adapted from Davidson et al. 2012.
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1.5.1

Head assembly and DNA packaging
The main structure of the DNA-containing head in the Caudovirales is called the capsid

(Figure 2A) and is typically made up from a minimum of 60 copies of one protein, termed the
capsid (or coat) protein (Aksyuk and Rossmann, 2011, Fokine and Rossmann, 2014). RcGTA
shows similarity to phage HK97, the most well studied Siphoviridiae with respect to head
assembly. For HK97, capsid protein assemble into hexameric and pentameric capsomers (Duda
et al., 1995b). In contrast, the Myoviridae T4 encodes two separate capsid proteins which form
hexameric or pentameric capsomers (Aksyuk and Rossmann, 2011). HK97 capsomers assemble
onto the portal protein to form the icosahedric head structure termed Prohead I, with the portal
occupying one of the vertexes; however an icosahedric structure is also formed in the absence of
the portal protein (Duda et al., 1995b, Hendrix and Johnson, 2012). Similarly, the RcGTA capsid
protein is capable of assembly into capsomers and an icosahedric structure when expressed in E.
coli (Spano et al., 2007). In most phages, including lambda and P22, capsid assembly requires a
separate scaffolding protein, however for some phages such as HK97 and T5, the scaffolding
role is served by the N-terminal Δ-domain of the capsid protein (Fokine and Rossmann, 2014).
For HK97, this domain is cleaved from the mature capsid protein by a protease encoded by a
phage gene located directly 5' of the capsid gene, and this intermediate structure has been termed
Prohead II (Duda et al., 1995a, Duda et al., 1995b). DNA is subsequently packaged into the head
by the terminase complex. The process of DNA packaging appears to trigger the expansion of
the capsid, approximately doubling the volume of the capsid. For lambda, head expansion occurs
after packaging one third of the genome, whereas T4 DNA packaging and head expansion are
uncoupled (Fuller et al., 2007, Rao and Black, 1985). For HK97, head expansion involves
autocatalytic covalent crosslinking of the capsid proteins, essentially forming a series of
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“chainmail structures” termed Expansion Intermediates, and eventually forming the final Head II
structure (Hendrix and Johnson, 2012). Several phages have additional proteins assembled onto
the capsid, which are referred to as decorating or accessory proteins depending on the phage
system, and are added after expansion but prior to tail assembly. The two most studied proteins
are soc from T4, which strengthens the capsid structure, and the essential gpD of lambda, which
is required for complete genome packaging (Qin et al., 2010, Sternberg and Weisberg, 1977).
Recently, the non-essential T4-decorating protein hoc was reported to be involved for phage
binding to intestinal mucosa (Barr et al., 2013). Additionally, many phage capsids contain
internal proteins, some of which are injected into the host during infection (Black and Thomas,
2012).
Insertion of DNA into the preformed procapsids is performed by the terminase complex,
composed of the large and small terminase proteins, which docks on the portal vertex of the
procapsid and packages DNA into the capsid (Casjens, 2011, Feiss and Rao, 2012). Portal
proteins form a dodecameric ring at one of the vertexes of the capsid, and DNA enters the capsid
through the center of the ring (Casjens, 2011). The movement of DNA into the capsid in an
ATP-dependent process is carried out by the N-terminal ATPase domain of the large terminase,
which packages DNA into the capsid to a very high concentration (~500 mg/mL) (Black and
Thomas, 2012, Sun et al., 2008).
The small terminase protein modulates the activity of the large terminase protein, and is
required for recognizing packaging and cut sites. DNA recognition and cutting differ between
phages, with lambda having a sequence-specific cut site (cos), and P22 having a sequencespecific recognition site (pac) but a sequence-independent cut in a region spanning
approximately 120 bp centered on the pac site (Feiss et al., 1983, Wu et al., 2002).
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For many of the phages that use sequence-independent cut sites, DNA packaging
proceeds by a headful mechanism, and this has also been suggested to be the DNA packaging
strategy for RcGTA, using the terminase proteins (Casjens et al., 2005, Lang and Beatty, 2001).
In this process, DNA is packaged into the capsid until the head is sensed to be full, possibly by
the portal, and the DNA is cleaved by the C-terminal endonuclease domain of the large terminase
protein, resulting in DNA termini lacking a conserved sequence (Casjens, 2011). After
packaging and DNA cleavage, the terminase disassociates from the recently packaged capsid and
initiates packaging of a new empty capsid with the remainding DNA terminus.
To prevent leakage of DNA from the recently filled head and to form an interface to bind
the tail, head completion proteins bind to and “plug” the portal (Tavares et al., 2012). In lambda,
protein gpW, encoded 3’ of the large terminase is the plug required for DNA retention.
1.5.2

Tail assembly
The best studied Siphoviridae tail (Figure 2A) structure is the tail of phage lambda, which

is a 135 nm-long flexible tube-like structure, with a 15 nm-long conical tip at the head-distal end,
and which is encoded by 11 contiguous genes (Casjens and Hendrix, 2015, Davidson et al.,
2012, Katsura, 1983). The conical tip, which is more generically termed the tail tip complex,
contains a central fiber that is the receptor binding protein of lambda and a determinant of host
range. Other Siphovirida, such as the lactococcal phages TP901-1 and p2, as well as the
Myoviridae T4, have a different tail tip complex termed a baseplate (Leiman et al., 2010, Spinelli
et al., 2014).
The recently revised model for lambda tail assembly proposes two converging pathways
for initiation, followed by polymerization of the tail tube protein (major tail protein) (Xu et al.,
2014). The central fiber protein gpJ assembles to a trimer, to which several proteins (gpI, gpL,
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gpK) are added to form the initiater complex (which later becomes the tail tip complex). In
parallel, the tape measure protein (TMP) gpH is coated by a helical arrangement of the
chaperone gpG, with an occasional inclusion of the chaperone gpGT, the latter produced by a
conserved -1 translational frameshift in gpG. The coated tape measure complex binds to the
initiator complex, and the tail tube protein polymerizes around the TMP to form 32 hexameric
rings (Xu et al., 2014). The length of the tail is dependent on the TMP, which acts as a molecular
ruler (Katsura and Hendrix, 1984). After the tail has polymerized to the length determined by the
TMP, the tail terminator protein gpU forms a hexameric ring that caps the tail and prevents
further polymerization (Pell et al., 2009).
Some tail gene mutations result in the formation of long, tail like structures (Katsura,
1990, Mount et al., 1968). Depending on the presence of the tail tip complex, these structures are
categorized as polytails (Figure 2B) or polytubes (Figure 2C). The lambda tail terminator gpU is
required for the formation of regular length tails by preventing polymerization of the tail tube
protein past the length of the tail tape protein (Katsura, 1990, Mount et al., 1968). In the absence
of gpU, long polytails are produced that contain the conical initiator complex and tail fibers. In
contrast, double mutants that lack both gpU and either a member of the initiator complex (gpJ,
gpI or gpK), the TMP (gpH) or the tail chaperone (gpH) form long tail-like structures termed
polytubes that lack the conical tip and side fibers (Katsura, 1990). Similarly, absence of the tail
terminator resulted in polytail formation for the phage TP901-1 (Stockdale et al., 2015). The
assembly of the lambda tail requires the chaperones gpG and gpGT, the latter a result of a
translational frameshift to fuse the gpG and gpT orfs. Xu et al. (2013; 2014) showed that a
correct ratio of gpG and gpGT is required for correct tail assembly, and overexpression of gpGT
in the presence of the tail tube protein gpV results in polytube formation. Recently, renatured tail
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tube protein of the Bacillus subtilis phage SPP1 was reported to polymerize and form polytube
structures in the absence of any other phage proteins (Langlois et al., 2015).
1.6
1.6.1

The release of phages and RcGTA from cells
Lytic release of dsDNA tailed phages
Most dsDNA tailed phages utilize an endolysin and holin system (described in Figure 3)

as well as a spanin complex for the release from the bacterial host, and their combined actions
ensure that the host lyses (bursts) to release the phage particles and cytoplasmic content to the
environment (Catalao et al., 2013, Young, 2013, Young, 2014). The endolysin is a muralytic
enzyme that cleaves peptidoglycan, and the holin a membrane protein that forms holes in the
cytoplasmic membrane to allow for passage of the endolysin from the cytoplasm to the periplasm
(to access the peptidoglycan). The recently characterized spanin complex appears to promote
fusion of the inner and outer membranes of Gram-negative hosts, and is believed to be required
for the release of lambda from E. coli under natural conditions (Young, 2013).

Figure 3 Lysis by canonical endolysin-holin systems
Schematic of the lytic release of phages by a canonical endolysin-holin system. A, During late gene expression,
catalytically active endolysin and phage particles accumulates in cytoplasm. Holin proteins accumulates in the
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cytoplasmic membrane (CM). B, Upon triggering of the holins and formation of “holes” in the CM, endolysin
proteins are released to the periplasm were they degrade the peptidoglycan (PG) layer. C, Loss of the structural
support of peptidoglycan results in cell “rounding” and spanin-mediated (not shown) lysis of the cell. The result is
release of cytoplasmic material, including phages, to the environment. OM is the outer membrane.

There are currently two separate types of the endolysin/holin system: the initially
characterized system of an endolysin and holin (termed canonical), best studied in phage lambda;
and the signal anchor release endolysin and pinholin. For lambda, the lysis genes S, R and Rz/Rz1
encode the holin, endolysin and spanin complex, respectively. These genes are expressed from a
late promoter that also initiates transcription of capsid and tail encoding genes (Young, 1992). In
addition to encoding the S105 holin the S gene also encodes the antiholin S107, which differs
from the holin by two amino acids due to the use of an alternative start codon (Bläsi and Young,
1996). S105 and S107 accumulate in the cytoplasmic membrane as dimers. Triggering
(activation) of the holin results in the formation of large holes in the cytoplasmic membrane
releasing the fully folded endolysin to the periplasm. Holes formed by holins have historically
been considered large, and were shown to allow the passage of 480 kDa chimeric endolysin
proteins (Wang et al., 2003). Cryo-EM of holin-producing cells recently showed one lesion for
most cells, with an average size of 340 nm, however the maximal lesion size exceeded 1 µm
(Dewey et al., 2010). The timing of lysis is controlled by the triggering (activation) of the holin,
and triggering is dependent on the holin allele. Upon reaching a critical concentration the S105S107 holin-antiholin forms rafts and subsequent holes in the inner membrane, and this allows the
endolysin to access the periplasm. The inhibitory activity of the lambda antiholin S107 is
attributed to the N-terminal transmembrane domain of the protein. Prior to triggering, the
positive charge resulting from the presence of a lysine and a deformylated methionine prevent
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the domain from entering the membrane in the presence of a proton motive force (White et al.,
2010). Dissipation of the proton motive leads to insertion of the charged N-terminal domain and
formation of active holin (Young, 2013). The timing of lysis is therefore thought to not be
regulated in real time but genetically encoded in the holin allele (Wang et al., 2000, Young,
1992). An exception to this occurs for the complex myoviridae T4 and related phages: the release
of mature T4 virions from cells is inhibited by secondary infections by T4 phages, a process
termed lysis inhibition (Young, 1992). This lysis inhibition was recently found to involve the
separately encoded antiholin protein RI. The mechanism of sensing of this superinfection is
unknown, but lysis inhibition requires interaction between the soluble domains of phage T4 holin
T and antiholin RI, domains which are missing from S-like holins and antiholins from phage
lambda and related phages (Moussa et al., 2012, Ramanculov and Young, 2001).
The lambda endolysin R accumulates in a folded and enzymatically activate state in the
cytoplasm until released to the periplasm by holin-mediated lesions. The transglycosylase
activity of R then cleaves the peptidoglycan that supports the cell shape, resulting in the rounding
of cells (Catalao et al., 2013, Young, 2013). The majority of characterized endolysins from
phages infecting Gram-negative bacteria consist of a single domain. In contrast, endolysins from
phages infecting Gram-positive hosts typically consist of at least two domains: a catalytic and a
cell wall binding domain (Loessner, 2005). However, some Gram-negative infecting phages also
produce modular endolysins, including the N-acetylmuramidase gp61 produced by coliphage N4
(Stojkovic and Rothman-Denes, 2007).
In contrast to the canonical endolysin and holin system, some endolysins are transported
across the cytoplasmic membrane independently of the holin by the incorporation of secretion
signals (Catalao et al., 2013, Young, 2013). Signal anchor release (SAR) endolysins such as Lyz
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from Enterobacteria phage P1 are transported by the sec pathway and anchored to inner
membrane in an inactive form (Xu et al., 2004). Activation and release of the SAR endolysin
from the membrane is mediated by depolarization of the membrane by pinholins. In contrast to
the single large membrane lesions formed by canonical holins, the pinholins form multiple small
holes of ~ 2 nm diameter (Pang et al., 2009).
The spanin complex appears to be required for fusion of the inner and outer membrane of
Gram-negative bacteria, and induction of lambda mutants lacking the spanin complex results in
spherical cells lacking the cell wall but supported by the outer membrane (Berry et al., 2012,
Young, 2014). However, the requirement of spanins for cell lysis is dependent on the cultivation
conditions. In the presence of presence of 10 mM or more divalent cations, cells do not undergo
lysis in the absence of spanins Rz or Rz1, whereas lysis occurs in media with lower
concentrations of divalent cations. The lambda Rz1 ORF is completely embedded in the +1
reading frame of Rz, and it appears that the majority of the dsDNA phages infecting Gramnegative hosts encode equivalents of the lambda Rz/Rz1 spanins (Summer et al., 2007).
1.6.2

Release of RcGTA
The mechanism and regulation of release of RcGTA from cells had been unclear since

the initial report on RcGTA by Marrs (1974). In contrast to phages, RcGTA was found not to
produce plaques on a bacterial lawn, and no observable liquid culture lysis was observed for the
WT isolates of R. capsulatus that produced RcGTA (Marrs, 1974). RcGTA has historically been
studied using complex media such as YPS because they yield high transduction frequencies. In
contrast, the defined minimal medium RCV was shown to inhibit RcGTA-mediated transduction
(Solioz, 1975, Solioz et al., 1975, Yen et al., 1979). Cultivation of the RcGTA overproducer
Y262 in the transduction-promoting complex medium PYE, but not the transduction-inhibitory
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minimal medium RCV, was reported to result in lysis of 10 – 20% of cells in the culture (Yen et
al., 1979), indicating that RcGTA production was accompanied by cell lysis. However, the
possibility that lysis could be due to a prophage residing in R. capsulatus genome, as opposed to
an RcGTA-specific gene, could not be ruled out.
Western blots probed with antibodies raised against the RcGTA capsid protein indicated
that strains cultured in RCV medium produced RcGTA, but that the cells did not release RcGTA
(Taylor, 2004). Furthermore, preliminary studies indicated that release of RcGTA occurred in
RCV medium containing low levels of potassium phosphate, whereas reduced levels of carbon
increased intracellular, but not extracellular, levels of RcGTA capsid (Taylor, 2004). In other
experiments, it was observed that a mutation in the putative hybrid sensor kinase cckA which is
required for transduction (see below), resulted in the intracellular accumulation of the RcGTA
capsid protein. Furthermore, cells containing this intracellular capsid protein did not release
transduction-competent RcGTA upon lysis by exogenous means, indicating that this capsid
protein is derived from non-functional RcGTA (Leung, 2010).
1.7

Bacterial regulatory systems controlling RcGTA production
The production of RcGTA has been found to be regulated by several bacterial systems

(see below). The primary RcGTA gene cluster is thought to be transcribed from a single
promoter, generating a large transcript analogous to the ~26.5 kb late-genes transcript of phage
lambda generated from promoter pR´ (Friedman and Court, 2005). The promoter of the RcGTA
cluster is located ~ 600 bp 5’ of the deduced start codon of the first gene, and it is plausible that
allows for binding of regulatory elements (Florizone, 2006, Leung, 2010, Westbye et al., 2013).
However, no regulator has been demonstrated to interact directly with the promoter or the
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untranslated DNA region of the primary RcGTA cluster or any of the accessory gene clusters
(lysis and head spike, see Results and Discussion).
1.7.1

Regulation of RcGTA by the GtaI/GtaR quorum-sensing system
RcGTA production is increased upon entry to stationary phase. This is at least partially

due to the regulation by the GtaI/GtaR quorum-sensing system that is homologous to the
LuxI/LuxR system of Vibrio fischeri (Leung et al., 2012, Schaefer et al., 2002). Quorum sensing
is a bacterial cell-to-cell communication mechanism, which allows for a uniform response,
typically at high cell densities (a quorum). The most well-studied quorum-sensing system is the
LuxI/LuxR system, where the V. fisheri LuxI acyl homoserine lactone (HSL) synthase produces
a diffusible chemical signal, termed an autoinducer (Lazdunski et al., 2004). The autoinducer is
sensed by the cognate HSL receptor protein (transcription factor) LuxR. When the concentration
of the autoinducer reaches a specific threshold, LuxR is activated and initiates gene expression.
In many organisms, the system is autoregulatory, with LuxI expression being activated by
LuxR/HSL in a feed-forward loop.
In R. capsulatus, the LuxI-homologue GtaI synthesizes a C16 acyl HSL that regulates the
activity of the LuxR-homologue GtaR (Leung et al., 2012, Schaefer et al., 2002). GtaR binds
DNA and regulates both GtaI and GtaR expression by binding to its own promoter. The
transduction levels of a mutant lacking GtaI is reduced to ~20% of WT levels, and this can be
restored by addition of exogenous C16 HSL. In contrast, no effect on transduction was observed
in the absence of GtaR, and a ΔgtaIΔgtaR double mutant showed a WT transduction phenotype.
It therefore appears that GtaR is a negative regulator of RcGTA production (Leung et al., 2012).
In addition to regulating RcGTA production, GtaI is required for synthesis of the bacterial
capsule (see below) (Brimacombe et al., 2013).
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1.7.2

The stringent response and general stress response –novel candidates for RcGTA

regulation
RcGTA production is stimulated upon entry to stationary phase (Solioz et al., 1975) and
appears to be influenced by the carbon level in the growth medium (Florizone, 2006, Leung,
2010). The stringent response is a global stress response activated by many bacteria upon
nutrient depletion in stationary phase (Figure 4A). This response is signaled using the alarmones
ppGpp and pppGpp (collectively referred to as (p)ppGpp), which result in a drastically altered
transcription profile (Hauryliuk et al., 2015). (p)ppGpp production is typically induced by amino
acid depletion, however depletion of other nutrients can also stimulate this response. Most
studies of (p)ppGpp have focused on E. coli, and like most members of the
Gammaproteobacteria and the Betaproteobacteria, this bacterium harbours two enzymes
involved in (p)ppGpp metabolism: SpoT and RelA. SpoT senses a limitation of several nutrient
stresses and is capable of both synthesis and hydrolysis of (p)ppGpp. In contrast, the ribosomeassociated RelA enzyme senses amino acid depletion and heat shock and is only capable of
(p)ppGpp synthesis. However, most bacteria including R. capsulatus harbor a single RelA/SpoT
homologue that is capable of both synthesis and hydrolysis of (p)ppGpp (Masuda and Bauer,
2004).
The general stress response system provides cross protection between different stresses.
In the Alphaproteobacteria this response is conferred by the sigma factor EcfG (also called
SigT), which is itself regulated by the anti-sigma factor NepR and the anti-sigma factor
antagonist PhyR, which regulate each other via a partner-switching mechanism (Francez-Charlot
et al., 2015a). In C. crescentus, the EcfG homologue SigT is involved in a response to carbon
depletion and modulates degradation of the response regulator CtrA (Britos et al., 2011). The R.
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capsulatus genome encodes homologues of these three genes (see section 3.6.4). It therefore
appeared plausible that spoT or ecfG was required for production of RcGTA.

Figure 4 The stringent and general stress responses
A, The stringent response is mediated by ppGpp and pppGpp. Various forms of nutrient depletion induces synthesis
of (p)ppGpp. E. coli has two enzymes, RelA and SpoT that can synthesize (p)ppGpp, whereas most bacteria have a
single enzyme. B, The alphaproteobacterial general stress response is mediated by the sigma factor EcfG (SigT).
This sigma factor is sequestered by NepR when the response is not activated. Activation of the response results in
phosphorylation of PhyR. PhyR~P sequesters NepR by a partner-switch mechanism, freeing EcfG from NepR.

1.7.3

Two component systems and phosphorelays
The first identified regulators of RcGTA production were homologues of the Caulobacter

crescentus hybrid histidine kinase (HK) CckA and the DNA-binding response regulator (RR)
CtrA (Lang and Beatty, 2000), which along with with the histidine phosphotransferase ChpT
(Mercer et al., 2012) form a phosphorelay that regulates cell cycling in C. crescentus (Curtis and
Brun, 2010).
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The simplest “phosphorelays” are the two component systems, which are composed of a
sensory HK and RR, and considered the major signal transducing system in bacteria, but are also
present in eukaryotes (Jung et al., 2012, West and Stock, 2001). Phosphorelays include one or
more phosphotransfer proteins between the HK and the RR, and some are branched instead of a
single, linear pathway (Jung et al., 2012).
1.7.3.1

Histidine kinases
Most HKs are active as a homodimer and autophosphorylate on a histidine residue in

response to a signal. The phosphoryl group is then transferred to an aspartate of the cognate RR,
which typically acts as a transcription factor to alter gene expression. For systems where the
phosphotransfer involves an intermediate protein termed a phosphotransferase, the term
phosphorelay is used.
Two component systems and phosphorelays transfer a phosphoryl from a conserved
histidine in the transmitter domain to a conserved aspartate in the receiver (REC) domain for
signal transduction (Bhate et al., 2015, Casino et al., 2010, Jung et al., 2012). The prototypical
HKs have an extracellular sensor domain that is connected to the transmitter domain by a
transmembrane helix. For Class I HKs, the histidine residue is part of a dimerization and
histidine phosphotransfer (DHp) domain, that together with a catalytic and ATPase-binding (CA;
often referred to as a HK-type ATPase catalytic (HATPase_C) domain), form the transmitter
domain. The DHp domain is formed by two antiparallel helices from each peptide in the
homodimer to make a four-helical bundle, and the catalytic histidine is part of a conserved
sequence of seven amino acids near the membrane-proximal side of the helix: H-D/E-L/I-K/RT/N-P-L (Figure 5A). For non-hybrid HKs, the membrane-distal part of the DHp domain form
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the interface with the RR. The CA domain is situated next to the four-helix bundle and is a
highly conserved alpha/beta sandwich (Bhate et al., 2015, Casino et al., 2010).

Figure 5 Histidine kinases and response regulators
(A) Schematic drawing of the cytosolic part of a hybrid HK; (B) the domain organization of a typical response
regulator REC domain; (C) the predicted domains of R. capsulatus CckA, with Tyr 589 indicated. In A, grey arrows
indicate phosphotransfer from ATP to histidine (H) to aspartate (D). In B, α and β indicate alpha-helices and betastrands, respectively, and D the phosphorylated aspartate residue. See text for details.
A and B are based on descriptions in (Casino et al., 2010) and (Bourret, 2010), respectively.
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The less common Class II HKs employ a different architecture in which the histidine is
part of a histidine phosphotransfer (HPt) domain, which is not located adjacent to the catalytic
domain (Jung et al., 2012).
In some phosphorelays, the kinase is a hybrid HK that contains both a transmitter and a
receiver domain, and performs an intramolecular phosphotransfer. The phosphoryl signal is then
passed on to a histidine in an HPt domain that may be on the same or a separate polypeptide,
before the signal is transferred to an aspartate in the receiver domain of the RR.
One ATP molecule binds per CA domain and is held in place by a loop termed the “ATP
lid", and binding affinity studies indicate that at least at least one of the CAs contains ATP/ADP
at any given time (Bhate et al., 2015). Depending on the HK, during autophosphorylation either
the histidine of the DHp domain of the same polypeptide (cis-autophosphorylation) or the dimer
partner (trans-autophosphorylation) attacks the gamma-phosphoryl of the ATP to form His~P
and ADP. The aspartate of the receiver domain subsequently attacks His~P resulting in the
formation of Asp~P, a reaction that is considerably faster (20-100 min-1) than the
autophosphorylation (0.1-5 min-1) (Bhate et al., 2015, Casino et al., 2010).
In addition to phosphorylation of the cognate RR, many HKs can also dephosphorylate an
RR, a reaction that is catalyzed by the DHp domain but does not require the histidine residue
(Casino et al., 2010). In at least one case, it appears that the primary biological role of a hybrid
HK is to act as a phosphatase, with a separate kinase phosphorylating the same RR (FrancezCharlot et al., 2015a).
The sensor domain (also called input domain) of HKs serve as a sensor/interaction
module that controls the activity of the transmitter domain by inducing rearrangements of the
dimer (Cheung and Hendrickson, 2010, Szurmant et al., 2007). Signal-sensing can affect either
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autophosphorylation, phosphatase activity, or both, depending on the HK. The change in activity
has been proposed to result from conformational changes in DHp that alters the interaction
between the DHp and CA domains, which in turn alters the accessibility of the catalytic histidine
(in the DHp domain) to the ATP (bound in the CA domain). Although the conformational change
of DHp would also be expected to alter the interaction with the RR, no modulation of the
phosphotransfer reaction has been demonstrated (Stewart, 2010).
The most well-studied HKs, such as the E. coli NarX and PhoQ, contain extracellular
(periplasmic) input domains, and the signal is transmitted to the cytoplasmic transmitter domain
by rearrangement of the transmembrane helix (Casino et al., 2010). Other HK proteins have
transmembrane or cytoplasmic sensor domains. Several HKs, including CckA (Figure 5), have
cytoplasmic sensor domains that adopt a Per/ARNT/Sim (PAS) fold, a five-stranded anti-parallel
beta-sheet surrounded by alpha-helices that is found in several modular proteins in addition to
HKs involved in signal transduction, such as transcription factors and guanylate cyclases
(Moglich et al., 2009). Other common sensor domains are GAF (c-GMP-specific
and c-GMP-stimulated phosphodiesterases, Anabaena adenylate cyclases and
Escherichia coli FhlA) and HAMP (histidine kinases, adenylyl cyclases, methylaccepting
proteins, and other prokaryotic signaling proteins) domains (Cheung and Hendrickson, 2010,
Szurmant et al., 2007); however such domains are not present in CckA.
The activity of HKs are in several cases regulated by accessory proteins. In enteric
bacteria the Rcs phosphorelay controls numerous activities, including motility and biofilm
formation, and this phosphorelay is stimulated by the outer membrane protein RcsF (Jung et al.,
2012). Response of Vibrio harveyi to the “universal” signaling molecule autoinducer-2 (AI-2)
requires a phosphorelay composed of the hybrid HK LuxQ, the LuxU phosphotransferase, and
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the transcription factor LuxO (Pappas et al., 2004). However, AI-2 is sensed by a periplasmic
protein termed LuxP, which is associated with the periplasmic domain of LuxQ. At low
concentrations, LuxQ act as a kinase, but binding of AI-2 to LuxP changes the conformation of
LuxP, and LuxPQ forms an asymmetric dimer. This in turn is believed to alter the HK to exhibit
phosphatase activity (Neiditch et al., 2006).
The two component system PhoR-PhoB regulates the phosphate starvation response in
several bacteria, however correct sensing and response to the concentration of phosphate requires
the phosphate transporter PstSCAB and the chaperone-like PhoU (Hsieh and Wanner, 2010).
Phosphate concentration is sensed by the Pst transporter complex and the signal is conveyed by
physical interaction between PstB, PhoU and the PAS domain of PhoR (Gardner et al., 2014).
The default expression of the Pho regulon appears to be ON, and is turned OFF at high
concentrations of phosphate, because the absence of PhoU results in PhoR having constitutive
kinase activity.
1.7.3.2

Response regulators
Phosphorylation of the receiver (REC) domain of a RR by its cognate kinase or

phosphotransferase typically changes its activity. Most RRs are modular and contain an output
(or effector) domain, although 15% of the RRs in bacterial genomes lack an output domain
(Bourret, 2010). The most common output domains are DNA-binding domains of the helix-turnhelix or winged helix families, and the proteins serve as transcriptional regulators. However, RRs
with enzymatic, protein-binding or transporter functions have been described (Galperin, 2010).
RRs are typically active as dimers, with dimerization promoted by phosphorylation. REC
domains have a conserved topology consisting of a central five-stranded beta-sheet surrounded
by a total of five alpha-helices. The highly conserved catalytic aspartate, which becomes
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phosphorylated, is found at the C-terminal end of the central beta-sheet (Figure 5B).
Phosphorylation rearranges part of the domain to stimulate the formation of a homodimerization
interface (Bourret, 2010, Gao and Stock, 2010).
Like many conformational changes in macromolecules, REC domains are believed to
exist in an equilibrium between two states, and phosphorylation stabilizes the active, dimer form
that in turn changes the activity of the output domain of the RR. This strategy appears essential
to the function of many DNA-binding RRs that typically recognize inverted repeats – however
dimerization is also common for RRs with other types of output domains such as diguanylate
cyclase (GGDEF) domains (Gao and Stock, 2010). It is furthermore recognized that dimerization
can also be promoted by the effector domain, such as in DNA binding. In the case of NtrC4
ATPase proteins, phosphorylation causes rearrangements of inactive, preexisting dimers
allowing for oligomerization and active ATPase activity (Batchelor et al., 2008).
In addition to being phosphorylated and dephosphorylated by a cognate HK (or histidine
phosphotransferase), the REC domain of RRs have inherent autophosphorylation and
autodephosphorylation activity in vitro (and presumably in vivo). In some systems,
dephosphorylation is stimulated by auxiliary phosphatases that appear to stimulate the
autodephosphorylation activity of the REC domain (Bourret, 2010).
1.7.4

The CckA-ChpT-CtrA phosphorelay
The phosphorelay formed by the hybrid HK CckA, the histidine phosphotransferase

ChpT, and the RR CtrA (Figure 6) is widely conserved in the Alphaproteobacteria (Brilli et al.,
2010). This phosphorelay has been best characterized in C. crescentus where it regulates the cell
cycling between sessile stalked cells and motile swarmer cells (Curtis and Brun, 2010, Tsokos
and Laub, 2012). The essential RR CtrA is a global regulator that controls over 100 genes
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involved in cell division and motility (Laub et al., 2002, Quon et al., 1996). In addition to being
a transcription factor, phosphorylated CtrA (CtrA~P) binds to the chromosomal origin of
replication and inhibits DNA replication, ensuring that replication only occurs in the sessile
stalked cells and not the mobile swarmer cells (Quon et al., 1998). The phosphorylation level of
CtrA is controlled by the bifunctional CckA (Figure 6). CckA autophosphorylates on a conserved
histidine, and transfers the phosphoryl group to an aspartate in the C-terminal receiver domain of
CckA, from where it is transferred to a histidine on ChpT. ChpT then phosphorylates CtrA on a
conserved aspartate residue, resulting in dimerization of CtrA~P to form “active CtrA”.
Additionally, CckA may act as a phosphatase to reverse the phosphoryl transfer pathway,
including the dephosphorylation of CtrA~P by ChpT.
In C. crescentus, the activity of the CckA membrane protein is controlled by at least two
components: 1) The membrane protein DivL stimulates the kinase activity of CckA -- in cells
lacking DivL, and overexpressing CckA or expressing a soluble form of CckA, the activity of
CckA is primarily as a phosphatase (Chen et al., 2009b, Tsokos et al., 2011); 2) CckA is
regulated by levels of the cyclic messenger c-di-GMP, which binds to CckA and inhibits kinase
activity while stimulating phosphatase activity, thereby switching the activity of CckA (Lori et
al., 2015). In C. crescentus, the ability of DivL to stimulate CckA kinase activity is inhibited by
phosphorylated DivK, and PleC and DivJ controls the phosphorylation state of DivK (Childers et
al., 2014, Tsokos and Laub, 2012). However, homologues of DivK, PleC and DivJ appear to be
absent from the Rhodobacterales (Brilli et al., 2010).
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Figure 6 The CckA-ChpT-CtrA phosphorelay
The membrane bound hybrid histidine kinase CckA autophosphorylates, and the phosphoryl group is transferred to
the phosphotransferase ChpT, which phosphosphorylates the response regulator CtrA. DivL stimulates the kinase
activity of CckA. See text for details.

Recent studies on Sphingomonas melonis have revealed an interesting variation on the
CckA to ChpT to CtrA theme. In this organism, the proteins CckA and CcsA regulate CtrA
phosphorylation levels through ChpT. CckA appears to primarily act as a phosphatase because a
loss of CckA results in constitutively active CtrA, and the loss of CckA is offset by a loss of the
CcsA (Francez-Charlot et al., 2015b). Despite being a hybrid HK, CcsA differs from CckA by
being a soluble protein and having a putative light, oxygen or voltage (LOV) domain.
The requirement of CtrA for viability differs between Alphaproteobacterial lineages.
CtrA, as well as DivK, DivL, CckA and ChpT have all been found to be essential for viability of
C. crescentus. CtrA has also been found to be essential in Sinorhizobium meliloti, Agrobacterium
tumefaciens and Brucella abortus (Barnett et al., 2001, Bellefontaine et al., 2002, Curtis and
Brun, 2010, Kim et al., 2013). In contrast, CtrA, CckA and ChpT were found to not be essential
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in R. capsulatus and R. sphaeroides (Mercer et al., 2012, Vega-Baray et al., 2015), and CtrA is
not essential in Ruegeria pomeroyi, Dinoroseobacter shibae, Magnetospirillum magneticum and
Rhodospirillum centenum (Bird and MacKrell, 2011, Greene et al., 2012, Wang et al., 2014, Zan
et al., 2013). Therfore, the simplest classification of CtrA-containing Alphaproteobacteria is the
division into two groups; the CtrA-essential and the CtrA-non-essential group. A more complex
classification into four clusters has been proposed by Brilli et al. (2010).
Several mutations in CckA have been identified that affect the kinase or phosphatase
activity (Chen et al., 2009b, Kim et al., 2013). The CckA(Y674D) gain-of-function mutation
reported for Agrobacterium tumefaciens appears to make the CckA kinase activity independent
of upstream regulators (Kim et al., 2013), and the analogous CckA(Y514D) in C. crescentus was
recently reported to make CckA non-responsive to c-di-GMP, and thereby unable to act as a
phosphatase, resulting in constitutive kinase ON activity (Lori et al., 2015). In contrast, mutation
of the autophosphorylated histidine residue in C. crescentus CckA to alanine (H322A) abolished
kinase activity, but the protein retained phosphatase activity (Chen et al., 2009b).
1.7.5

Proteolytic degradation of C. crescentus CtrA by ClpXP
The regulation of the C. crescentus CtrA is in part accomplished by the essential protease

ClpXP (Figure 7A), which targets CtrA, and mutants lacking ClpXP have defects in
chromosome replication and cell division (Domian et al., 1997, Jenal and Fuchs, 1998). The
ClpXP protease is composed of a hexamer of the AAA+ATPase ClpX that recognizes and
unfolds the substrate, and a 14-mer of the ClpP peptidase, arranged as two stacks of heptamers.
Proteins are recognized for degradation by the presence of short unstructured degradation tags,
typically at the C-terminus (Baker and Sauer, 2012). However, for some proteins such as the
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lambda replication protein O, the degradation tag is present in the N-terminus (Gonciarz-Swiatek
et al., 1999).
The best characterized ClpXP degradation tag is the ssrA tag YALAA, which is added to
the C-terminus by the transfer-messenger RNA (tmRNA) system (Moore and Sauer, 2007).
During ribosome pausing or stalling, a tmRNA charged with alanine can enter an unoccupied A
site in the ribosome (where the aminoacyl tRNA would typically enter), and the ribosome may
continue translation using the short ORF encoded by the tmRNA, resulting in the release of the
incomplete protein containing the ssrA tag. Degradation of these tagged proteins is aided by the
adaptor protein SspB (Moore and Sauer, 2007). In E. coli, ClpXP is involved in degradation of
several stress proteins, including the SOS response repressor LexA and the stationary phase
sigma factor RpoS (Neher et al., 2006).

Figure 7 The ClpXP protease
The proteolytic regulation of CtrA by ClpXP (A) and regulation of membrane localization of ClpXP (active for
CtrA-degradation) by CpdR (B) in C. crescentus. See text for details.
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ClpXP-mediated degradation of CtrA is controlled by the phosphorylation state of CpdR
(Figure 7B)(Iniesta et al., 2006). The phosphorylation state of CpdR is controlled by CckA and
ChpT, which also control CtrA phosphorylation (see above). In C. crescentus, ClpXP and CpdR
are essential proteins for laboratory growth. Similarly, in S. meliloti, where CtrA is also essential
for laboratory growth (see above), the CpdR homologues CpdR1 and CpdR2 are required for
localization of the ClpX as well as proper cell differentiation (Barnett et al., 2001, Kobayashi et
al., 2009).
A role for ClpXP in regulating R. capsulatus CtrA has not been described, but appeared
possible based on the conserved nature of the CckA-ChpT-CtrA system in the
Alphaproteobacteria (Brilli et al., 2010). Because members of the Rhodobacter genus were
reported to lack homologues of CpdR (Brilli et al., 2010), it appeared unlikely that CckA
(through CpdR-mediated regulation of ClpXP activity) would control proteolysis of CtrA in R.
capsulatus.

1.8

RcGTA recipient capability
Most studies of RcGTA have focused on the production of RcGTA; however, for

transduction to occur, the DNA packaged into RcGTA needs to recombine into a recipient cell's
genome. Early studies indicated that RcGTA-borne DNA is integrated by RecA-mediated
homologous recombination, and the requirement for RecA was later confirmed (Brimacombe et
al., 2014, Genthner and Wall, 1984). More surprising, it was recently discovered that the ability
to receive RcGTA, termed recipient capability, is regulated by the same bacterial systems that
regulate RcGTA production, and requires natural transformation-like proteins (Brimacombe et
al., 2014, Brimacombe et al., 2015).
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1.8.1

The capsular accessory receptor
R. capsulatus cells are covered by a polysaccharide capsule, and this capsular

polysaccharide (CPS) appears to function as an initial binding receptor for RcGTA, but is not
essential for the transduction process (Brimacombe et al., 2013, Omar et al., 1983). Production
of CPS requires the putative polysaccharide biosynthesis cluster rcc01081-rcc01086 as well as
the putative glycosyl transferase rcc01932, and is regulated by the quorum sensing system GtaIGtaR, that also regulates RcGTA production (Leung et al., 2012, Schaefer et al., 2002).
1.8.2

A natural transformation-like system is required for recipient capability
The CckA-ChpT-CtrA phosphorelay is involved in regulating the ability of cells to

receive RcGTA, although the details have not been fully established. Cells lacking the RR CtrA
show no detectable levels of recipient capability, whereas mutations of cckA and chpT have less
dramatic effects. CtrA was found to regulate several homologues of natural transformation
genes, including DprA and Com genes, which were found to be essential for recipient capability
(Brimacombe et al., 2014).
By comparison to natural transformation systems, it was proposed that RcGTA injects the
DNA into the periplasmic space of R. capsulatus, from where the DNA is transported into the
cytoplasm by a Com system, and recombined into the genome with the aid of DprA and RecA
(Brimacombe et al., 2014, Brimacombe et al., 2015).
1.9

The importance of research into RcGTA and knowledge gaps addressed
The conservation of functional RcGTA-like genes and particles in many

alphaproteobacteria indicates that GTAs provide an evolutionary benefit to the bacteria. Little is
known about the biology of GTAs compared to genuine phages, and to HGT by transformation
or phage-mediated generalized transduction. Knowledge gained from experiments on the model
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RcGTA of R. capsulatus are likely to be applicable to other RcGTA-like particles, and possibly
to the unrelated GTAs of other species. Additionally, because the RcGTA morphology and the
encoding genes are similar to genuine bacteriophages, studies of RcGTA will provide novel
knowledge about regulatory systems in the Alphaproteobacteria and the protein structures of
tailed bacteriophages.
This thesis research was performed to address the following knowledge gaps about
RcGTA: How is RcGTA released from cells, and is the absence of RcGTA release from cells
cultured in high phosphate and the absence of release from a ΔcckA mutant related? Does the
CckA-ChpT-CtrA putative phosphorelay control release and assembly of RcGTA? Do proteins
that in C. crescentus are connected to CckA-ChpT-CtrA-pathway regulate RcGTA? How does
RcGTA recognize the bacterial cell? How do media containing reduced concentrations of carbon
stimulate capsid production?
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Chapter 2: Materials and Methods
2.1

Bacterial strains and growth conditions
The rifampin resistant RcGTA WT strain SB1003 and the RcGTA-overproducer strain

DE442 were used to study RcGTA production. Strain SB1003 (Solioz and Marrs, 1977) is a
rifampin-resistant derivative of strain B100 (Hillmer and Gest, 1977, Rapp et al., 1986, Solioz et
al., 1975), a spontaneous phage-free mutant of the environmental isolate B10 (Marrs, 1974,
Weaver et al., 1975). DE442 is of uncertain providence, but likely a rifampin-resistant crtG
mutant derived from the RcGTA overproducer strain Y262 (Yen et al., 1979), which was derived
from strain BB103 [BB103 is reported to be a spontaneous streptomycin-resistant derivative of
strain B10 (Lang and Beatty, 2000)]. The genome of strains DE442 and SB1003 have been
sequenced (Ding et al., 2014, Strnad et al., 2010). Promoter activity of mutants was carried out
in either DE442 or the WT B10 background, as described. For RcGTA transduction assays,
rifampin sensitive B10 was used as the recipient. In binding assays, B10 or the B10-derived CPS
mutants Δ1081 or Δ1932 (Brimacombe et al., 2013) were used. For transduction using B10 and
derivatives as donors, spontaneous rifampin resistant strains were used. Cells were cultured in
the minimal medium RCV (Beatty and Gest, 1981) for general growth or promoter activity
studies, unless otherwise mentioned.
R. capsulatus were cultured in YPS or RCV (Wall et al., 1975) media. The composition
of YPS is 0.3% (wt/vol) yeast extract, 0.3% (wt/vol) Bacto peptone, 2 mM MgSO4 and 2 mM
CaCl2. The composition of RCV is 0.1% (wt/vol) (NH4)2SO4, 0.4% (wt/vol) DL-malic acid, 9.6
mM KPO4, 15 ng/mL biotin, 1 μg/mL niacin and 5% (vol/vol) “Super salts”. Super salts contains
0.04% (wt/vol) EDTA, 0.4% (wt/vol) MgSO4·7H2O, 0.15% (wt/vol) CaCl2·2H2O, 0.024%
(wt/vol) FeSO4·7H2O, 0.002% (wt/vol) Thiamine-HCl and 2% (vol/vol) “Trace elements”. Trace
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elements contains 1.59 mg/mL MnSO4·H2O, 2.8 mg/mL H3BO3, 0.04 mg/mL (CuNO3)2·3H2O,
0.24 mg/mL ZnSO4·7H2O and 0.75 mg/mL Na2MoO4·2H2O.
For studies of the effect of phosphate on RcGTA production, cells were cultured in the
modified YPSm medium contained a reduced concentration of MgSO4 and CaCl2 (0.5 mM
each), pH 6.8; the RCVm medium lacked KPO4 (the only phosphate source in RCV), contained
14.7 mM K+ (by neutralizing the malic acid carbon source with KOH), and was buffered with 20
mM 3-morpholinopropane-1-sulfonic acid (MOPS), adjusted to pH 6.8 with HCl. Cultures were
supplemented with salts adjusted to pH 6.8 with HCl or NaOH to an initial concentration, as
described below. For resuspension experiments measuring lysis, strains were cultured in RCVm
containing 10 mM KPO4, and cells were harvested by centrifugation and resuspended in RCVm
defined medium or 20 mM Tris-HCl buffer (pH 6.8) to an OD660 of 5.0 or 0.5.
For RcGTA-binding experiment involving the ΔghsB head spike mutant, recipient cells
were cultured in YPS.
Cultures were generally inoculated to an optical density at 660 nm of 0.15 (approximately
7.2 * 107 CFU/ml) and incubated photoheterotrophically for 24 h (promoter activity
experiments) or 40 h (transduction, binding, lysis or gel migration experiments) at 30 °C in 16.5
mL capped glass tubes and RcGTA recipient cells which were cultured chemoheterotropically in
the dark at 30 °C, unless otherwise noted. For RcGTA affinity purification, cells were cultured
photoheterotrophically in 200 mL capped glass bottles with YPS medium (Wall et al., 1975).
Cultures were supplemented with tetracycline HCl (0.5 ug/ml), kanamycin sulfate (10 ug/ml), or
gentamicin sulfate (3 ug/ml) or spectinomycin (10 ug/ml), as appropriate.
Escherichia coli strain DH5α (Sambrook et al., 1989) lambda pir was used for general
cloning work. For conjugation of plasmids to R. capsulatus, E. coli S17-1 (Simon et al., 1983)
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lambda pir or TEC5 (Taylor et al., 1983) were used. For overexpression of rcc00555, E. coli
BL21(DE3) was used, and cells were induced at an OD600 of 0.5 by addition of 1 mM
isopropyl-D-1-thiogalactopyranoside (IPTG). E. coli were cultured in LB medium (Sambrook et
al., 1989) supplemented with either ampicillin (100 ug/ml), tetracycline HCl (10 ug/ml),
kanamycin sulfate (50 ug/ml), gentamicin sulfate (10 ug/ml) or spectinomycin (50 ug/mL), as
appropriate.
2.2

Construction of targeted mutants and complementation plasmids
Genetic constructs are listed in Table S1. For the construction of the translationally in-

frame ΔphoB strain mutant, the N-terminal and C-terminal regions of phoB (rcc03498) and
flanking regions were amplified using the primer pairs accctgttcggagctcgacccgatcg
and tgttgcgcaggatccatcgatcagct, and aatggcggcgcggatcccgtg and
atctagatgcaggaaatggcgggggcg. The amplicons were cloned into the suicide plasmid
pZJD29A that encodes gentamicin resistance and the sacB counter-selection marker (Z. Jiang
and C. E. Bauer, personal communication) by digestion and ligation of the SacI (bold), BamHI
(underlined) and XbaI (italic) sites. To conjugate the plasmid into R. capsulatus, 100 uL culture
of E. coli S17-1 lambda pir containing plasmid was pelleted (3,500 rcf, 2 min), the pellet washed
in RCV and mixing with the cell pellet of 400 uL of R. capsulatus cells and spotted onto RCV.
After 16h incubation, mating spots were spread on RCV media containing gentamicin for
selection for single-crossover recombinants. After growth in RCV broth for ~20 generations,
second-crossover recombinants containing the desired mutation were obtained by plating on
RCV agar medium containing 5% (wt/v) sucrose. The correct mutation was confirmed by the
absence of the WT PCR-band and by DNA sequencing.
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The R. capsulatus strain DE442-derived ΔcckA mutant was created by amplifying the
genomic segment of SB1003 ΔcckA (Mercer et al., 2012) containing the truncated cckA
(interrupted by a kanamycin resistance cassette), using primers
taagtagtcgacgatctggtgctggt and acaatggtcgacacgctttcgcacag. The resultant 1.8-kb
amplicon was cloned into the plasmid pUC19 (Sambrook et al., 1989) SmaI site. Replacement of
the native DE442 cckA gene was performed by transduction, as described by Aklujkar et al.
(Aklujkar et al., 2000). The trans-complementing cckA-containing plasmid was constructed by
amplifying DE442 genomic DNA with primers atattctagaggtgctggtcgatgcgccct and
atataagcttctgcagcccgagaccgaggc. The resultant 2.8-kb fragment was cloned into the
lowcopy-number, broad-host-range plasmid pRK415 (Keen et al., 1988) by ligation to the
introduced XbaI and HindIII sites to create pRCckA.
The strains DE442 ΔchpT and DE442 ΔctrA were created by transduction of the
kanamycin resistance interrupted alleles from SB1003 ΔchpT (pD51E) and SB1003 ΔctrA
(pD51E).
Strain DE555 (DE442 Δrcc00555) was created by RcGTA-mediated transduction of a
KIXX-disrupted (kanamycin resistance) knockout fragment as described by Hynes et al. (2012).
The rcc00556 complementation/expression plasmids were constructed by amplifying DE442
genomic DNA with primers atatccatggggctgatcgggacgat and
atatggatcctgcctttgcggtgcccgaaaa. The resultant 0.67-kb fragment was cloned into
pIND4 (Ind et al., 2009) or pIND4Gm (see below) to create pI556 or pI556Gm, respectively,
using the introduced NcoI and BamHI sites. Plasmid pIND4Gm was created by amplifying the
aacC1 gene from plasmid pZJD29A using primers atatcccgggttgacataagcctgttcggt
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and atatcccgggcttgaacgaattgttaggtg. The resultant 0.78-kb fragment was ligated
into the XmaI site of plasmid pIND4 to create plasmid pIND4Gm.
To construct ΔghsB mutants, a ghsB (rcc01080) containing fragment was amplified using
primers atatgaattcaatcggcaaactcgaaggagagac and
atatagcgctccggcaaaacaaggcagcat and cloned into pUC19 using EcoRI and and
BamHI. An aacC1 cassette (conferring gentamycin resistance) (see above) was ligated into the
resultant plasmid cut with AgeI and NgoMIV, deleting 54% of the ghsB orf, to create
pU1080Gm. For the mutation of rcc01691 (tail tube protein), the amplicon obtained using
primers atattctagaggatttgccacggcgaagg and
atatgagctcatctcgaccgtgcgcagatc was cloned into pCM62 (Marx and Lidstrom,
2001) using XbaI and SacI, a fragment deleted and replaced by KIXX from pUC4KIXX
(Barany, 1985) (conferring kanamycin resistance) by FastCloning (Li et al., 2011) using primer
pairs ggagttcttcgcccaccccaggtgcccgagtttcaggtc and
cggcagcgtgaagcttcccttccagcgaggtcacatcga, and
tcgatgtgacctcgctggaagggaagcttcacgctgccg and
gacctgaaactcgggcacctggggtgggcgaagaactcc to create pC1691KIXX. The
mutations were transduced into DE442 or SB1003 and derived strains using DE442 to create the
ΔghsB and Δ1691 mutations. To construct the markerless, translationally in-frame ΔghsA mutant,
a ghsA (rcc01079)-containing fragment was amplified using primers
atatgagctcacgcggggtgcctgtgtgac and atattctagatggcccgggttttgccccag
and cloned into pUC19 using SacI and XbaI. FastCloning was used to delete 59% of the ghsA
ORF using primers gacatatggacgtcgtgacctataccg and
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cggtataggtcacgacgtccatatgtc. The fragment was transferred to pZJD29A using SacI
and XbaI. First and secondary crossovers were obtained as described above.
The GhsA complementation plasmid pCghsA, containing containing rcc01079 and the
promoter region, was constructed by amplifying the region using
atattctagaagatcatcctgggcctgcc (forward) and
atatgagctcgcgacaccattcacggcata (GhsA-reverse) The amplicon was cloned into
pCM62 using the SacI and XbaI sites to create pCghsA. The GhsB complementation plasmid
pCghsA-ghsB, containing rcc01079-rcc01080 and the upstream native promoter, was
constructed by amplifying the region using the above forward primer and
atatgagctctcgctctgccagaaccgcaa (GhsB-reverse). The amplicon was cloned into
pCM62 using the SacI and XbaI sites to create pCghsA-ghsB. A C-terminal 6 His tag
(underlined) was introduced to GhsB by using the above forward primer and
atatgagctcaatgatgatgatgatgatggagcgccccggccgg to create pCghsA-ghsB_His.
The ΔclpX mutants were constructed by amplifying the entire clpX (rcc02608) orf
including ~500 bp upstream cctcgcgatctagaacaccatgc and
ccaccgagctccagtgttttgc. The 1.8 kb amplicon was cloned into pCM62 using XbaI and
SacI to create pCclpX. The aacC1 cassette was amplified from pZJD29A using
taagcaaccggtttgacataagcctgttcggt and
tgcttaccatggcttgaacgaattgttaggtg and cloned into the AgeI and NcoI site pCclpX
deleting 20% of clpX. The ΔclpX mutants were created by transduction from DE442. To create
plasmid pCclpXP, containing ~500 bp upstream of clpP and the clpP-clpX orfs, the 2.7 kb
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amplicon obtained using atattctagacggtgacgaaagcctcggtg and
atatgagctccacctccgcatctttggccc was cloned into the SacI and XbaI site of pCM62.
The ΔdivL mutant was constructed by amplifying divL (rcc00042) using
atatgagctcctggcgcgaggacgagaccg and atattctagagcactctagcggccctgccc
and cloned into pUC19 using SacI and XbaI. SmaI-cut aacC1 amplicon was ligated into the
NaeI-cut vector in reverse orientation. The construct was conjugated into DE442 using TEC5
and mutants created by transduction. The complementation plasmid pCdivL was constructed by
amplifying ~500 bbp upstream of divL using atatgagctcctatcgctaccccgagctgg and
atattctagatcttgcatggccgcactcta. The 2.2 kb amplicon was ligated into pRK415
using XbaI and SacI
The histidine auxotrophic strain ΔhisB was created by amplifying hisB (rcc01183) using
atatctgcagcacctcaggccgcaaggcca and atatgagctcgaaggcggcctcggcgatgt
and cloned into pUC19 using PstI and SacI. A SmaI excised KIXX fragment was introduced into
the XhoI site in forward orientation, disrupting the 5’ half of hisB. The ΔhisB mutant was created
by transduction to SB1003 using TEC5 and DE442. The markerless serine auxotrophic strain
ΔserB was created by amplifying serB (rcc03445) upstream and downstream fragments using
primer pairs atatgagctccgctcggaacccgcacacca and
atattctagaggtgaccgtgaccgcctcca, and atattctagagcggcgcaatgcgagatcc
and atatgtcgacgcttcggtgacgcccgagca. The amplicons were joined using XbaI
(underlined) and cloned into the SacI (bold) and SalI (italized) sites of pZJD29A. The ΔserB
mutant was created by conjugating the suicide plasmid to SB1003 and selecting for primary and
secondary crossovers as described above.
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The ΔspoT single mutant was created by transduction to SB1003 of the tetracycline
marked spoT mutation from the hvrA spoT double mutant strain SM05 (Masuda and Bauer,
2004). A ΔhvrA single mutant was similarly produced using transduction, selecting for
kanamycin resistance. The spoT complementation plasmid pIspoT was created by amplifying the
coding region of spoT (rcc03317) using primers atatccatggtcgatgtcgaagacct and
atatggatcctcagggtttgcgcgacaggt. The amplicon was cloned into pIND4 using NcoI
and BamHI to create pIspoT.

The ΔecfG mutant, lacking a putative general stress sigma factor, was constructed by
amplifying ecfG (rcc02291) using atattctagagcaagcccctcctccggcac and
atatgagctccccgttcgtcgccgtcagca, and the resultant amplicon ligated into pUC19
using XbaI and SacI. Inverse PCR using ccggggatggggccgcag and
ggtgacattgcgggtcagcgaa was used to delete 78% of the coding region of ecfG. The
fragment was moved to the suicide plasmid pZJD29A using XbaI and SacI, and this plasmid was
conjugated into SB1003 to create the ΔecfG mutant using primary and secondary crossover as
described above.
2.3

Construction of promoter reporter plasmids
The translationally fused promoter-lacZ reporter plasmid pXCA-555, used to measure

rcc00555 expression was constructed using primers atatctgcaggcgtgctgcccgacctcttt
and atatggatccatccgatcccccttggctgag to amplify strain SB1003 DNA and
incorporate the PstI and BamHI sites. The resultant PCR fragments were digested and ligated
into plasmid pXCA601 (Adams et al., 1989) to create an in-frame fusion to lacZ (the G of the
rcc00555 ATG start codon becomes the first G of the GGATCC BamHI cut site).
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Plasmid pXCA-ghsA was constructed by amplifying a fragment containing the ghsA
(rcc01079) annotated start codon and 354 bp 5’ using
atatctgcagacgcggggtgcctgtgtgac and
atatggatccatatgtctctccttcgagtttgcc. The resultant amplicon was cloned into
plasmid pXCA601 using the PstI and BamHI sites to create a fusion of the start codon to lacZ.
2.4

Construction of pET28a(+)-derived plasmids and recombinant protein production
The rcc00555 overexpression plasmid pET-555C was created by amplifying SB1003

genomic DNA using primers atatccatgggatctgtctacgagattgc and
atatctcgaggccccatgccgccacccg. The 0.63-kb amplicon was ligated between into the
pET28a(+) NcoI/XhoI sites to create plasmid pET-555C. Plasmid pET-555C contained a
mutation resulting in an amino acid substitution from phenylalanine to leucine at the C-terminal
end (the catalytic site is predicted to be in the N terminus).
To create the ghsB (rcc01080) overexpression plasmid pETghsB_C, SB1003 genomic
DNA was amplified using primers atatgagctcCCATGGtcgcgcttggtcttggcc and
atattctagaCTCGAGgagcgccccggccgg and the amplicon cloned into pUC19 using
introduced SacI (bold) and XbaI (italized) sites. A sequence verified fragment was excised and
cloned into pET28a(+) using the NcoI (ITALIZED) and XhoI (UNDERLINED) sites to create
pETghsB_C.
Cells were cultured to OD600 of 0.6 and protein production induced by addition of IPTG
(1 mM) and cells incubated at 30°C for 4h. For Rcc00555 protein, (555C), cells were
resuspended in 20 mM NaCl, 20 mM Tris, pH 8.0, 20 mM imidazole lysis buffer. For GhsB
protein, cells were resuspended in 50 mM NaPO4, pH 8.0, 300 mM NaCl, 10 mM imidazole lysis
buffer. Cells were passed through a French press, and lysate was cleared (16,000 rcf, 30 min).
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Protein was purified using a nickel-nitrilotriacetic acid (Ni-NTA) gravity column. Fractions were
eluted by increasing imidazole concentrations were collected. Rcc00555 was eluted using 450
mM imidazole and GhsB eluted starting at 150 mM imidazole. GhsB protein-containing
fractions were pooled and twice dialysed against 100 volumes of 50 mM NaPO4 (pH 8.0), 10
mM NaCl, then passed through a 0.2 µm pore size filter. Final protein concentration was ~0.7
mg/mL.
2.5

Construction of the new RcGTA 6 His tagged capsid plasmid pRhoG5CTH
pRhoG5CTH was created by excising the 6 His-tagged RcGTA major capsid orf from

pOrf5CTH (Chen et al., 2009b) and cloned into pRhokHi-6 (Katzke et al., 2010) using NdeI and
HindIII.
2.6

Affinity purification of RcGTA
R. capsulatus cells expressing 6 His-tagged capsid protein (pRhoG5CTH) or 6 His-

tagged GhsB protein (pCghsA-ghsB_His) were pelleted at 6800 rcf for 10 min. Culture
supernatant was collected and Tris-HCl pH 7.8 was added to 10 mM. Supernatant was further
cleared by centrifugation at 17,000 rcf for 15 min, and passed through a glass microfiber filter
(Whatman EPM2000) followed by a 0.2 um sterile filter. The filtrate was loaded on a gravity
column containing ~ 3 mL Ni-NTA beads (Qiagen) equilibrated with BSA-free G-buffer (G*buffer; 10 mM Tris-HCl pH 7.8, 1 mM MgCl2, 1 mM CaCl2, 1 mM NaCl). Beads were washed
with ~ 200 mL G*-buffer containing 40 mM imidazole, and chimeric RcGTA eluted using 400
mM (pRhoG5CTH containing cells) or 150 mM (pCghsA-ghsB_His) imidazole in G*-buffer.
Eluate was dialysed using G*-buffer and concentrated using a 100 kDa cutoff-ultrafiltration
device (Amicon Ultra-0.5).
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2.7

Transposon mutagenesis and screening
Transposon mutagenesis was performed using plasmid pRL27, which contains a Tn5

encoding a hyperactive transposase, an R6K origin of replication and kanamycin resistance
(Larsen et al 2002 Arch Microbiol). After conjugation, Tn5-mutants were selected on RCV agar
medium containing kanamycin. For rcc01079 promoter activity screen, pRL27 was conjugated
into DE442(pXCA-1079) and mutants were plated on RCV agar containing kanamycin,
tetracycline and X-gal.
2.8

RcGTA transduction assay
RcGTA activity was determined as previously described (Westbye et al 2013). 100 µL of

0.2 µm pore-size filtered culture supernatant, or supernatant diluted in G-buffer (10 mM TrisHCl pH 7.8, 1 mM MgCl2, 1 mM CaCl2, 1 mM NaCl, 500 μg/mL BSA Fraction V) was mixed
with 400 µL G-buffer and 100 μL rifampin-sensitive B10 cells cultured to stationary phase in
RCV medium, pelleted at 3500 rcf for 10 min, and resuspended in 0.4 volumes G-buffer in 5 mL
polystyrene tubes. The mixture was incubated for 1 h at 30 ºC with agitation, then 900 uL of
RCV were added and tubes reincubated for 3 h. The mixture was transferred to 1.7 mL
microfuge tubes, centrifuged 5 min at 3,500 rcf and the resultant pellet suspended in a small
volume and spread on RCV or YPS agar plates containing 80 ug/mL rifampin. Rifampinresistant colonies were enumerated after 2 (YPS) or 3 (RCV) days.
2.9

RcGTA binding assay
RcGTA binding was determined using an adsorption assay (Brimacombe et al., 2013). In

short, recipient cells were cultured to the stationary phase, mixed with filtered culture
supernatant
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for 1 h, and the mixture was centrifuged to pellet the cells. After filtration, this
supernatant was used in a transduction assay to determine the residual transduction frequency
after cell adsorption. This ratio was calculated by dividing the transduction frequency of
adsorbed supernatant to a no-cell adsorption control.
2.9.1

Enzymatic lysis for RcGTA transduction
A 10 mL culture was centrifuged at 3,500 rcf for 10 min and the resultant pellet was

suspended in 1 ml of 20 mM Tris-HCl pH 7.8, 50 mM EDTA, 250 mM sucrose and 0.5 mg/ml
lysozyme. Samples were subjected to four freeze-thaw cycles between dry-ice and ~40 °C
temperatures, then 9 ml of 20 mM Tris-HCl pH 7.8, 0.5 mM MgCl2 and 0.1 mg/ml DNase I were
added, and samples incubated at room temperature for 10 min to reduce viscosity. Samples were
centrifuged and the supernatant was filtered through a 0.2 µm pore diameter filter before being
used in RcGTA transduction assays. The concentration of protein (lysozyme and DNase I) in the
lysis buffer was subtracted from sample values before normalization to total protein.
2.9.2

Mechanical lysis by French press
Cultures or suspended cell pellets were lysed by passage through a French press mini

pressure cell (Aminco) at 900 psi. The resultant lysate was centrifuged at 16,000 rcf for 5 min to
produce a cleared lysate unless otherwise stated.
2.9.3

Lysis for native agarose gel electrophoresis
Culture was lysed by the addition of 0.2% Triton X-100, 10 mM Tris pH 8.0 and 50

µg/mL lysozyme (Sigma), followed by incubation at 30 ºC for 1 h. Samples were centrifuged at
16,000 rcf for 5 min to produce a cleared lysate.
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2.10 Western blot
Liquid culture samples of ~1.5 mL (normalized to OD at 660 nm) were pelleted at 16,000
rcf for 5 min. For SB1003-derived samples, the culture supernatant was concentrated ~10-fold
using a vacuum centrifuge concentrator. SDS-PAGE separation was performed using a 10%
separation and 4% stacking gel, and proteins were transferred to a BioTrace NT nitrocellulose
blotting membrane (Pall Life Sciences) using a Mini Trans-Blot apparatus (Bio-Rad) in
electroblot buffer (27.5 mM Tris-base,192 mM glycine and 20% methanol) at 30 V overnight.
Membranes were initially blocked with 5% milk in TBS-T (1.2% w/vol Tris-base, 1% NaCl,
0.1% Tween-20, adjusted to pH 7.5 with HCl), then probed with rabbit anti-capsid serum,
washed 3 times with TBS-T, then probed with horse radish peroxidase-conjugated donkey antirabbit antibody. Membranes were developed using using luminol and p-coumaric acid (Haan and
Behrmann, 2007).
2.11 Agarose gel electrophoresis
DNA fragments were analysed using agarose gel electrophoresis, typically using 0.8%
slab agarose gels in 0.5x TBE (40 mM Tris-Cl, 45 mM boric acid, 1 mM EDTA, pH 8.3). Gels
were staining with ethidium bromide and DNA visualized using UV-light.
For native agarose gel electrophoresis of RcGTA particles, filtered culture supernatant or
cell lysates were treated with 100 ug/mL DNase I at 30 ºC for 1 h. Ten uL were loaded on a 0.8
% agarose TBE slab gel, unless otherwise stated.
2.12 Visualization of spheroplast-like structures
Cultures were centrifuged at a low speed (16,000 rcf) for 30 min. The supernatant was
aspirated and the resultant cell pellet and the upper semitransparent layer were separated by
gently suspending the upper layer using a micropipette. For ultracentrifugation, 10 ml of culture
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were initially pelleted by centrifugation at 3,500 rcf for 10 min, and the supernatant was
transferred to a fresh tube. For SB1003-derived strains, the low-speed centrifugation step was
repeated 3 times due to poor pellet formation. Three ml of the cleared supernatant were
centrifuged at 37,000 rcf for 10 min. The resultant pellet was suspended in 10 µL of 2.5 mM
NaCl, 100 mM Tris-HCl, pH 7.8. Vesicles were visualized in a light microscope using a 100-X
magnification oil-immersion objective.
Lysozyme treatment was performed by adding 0.25 mg/ml lysozyme (Sigma) and 1.3
mM EDTA (pH 8) to resuspended cell pellets, followed by incubation for 30 min at 30 °C.
2.13 Propidium iodide staining
Cultures of E. coli were pelleted by centrifugation, washed and suspended in 10 mM
MgSO4, pH 6.5. Propidium iodide was added to 0.2 mM, cells incubated for 30 min at RT and
cells visualized on agarose-coated microscope slides. Fluorescence microscopy was performed
using a mercury lamp (HBO, 50 W) for excitation and the Zeiss filter set 15.
2.14 Biofilm formation
To quantify biofilm material formed on the walls of culture tubes, the culture was
discarded and tubes gently rinsed with water. White/opaque material was stained with 1.5 mL of
0.1% wt/vol crystal violet in dH2O for 1 min and tubes rinsed gently with 5 volumes water. For
quantification, bound crystal violet was eluted using 1 mL ethanol and the absorbance of the
eluate measured at 600 nm.
2.15 Enzymatic assays
2.15.1 Endolysin activity determination by zymogram
Zymography was performed as previously desctibed (Fogg et al., 2012b). In short, crude
peptidoglycan isolated from R. capsulatus was incorporated into an SDS-polyacryl amide gel.
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After electrophoresis, protein(s) were renatured and the gel stained using coomassie brilliant
blue. Activity was visible as a clearing against the uniform blue background at the predicted size
of Rcc00555.
2.15.2 Beta-galactosidase
Gene expression (defined in this thesis as the combined activity of transcription and
translation initiation) was determined by measuring the β-galactosidase activity of cells
containing a promoter-lacZ reporter construct. lacZ was fused to the annotated start codon of a
DNA sequence containing ~500 bp upstream included any predicted promoters, as described in
detail in section 2.3 and previously (Leung, 2010, Leung et al., 2012). Five mL of culture were
pelleted at 6,800 rcf for 10 min and the pellet washed and suspended in Z-buffer (60 mM
Na2HPO4, 40 mM NaH2PO4, 10 mM KCl, 1 mM MgSO4, 50 mM β-mercaptoethanol, pH 7).
Cells were lysed by sonication, and the lysate cleared by centrifugation at 16,000 rcf for 5 min.
Cleared cell lysate was added to Z-buffer to a total volume of 500 uL, and the enzymatic reaction
initiated by addition of 200 uL of o-nitrophenyl-β-galactoside (ONPG; 4 mg/mL in 60 mM
Na2HPO4, 40 mM NaH2PO4, pH 7). Absorbance at 420 nm was monitored over time and βGalactosidase activity was calculated by
𝑈 = 1000 ×

∆𝐴420𝑛𝑚 ⁄∆𝑡𝑚𝑖𝑛 𝑉𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛
×
4.5 × 𝐶𝑝𝑟𝑜𝑡𝑒𝑖𝑛
𝑉𝑙𝑦𝑠𝑎𝑡𝑒

where Cprotein is the concentration of total protein (mg/mL) determined by a Lowry assay
and V indicates volumes.
2.15.3 Malate dehydrogenase
Malate dehydrogenase activity was performed as previously described (Fogg 2012,
Westbye et al 2013). 100 µL of 0.2 μm pore-size filtered culture supernatant or lysate were
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mixed with 0.2 mM NADH and 100 mM KPO4 (pH 7.4) in a total volume of 980 ml. The assay
was initiated by the addition of 20 μl of 10 mM oxaloacetic acid, and the decrease in absorbance
at OD340 over time was measured in a U-3010 spectrophotometer (Hitachi). The ΔA340/min was
calculated from the initial linear portion of the curve using the Time Scan function of UV
Solutions 2.1 (Hitachi) software. Activity was calculated in units/ml using the equation:
∆𝐴340𝑛𝑚 ⁄∆t 𝑚𝑖𝑛
𝜇𝑚𝑜𝑙
(
)×(
)
3
6.22 × 10
𝐿
2.16 Total protein determination by the Lowry method
Total protein concentration was determined by the the Lowry method using BSA as the
standard (Peterson, 1983).
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Chapter 3: Results
3.1

Release of RcGTA is mediated by regulated cell lysis
The mechanism of release of RcGTA had not been well studied. Because most tailed

dsDNA phages are release by cell lysis, this appeared to be the most likely mechanism of release.
Therefore, the release mechanism of RcGTA was investigated with a focus on a possible lytic
mechanism.
3.1.1

Inhibition of RcGTA release by phosphate
Preliminary experiments showed that the concentration of phosphate in the growth

medium RCV influences the partitioning of the RcGTA capsid protein between the cell pellet
and culture supernatant after centrifugation (Leung, 2010, Taylor, 2004), and it was suggested
that nutrient-dependent regulation of RcGTA, possibly through the PhoB-dependent phosphate
starvation response system, may be a regulator of RcGTA release (Leung, 2010).
3.1.1.1

High concentrations of phosphate inhibit RcGTA transduction
To investigate the role of phosphate in RcGTA transduction and release, modified

versions of the complex medium YPS (YPSm) and minimal medium RCV(RCVm) were
developed to allow varied phosphate concentrations while minimizing the effects on buffering
capacity and potassium concentration, or the formation of insoluble precipitates. Reducing the
concentration of MgSO4 and CaCl2 in YPS medium to 0.5 mM (each) allowed for addition of
KPO4 (pH 6.8) to 10 mM without formation of precipitates (not shown). Because KPO4 serves as
both the main buffering agent, and the sole potassium source in RCV, the modified phosphatefree medium was developed to have a level of potassium equal to the classical RCV medium by
neutralizing the malic acid component by addition of KOH, and a high buffering capacity by the
addition of 4-morpholinepropanesulfonic acid (MOPS, pH 6.8) to 20 mM.
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Transduction frequencies from cells cultured in YPSm medium containing KPO4 or the
alternative phosphate source NaPO4 (both at 10 mM) were decreased to 37% and 27%,
respectively, indicating that the addition of high levels of phosphate reduces the transduction
frequency when cultures are grown in YPSm (Figure 8A). In contrast, the addition of MOPS
increased transduction frequencies, indicating that the decreased transduction frequency from the
addition of phosphate salts was not due to an increased buffering capacity. The decreased
transduction frequency was accompanied by a decrease in the amount of the RcGTA capsid
protein present in the culture supernatant and an intracellular accumulation for cultures
supplemented with KPO4 or NaPO4. In contrast, addition of KSO4, KNO3 or MOPS had little or
no effect (Figure 8B).
To more fully study the effects of phosphate on RcGTA transduction, the transduction
frequency from RCVm containing increasing concentrations of KPO4 was investigated. The
concentration of inorganic phosphate in YPS was determined to be ~0.5 mM using a malachite
green colorimetric assay (not shown; Bioassay Systems Cat. No POMG-25H). A growth curve of
R. capsulatus cultured photoheterotrophically in RCVm containing different concentrations of
phosphate was performed to investigate the phosphate effect during laboratory growth
conditions. Cultures containing an initial concentration of 4, 1, 0.5 or 0.3 mM KPO4 grew at
similar rates and reached similar densities, while cultures containing 0.1 or 0 mM KPO4 showed
a marked reduction in growth rate and final densities (not shown). Based on the growth curves
and the measurements of inorganic phosphate levels in YPS, RCVm containing 0.5 mM KPO4
was subsequently used as the standard condition for low phosphate.
RcGTA donors grown in RCVm 0.5 mM transduced markers at high levels (Figure 8C),
in contrast to the minimal transduction typically observed when using classical RCV medium
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that contains 9.6 mM KPO4 (not shown). Increasing concentrations of phosphate in RCVm were
accompanied by decreasing transduction frequencies, with supernatant from 10 mM KPO4
cultures reduced to 0.4% of frequencies observed using cultures grown in the presence of 0.5
mM KPO4 (Figure 8C). To confirm that the increased release of RcGTA was not due to a
reduced buffering capacity, the final pH of culture media were compared. A very small
difference in pH was observed between the cultures (Figure 8D). Furthermore, the omission of
MOPS from media containing 10 mM KPO4 did not result in an increased level of transduction
(Figure 8C), despite having a markedly reduced buffering capacity indicated by an increase in
the final culture pH (Figure 8D).
Low concentrations of phosphate (0.5 and 2.0 mM) stimulated the release of RcGTA
capsid protein to the culture supernatant, while high concentrations (5.0 and 10 mM) resulted in
an intracellular accumulation of capsid protein (Figure 8E).
Therefore, it appeared that the presence of inorganic phosphate in high (millimolar)
concentrations inhibited the release of RcGTA from cells to the culture supernatant.
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Figure 8 High concentration of phosphate inhibits RcGTA transduction and release
Transduction frequencies from filtered culture supernatant (A and C), western blots using anti RcGTA capsid serum
for the presence of RcGTA in culture supernatant and cell pellet fraction (B and E) and pH of culture supernatant
(D). SB1003 was cultured in YPSm medium supplemented with KPO4, NaPO4, KSO4, KNO3 or MOPS as indicated
(A and B), or RCVm supplemented with KPO4 and MOPS as indicated (C, D and E).
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The total amount of capsid produced (intracellular and extracellular) appeared similar for
cells cultured in the differing concentrations of phosphate (Figure 8B and E), indicating that
phosphate concentration did not influence production of the capsid protein. To confirm that the
RcGTA gene cluster was not differentially expressed when cultured in low vs. high phosphate
concentration, expression of the RcGTA orf1 was measured using the lacZ reporter plasmid
p601-g65 (Leung et al., 2012). The β-galactosidase activity increased 2.4-fold for cells cultured
in 10 mM KPO4 compared to 0.5 mM (Figure 9A), apparently contradicting the results shown in
Figure 8. Because the reporter assay utilizes the cell fraction of the culture (and not the cell-free
culture supernatant), β-galactosidase produced by cells in 0.5 mM KPO4 activity could
presumably be released from cells together with the RcGTA capsid protein. Promoter activity
was therefore also measured in the strain SB555 (SB1003 Δrcc00555), a recent mutant of a
predicted endolysin with reduced release of RcGTA (Hynes et al., 2012) (this mutation blocks
cell lysis, see Section 3.1.2). In the Δ555 background, cells cultured in the presence of 10 mM
KPO4 had an activity 1.2-fold greater than in the presence of 0.5 mM KPO4 (Figure 9B),
indicating that phosphate concentration does not influence the activity of the RcGTA promoter.
Furthermore, the high/low phosphate difference observed for SB1003 was likely due to a loss of
β-galactosidase activity released from cells rather than a differential activity of the RcGTA
promoter.
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Figure 9 Phosphate concentration does not increase RcGTA promoter activity
RcGTA promoter activity (β-galactosidase activity) of the RcGTA promoter-lacZ reporter plasmid p601-g65 for
SB1003 cells (A) and cells of the RcGTA-release deficient strain SB555 (B) cultured in RCVm medium
supplemented with 0.5 or 10 mM KPO4.

3.1.1.2

Phosphate-dependent release of RcGTA from cells does not require the PhoB-

dependent phosphate starvation response
Depletion of phosphate induces the PhoB-dependent phosphate starvation response in
many bacteria (Lamarche et al., 2008), and I hypothesized that RcGTA was induced by a similar
response. In many bacteria, PhoB induces the expression of alkaline phosphatase in conditions of
limiting phosphate, and alkaline phosphatase activity is widely used as an indicator of Pho
regulon induction (Wanner, 1993).
To investigate whether cultivation in low levels of phosphate resulted in a phosphate
starvation response, measurements of residual inorganic phosphate and alkaline phosphatase
activity were performed. RCVm containing 0.5 mM KPO4 was found to be essentially devoid of
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inorganic phosphate at the timepoint used to harvest RcGTA, whereas 0.4 and 2.6 mM residual
phosphate were detected in media initially containing 2.0 and 4.0 mM KPO4 (Figure 10A),
indicating that the cells were capable of accumulating approximately 1.4 to 1.6 mM KPO4 from
the growth medium. Similarly, the production of alkaline phosphatase was elevated in a medium
containing 0.5 mM KPO4, compared to 2.0 or 4.0 mM (Figure 10B), indicating that cells in 0.5
mM KPO4 initiated a cellular response to increase phosphate acquisition.
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Figure 10 The PhoB-dependent phosphate starvation response is not required for RcGTA production and
release.
A. Residual inorganic phosphate in culture supernatant, measured by a malachite green assay. B. Alkaline
phosphatase activity for SB1003 and the ΔphoB mutant. C. Culture turbidity monitored over time for SB1003 and
SB1003ΔphoB inoculated in RCVm containing 0.5 mM or trace amounts of KPO 4. D. Transduction frequencies of
SB1003 and ΔphoB. E. Western blot of SB1003 and ΔphoB cells probed with RcGTA capsid protein anti-serum. For
D and E, cells were cultured in RCVm 0.5 mM KPO4. Concentration of KPO4 (mM) is indicated.
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The R. capsulatus genome was found to encode one predicted homologue of PhoB,
encoded by rcc03498, and a markerless deletion of 93% of rcc03498 was constructed (ΔphoB).
Transfer of exponentially growing cells from RCV to a RCVm medium containing trace amounts
of inorganic phosphate resulted in reduced growth for the ΔphoB strain compared to SB1003
(Figure 10C), whereas no major growth defect was observed in media containing 0.5 mM
(Figure 10C). In contrast to WT, the resultant ΔphoB mutant was found to not produce alkaline
phosphatase when cultured in RCVm 0.5 mM (Figure 10B). Therefore, rcc03498 encodes a
functional homologue of PhoB that regulates the R. capsulatus phosphate starvation response.

To determine whether a PhoB-dependent response regulates RcGTA release, transduction
frequencies and RcGTA capsid release of the ΔphoB mutant were compared to the parental
strain. No difference in transduction frequency (Figure 10D) or RcGTA release (Figure 10E)
were observed for the ΔphoB mutant compared to the parental WT strain. Because the release of
RcGTA was observed in conditions of excess phosphate (2 mM, Figure 8E and A) and PhoB was
not required for transduction or release of RcGTA (Figure 10D and E), this indicates that the
influence of phosphate concentration on RcGTA transduction and release is not due to a
phosphate depletion/starvation response.

3.1.1.3

The concentration of phosphate modulates cell lysis of the RcGTA-overproducer

strain DE442
During my PhD thesis research, RcGTA was proposed to be released from cells through
cell lysis (Lang et al., 2012), similar to the release mechanism utilized by tailed bacteriophages
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such as lambda (Young, 2013). However, no study of the mechanism of RcGTA release had
been undertaken. To facilitate the study of release, the RcGTA overproducer phenotype of strain
DE442 was exploited. RcGTA overproducers have previously been used to facilitate the study of
RcGTA production (Leung, 2010, Yen et al., 1979).
Pigmented cell-free culture supernatant was observed for DE442 cultured
photoheterotrophically and semiaerobically to the stationary phase (40 h) in the complex medium
YPS (not shown). Absorption spectroscopy scans of 0.2 um-filtered semiaerobic culture
supernatant revealed that DE442 released a large amount of the membrane bound photosynthetic
pigment light harvesting complex 2 (LH2) to the culture supernatant (Figure 11A). Much less
LH2 was observed in the supernatant of DE442 cultivated in the 9.6 mM KPO4-containing
medium RCV, while no pigments were detected in the supernatant of SB1003 cultured in either
YPS or RCV (Figure 11A).
Because lysis entails the release of cytoplasmic components, the activity of the citric acid
cycle enzyme malate dehydrogenase, normally confined to the cytoplasm, was measured in the
culture supernatant and compared to French-pressed whole culture activities. High levels of
malate dehydrogenase activity were detected in DE442 cultures grown semiaerobically in YPS,
with 45% of the whole culture activity confined to the (cell-free) supernatant fraction (Figure
11B). In contrast, 11% of the malate dehydrogenase activity was confined to the culture
supernatant of cells cultured in RCV medium. Cultures harvested in the exponential phase (16 h),
when RcGTA production is low (Florizone, 2006), contained much less malate dehydrogenase
activity in the supernatant (3% and 2% of the total for YPS and RCV, respectively). In contrast
to the RcGTA overproducer DE442, the WT SB1003 released very low to non-detectable levels
of malate dehydrogenase under all conditions (Figure 11B). Therefore, cultivation of the RcGTA
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overproducer strain DE442 in growth medium promoting RcGTA release was accompanied by a
large amount of cell lysis, which indicated that RcGTA is released through lysis of the host.
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Figure 11 Phosphate-modulated lysis of the RcGTA overproducer DE442
A, Absorbance scan of filtered culture supernatant, showing 800 nm and 850 nm absorption peaks of the
photosynthetic pigment LH2. B, Malate dehydrogenase activity of culture supernatant relative to French-pressed
total culture activity. C, Culture turbidity of SB1003 and DE442 cultured photoheterotrophically in RCVm. D,
Culture turbidity of DE442 cultured RCVm 0.5 mM KPO4. Arrow indicates addition of trace (none) or 9.5 mM

63

KPO4 to culture. E, Absorbance scan (LH2 region) of culture supernatant for DE442 and endolysin-knockout DE555
cultured in RCVm with 0.5 or 10 mM KPO4. F, Malate dehydrogenase activity of culture supernatant relative to
French-pressed total culture activity.
Cells were cultured semiaerobically in RCV or YPS medium (A and B) or photoheterotrophically in RCVm with the
indicated concentration of KPO4 (C to F). Culture density was measured by Klett-Summerson photoelectric
colorimeter.

Induction of phage lambda results in cell lysis of the E. coli host, observable by a
decrease in culture turbidity, due to the expression of specific lysis genes encoded by lambda
(Campbell, 1961, Garrett et al., 1981). Because the high levels of transduction observed in
RCVm 0.5 mM compared to 10 mM KPO4 (Figure 8C) was not due to an increased activity of
the RcGTA promoter (Figure 9), but rather appeared to influence the release of RcGTA from
cells (Figure 8E), I hypothesized that phosphate concentration in the growth medium modulates
cell lysis.
Growth kinetics of DE442 were monitored by turbidity during photoheterotrophic growth
for 30 h in RCVm containing different levels of KPO4. During the logarithmic phase of growth,
no difference was observed between cultures containing low or high levels of KPO4. However, at
entry into stationary phase at approximately 14 h, the turbidity of the 0.5 mM cultures, and to a
lesser extent 2.0 mM, decreased while the 10 mM cultures leveled off (Figure 11C).
Furthermore, addition of 9.5 mM KPO4 after the onset of the decline in turbidity of 0.5 mM
cultures rapidly halted the decrease (Figure 11D). In contrast, no decrease in turbidity was
observed for the RcGTA WT-level strain SB1003 cultured in 0.5 mM KPO4 (Figure 11C).
A wavelength scan of cell-free supernatant from DE442 cultured in RCVm 0.5 mM
KPO4 resulted in a large LH2 absorbance peaks (Figure 11E), confirming that DE442 released
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the membrane bound photosynthetic pigment in high concentrations. In contrast, the LH2
absorption peaks were much smaller for cells cultured in 10 mM KPO4. For DE442 cultured in
0.5 mM KPO4, ~65% of the total malate dehydrogenase activity of the culture was present in the
supernatant fraction (Figure 11F), indicating that the majority of the cells had lysed and released
their cytoplasmic content. For 10 mM KPO4 cultures, a smaller portion (~20%) of the malate
dehydrogenase was released to the culture supernatant.
R. capsulatus forms rod-like cells (Weaver et al., 1975). In rod shaped cells, degradation
of the peptidoglycan layer, which supports the cell shape, by an endolysin result in the formation
of rounded cells (Berry et al., 2012). Inspection of DE442 0.5 mM KPO4 cultures by phase
contrast microscopy revealed the presence of numerous spheroplast-like vesicles or rounded cells
of various diameters, while few (DE442 10 mM) or none (SB1003 0.5 mM) were observed for
the cultures which did not drop in density (not shown).
Centrifugation (16,000 rcf, 30 min) of DE442 cultured in 0.5 mM to separate cells from
the medium resulted in a pigmented culture supernatant and a pellet containing two layers: A
lower dense cell pellet layer, and an upper translucent layer (Figure 12A). Microscopy of the
translucent layer revealed it to consist mainly of vesicles, while the dense lower pellet consisted
of mostly rod shaped cells (Figure 12B). To assess whether the vesicles could be the result of
cells lacking the structural support of peptidoglycan, resuspended cells were treated with EDTA
and lysozyme, which resulted in structures similar to the spheroplast-like vesicles observed for
cells cultured in a low concentration of phosphate (Figure 12B).
To address whether a low amount of vesicles was produced by SB1003 cultured in 0.5
mM KPO4, cells were removed from culture by low speed centrifugation (3,500 rcf, 10 min) and
the supernatant ultracentrifuged (37,000 rcf, 10 min) resulting in a small pigmented pellet
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(Figure 12C). In contrast, DE442 produced a large pigmented pellet. Microscopy of the
suspended SB1003-derived pellet revealed several spheroplast-like vesicles (Figure 12D),
indicating that SB1003 cultured in 0.5 mM KPO4 produces a small amount of spheroplast-like
vesicles.
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Figure 12 DE442 produces spheroplast-like vesicles
A, Cell pellets of cultures centrifuged at 16,000 rcf for 30 min. The concentration of KPO 4 is indicated, and arrows
point at the upper, translucent pellet layer. B, Phase-contrast microscopy of the DE442 upper translucent and lower
dense pellet layer. The lower dense pellet was treated with or without lysozyme as indicated. C, Pellet resulting from
ultracentrifugated (37,000 rcf, 10 min) culture supernatant. D, Phase-contrast microscopy of resuspended SB1003derived ultracentrifuged pellet. Insets show enlarged vesicles.
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3.1.1.4

Inhibition of cell lysis does not require de novo protein synthesis
To investigate whether the effect of the phosphate concentration on cell lysis requires

active growth, DE442 cells cultured in 10 mM phosphate were collected and resuspended in
RCVm medium or a salt-free Tris-HCl buffer in the presence or absence of 10 mM phosphate.
Malate dehydrogenase was readily detected after 30 min incubation in the absence of phosphate,
but to a lesser degree in the presence of phosphate, in a concentration-dependent manner (Figure
13A), whereas other salts did not affect the release of malate dehydrogenase. Inhibition of
protein synthesis by gentamicin (Sarre and Hahn, 1967) did not reduce the amount of malate
dehydrogenase released (Figure 13B) compared to that for untreated cells, although the antibiotic
inhibited growth (Figure 13C).
Therefore, actively growing cells and protein synthesis are not required for the inhibitory
effect of phosphate on cell lysis.
In summary, release of RcGTA from cells is dependent on the concentration of inorganic
phosphate present in the culture medium. The release of RcGTA is accompanied by cell lysis
evidenced by the release of the photosynthetic pigment of LH2, the cytoplasmic enzyme malate
dehydrogenase and the formation of spheroplast-like structures. The effect on cell lysis and
RcGTA release by phosphate concentration is independent of the PhoB-dependent phosphate
starvation response, and inhibition of cell lysis was found to be independent of both active
growth and protein synthesis.
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Figure 13 Inhibition of cell lysis by phosphate occurs in the absence of de novo protein synthesis
Malate dehydrogenase activity (A and B) and culture turbidity (D). A, DE442 resuspended in RCVm or Tris-HCl
pH 6.8 buffer containing indicated salts. B, DE442 treated with 0 or 60 µg/ml gentamicin and resuspended in
RCVm lacking phosphate. C, Turbidity of cultures treated with 0 or 60 µg/mL gentamicin. Cells were grown in
RCVm containing 10 mM KPO4 and resuspended to an OD660 of 5.0 (A) or 0.5 (B). For panel A, activity is
expressed relative to the activity in RCVm lacking phosphate. For panel B, activity was multiplied by 10 for direct
comparison with experiments using an OD660 of 5.0. Error bars represent the standard deviations of three biological
replicates.
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3.1.2
3.1.2.1

Cell lysis is mediated by the endolysin Rcc00555 and holin Rcc00556
rcc00555 and rcc00556 are required for cell lysis and RcGTA release
Most tailed bacteriophages utilize an endolysin/holin system for escape from the host cell

(Young et al., 2000, Young, 2013). Recently, it was reported that a putative lysozyme encoded
by rcc000555 is required for release of RcGTA from SB1003 cells (Hynes et al., 2012).
Bioinformatic analysis using PFAM indicated that rcc00555 encodes a modular protein,
consisting of an N-terminal glycosyl hydrolase domain (PF05838) and a C-terminal
peptidoglycan binding domain (PF09374) (Figure 14A). BLASTP of Rcc00555 against the
NCBI refseq_protein database indicated the protein to be conserved in several
Alphaproteobacteria, including R. sphaeroides and the two reported GTA producers Roseovarius
nubinhibens and Ruegeria pomeroyi. Sequence alignment using NeedleP of Rcc00555 to the
characterized PF05838-founding endolysin gp61 from coliphage N4 (Stojkovic and RothmanDenes, 2007) indicated a 37% sequence identity over the entire protein, and Rcc00555 contained
the catalytically active EGGY motif (Figure 14A and Figure S1) but lacked the N-terminal
export signal. The sequences of the homologous proteins from R. sphaeroides, R nubinhibens
and R. pomeroyi similarly aligned well with the coliphage N4 endolysin gp61 (Figure S1).
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Figure 14 rcc00555 and rcc00556 are required for cell lysis
A, Genetic context of the predicted endolysin rcc00555 and holin rcc00556, and predicted domains in Rcc00555.
Annotated rcc00555 stop codon (*) and rcc00556 start codon (line), predicted glycosyl hydrolase (hydrolase) and
peptidoglycan binding (PG bind) domains and active site residues EGGY are indicated. B, Transduction frequency
of DE442 and the Δrcc00555 strain DE555 culture supernatant. C, Malate dehydrogenase activity present in culture
supernatant of indicated strains. D, Photosynthetic pigment LH2 present in culture supernatant of DE555
complemented with pR555 and/or pI556Gm. E, Restoration of capsid protein production by plasmids pR555 and/or
pI556Gm. Concentration of KPO4 in culture medium is indicated for D and E.
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To test whether Rcc00555 functions as an endolysin, the rcc00555 orf was disrupted in
DE442 using a kanamycin-resistance marker to create strain DE555. Transduction from DE555
was greatly impaired (Figure 14B), extending the observation of Hynes et al (Hynes et al., 2012)
from strain SB1003 to DE442. The mutant strain DE555 was impaired for cell lysis when
cultured in 0.5 mM KPO4: Release of malate dehydrogenase to culture medium was 3% of the
parental strain DE442 levels (Figure 14C), and production of spheroplast-like vesicles (not
shown) and release of pigments were mitigated (Figure 14D). However, trans-complementation
of the mutant strain DE555 by plasmid pR555, which expresses the rcc00555 orf (Hynes et al.,
2012), did not restore cell lysis. Because the rcc00555 orf overlaps the putative holin rcc00556
orf, I hypothesized that the kanamycin resistance cartridge in the disrupted rcc00555 impairs
transcription of the downstream holin (rcc00556). Simultaneous complementation of the
rcc00555-disrupted strain DE555 with rcc00555- and rcc00556-expressing plasmids pR555 and
pI556Gm increased the release of pigments to the supernatant, and this release was dependent on
the phosphate concentration (Figure 14D). Furthermore, release of the RcGTA capsid protein to
the culture supernatant was greatly increased when DE555 contained both plasmids pR555 and
pI556Gm, compared to DE555 containing either plasmid singly (Figure 14E), and this release
was dependent on phosphate concentration.
3.1.2.2

Expression of the rcc00556-encoded holin in the absence of the rcc00555-encoded

endolysin results in release of a cytoplasmic enzyme, but not membrane-bound
photosynthetic pigments
Partial restoration of the release of malate dehydrogenase was observed for DE555
containing pI556Gm in the absence of pR555 (rcc00556-positive and rcc00555-negative). The
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activity was similar to that of DE555 complemented by both plasmids pR555 and pI556Gm, but
33% of the activity measured for WT DE442 (Figure 14C), indicating that rcc00556 encodes a
holin that produces a hole large enough for soluble proteins to escape the cytoplasm, but do not
allow release of membrane bound LH2 pigments. rcc00556 therefore appears to encode is a
classical holin, and not a pinholin as the latter form holes too small to allow proteins to escape
the cytoplasm (Young, 2013).
In contrast, the release of vesicular photosynthetic pigments required both the rcc00555
putative endolysin and rcc00556 putative holin, and this release was inhibited for cells cultured
in 10 mM KPO4 (Figure 14C). Therefore, malate dehydrogenase appears to be released from
cells by a combination of diffusion through rcc00556 holin-mediated holes and rcc00555
endolysin-dependent cell lysis, whereas the release of intracytoplasmic membrane vesicles
containing photosynthetic pigments requires endolysin-mediated cell lysis.
3.1.2.3

rcc00555 encodes an endolysin
In preliminary biochemical characterizition of Rcc000555, the rcc00555 open reading

frame was expressed with a C-terminal His-tag from plasmid pET-555C in E.coli BL21 DE3,
and the protein purified by affinity chromatography.
Resuspension of E. coli cells induced to express 555C in 0.1 volume of water after
centrifugation resulted in a markedly less turbid sample than non-induced cells, or cells
containing the empty vector pET28a(+) (Figure 15A). Furthermore, phase contrast microscopy
of cells expressing rcc00555 revealed the presence of rounded cells or vesicles, and extensive
cell lysis (not shown). No inhibition of lysis was observed by the addition of 10 mM KPO4,
indicating that the concentration of phosphate does not inhibit the lytic activity of Rcc00555
(Figure 15A).
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Figure 15 Recombinant expression of the rcc00555 endolysin and rcc00556 holin in E. coli
The lytic and peptidoglycan-degrading activities of rcc00555 (A and B) and holin-like
activity of rcc00556 (C and D) expressed in E. coli are shown. A, Turbidity after resuspension in dH2O of induced
E. coli. B, Lane 1, zymogram of E. coli culture lysate; lane 2, affinity-purified 555C protein; lane 3, SDS-PAGE of
purified 555C protein. The approximate migration of the markers is indicated. C, Growth curves of E. coli. Arrow
indicates induction time point. D, Propidium iodide staining of E. coli after induction of rcc00556 expression. Cells
were induced by addition of 1 mM IPTG. Error bars represent the ranges for two (A) or the standard deviations for
three (C) biological replicates.
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The His-tagged 555C protein was purified using Ni-NTA chromatography, and the eluate
yielded a band of the predicted size of 22.9 kDa (Figure 15B, lane 3). To test whether 555C had
peptidoglycan-degrading activity, zymography was performed in an SDS-polyacrylamide gel
that contained SB1003-derived peptidoglycan, and the peptidoglycan visualized by staining with
Coomassie brilliant blue. A clearing at the position corresponding to the 555C band against a
blue background was observed for the cell lysate (Figure 15B, lane 1) and purified 555C (Figure
15B, lane 2). Therefore, Rcc00555 has peptidoglycan–degrading activity, consistent with this
protein being an endolysin.
3.1.2.4

rcc00556 encodes a holin
Holins form holes, or lesions, in the bacterial inner membrane, which depolarize the

membrane and effectively kill the cell (Wang et al., 2000). The rcc00556 orf was transcribed in
E. coli from the IPTG-inducible promoter on plasmid pI556. Induction of expression rapidly
halted growth, whereas no effect on growth was observed with the empty vector control (Figure
15C). To confirm that the membrane potential of the cells was disrupted, cells were stained with
propidium iodide, which is not permeant to live cells. About 50% of the cells induced to express
rcc00556 fluoresced when treated with propidium iodide, whereas very few fluorescent cells
were observed for uninduced and empty vector control cells (Figure 15D), indicating that the
high level expression of rcc00556 killed E. coli. This is in agreement with the results obtained
for R. capsulatus, where low level expression of rcc00556 resulted in the release of the
cytoplasmic enzyme malate dehydrogenase to the culture supernatant (Figure 14C). Therefore,
the rcc00556 gene product alone appears to be sufficient to depolarize bacterial cytoplasmic
membranes by forming a hole, as has been found for bacteriophage holins (Wang et al., 2000),
consistent with the hypothesis that Rcc00556 is a holin.
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3.1.3

Regulation of cell lysis by the CckA-ChpT-CtrA phosphorelay

3.1.3.1

Cell lysis and expression of 555-556 is regulated by CckA, ChpT and CtrA
All components of the putative phosphorelay CckA-ChpT-CtrA are required for RcGTA-

mediated gene transduction. However, cells lacking CckA and ChpT produce the RcGTA capsid
protein which is not released from cells (Mercer et al., 2012), a phenotype similar to the effect of
high concentrations of phosphate (Figure 8). Because the release of RcGTA was found to be
associated with cell lysis and required the endolysin 555 and holin 556, I hypothesized that the
CckA-ChpT-CtrA putative phosphorelay regulated expression of the Rcc00555-556 lysis system.
This hypothesis was tested by disruption of either cckA, chpT or ctrA in a DE442-background,
and it was found that all three knockouts resulted in undetectable release of photosynthetic
pigments (Figure 16A), indicating that an intact CckA-ChpT-CtrA phosphorelay is required for
cell lysis.
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Figure 16 Cell lysis is regulated by the CckA-ChpT-CtrA phosphorelay
Release of membrane bound photosynthetic pigment LH2 (A, C, D and E) and endolysin-holin promoter activity
(B) for DE442 and DE442-derived mutants ΔcckA, ΔchpT and ΔctrA. A, LH2 pigment present in culture supernatant
for indicated strains. B, Promoter activity (β-galactosidase activity) of cells containing the endolysin-holin
promoter-lacZ reporter plasmid pXCA-555. C and D, Effect of the non-phosphorylatable CtrA(D51A) and
phosphomimetic CtrA(D51E) on cell lysis for ΔctrA (C) and ΔcckA (D) mutant. Effect of predicted CckA kinase
activity mutants CckA(HxxA) and CckA(Y589D) on cell lysis by (E).
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To evaluate whether the CckA-ChpT-CtrA phosphorelay regulates expression of the
Rcc00555-556 endolysin-holin system, the promoter-reporter plasmid pXCA-555 was
constructed to contain 247 bp of 5’ sequences and the annotated start codon of rcc00555 fused
in-frame to a lacZ reporter coding sequence. Disruption of cckA, chpT or ctrA reduced the βgalactosidase activity to 1.1%, 1.5% or 1.6%, respectively, of the parental strain DE442 levels
(Figure 16B). In contrast, cultivation of strain DE555 containing plasmid pXCA-555 in a
medium supplemented with 10 mM KPO4 did not decrease the β-galactosidase activity compared
to supplementation with 0.5 mM KPO4 (Figure S2), consistent with the conclusion that high
concentrations of phosphate inhibit cell lysis by a post-translational effect.
Therefore, the expression of the Rcc00555-556 endolysin-holin system is regulated by
the CckA-ChpT-CtrA putative phosphorelay, consistent with the lack of lysis (Figure 16A) and
the absence of RcGTA capsid release of from cckA and chpT mutants (Mercer et al., 2012).
3.1.3.2

CtrA~P is required for cell lysis
In C. crescentus, the HK CckA is required for phosphorylation of CtrA to produce active

CtrA~P (Curtis and Brun, 2010). Mutation of the aspartate (D) in the C. crescentus CtrA receiver
domain to a glutamate (E) mimicks the role of the aspartate phosphorylation (D~P) (Domian et
al., 1997). Because expression of this CtrA(D51E) mutation in an R. capsulatus cckA mutant
partially restored release of capsid protein (Mercer et al., 2012) and cckA was required for lysis
(Figure 16A), I hypothesized that phosphorylated CtrA was required for cell lysis. Introduction
of the phosphomimetic CtrA(D51E), but not the non-phosphorylatable CtrA(D51A) into DE442
ΔctrA increased the release of photosynthetic pigments to the culture supernatant (Figure 16C),
indicating that CtrA~P activates cell lysis, while non-phosphorylated CtrA had no effect.
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If the absence of lysis in the cckA mutant is solely due to a lack of CtrA~P, then
expression of the phosphomimetic CtrA(D51E) in the cckA mutant should restore cell lysis.
Introduction of CtrA(D51E) to the DE442 ΔcckA mutant restored cell lysis, whereas no effect
was observed when CtrA(D51A) was present in the ΔcckA mutant (Figure 16D). To confirm that
the kinase activity of CckA is required for lysis, the catalytic histidine H399 was replaced by an
alanine using site-directed mutagenesis to create plasmid pRCckA-HA (encoding CckA(H399A).
The analogous mutation in C. crescentus CckA results in a protein with no kinase activity, but
which retains phosphatase activity (Chen et al., 2009b). Introduction of this pRCckA-HA to
DE442ΔcckA did not restore lysis, in contrast to the WT allele encoded by pRCckA (Figure
16E).
Therefore, the absence of cell lysis in the cckA (and presumably in the chpT) mutant was
due to an absence of CtrA~P, and the kinase activity of CckA is essential for this CtrA
phosphorylation.
Based on the results in this thesis and described above, the results of Mercer et al (2012),
and the conserved nature of the CckA-ChpT-CtrA phosphorelay in the Alphaproteobacteria
(Bellefontaine et al., 2002, Kim et al., 2013, Pini et al., 2015, Willett et al., 2015), it appears that
R. capsulatus CckA, ChpT and CtrA form a phosphorelay.
3.2

The RcGTA regulators ClpX and DivL, and a role for CtrA in cell division of R.

capsulatus
3.2.1

The ClpX chaperone is required for RcGTA production and proper cell division
Because RcGTA production is regulated by CckA, ChpT and CtrA, and appears to

function similarly to the phosphorelay in C. crescentus and S. meliloti, I hypothesized that the
proteolytic regulation of CtrA by ClpXP that exists in other species was also conserved in R.
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capsulatus. Because CtrA, ChpT and CckA are not essential for growth of R. capsulatus, I
hypothesized that a loss of a component of the ClpXP protease, encoded by rcc02608 (ClpX) and
rcc02609 (ClpP), would not be lethal. Furthermore, the resultant mutant was expected to have
altered levels of CtrA that would result in dysregulation of RcGTA production. Because ClpP is
a member of other proteases, such as ClpAP (Baker and Sauer, 2012), a clpX mutant was
constructed to investigate the role of ClpXP in RcGTA production.
The predicted R. capsulatus clpX (rcc02608), which is located downstream of clpP
(Figure 17A), was readily deleted by transduction of a ΔclpX::aacC1 allele (conferring
gentamicin resistance), yielding several gentamicin-resistant colonies, thereby indicating that
ClpX, and presumably ClpXP, are not essential for viability of R. capsulatus under laboratory
conditions. The resultant ΔclpX strain exhibited several growth defects, including a tendency to
form extended lag phases (not shown), and increased doubling time (4 h) compared to the
parental WT strain SB1003 (2.2 h). R. capsulatus cells are rod shaped, often in short chains
(Weaver et al., 1975). Inspection of ΔclpX cells by phase contrast microscopy revealed extensive
cell filamentation compared to SB1003 (Figure 17B and C), indicating that clpX is required for
proper cell division of R. capsulatus, as has been reported for C. crescentus (Jenal and Fuchs,
1998).
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Figure 17 Cell filamentation defects of ΔclpX mutant
Genetic context of clpX (A) and phase contrast microscopy of strains (B to E). A, The clpP (rcc02609) and clpX
(rcc02608) open reading frames with predicted promoters indicated by bent arrows. Encoded upstream of clpP is a
hypothetical protein of unknown function and a protein predicted to contain methyl-accepting chemotaxis, HAMP
and PAS domains. The orf downstream of clpX is annotated as “NADH ubiquinone oxidoreductase subunit,
NDUFA12 family” protein. The region deleted and replaced by the aacC1 casette (Δ::aacC1) to create the ΔclpX
mutant and the inserts contained in complementation plasmids pCclpX and pCclpXP are indicated. B, The WT
strain SB1003. C, SB1003 ΔclpX. D, SB1003 ΔclpX containing plasmid pCclpX expressing clpX in trans. E,
SB1003 ΔclpX ΔctrA double mutant.
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In E. coli, clpX is part of an operon with clpP, where clpP is the promoter-proximal gene
(Gottesman et al., 1993), however a weak promoter is present between clpP and clpX (Yoo et al.,
1994). Using BPROM, I similarly detected a putative promoter upstream of clpP as well as a
promoter in the intercistronic region between clpX and clpP of R. capsulatus (Figure 17A). To
determine whether R. capsulatus clpX expression is dependent on the promoter upstream of clpP,
I created two complementation plasmids: Plasmid pCclpXP that contains the clpP/clpX orfs and
the predicted promoter upstream of clpP, and plasmid pCclpX that contains clpX and the putative
intercistronic promoter, but lacking the majority of clpP (Figure 17A).
Introduction of plasmid pCclpX (Figure 17D) and pCclpXP (not shown) to the ΔclpX
strain eliminated the majority of the cell filamentation. Introduction of the pCclpX plasmid to the
WT strain produced a similar minor alteration in cell shape to that of ΔclpX complemented with
pCclpX, while no effect was observed by an empty plasmid (not shown). This indicates that the
clpX mutation is not polar and that in contrast to E. coli, R. capsulatus clpX expression does not
require the putative promoter upstream of clpP. clpX and clpP appear therefore to not be
predominantly expressed as an operon. Furthermore, changes in the levels of ClpX protein
and/or the ClpX:ClpP ratio, appear to have a small influence on cell shape.
To investigate whether clpX is required for RcGTA production, RcGTA capsid
production was monitored over time (Figure 18 A), and transduction frequencies using the clpX
mutant as donor were compared to the WT strain SB1003 after growth for an equivalent number
of cell divisions (Figure 18B). Typical levels of RcGTA capsid protein were detected for
SB1003 both intracellularly and extracellularly starting at 24 h after inoculation of a liquid
medium culture. In contrast, elevated levels of capsid protein were detected both intracellularly
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and extracellularly for the ΔclpX mutant, compared to SB1003 from 40 h onward (Figure 18A).
Despite the elevated levels of capsid protein present outside of cells, no transduction was
detected using the ΔclpX mutant as a donor (Figure 18B), indicating that the capsid protein
produced and released by a clpX mutant does not represent transduction-capable RcGTA,
analogous to the transduction-incompetent capsid protein accumulating inside a cckA mutant
(Leung, 2010).
The activity of the RcGTA primary gene cluster promoter was elevated in the ΔclpX
mutant (1.8-fold of SB1003, Figure 18C), consistent with the increased production of capsid
protein (Figure 18A). Compared to the lysis-deficient ΔcckA mutant (Figure 16), the extracellular
presence of the capsid protein in ΔclpX mutant cultures indicates cell lysis (Figure 18A). Activity
of the endolysin-holin promoter was increased in the ΔclpX mutant (2.6-fold of SB1003, Figure
18C), and LH2 pigments were clearly detected in the culture supernatant of a DE442 ΔclpX
mutant (Figure 18), confirming that the clpX mutation does not block cell lysis, unlike the ΔcckA
mutation.
Therefore, ClpX (presumably as part of a ClpXP) is not required for expression of
RcGTA genes, however ClpX is required for production of transduction-capable RcGTA. This
was further investigated below (sections 3.3.3 and 3.5.3).
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Figure 18. ClpX is required for RcGTA transduction, but not expression of RcGTA genes, and regulates
CtrA levels.
A, Western blot of SB1003 and SB1003 ΔclpX cultures probed with RcGTA capsid anti-serum. B, Transduction
frequencies of SB1003, SB1003 ΔclpX, and SB1003 ΔclpX complemented with plasmid pCclpX or pCclpXP. C,
Promoter activity (β-galactosidase activity) of SB1003 or SB1003 ΔclpX cells containing promoter-lacZ reporter
plasmids for the RcGTA cluster (using plasmid p601-g65), endolysin-holin (plasmid pXCA-555) or the RcGTA
head fiber (pXCA-ghsA) promoter. D, Presence of the photosynthetic pigment LH2 in culture supernatant for
DE442 and DE442 ΔclpX. E, Western blot of SB1003, SB1003ΔclpX, and SB1003ΔclpX complemented in trans by
plasmid pCclpX, probed with C. crescentus CtrA anti-serum.
In B and C, values are expressed relative to SB1003 levels. Bars show the average and error bars represent standard
deviation of two biological replicates.

84

3.2.2

Dysregulation of CtrA mediates cell filamentation.
Loss of clpX resulted in cell filamentation of R. capsulatus (Figure 17C). Similarly, the

loss of ClpXP or perturbation of CtrA and CtrA~P levels result in filamentation of C. crescentus
(Domian et al., 1997, Jenal and Fuchs, 1998). I therefore hypothesized that the cell filamentation
phenotype observed for the R. capsulatus ΔclpX mutant was due to elevated levels of CtrA.
Western blot analysis of R. capsulatus cells probed with serum raised against the C.
crescentus CtrA protein showed a band of increased intensity at the predicted molecular weight
of CtrA in the ΔclpX mutant, relative to the parental strain SB1003, and not in the strain
complemented in trans by plasmid pCclpX (Figure 18E). It therefore appears that R. capsulatus
CtrA is proteolytically degraded by ClpXP.
To test whether the elongated cell phenotype would be offset by removing CtrA, a ΔclpX
ΔctrA double mutant was constructed. The ΔclpX ΔctrA double mutant produced cells with an
intermediate phenotype between WT and the single clpX mutant (Figure 17E), indicating that a
large part of the cell division defect of the clpX mutant results from elevated levels of CtrA.
On the basis of the different phenotypes when a ΔcckA mutant was complemented with
the non-phosphorylatable or phosphomimetic CtrA proteins, the loss of cckA appeared to result
in a lack of phosphorylation of CtrA (Figure 16D). Because a loss of CtrA phosphorylation
(ΔcckA) or absence of CtrA (ΔctrA) had not been reported to cause cell division defects, I
hypothesized that the major cause of the division defects in the ΔclpX mutant was due to elevated
levels of CtrA~P. In C. crescentus, CckA controls the level of CtrA phosphorylation, and altered
phosphorylation levels of CtrA result in cell morphology defects (Chen et al., 2009b, Lori et al.,
2015, Tsokos et al., 2011). Mutation of a conserved tyrosine to aspartate in CckA had been
shown to turn the bifunctional CckA kinase/phosphatase into a constitutive kinase (Kim et al.,
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2013, Lori et al., 2015), and this residue is conserved in R. capsulatus CckA (Figure 19A). I
therefore hypothesized that the analogous CckA(Y589D) mutation in R. capsulatus (Figure 19B)
would increase CtrA phosphorylation, which would help me to evaluate whether an increase in
CtrA~P concentration results in division defects.
Consistent with previous reports, the ΔcckA and ΔctrA mutants had no gross cell
morphology defects compared to the WT strain SB1003 (Figure 19C to E left panels).
Introduction of plasmid pRCckA (encoding the WT CckA) to SB1003 or ΔcckA did not alter cell
morphology (Figure 19C and D, middle panels), however introduction of pRCckA-YD
(encoding the CckA(Y589D) mutation) to either SB1003 or ΔcckA resulted in extensive cell
filamentation (Figure 19C and D, right panels), indicating that increased CckA kinase activity
results in cell filamentation. Because introduction of pRCckA-YD into the WT strain SB1003
resulted in filamentation, the CckA(Y589D) allele (at least when expressed from a plasmid) is
dominant over the WT allele (Figure 19C). This genetic dominance indicates that the rate of
ChpT phosphorylation by the combined WT and mutant alleles of CckA is greater than the
phosphatase activity of WT CckA. Furthermore, because no filamentation is observed for the
WT strain SB1003, this indicates that the levels of CtrA~P in SB1003 are generally low.
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Figure 19. CckA with predicted constitutive kinase activity results in cell filamentation.
A, Sequence alignment of CckA from R. capsulatus, C. crescentus and A. tumefaciens showing the sequence around
the conserved tyrosine (arrow). B, Schematic representation of the R. capsulatus CckA protein, with the Tyr 589
mutated to Asp in plasmid pRCckA-YD indicated. C to E, Phase contrast microscopy of cells of SB1003,
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SB1003ΔcckA or SB1003ΔctrA, and strains containing plasmid pRCckA (expressing WT CckA) or pRCckA-YD
(expressing CckA(Y589D).

Because the CckA(Y589D) mutation was hypothesized to result in an increased CtrA
phosphorylation, I investigated whether the cell morphology change in a CckA(Y589D) mutant
could be reversed by the elimination of CtrA. Introduction of pRCckA-YD into a ΔctrA mutant
did not result in filamentation of the cells (Figure 19E, right panel), in contrast to the effects
observed for SB1003 and ΔcckA (Figure 19C and D, right panels). Therefore, cell filamentation
appears to result from the increased phosphorylation of CtrA by CckA(Y589D) and indicates
that the CckA-ChpT-CtrA phosphorelay, despite not being required for cell division, is
nonetheless involved in regulating cell division in R. capsulatus, as in C. crescentus and other
species (Pini et al., 2015, Quon et al., 1996, Wang et al., 2014, Willett et al., 2015).
Furthermore, my results are consistent with CckA and CtrA forming a phosphorelay (involving
ChpT), and support the interpretation that the filamentation observed for the clpX mutant is
largely due to an excess of the CtrA protein (Figure 17).
3.2.3
3.2.3.1

The enigmatic RcGTA regulator DivL.
A truncated homologue of C. crescentus DivL regulates RcGTA production
In C. crescentus, the kinase activity of CckA is regulated by DivL (Tsokos et al., 2011);

however no full length homologue of DivL was found to be encoded in the R. capsulatus
genome using BLASTP combined with domain analysis. A transposon screen in the
overproducer strain DE442 using a promoter-reporter plasmid that requires CckA, ChpT and
CtrA for expression (the ghsA/B promoter-lacZ reporter plasmid pXCA-ghsA, see Chapter 3.4)
identified rcc00042 (Figure 20A) as required for expression of the ghsA/B promoter. BLASTP
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analysis indicated that rcc00042 encodes a protein similar to the C. crescentus DivL protein (not
shown). The amino acid sequence of Rcc00042 is 38% similar to the N-terminal part of
Caulobacter crescentus DivL, but lacks the C-terminal, non-functional histidine kinase-specific
DHp and CA domains of C. crescentus DivL (Figure 20B). Interestingly, expression of rcc00042
is down-regulated in a ctrA mutant, and a putative CtrA binding site is present in the rcc00042 5'
region (Mercer et al., 2010). Therefore rcc00042 appeared to encode a truncated homologue of
the C. crescentus DivL protein. Because C. crescentus DivL is required for CckA kinase activity,
and because the transposon insertion appeared to turn off the cckA dependent ghsA promoter (see
Figure 26A), we hypothesized that the R. capsulatus DivL homologue (Rcc00042) is similarly
required to activate the kinase activity of CckA, resulting in phosphorylation of CtrA. A targeted
disruption of rcc00042 was therefore constructed (referred to as ΔdivL).
Comparison of the effect of the ΔdivL mutation in the strains WT SB1003 and the
RcGTA-overproducer DE442 revealed, surprisingly, that the mutation had opposite effects on
RcGTA production. The DE442 ΔdivL mutant decreased RcGTA transduction to 0.3% of the
parental DE442 (Figure 21A), similar to the effect observed from a loss of CckA, and
transduction was restored by introduction of DivL in trans. In contrast, the SB1003 ΔdivL
mutation increased transduction 145-fold compared to SB1003, and trans complementation
partially restored the transduction to 8-fold of SB1003 (Figure 21B). Similarly, capsid protein
levels were greatly increased for the SB1003 ΔdivL mutant compared to SB1003 (Figure 21C).
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Figure 20 R. capsulatus DivL
A, The genetic context of divL (rcc00042). The redox regulator RegB and SenC (involved in respiration and
photosynthesis gene expression) are encoded upstream of divL. A predicted member of the TsaE threonyl-carbamoyl
adenosine biosynthesis proteins (rcc00041) and a predicted phosphotransferase (rcc00040) are encoded 5' of divL.
The insertion site of the transposon and the NaeI site used to introduce aacC1 to create ΔdivL are indicated by an
arrow. B, Comparison of predicted domains in C. crescentus and R. capsulatus DivL proteins. The 38% amino acid
sequence similarity of the conserved N-terminal region indicated. The tyrosine (Y550) occupying the typical
histidine position in DHp is indicated.
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To investigate whether the increase in RcGTA production observed for SB1003 ΔdivL
was accompanied by increased expression of the RcGTA primary gene cluster, I measured the
transcriptional activity of this gene cluster promoter using the reporter plasmid p601-g65
(Westbye et al., 2013). The absence of DivL increased promoter activity 3.1-fold compared to
the WT strain (Figure 21D), however similar increases were observed in response to the absence
of CckA or ChpT, which increased activity 2.6 and 3.1-fold of WT, respectively. In contrast, the
absence of CtrA reduced expression of this reporter to 28% of the WT strain, consistent with the
absence of production of RcGTA in ctrA mutants (Lang and Beatty, 2000, Mercer et al., 2012).
The increased expression appeared to be independent of cell lysis, as the lysis-deficient SB555
strain (Δ555) had activity comparable to the WT strain (1.3-fold increased).
Therefore, DivL is involved in regulating RcGTA production; however the phenotypic
effects of a loss of divL appeared to depend on the strain background. The ΔdivL mutation is the
first example of a regulatory mutation exerting opposite effects on RcGTA production in
different strain backgrounds.
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Figure 21 RcGTA is regulated by a DivL homologue
Transduction frequencies (A and B), western blot (C), absorbance spectra of culture supernatant (D, E and F), and
promoter activity (G). A, DE442, DE442 ΔdivL and DE442 ΔdivL complemented in trans by plasmid pCdivL. B,
SB1003, SB1003 ΔdivL, and SB1003 ΔdivL complemented in trans by pCdivL. C, Culture supernatant and cell
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pellet fraction probed using RcGTA capsid protein anti-serum. D, Promoter activity (β-galactosidase activity) of
strains harboring the RcGTA primary gene cluster promoter-lacZ reporter plasmid p601-g65. E, DE442, DE442
ΔdivL, and DE442 ΔdivL containing complementation plasmid pCdivL or pD51E encoding the phosphomimetic
CtrA(D51E) protein. F, DE442 ΔdivL and DE442 ΔdivL containing plasmid pRCckA or pRCckA-YD (encoding
CckA(Y589D). G, The WT-derived SBpG, the RcGTA-overproducer mutant SBpG Δ280 and the double mutants
SBpG Δ280ΔcckA and SBpG Δ280ΔdivL.
Bars represent means and error bars represent standard deviation of a minimum of three biological replicates.

3.2.3.2

DivL modulates CtrA phosphorylation
RcGTA regulatory mutant phenotypes are more distinct in the overproducer DE422

because of an increase in signal to noise when measuring RcGTA phenotypes (such as capsid
production), and allows for easy detection of cell lysis by the presence of extracellular LH2
pigments. I exploited this to investigate the role of DivL using cell lysis as a reporter for the
presence and phosphorylation state of CtrA. I found that cckA, chpT, ctrA and phosphorylation of
CtrA are required for DE442 cell lysis (Figure 16A to E), and CtrA~P was reported to be
required for the release of RcGTA from the WT strain SB1003 (Mercer et al., 2012).
No release of the LH2 pigment to culture supernatant was detected for DE442 ΔdivL
(Figure 21E). Introduction of plasmid pD51E, encoding the phosphomimetic CtrA(D51E) allele,
into DE442 ΔdivL partially restored cell lysis (Figure 21E), indicating that DE442 ΔdivL lacks
phosphorylated CtrA~P.
The R. capsulatus CckA(Y589D) mutation appeared to increase phosphorylation of CtrA
(Figure 19). The analogous mutation in A. tumefaciens and C. crescentus CckA proteins have
been reported to make CckA a constitutive kinase, and independent of the upstream regulator
DivL and c-di-GMP levels (Kim et al., 2013, Lori et al., 2015). Introduction of pRCckA-YD into
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DE442 ΔdivL (and to DE442 ΔcckA, see Figure 16E), but not the WT-encoding pRCckA,
restored cell lysis (Figure 21F), indicating that in DE442 DivL is a regulator of CckA kinase
activity and required for CtrA phosphorylation.
DE442 was created by chemical mutagenesis and contains hundreds of point mutations,
and lacks the 133 kb plasmid pRCB133 present in the WT parental strain SB1003 (H. Ding
unpublished and (Ding et al., 2014)). Hao Ding recently identified a point mutation in rcc00280
that explains the majority of the overproducer phenotype of DE442 (in preparation). Similarly, a
knockout of rcc00280 in a WT RcGTA background (strain SBpG, derived from SB1003 by
insertion of a fluorescent protein gene between the RcGTA promoter and g1) yielding
SBpGΔ280 results in an RcGTA overproduction phenotype with accompanying cell lysis (Ding
unpublished, and Figure 21G). Because the SBpGΔ280 mutant lacks the multiple point mutations
of DE442 relative to SB1003 and therefore is more closely related to SB1003 than DE442, the
effect of the ΔdivL mutation on cell lysis was investigated in the strain SBpGΔ280. Disruption of
divL reduced, but did not abolish, the release of LH2 pigment to the supernatant fraction
compared to the parental strain SBpGΔ280 (Figure 21G). In contrast, no lysis was observed for a
SBpGΔ280ΔcckA double mutant (Figure 21G).
Based on the above results, it appears that the DivL protein is required for CckA kinase
activity in the RcGTA overproducer strain DE442, consistent with the role of DivL in C.
crescentus (Tsokos et al., 2011). In the WT and the WT-derived RcGTA overproducer strain
SBpGΔ280, the role of DivL appears to be more complex: a SB1003 ΔdivL mutant had increased
transduction frequency (Figure 21B) and expression of the RcGTA primary cluster promoter was
increased (Figure 21D) for SB1003. However, loss of CckA and ChpT, despite being required
for release and transduction (Mercer et al., 2012), had a similar effect on the promoter reporter
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(Figure 21D). The ΔdivL mutation reduced, but was not required for observable cell lysis for the
WT-derived overproducer strain SBpGΔ280 (Figure 21F). It therefore appears that DivL is
involved in regulating the phosphorylation state of CtrA through CckA in the WT strain SB1003.
3.3
3.3.1

RcGTA maturation I: genetic analysis of CckA, CtrA phosphorylation and ClpX
The cckA mutant produces DNA-containing, transduction incompetent RcGTA

particles
The putative hybrid HK CckA is required for transduction and production of the lysis
machinery, however not for the synthesis of the RcGTA capsid protein (Florizone, 2006, Mercer
et al., 2012). Furthermore, the intracellular contents of an overproducer strain Y262 ΔcckA
mutant, although containing the capsid protein, were found to be incapable of transduction,
indicating an RcGTA defect (Leung, 2010). Because DE442 produces increased levels of
RcGTA compared to WT strains and Y262 (not shown), I decided to exploit this phenotype to
investigate the role of CckA on the production of transduction-competent RcGTA particles.

The DE442 ΔcckA mutant accumulated intracellular capsid protein (Figure 22A), similar
to SB1003 ΔcckA and Y262 ΔcckA mutants (Leung, 2010, Mercer et al., 2012). To investigate
whether the intracellular capsid protein represented functional RcGTA, transduction frequencies
of intracellular and extracellular fractions were measured. Transduction was readily detected
from DE442-derived culture supernatant (extracellular fraction), and dependent on phosphate
concentration (Figure 22B). As expected, very low levels were detected for the ΔcckA mutant.
Transduction frequencies observed for DE442 freeze-thaw cell lysates (intracellular fraction)
were 7.8-fold higher for cells cultured in 10 mM phosphate compared to of 0.5 mM phosphate
(Figure 22C), indicating that for DE442 the intracellular capsid levels (Figure 22A) correlated
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with transduction levels (Figure 22C). In contrast, extremely low transduction frequencies were
observed for equivalent lysates of ΔcckA cells, with transduction levels of 0.0075% or 0.010%
(0.5 and 10 mM phosphate, respectively) of the level of the parental strain despite elevated
capsid protein levels (Figure 22C), and this was complemented by CckA in trans.
Therefore, the majority of the capsid protein present in DE442 ΔcckA cells is not
associated with functional RcGTA particles.
The assembly of phages is a multistep process (Aksyuk and Rossmann, 2011), and I
hypothesized that CckA was required for one or more maturation steps to produce transductioncapable RcGTA. Loss of the predicted capsid prohead protease, encoded by rcc01686 resulted in
RcGTA capsid which migrated on SDS-PAGE at a higher molecular weight than WT (Figure
S3). In contrast, the RcGTA capsid protein of ΔcckA cells (Figure 22A) migrated at a rate
identical to that of the 30-kDa proteolytically cleaved protein of WT strains, indicating formation
of a processed head structure analogous to that of prohead II or a later maturation stage of phage
HK97 (Hendrix and Johnson, 2012). To determine whether CckA is required for DNA packaging
and/or maturation of the RcGTA particle, culture supernatants and cell lysates were analyzed by
native agarose gel electrophoresis (Serwer and Griess, 1999).
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Figure 22 CckA is required for maturation of RcGTA
Western blots (A), transduction frequencies (B and C), and native agarose gels (D to G) of DE442, DE442 ΔcckA,
DE442 ΔcckA complemented in trans by pRCckA, as indicated. A, Blots probed using RcGTA capsid protein
antiserum. The approximate migration of the 30-kDa marker is indicated. B, Culture supernatants (extracellular
fraction). C, Freeze-thaw-lysed cells (intracellular fraction). D, Lanes 1 and 2, filtered DE442 culture supernatant;
lanes 3 and 4, resuspended pellet of supernatant after ultracentrifugation; lanes 5 and 6, heat-treated samples. E,
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Native gel of cell lysates obtained by passage through a French press. F, Native gel of ΔcckA lysate obtained by
passage through a French press subjected to DNase I followed by heat treatment.
Cells were cultured in RCVm medium (A, B, C, E), RCV (F) or YPS (D). Samples were normalized to the total
amount of protein in French press lysates of culture (A and B), or cell pellet (C). Error bars represent the standard
deviations of three biological replicates.

Filtered (0.2 µm pore size) DE442 culture supernatant contained an apparently large (>10
kb) DNA band revealed by ethidium bromide staining (Figure 22D, lane 1). This band was
protected from DNase I digestion (Figure 22D, lane 2), in contrast to other DNA present (Figure
22D, compare lanes 1 to 3), and was pelleted by ultracentrifugation. Heat treatment, used to
release DNA from viral particles (Duda et al., 2009), resulted in an essentially complete
conversion of the large DNA band to an ~4-kb band that was no longer protected from DNase I
digestion (Figure 22D, lanes 5 and 6). Similarly, gel excision of the large DNA band, followed
by guanidine thiocyanate protein denaturation and DNA purification by silica column
chromatography, resulted in an ~4-kb band (not shown). These results strongly indicate that the
large DNA band represents the ~4-kb DNA fragments inside RcGTA particles (Yen et al., 1979),
which migrate to the position of a larger DNA fragment because of a slower electrophoretic
mobility of RcGTA particles compared to free DNA.
DE442 ΔcckA produced a DNase I-protected band that migrated to a position
intermediate between the band from DE442 lysates and the 10-kb DNA size standard (Figure
22E). Heat treatment of ΔcckA mutant lysates resulted in a conversion of this band to a species
migrating to the ~4-kb region of the gel (Figure 22F). Therefore, it appears that the ΔcckA
mutant produces a capsid containing DNA, and therefore packages DNA; however, the
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extremely low transduction frequency and the altered electrophoretic mobility indicate that
almost all the particles fail to undergo maturation to produce transduction-capable RcGTAs.
3.3.2

Phosphorylation of CtrA is required for maturation of RcGTA.
Mercer et al. (2012) reported that introduction of both non-phosphorylatable CtrA(D51A)

and phosphomimetic CtrA(D51E) restored capsid production in a ΔctrA mutant, however only
CtrA(D51E) restored transduction. Because cell lysis was found to be restored in the ΔcckA
mutant by introduction of the phosphomimetic CtrA(D51E) (Figure 16), I hypothesized that the
maturation defect observed for the ΔcckA mutant was due to a lack of CtrA phosphorylation.
Cells lacking CtrA did not produce DNase I-protected DNA (Figure 23A), consistent
with the requirement of CtrA for RcGTA capsid production and transduction (Mercer et al.,
2012). Introduction of the non-phosphorylatable CtrA(D51A) allele to the ΔctrA strain produced
a band migrating at the same position as the band from the ΔcckA mutant, but no WT-band
(Figure 23A). An unknown additional band migrating slower than the band in the ΔcckA mutant
was also observed. Introduction of the phosphomimetic CtrA(D51E) appeared to produce a
series of intermediate bands, however a band at the position of the WT RcGTA was absent. For
the ΔcckA mutant, introduction of CtrA(D51E), but not CtrA(D51A) the resulted in the presence
of a DNase I protected band at the position of the WT-band (Figure 23A), although there was a
series of intermediate bands (see also migration of DE442 ΔghsA complemented in trans with
ghsA, Figure 27E). Therefore, phosphorylation of CtrA appears to be essential for maturation of
RcGTA to transduction competent particles. Because the nonphosphorylatable CtrA(D51A)
restored production of a DNase I protected band in a ΔctrA mutant, and this band appeared to be
identical to the band observed in the ΔcckA mutant, it appears that CtrA, but not phosphorylation
of CtrA, is required for formation of the transduction-deficient RcGTA intermediate produced by
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the ΔcckA mutant (Figure 22). Furthermore, because the phosphomimetic CtrA(D51E) restored
formation of the WT-band in the ΔcckA mutant, but not in ΔctrA, it appears that both nonphosphorylated and phosphorylated CtrA are required for efficient maturation of RcGTA, at least
in the overproducer strain DE442.

Figure 23 The effects of CtrA phosphorylation, loss of divL and loss of clpX on RcGTA maturation.
Native gels of cell lysate subjected to DNase I, unless otherwise noted. A, DE442, DE442 ΔctrA and DE442 ΔcckA
contain plasmids pD51A and pD51E. B, DE442, DE442 ΔcckA, DE442 ΔdivL and DE442 ΔdivL complemented in
trans by pCdivL. C, DE442, DE442 ΔcckA, DE442 ΔdivL and DE442 ΔdivL containing plasmid pRCckA-YD
encoding CckA(Y589D). D, DE442 and DE442 ΔclpX cultured for the times indicated above each lane (in h).
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The R. capsulatus DivL protein appears to regulate CckA kinase activity and thereby
CtrA phosphorylation, at least in DE442 (Figure 21). Consistent with an absence of CtrA
phosphorylation, the DE442 ΔdivL mutant lacked the DNase I protected WT DNA band but
produced a band migrating at the same rate as the ΔcckA mutant, and this was complemented by
DivL in trans (Figure 23B). Furthermore, the presence of the WT DNA band was restored by
introduction of the predicted DivL-independent CckA(Y589D) allele into the ΔdivL mutant
(Figure 23C). Therefore, DivL is required for maturation of RcGTA in DE442, consistent with
DivL regulating CckA kinase activity.
3.3.3

Maturation defects of the ΔclpX mutant differ from those of the ΔcckA mutant
Both ΔcckA and ΔclpX mutants produce transduction deficient, matured capsid protein,

however the phenotypes of these two mutants differed as the ΔclpX mutant released RcGTA
from cells to the culture supernatant wheras ΔcckA did not (Figure 22A, Figure 18A).To
investigate whether the capsid protein released from the clpX mutant (Figure 18A) was derived
from DNA-containing, but transduction deficient particles similar to those produced by a cckA
mutant, culture supernatant was treated with DNase I and analyzed using native gel
electrophoresis. Although the RcGTA DNase I protected band characteristic of WT particles was
readily detected in DE442 culture supernatant, no such band was detected for the DE442 ΔclpX
mutant (Figure 23D) despite the elevated levels of capsid protein (Figure 18A), indicating that
the capsid protein produced by the ΔclpX mutant is not in the form of a DNA-containing particle.
Furthermore, no DNase I sensitive ~4 kb band was enriched in the DE442 ΔclpX mutant, in
contrast to the parental strain DE442. However, a smear of DNase I sensitive DNA was observed
for the ΔclpX mutant cultured for 48 h, but not 24 h, which appears to correlate with the release
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of capsid protein and cell lysis of DE442 ΔclpX (Figure 18A and D), and could indicate leakage
of packaged DNA from an immature particle.

3.4

RcGTA maturation II: an RcGTA maturation gene required for efficient adsorption

to capsule coated cells
3.4.1

ghsB encodes an RcGTA attachment factor
To better understand the maturation defects of ΔcckA particles (see section 3.3.1), I

inspected RNA microarray data of ΔcckA and ΔctrA mutants compared to WT obtained by
collaboration with A. Lang’s lab. The RcGTA gene cluster genes were all expressed in a ΔcckA
mutant (not shown). However, the two orfs rcc01079 and rcc01080 (hereon referred to as ghsA
and ghsB) were found to be downregulated compared to WT in the absence of either CckA or
CtrA. Because ghsA and ghsB are located directly adjacent to a capsular receptor biosynthetic
gene cluster (Brimacombe et al., 2013) (Figure 24A), co-purify with RcGTA (Chen et al.,
2009a), and are required for maximal frequencies of RcGTA-mediated gene transduction (Lang
et al., 2012) I hypothesized that ghsB encodes a protein involved in the attachment of RcGTA to
the cellular capsule.
Bioinformatic analysis of ghsA and ghsB detected no conserved domains from the PFAM
or SMART databases (http://pfam.xfam.org; http://smart.embl-heidelberg.de). However,
homology modelling of the predicted GhsB using Phyre2 (Figure 24B and C, and Table S2) and
Swiss-model (http://www.sbg.bio.ic.ac.uk/phyre2; http://swissmodel.expasy.org) indicated a
similarity to carbohydrate-binding proteins and members of the immunoglobulin superfamily.
The top ranked templates (Table S2) were to carbohydrate binding modules (CBMs), which are
non-catalytic domains typically present on modular glycoside hydrolases and promote the
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association of the enzyme to insoluble polysaccharides (Boraston et al., 2004). Further
bioinformatics analysis of the predicted structure using 3DLigandSite
(http://www.sbg.bio.ic.ac.uk/3dligandsite/) indicated that tyrosine 177 (Figure 24C) may be
involved in binding carbohydrates.

Figure 24 Genomic context of ghsA-ghsB and predicted structural model for GhsB
The genomic context of the overlapping ORFs ghsA (rcc01079) and ghsB (rcc01080) (A) and Phyre2 predicted
structural model (residues 85-256, deemed confidently predicted) of GhsB (B and C). A, The uncharacterized ORF
rcc01078 predicted to produce an SH3-domain containing protein is present upstream, and the polysaccharide
biosynthesis cluster rcc01081-1086 required for capsule production is present downstream. Annotated stop codon
for ghsA (star), start codon for ghsB (UPPERCASE) and putative ghsA/ghsB promoter (bent arrow) are indicated.
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Fragments deleted to construct ΔghsA and ΔghsB are indicated above orf. Drawn to approximate scale as indicated
by the 250 bp bar. B, Ribbon model of GhsB. C, Surface model of GhsB, showing predicted tyrosine 177 (blue)
predicted to be involved in binding carbohydrate.
The models of GhsB (B and C) were based on Phyre2 predicted structure, see text for details.

To test whether GhsB was required for RcGTA attachment to the CPS, I created a
deletion mutant of ghsB (ΔghsB) in the RcGTA overproducer strain DE442. A western blot of
culture supernatant probed with RcGTA capsid antiserum indicated that the ΔgshB mutant
releases amounts of RcGTA capsid protein similar to the parental strain (Figure 25A, bottom).
However, the transduction frequencies in experiments using the ΔghsB mutant as a source of
RcGTA were 4% of the parental strain, indicating that RcGTA particles lacking GhsB had a
severe impairment in transduction efficiency (Figure 25A, top).
To test whether ghsB is required for RcGTA to efficiently bind to cells, I assessed the
binding affinity to recipient cells by comparing the transduction frequency of a solution of
RcGTA particles before and after binding to cells. Adsorption of DE442-derived RcGTA (WTRcGTA) to capsule-producing WT strain B10 cells reduced the residual transduction frequency
to 2.7% of the value compared to a no-cells control (Figure 25B). In contrast, RcGTA from the
DE442 ΔghsB mutant (ΔGhsB-RcGTA) had a residual transduction frequency of 44% (Figure
25B). I interpret this ~16-fold difference as indicating that GhsB is required for maximal
adsorption of RcGTA to WT cells.
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Figure 25 GhsB is required for maximal adsorption of RcGTA to cells.
A, Transduction frequencies of RcGTA from overproducer DE442 and DE442 ΔghsB to WT recipient strain B10
(top), and western blot showing RcGTA capsid protein levels in cell-free culture supernatants (bottom; cropped
from the same blot). B, Cell binding affinity of RcGTA. Residual RcGTA activity in DE442 or DE442 ΔghsB
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derived supernatant after adsorption to WT B10 cells, capsule-less B10 Δ1081 and B10 Δ1932 relative to a no-cells
control. C, Macroscopic assay for capsule production by WT strains SB1003 and B10, capsule-less B10 Δ1932
mutant and RcGTA overproducer strain DE442. The presence of capsule is indicated by the absence of a tight cell
pellet. D, Transduction frequencies using cell-free culture supernatants of the WT strain SB1003, mutant SB1003
ΔghsB, and trans-complemented SB1003 ΔghsB(pCghsA-ghsB). E, Western blot showing RcGTA capsid protein
levels in the cell-free culture supernatant and cell pellet fractions of the WT strain SB1003, mutant SB1003 ΔghsB,
and trans-complemented SB1003 ΔghsB(pCghsA-ghsB). F, Transduction frequencies of rifampin resistant B10,
capsule-less B10 Δ1932 and trans-complemented B10 Δ1932(pI1932). Error bars represent the standard deviation
between three (A, C and E) or four (B) biological replicates.

To test whether the cell attachment-defects of ΔGhsB-RcGTA are dependent on capsule
production, I compared the adsorption of WT-RcGTA and ΔGhsB-RcGTA to the capsule null
mutants B10 Δ1081 and B10 Δ1932, which lack a predicted group 1 glycosyl transferase and a
WecA homologue, respectively (Brimacombe et al., 2013). No statistically significant difference
between WT-RcGTA and ΔGhsB-RcGTA binding affinity to the two CPS-mutants Δ1081 and
Δ1932 was detected (Figure 25B), indicating that the binding difference between WT-RcGTA
(containing GhsB) and ΔGhsB-RcGTA depends on CPS production by the recipient cell.
Therefore, the GhsB protein appears to be involved in binding of RcGTA to the CPS.
3.4.2

Transduction frequencies of recipient cells are highly dependent on binding of

RcGTA to CPS
In WT R. capsulatus cultures RcGTA is produced by ~0.15 to 3 % of the cells (Fogg et
al., 2012a, Hynes et al., 2012) and cells are covered by CPS (Brimacombe et al., 2013), whereas
the mutant strain DE442 is an RcGTA overproducer in which ~26% of cells produce RcGTA,
and which appears to contain a lower level of CPS than the WT strains SB1003 and B10 (Figure
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25C). Because RcGTA binding to cellular CPS appears to be dependent on GhsB (see above), it
was hypothesized that in a WT strain population GhsB-containing particles would be
predominantly bound to cells, resulting in a lower number of RcGTA particles in the culture
supernatant compared to otherwise isogenic mutant strains lacking either the RcGTA capsule
attachment factor (ΔghsB) or cellular capsule production (Δ1932).
The mutant strain SB1003 ΔghsB was found to have a 4.1-fold greater transduction
frequency when compared to the WT strain SB1003 (Figure 25D). However, a western blot
probed with RcGTA capsid antiserum indicated that the slightly increased transduction
frequency from the SB1003 ΔghsB culture supernatant was due to a greatly increased amount of
RcGTA capsid protein, compared to the parental WT strain SB1003 (Figure 25E). Similarly,
reduced levels of capsid protein were present in the cell pellet fraction of the SB1003 ΔghsB
mutant (Figure 25E). I attribute this difference between ΔghsB mutants of SB1003 (Figure 25D
and E) and DE442 (Figure 25A) to be due to a combination the greater amount of capsule
present on strain SB1003, relative to strain DE442, and the reduced amount of RcGTA produced
by strain SB1003 relative to strain DE442. To confirm that the absence of capsule in the
RcGTA-producing strain results in increased transduction frequencies of the culture supernatant,
amount of RcGTA (as indicated by transduction frequency) produced by the capsule-less B10
Δ1932 mutant was compared to the parental WT strain B10. The absence of capsule production
resulted in a 5-fold increase in transduction (Figure 25F). Therefore, in WT-derived populations
the absence of RcGTA-to-CPS binding, either from loss of GhsB on RcGTA, or loss of CPS on
producing cells, results in much more RcGTA present in the culture supernatant.

107

3.4.3

Expression of ghsA/ghsB is regulated by the phosphorelay homologues CckA-

ChpT-CtrA, and quorum sensing
The annotated start codon of ghsB overlaps the last two codons of ghsA (Figure 24A),
and so it appeared likely that these two ORFs are co-transcribed. A putative promoter upstream
of ghsA (Figure 24A) was predicted using Softberry BPROM (http://www.softberry.com/all.htm)
(Solovyev and Salamov, 2011), and a segment of DNA containing this putative promoter was
found to initiate transcription after fusion to lacZ, supporting the promoter prediction. The
resultant pXCA-ghsA promoter-reporter plasmid was used to investigate regulation of ghsA/ghsB
expression in several regulatory mutants.
RcGTA-dependent gene transduction is greatly decreased in knockout mutants of the
phosphorelay CckA-ChpT-CtrA homologues (Mercer et al., 2012), and cckA was found to be
required for lytic release of RcGTA (Westbye et al., 2013). The ghsA/ghsB promoter activity (βgalactosidase activity) of the reporter plasmid pXCA-ghsA was measured in ΔcckA, ΔchpT and
ΔctrA knockout strains, and I observed that the absence of CckA or ChpT reduced the activity to
0.3% of the parental strain, whereas the absence of CtrA reduced the activity to less than 0.1% of
parental levels (Figure 26A). Therefore, the CckA-ChpT-CtrA phosphorelay is required for
expression of ghsA/ghsB, consistent with the aforementioned microarray data.
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Figure 26 ghsA/ghsB expression is regulated by CckA-ChpT-CtrA and GtaI
Promoter activities (β-galactosidase activities) of cells containing the ghsA/ghsB promoter reporter plasmid pXCAghsA (A and C), and detection of 6xHis-tagged GhsB in the cellular fraction (normalized by OD660) (B). A, Strain
DE442 compared to mutants DE442 ΔctrA, DE442 ΔchpT and DE442 ΔcckA. B, Western blot probed with anti6xHis antibody of strain DE442 compared to mutants DE442 ΔcckA and DE555 containing plasmid pCghsAghsB_His (expresses 6xHis-tagged GhsB). C, WT strain B10 and mutant B10 ΔgtaI. Error bars represent the
standard deviation between three biological replicates.

To confirm that the reduced transcription of gshA-ghsB as indicated by the reporter
plasmid results correlated with the amount of GhsB production, I created a C-terminally 6xHistagged version of GhsB (predicted mass: 33.7 kDa), and performed a western blot of cells probed
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with an anti-6xHis antibody. A band migrating close to the 35 kDa marker was detected in the
overproducer strain DE442, and of increased intensity in the endolysin-negative lysis-deficient
strain DE555 (Figure 26B) (Westbye et al., 2013). In contrast, no band was visible for the lysisdeficient DE442 ΔcckA mutant (endolysin expression requires CckA, see section 3.1.3.1),
indicating that production of GhsB requires CckA, consistent with the promoter activity data
(Figure 26A).
RcGTA production is differentially regulated in different culture growth phases,
accomplished in part through quorum-sensing regulation. An acyl-homoserine lactone (C16acyl-HSL) synthesized by GtaI is an inducer for RcGTA and regulates CPS production
(Brimacombe et al., 2013, Schaefer et al., 2002). To test whether ghsA/ghsB expression is
similarly regulated by GtaI, I compared the promoter activity of plasmid pXCA-ghsA in the WT
strain B10 to that of the mutant B10 ΔgtaI. The promoter activity in cells lacking GtaI was
reduced to 8.5 % of the parental strain (Figure 26C), indicating that ghsA/ghsB expression is
dependent on quorum sensing.
3.4.4

GhsB is a CckA-dependent maturation factor, and located on the RcGTA capsid
Loss-of-function mutants of the putative hybrid HK gene cckA produce transduction-

deficient RcGTA particles that, although containing DNA, have altered native gel
electrophoresis migration compared to WT-RcGTA (see section 3.3.1). Based on this, I
suggested that CckA is required for the production of one or more maturation factors required for
fully functional RcGTA particles. Because cckA is required for activity of the promoter upstream
of ghsA and ghsB, I hypothesized that GhsB is a CckA-dependent maturation factor, and tested
this hypothesis by evaluation of the native gel electrophoresis migration properties of ΔGhsBRcGTA particles.
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ΔGhsB-RcGTA particles contain DNA, based on the presence of a DNase I-resistant
band that stained with ethidium bromide, which after heat treatment migrated at ~4.5 kb,
characteristic of RcGTA-DNA (Figure 27A). However, intact ΔGhsB-RcGTA migrated at a
distinctly faster rate than WT-RcGTA (Figure 27A), and this phenotype was complemented by
ghsA/ghsB in trans using plasmid pCghsA-ghsB. Therefore, GhsB appears to be a CckAdependent maturation factor. Furthermore, the migration rate of ΔGhsB-RcGTA was distinct
from that of ΔCckA-RcGTA particles (Figure 27B), and introduction of the ΔghsB mutation into
the ΔcckA strain did not alter gel migration compared to ΔcckA alone, consistent with the
requirement of CckA for GhsB expression (Figure 26A and B). Because the particles produced
by the ΔcckA and ΔcckAΔghsB strains show the same gel migration phenotype, and different
from that of ΔghsB alone, the ΔcckA mutation is dominant over the ΔghsB mutation, apparently
because maturation factors in addition to GhsB are absent in a cckA mutant.
GhsA and GhsB were reported to co-purify with RcGTA (Chen et al., 2009a), indicating
that they are components of the mature particle. It was previously suggested these two proteins
are tail fibers (Lang et al., 2012), which would be consistent with our experiments described in
the preceding text. However, some phages contain structures on the capsid that are involved in
attachment to recipient cells (Barr et al., 2013, Guerrero-Ferreira et al., 2011). With this in mind,
I deleted the RcGTA predicted major tail (tail tube) gene rcc01691, which encodes a
Phage_tail_2 PFAM family (PF06199) member and is present 5' of the predicted gpG/gpGT
chaperone genes, similar to the lambda major tail protein gene gpV (Casjens and Hendrix, 2015,
Lang and Beatty, 2001). Because RcGTA is morphologically similar to long tailed phages, this
Δ1691 mutation was expected to block the tail assembly pathway but allow for the production of
DNA-filled heads.
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Figure 27 GhsB influences RcGTA gel migration and is located on the RcGTA head.
Native agarose gel migration of intact RcGTA particles (DNase I-resistant bands) stained for DNA obtained from
indicated strains. A, DE442, mutant strain DE442 ΔghsB, and trans-complemented DE442 ΔghsB(pCghsA-ghsB).
Lanes to the right of ladder are heat released, DNase-untreated samples. B, DE442, mutant DE442 ΔghsB, the
regulatory mutant DE442 ΔcckA, and double mutant DE442 ΔcckAΔghsB. C, DE442, the major tail protein mutant
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DE442 Δ1691, mutant DE442 ΔghsB, and the double mutant DE442 Δ1691ΔghsB. D, DE442ΔcckA, DE442
ΔcckAΔghsB double mutant, DE442 ΔghsB and DE442 Δ1691ΔghsB double mutant, containing plasmids pD51A or
pD51E as indicated. E, DE442, DE442 ΔghsA, trans-complemented DE442 ΔghsA(pCghsA) and DE442
ΔghsA(pCghsA-ghsB), DE442 ΔghsB.
The ratio of the volume of sample loaded is indicated at the bottom of each lane in C.

As expected, the Δ1691 mutant was unable to perform transduction (not shown), and in
native gel electrophoresis produced a DNase I-resistant, ethidium bromide-stained faint band
with an altered migration rate compared to the WT-RcGTA (Figure 27C), which I attribute to
DNA-replete, head-only RcGTA particles. Because a lack of GhsB strongly influenced the native
gel migration of RcGTA (Figure 27A), a deletion of ghsB in the Δ1691 mutant was expected to
change the migration rate only if GhsB were associated with the head. In contrast, no migration
change would be expected if GhsB were associated with only the tail. The Δ1691/ΔghsB double
mutant produced a distinct gel band that had an increased gel migration rate compared to WTRcGTA, Δ1691-RcGTA, and ΔGhsB-RcGTA, consistent with GhsB being located on the
RcGTA head as opposed to the tail.
Expression of the phosphomimetic CtrA(D51E), but not the nonphosphorylatable
CtrA(D51A) in the ΔcckA mutant restored an RcGTA band at the position of the WT gel
migration (Figure 23A and Figure 27D), but also produced a smear or ladder-like pattern. To
investigate whether this could be due to induction of ghsB expression by CtrA(D51E), a gel
migration experiment was performed using the ΔcckAΔghsB double mutant. Expression of
CtrA(D51E), but not CtrA(D51A), in this double mutant resulted in a band similar to the ΔghsB
mutant with no smear above this band (Figure 27D), consistent with ghsB expression requiring
CtrA~P.
113

To test whether GhsA is also required for RcGTA maturation, a markerless and inframe
deletion of ghsA was created. The resultant DE442 ΔghsA strain produced a particle that
migrated at the same position as the ΔghsB mutant (Figure 27E). Introduction of ghsA in trans
from plasmid pCghsA mostly restored the WT band, although a faster-migrating smear was
observed analogous to the bands observed for CtrA(D51E) complemented strains (Figure 23A).
Introduction of plasmid pCghsA-ghsB to ΔghsA restored the WT band, with no smear.
It therefore appears that GhsA and GhsB are both maturation factors, and the absence of
ghsA produces an identical gel migration shift from DE442 to an absence of ghsB.
3.4.5

GhsA and GhsB homologues are present in two R. capsulatus phages.
Because similar Ig-domains are found in proteins that are otherwise unrelated and from

different phages, it has been proposed that such Ig-like domains present in phage genomes are
transferred extensively by horizontal gene transfer (Fraser et al., 2007). Bioinformatic analysis of
GhsA and GhsB using BLASTP (http://blast.ncbi.nlm.nih.gov) and Emboss Needle
(http://www.ebi.ac.uk/Tools/psa/emboss_needle) indicated that homologues are encoded in the
genomes of two phages reported to infect R. capsulatus. GhsA and GhsB have 48.7% and 87.7%
amino acid similarity to gp57 and gp58 of the prophage RcapMu, which is resident in the
SB1003 genome (Fogg et al., 2011). GhsA and GhsB are also similar to two proteins encoded in
the genome of phage RcapNL (unpublished, GenBank NC_020489) having 70.6% and 20.6%
similarity, respectively, to gp29 and gp30. In both cases, the two orfs are located next to each
other in the same order as ghsA and ghsB. It therefore appears possible that the ghsA and ghsB
have been acquired from either a common ancestor shared with phages infecting R. capsulatus,
or transferred by horizontal gene transfer.
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In summary, GhsB is required for efficient binding to cells containing the polysaccharide
capsule. The ghsA and ghsB genes appear to be co-transcribed, and require the CckA-ChpT-CtrA
phosphorelay and the GtaI/GtaR quorum sensing system for maximal expression.
3.4.6

An attempt to biochemically characterize GhsB
The orf encoding GhsB was cloned into expression vector pET28a(+) to create a C-

terminally 6xHis tagged recombinant protein. GhsB-6His was expressed using the IPTGinducible T7 promoter, and soluble protein purified using Ni-NTA, to a concentration of 0.7
mg/mL (Figure 28A).
Because the genetic and bioinformatics studies indicated that GhsB was a polysaccharide
binding protein that is required for RcGTA binding to the polysaccharide capsule of B10 (Figure
25), several assays were attempted to investigate interaction with the capsule. I was unable to
detect protein-cell binding (Figure 28B), inhibition of transduction or auto agglutination of cells
in the presence of 6xHis GhsB (not shown). A reproducible GhsB-dependent effect was observed
on the cell pellet of B10 during RcGTA transduction assays. After collecting cells by
centrifugation, samples containing B10 cells and GhsB protein did not form a typical pellet, but
rather formed a “smear” along the wall of the tube, which was independent of addition of
RcGTA (Figure 28C). B10 samples lacking GhsB did not show this phenotype (Figure 28C). The
effect was less pronounced for capsule-less B10Δ1932 cells, but proved less reproducible (not
shown).
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Figure 28 Production of recombinant GhsB-6His
A, SDS-PAGE of eluted fractions of C-terminally 6xHis tagged GhsB protein from Ni-NTA column, stained with
Coomassie brilliant blue. The concentration of imidazole in each elution is indicated above the lanes. B, Western
blot of B10 or capsule-less B10 Δ1932 cells incubated with purified GhsB protein, probed with anti-6xHis antibody.
Cells resuspended to OD660 of 0.3 in 50 mM NaPO4 10 mM NaCl were incubated with purified GhsB-6His protein
at indicated concentrations (above lanes) for 1h. Cells were separated from supernatant fraction by centrifugation
(16,000 rcf, 5 min), samples separated on SDS-PAGE, and western blotted. C, Effect of GhsB-6His addition to B10
cells on cell pellet formation in a transduction assay. Arrowhead indicates smear.
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3.5
3.5.1

RcGTA maturation III: electron microscopy of RcGTA
GhsB is required for the formation of head spikes, and RcGTA particles have tail

side fibers and an intricate baseplate
The initial description of RcGTA morphology reported the presence of spike-like
structures on the RcGTA capsid, and suggested the presence of a tail side fiber (Yen et al.,
1979). Because GhsB is involved in cell attachment (Figure 25B) and appears to be located on
the head (Figure 27C), we hypothesized that GhsB is involved in forming head spikes. I affinitypurified His-tagged RcGTA particles from the DE442 parental and the ΔghsB mutant strains
using a modification of the method of Chen et al. (2009), and visualized the particles using TEM
with negative staining. Images were obtained of RcGTA particles in side view (Figure 29A and
B), as well as particles that appeared to be attached head-down, tail-up (Figure 29C and D.
Additional images in Figure S4 and Figure S5). The TEM of WT-RcGTA (Figure 29A) showed
particles with an ~30 nm diameter capsid and short, striated tails (45 to 50 nm long, ~8 nm
wide), consistent with previous reports of RcGTA (Chen et al., 2009a, Yen et al., 1979).
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Figure 29 Electron micrographs of purified RcGTA particles
WT-RcGTA (A and C) and ΔGhsB-RcGTA (B and D). Images show particles that are thought to have adsorbed to
the carbon support sideways (A and B) and head down (C and D). Arrows indicate head spikes, and arrowheads
indicate side tail fibers.
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Furthermore, the micrographs clearly showed the presence of head spikes (Figure 29A,
arrows). As the micrographs were of higher resolution than previously published RcGTA
micrographs, the head spike dimension could be better measured as up to 12 nm long and
estimated to be between 4 to 7 nm wide at the base. For the RcGTA particles attached headdown, the spikes are clearly shown to radiate out from the capsid structure (Figure 29C, arrows).
Up to five spikes were observed per particle, and they appeared to be attached to the vertexes of
the capsid. No head spikes were detected for the ΔGhsB-RcGTA particles in the side view
(Figure 29B), nor for the particles attached head-down (Figure 29D). Therefore, we suggest that
the ghsB gene is needed to obtain RcGTA head spikes.
These EMs also clearly reveal the presence of three to four fiber-like structures of about
20 nm length present at the tip of the tail (Figure 29A and B, arrowheads), which appear to be
the side fiber previously suggested to exist by Yen et al. (1979). Newly visible in these images is
an electron-dense structure approximately two to three times wider than the tail, present near the
tip of the tail, above the side fiber, which could be a tail tip complex. Because of the size of this
structure, I suggest that this is a baseplate structure, analogous to the baseplates formed by the
Myoviridae T4 and many lactococcal Siphoviridae (Leiman et al., 2010, Spinelli et al., 2014). In
contrast to the absence of head spikes on the ΔghsB mutant particles, the side fiber and baseplatelike structure were clearly present on ΔGhsB-RcGTA, indicating that GhsB is required for the
formation of head spikes but not the side fiber, nor the baseplate-like structure.
3.5.2

CckA is required for correct tail assembly
ΔCckA-RcGTA migrated at a rate undistinguishable from the spike and tail-less DE442

ΔghsBΔ1691 double mutant (Figure 27D). To investigate morphological differences in the
119

ΔCckA-RcGTA, French pressed, crude cell lysate from the RcGTA overproducer DE442 and a
DE442ΔcckA mutant were analyzed by TEM. The DE442-derived lysate contained tailed as well
as tail-less capsids (Figure 30A). In contrast, the majority of particles from DE442 ΔcckA lacked
a recognizable tail structure, consisting of capsid only (Figure 30B). Furthermore, in the ΔcckA
lysate sporadic particles were observed that contained tail-like structures which appeared to have
aberrant lengths, and lacked a baseplate or tail-fiber like structure on the head-distal end (Figure
30C). These structures were similar to polytubes reported for certain tail mutants of phage
lambda (Katsura, 1990, Mount et al., 1968), and are therefore referred to as such.
To improve image quality, ΔCckA-RcGTA particles were purified from the crude lysate
using the 6xHis-tagged capsid protein (pRhoG5CTH). Confirming the observations from cell
lysate, the purified ΔCckA-RcGTA were composed mainly of isolated capsids (heads) (Figure
30D). Numerous polytubes were present (Figure 30D to F) and appeared in several instances to
be attached to the capsid (Figure 30E). It appeared that the polytubes were sensitive to the
purification or TEM procedure, as many appeared to have broken (Figure 30E and F).
Furthermore, no spikes were observed on the capsids, consistent with the requirement of CckA
for GhsB expression (Figure 26A). Therefore, the majority of particles produced by the ΔcckA
mutant are tail- and spike-less DNA-filled capsids, consistent with the results from the gel
migration assay. However, a minor fraction of the particles contains aberrant, long tail-like
structures that appear to be rigid polytubes.
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Figure 30 Polytube formation in the absence of CckA
TEM of crude lysate (A to C) or affinity purified (D to F) RcGTA particles produced by DE442 (A), or DE442
ΔcckA (B to E).
Inset shows an intact WT-RcGTA particle with head spikes, SFP and baseplate-like structure. The rounded vesiclelike structures observed in crude lysate are attributed to be membrane vesicles (chromatophores).

3.5.3

The ΔclpX mutant produces a spike-less prohead II-like structure
The capsid protein produced by the ΔclpX mutant had been proteolytically cleaved by the

prohead protease (Figure 18A), indicating the assembly of a prohead II like structure or a later
intermediate. To investigate the morphology of ΔClpX-RcGTA, particles were affinity purified
using the 6xHis capsid tag from pRhoG5CTH and analyzed by TEM.
Electron micrographs of ΔClpX-RcGTA revealed numerous capsid-only structures
Figure 31, with no sign of the tails or polytubes observed in WT-RcGTA or ΔCckA-RcGTA
samples, respectively. Furthermore, very few of the structures contained spike-like structures.
It therefore appears that the ΔclpX mutant produces capsid-only particles, analogous to
the HK97 Prohead II structures.
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Figure 31 TEM of purified ΔClpX-RcGTA
Affinity purified ΔClpX-RcGTA produced by DE442 ΔclpX showing head-only structures.
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3.6
3.6.1

RcGTA production is stimulated by amino acid depletion
Carbon depletion stimulates RcGTA transduction
RcGTA has been proposed to have an ancestor in common with a prophage, and shares

several features with the temperate phages lambda and HK97 (Lang and Beatty, 2001, Lang and
Beatty, 2007, Lang et al., 2012). Induction of lambda from lysogenized cells is stimulated by
DNA damage, but in contrast no stimulation of RcGTA production has been detected in response
to DNA-damaging agents (Campbell, 2005, Marrs, 1974). Recently, mutation of the SOS
response repressor LexA was found to inhibit RcGTA production (Kuchinski et al., 2016).
Production of RcGTA is increased when cultures enter the stationary phase (Florizone, 2006).
This is at least partly explained by quorum sensing, because maximal RcGTA production
requires homoserine lactone synthesis by GtaI (Leung et al., 2012, Schaefer et al., 2002).
However, RcGTA is still produced in the absence of GtaI, indicating that RcGTA is likely
induced by additional signals. Transition to stationary phase typically involves nutrient
depletion, and previous work in the Beatty lab had shown RcGTA production to be influenced by
the nutrient composition of the growth medium, with an increase in capsid production in media
containing reduced carbon (Taylor, 2004). To learn more about the conditions that promote
RcGTA-mediated transduction, I investigated the effects of specific nutrient depletions on
RcGTA production.
R. capsulatus SB1003 was cultured photoheterotrophically in the minimal medium RCV,
and temporarily depleted of the nutrients carbon, nitrogen or phosphate (malic acid, ammonium
sulfate or potassium phosphate, respectively) for 2 h in the late exponential phase, and assayed
for RcGTA production after 16 h of additional incubation in replete medium. Transient depletion
of carbon greatly increased the amount of RcGTA capsid protein present in the culture medium
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compared to a no-depletion control (Figure 32A). In contrast, small to no effects were observed
for nitrogen and phosphate depletion, and so I focused on the effect of carbon. The role of
phosphate concentration in the release of RcGTA has been described earlier, see Section 3.1.1.
To confirm that the increased capsid protein represented functional RcGTA, I measured
transduction frequencies of supernatant from carbon depleted cultures, and found that depletion
increased the transduction frequency 21-fold compared to the no-depletion control (Figure 32B).
Therefore, carbon depletion greatly stimulated RcGTA production.

Figure 32 Temporary carbon depletion stimulates RcGTA production
A, Western blots of SB1003 culture supernatant after carbon (C-), nitrogen (N-), phosphate (P-) or light (L-)
transient depletion, probed with RcGTA capsid antiserum. Blots from two independent experiments are shown. B,
Transduction frequencies of carbon depleted cultures.
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Because photoheterotrophic cultures of R. capsulatus utilize light, not carbon, as their
energy source, it was unlikely that the effect of carbon depletion on RcGTA production was due
to a lack of energy generation. To test this assumption, we similarly depleted cultures of light for
2 h. Cessation of growth was observed (not shown), however little to no increase in RcGTA
capsid protein was detected (Figure 32A), indicating that depletion of an energy source does not
stimulate RcGTA production.
3.6.2

Amino acid depletion induces RcGTA production
Carbon is a major nutrient and is involved in several metabolic pathways in the cell,

including amino acid, nucleotide and fatty acid biosynthesis. To investigate the effects of amino
acid depletion on RcGTA, I constructed a strain unable to synthesize the amino acid histidine by
disrupting the orf rcc01183, predicted to encode a monofunctional HisB (imidazoleglycerolphosphate dehydratase). The resultant SB1003 ΔhisB mutant was unable to grow on the minimal
medium RCV unless supplemented with exogenous histidine, indicating that the strain was
auxotrophic for histidine (not shown).
Temporary depletion of exogenous histidine increased transduction frequencies 8.2-fold
for the ΔhisB mutant compared to replete control (Figure 33A). In contrast, no increase was
observed for the prototrophic parental strain after depletion (0.76 of histidine-replete). Similarly,
RcGTA capsid protein amounts were greatly increased in the culture supernatant and increased
in the cell pellet fraction after histidine depletion of the ΔhisB mutant (Figure 33B). Similarly,
addition of the histidine biosynthesis inhibitor 3-amino-1,2,4-triazole (3AT) to WT SB1003
cultures increased transduction levels 8.9-fold compared to the DMSO (solvent for 3AT) control
(Figure 33C), and the effect of 3AT was offset by the addition of exogenous histidine (1.2-fold
of DMSO control). 3AT-treated cultures also had increased levels of RcGTA capsid protein in
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both cell pellet and supernatant fraction (Figure 33D). Therefore, RcGTA production is
stimulated by histidine depletion.
The primary RcGTA cluster appears to be transcribed from a single promoter (Florizone,
2006). To investigate whether histidine depletion stimulated the activity of this promoter, cells
containing the RcGTA promoter-lacZ reporter plasmid p601-g65 (Leung, 2010) were treated
with 3AT. 4.7-fold greater β-galactosidase activity was observed in 3AT-treated cultures
compared to a no-treatment control (Figure 33E), indicating that the stimulation of RcGTA
production by histidine depletion is due to increased transcription of the RcGTA gene cluster.
To test whether stimulation of RcGTA production was specific to histidine or did also
occur by depletion of other amino acids, I constructed a serine auxotroph by deleting rcc03445,
the predicted serB homologue (phosphoserine phosphatase). Because phosphate concentrations
modulate RcGTA release (Section 3.1.1), I also investigated the effect of amino acid depletion in
growth medium containing reduced levels of KPO4 (0.5 mM) to regular levels of phosphate (9.6
mM). Depleting the ΔserB mutant for exogenous serine increased transduction frequencies 9.2fold and 5.9-fold for cells cultured in regular and reduced levels of phosphate (Figure 34A),
respectively. Therefore, both serine and histidine depletion stimulated RcGTA production,
indicating that this stimulation of RcGTA production is an effect due to the depletion of amino
acids in general.
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Figure 33 Histidine depletion stimulates RcGTA production
A, Ratio of transduction frequencies for samples temporary depleted of exogenous histidine to non-depleted samples
for SB1003 and SB003 ΔhisB. B, Western blot of SB1003 ΔhisB culture supernatant and cell pellet fraction probed
with RcGTA capsid antiserum. Duplicate cultures were temporary depleted of exogenous histidine as indicated
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above blot. C, Transduction frequencies of SB1003 cultures treated with the histidine-biosynthesis inhibitor 3AT or
3AT and exogenous histidine. D, Western blot of SB1003 culture supernatant and cell pellet fraction after 3AT
treatment (concentration in mM indicated) probed with RcGTA capsid antiserum. E, RcGTA promoter (βgalactosidase) activity for SB1003 containing the lacZ reporter plasmid p601-g65 after treatment with 3AT.

Figure 34 Serine depletion stimulates RcGTA production in media containing normal and reduced phosphate
concentrations
Transduction frequencies of serine-depleted SB1003 ΔserB cultures. Transduction frequencies were normalized to
serine-depleted cultures grown in 0.5 mM KPO4 and expressed relative to non-depleted 9.6 mM culture for ease of
comparison to previous data.

3.6.3

The stringent response is not required for RcGTA production but regulates biofilm

formation
3.6.3.1

spoT can be disrupted in a WT background
The depletion of nutrients, particularly amino acids, results in the induction of the

stringent response in many bacteria. This response is mediated by the “alarmones” ppGpp and
pppGpp, which are global regulators of cell physiology (Hauryliuk et al., 2015). R. capsulatus
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encodes a single spoT/relA (rcc03317) homologue, which has been shown to be required for
(p)ppGpp production after amino acid depletion (Masuda and Bauer, 2004). Masuda and Bauer
(2004) attempted to disrupt this spoT homologue using a suicide plasmid approach, and
concluded it was essential in a WT background, but could be deleted in a hvrA background. In
contrast, spoT was reported to be non-essential in C. crescentus and the mutant exhibited normal
doubling times when cultivated in a complex yeast-extract/peptone medium (Lesley and Shapiro,
2008). Because R. capsulatus produces (p)ppGpp in response to amino acid depletion and
RcGTA production was stimulated by amino acid depletion, I hypothesized that induction of
RcGTA production was mediated by (p)ppGpp.
Preliminary measurements indicated that the ΔhvrA ΔspoT mutant constructed by Masuda
and Bauer (2004) produced RcGTA, and so I attempted to transduce the tetracycline resistancemarked spoT allele into the SB1003 WT strain. Tetracycline resistant colonies were obtained at a
frequency typically observed for transduction (not shown), and a colony screened by PCR
confirmed the absence of the WT-spoT allele and presence of WT-hvrA allele (Figure 35A). No
major growth defect was observed for the ΔspoT mutant during photosynthetic growth in the
complex medium YPS (Figure 35B). Plating of the mutant cultured in YPS onto RCV resulted in
similar amounts of cfu as the parental strain, indicating that the mutant was not auxotrophic (not
shown). The R. capsulatus spoT gene is therefore not essential for viability under laboratory
conditions, in contrast to a previous report (Masuda and Bauer, 2004). Furthermore, the mutant is
not auxotrophic, consistent with observations for a C. crescentus ΔspoT mutant (Lesley and
Shapiro, 2008). However, inconsistent growth including long lag phases were observed when the
mutant was cultured in minimal RCV medium, indicating a dysregulation of amino acid
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biosynthesis operons as previously reported for ppGpp-deficient E. coli and C. crescentus
(Lesley and Shapiro, 2008, Srivatsan and Wang, 2008).
In E. coli, spoT is expressed as a part of an operon together with the 5' rpoZ (Sarubbi et
al., 1989) and 3' genes trmH and recG. R. capsulatus spoT is similarly located 3' of rpoZ and
possibly expressed in an operon with rpoZ and the gene downstream of spoT (not shown). To
confirm that the spoT mutation is not polar, the spoT ORF was cloned under the control of a
modified lac promoter and introduced in trans on the resultant plasmid pIspoT.
The ΔspoT mutant strain showed a reduced pigmentation (Figure 35C and D), and this
was restored by addition of glucose to medium (Figure 35C), a phenotype previously associated
with the ΔspoT mutation (Masuda and Bauer, 2004). The spoT provided in trans restored the
ΔspoT pigmentation defect when cultured on plates (Figure 35D) and partially restored
pigmentation for liquid culture, indicating that the ΔspoT mutation is not polar.
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Figure 35 Pleiotropic phenotype of a spoT mutant
Genotypes (A) and phenotypes (B to E) of strains SB1003, SB1003 ΔspoT (single mutant) or SM05 (ΔhvrAΔspoT
double mutant). A, Verification of allele replacement. PCR products were separated by agarose gel electrophoresis
and visualized using ethidium bromide fluorescence. B, Turbidity of SB1003, SB1003 ΔspoT and trans-

132

complemented SB1003 ΔspoT(pIspoT) cultured photoheterotrophically in YPS medium. C, Culture pigmentation
after 48 h of semi-aerobic growth in liquid YPS medium with no (-) or 0.5% wt/vol (+) glucose added. D, Colony
pigmentation on solid YPS medium. Presence of complementation plasmid pIspoT or empty vector (pIND4)
indicated.
Strain SM05 is a ΔhvrAΔspoT double mutant constructed by Masuda and Bauer (2004).

3.6.3.2

A spoT mutant has increased biofilm formation
After phototrophic growth of the ΔspoT mutant in YPS, an opaque layer on the walls of

the culture tubes was observed and this layer was present, but greatly diminished, for the WT
strain and by trans-complementation of ΔspoT with plasmid pIspoT. Inspection of the material
by phase contrast microscopy revealed it to consist of cells (not shown), and the film stained blue
with crystal violet (Figure 36A). Spectrophotometric quantification of eluted crystal violet
indicated that the ΔspoT mutant produced 7.8-fold more of the film compared to WT strain
SB1003 (Figure 36B). Based on these observations, I suggest that R. capsulatus forms a biofilm
on glass during phototrophic growth and that biofilm formation is greatly increased for a ΔspoT
mutant (lacking (p)ppGpp).

133

Figure 36 SpoT is required for biofilm formation, but not RcGTA production
Biofilm formation (A and B) and transduction (C) of SB1003, SB1003 ΔspoT and trans-complemented SB1003
ΔspoT(pIspoT) strains.
A, Crystal violet-stained culture tubes after photoheterotrophic growth. B, Quantification of crystal violet staining.
C, Transduction frequency of culture supernatant.
Cells were cultured photoheterotrophically in YPS medium for all experiments. Error bars represent standard
deviation of three biological replicates.
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3.6.3.3

The (p)ppGpp-mediated stringent response is not required for RcGTA

production
RcGTA production from the ΔspoT mutant was quantified using a transduction assay, and
found to be reduced to 41% of the levels obtained for WT strain SB1003 (Figure 36C),
consistent with the positive result obtained in transduction from SM05 (ΔhvrAΔspoT) to create
the ΔspoT mutant in the SB1003 background. Therefore, spoT and its product (p)ppGpp are not
required for RcGTA production.
3.6.4

The putative general stress sigma factor EcfG is not a regulator of RcGTA
Because RcGTA production is stimulated by carbon and amino acid depletion (Figure 32,

Figure 33 and Figure 34), but does not require the stringent response (Figure 36C), I investigated
alternative regulatory mechanisms.
The R. capsulatus homologues of EcfG, NepR and PhyR were identified using BLAST
and found to be encoded by rcc02291, rcc02290 and rcc02289, respectively. To investigate
whether amino acid depletion stimulated RcGTA by this system, a ΔecfG (Δrcc02291) mutant
was constructed and investigated for RcGTA production. No dramatic difference in transduction
efficiency was observed compared to the WT strain SB1003 in the presence or absence of 3AT
(Figure 37), indicating that the putative stress sigma factor EcfG is not involved in RcGTA
production.
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Figure 37 The putative general stress sigma factor EcfG is not required for stimulation of RcGTA production
Transduction frequencies of SB1003 and SB1003 ΔecfG treated in the presence or absence of 10 mM 3AT. Error
bars represent standard deviation of the mean of at least two biological replicates.
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Chapter 4: Discussion
4.1

Lytic release of RcGTA
In this thesis, I provide extensive evidence that RcGTA is released from cells through cell

lysis, and that this is mediated by a canonical endolysin and holin system that is regulated by the
phosphorylation state of CtrA (Section 3.1). The initial characterization of an RcGTA
overproducer strain indicated that culture lysis was often observed, however no investigation into
lysis or release was performed (Yen et al., 1979). The RcGTA overproducer strain DE442, as
well as an SB1003-derived overproducer strain SBpGΔ280, was found to undergo extensive cell
lysis when cultured in media low in inorganic phosphate, with a marked decrease in culture
turbidity at the entry to stationary phase. Furthermore, evidence for a low level of cell lysis was
obtained from the WT strain SB1003 when cultured in media low in inorganic phosphate. This is
similar to the release mechanism of many dsDNA tailed phages. Induction of lysogenized
lambda results in a precisely timed cell lysis that can readily be monitored by turbidity (Garrett et
al., 1981). In contrast, the well-studied phage T4 does not exhibit a clear decrease in culture
turbidity due to lysis inhibition by released virions (see below) (Young, 1992).
4.1.1

The endolysin 555
Hynes et al. reported that the open reading frame rcc00555 encodes a putative endolysin

that is required for release of RcGTA, and the downstream rcc00556 a putative holin (Hynes et
al., 2012). 555 was found to be related to the endolysin gp61 from coliphage N4, a podovirus
(see section 3.1.2.1). The gp61 murein hydrolase has been characterized in detail and found to
cleave peptidoglycan in the same manner as the T4 lysozyme, an N-acetylmuramidase that
cleaves the β1-4 glycosidic bond between N-acetylmuramic acid and N-acetyl-D-glucosamine in
peptidoglycan (Stojkovic and Rothman-Denes, 2007, Young, 1992). Consistent with this,
137

recombinantly expressed 555 protein was capable of degrading purified peptidoglycan, as well as
lysing E. coli cells, proving that 555 has muralytic activity. Combined with the requirement of
555 for release of RcGTA, it can be concluded that 555 is a genuine endolysin.
The 555 protein was predicted to contain two domains, an N-teminal catalytic domain
involved in cleaving peptidoglycan and a C-terminal peptidoglycan binding domain. For the two
endolysins Ply118 and Ply500, produced by phages infecting the Gram-positive Listeria
monocytogenes, the cell wall (peptidoglycan) binding domain was required for lytic activity and
sufficient for targeting the protein to the cell wall (Loessner et al., 2002). It has therefore been
suggested that the peptidoglycan binding domains of modular endolysins confer substrate
recognition specificity and affinity to modular endolysins (Loessner, 2005). Although the role of
the C-terminal domain of 555 was not investigated, it likely improves the lytic activity of the
enzyme.
4.1.2

The holin 556
Like many endolysins, 555 was encoded next to the holin 556. 555 is the 5’ gene in R.

capsulatus, which is opposite to the arrangement of the lysis genes in phages lambda and P22,
and the pinholin-encoding phage 21 (Young et al., 2000).
Expression of 556 holin in E. coli halted growth and depolarized the cytoplasmic
membrane (Figure 15), consistent with the predicted role as a holin. Furthermore, low level
expression of this holin in R. capsulatus resulted in release of malate dehydrogenase to the
culture supernatant, consistent with 556 encoding a canonical holin (Figure 14). Because hole
formation would instantly kill the cell, the release of malate dehydrogenase from low level
expression must be due to triggering of the holin in a small subset of the cells, rather than a small
amount of leakage from the majority of cells. Related to this, the measured amount of pigment
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release from the DE555 strain expressing both 555 and 556 was anecdotally observed to decrease
with sub culturing (not shown), which I interpret to be a selection for mutants that no longer
expressed the holin.
No antiholin was identified for the 556 holin. For many lambdoid phages, the antiholin is
encoded by an alternate start codon of the holin gene, exemplified by lambda S105 and S107.
The open reading frame of rcc00556 does not contain the typical signature of such an antiholin, a
positively charged amino acid sequestered between two alternate start codons such as for lambda
S (Met-Lys-Met) and no likely alternate start codon is present nearby the annotated start codon
of rcc00556. Furthermore, no likely antiholin candidate was located nearby rcc00556. However,
this does not rule out the presence of an antiholin, as the phage T4 antiholin RI is encoded
separately and distant from the holin T (Ramanculov and Young, 2001) and it appears that most
endolysin-holin systems utilize an antiholin. However, precisely defined lysis is observed for
phage lambda in the absence of the antiholin (Wang et al., 2000), indicating that an antiholin is
not absolutely required for a controlled lysis event.
Because homologues of 555 and 556 are present in several other Alphaproteobacteria, it
is possible that most, if not all, RcGTA-related particles are released by this system.
4.1.3
4.1.3.1

The post-translational inhibition of cell lysis by inorganic phosphate
Inhibition of lysis is not a starvation response
In this thesis, I provide evidence that high concentrations of phosphate inhibit the lytic

release of RcGTA from R. capsulatus cells, and that this inhibitory effect occurs in both a
minimal medium (RCV) and a complex medium (YPS). This expands upon previous thesis
results that initially reported a role of phosphate in release of RcGTA capsid from cells (Leung,
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2010, Taylor, 2004). It had previously been hypothesized that the RR PhoB is involved in the
phosphate-dependent effect on RcGTA release (Leung, 2010), because PhoB mediates a
phosphate starvation response in several bacteria. Upon low (< 4 µM) levels of inorganic
phosphate in the environment, PhoB becomes phosphorylated by the HK PhoR and activates
expression of a large repertoire of genes, termed the Pho regulon, mainly involved in phosphate
acquisition (Hsieh and Wanner, 2010, Lamarche et al., 2008). Alkaline phosphatase is a member
of the Pho regulon (Wanner, 1993), and alkaline phosphatase activity is considered an indicator
of phosphate deprivation in many species.
R. capsulatus rcc03498 was found to encode a functional homologue of PhoB, as a strain
lacking this gene had reduced growth in media containing trace amounts of phosphate and did
not express alkaline phosphatase (Figure 10B and C). Because the mutant lacking PhoB
produced and released RcGTA at levels similar to WT strain (Figure 10D and E), I conclude that
RcGTA is not regulated by the PhoB-mediated phosphate starvation response. This conclusion is
consistent with the release of RcGTA from cells cultivated in media containing 2 mM phosphate
(initial concentration) (Figure 8C and E), that when harvested for RcGTA contained relatively
high levels of residual inorganic phosphate (0.4 mM) compared to the < 4 µM concentrations
needed to induce the Pho regulon, and very low alkaline phosphatase activity (Figure 10A and
B).
Multiple results appear to indicate that the inhibitory effect of phosphate on RcGTA
release is manifested at the level of protein activity, rather than a regulated genetic response to
the concentration of phosphate. In addition to RcGTA release being independent of the Pho
regulon (Figure 10), the expression of the endolysin/holin promoter was not decreased by high
levels of phosphate (Figure S2). Furthermore, the inhibitory effect of addition of phosphate to a
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culture undergoing lysis was rapid (Figure 11D), and lysis was not reduced by an inhibitor of
protein synthesis (Figure 13B), and did not require cell growth (Figure 13A). Therefore, the
effect of phosphate on lysis appears to be post-translational.
4.1.3.2

Inhibition requires phosphate in excess of typical concentrations in natural

environments of R. capsulatus
The typical habitat for Rhodobacter capsulatus and other members of the Rhodobacer
genus is eutrophic water with reduced oxygen and illumination, and several isolates have been
obtained from sewage settling ponds (Pujalte et al., 2014, Weaver et al., 1975). Phosphate is
typically a limiting nutrient for microbial growth in freshwater and marine environments
(Schindler, 1977).
The phosphate concentration in a sewage settling pond was measured to be 95 uM
(Olutiola et al., 2010), however concentrations of phosphate have been measured as low as 27
pM in lakes (Hudson et al., 2000). The maximal concentration of phosphate measured in the
seasonally anoxic fjord Saanich Inlet was found to be 5.2 µM (Zaikova et al., 2010). Therefore,
the millimolar concentrations of phosphate required to inhibit release of RcGTA is higher than
the concentration of phosphate found in most natural environments, except for highly eutrophic
environments such as Lake Erie (Howell and Nakamoto, 2009). It therefore appears unlikely that
the inhibition of RcGTA release by phosphate is an evolved regulatory mechanism, where the
concentration of phosphate is sensed by R. capsulatus to be below a threshold that results in
release of intracellularly-accumulated mature RcGTA particles.
However, optimization of the phosphate concentration in the growth medium used to
cultivate strains for production of RcGTA-like particles has allowed for more controlled
laboratory growth conditions to study RcGTA, compared to the previously used complex
141

medium YPS. Furthermore, consideration of the phosphate concentration in cultivation media
may be essential for the discovery of additional RcGTA-like GTAs, and attention to the possible
inhibition of GTA release by high concentrations of phosphate is essential when comparing
levels of production of RcGTA-like particles from strains cultivated in various growth media
(McDaniel et al., 2012).
4.1.3.3

Post-translational modulation of lysis in phage systems
The mechanism by which phosphate inhibits lysis to release RcGTA is not clear and the

results presented in this thesis do not differentiate between a post-translational regulation of lysis
by a phosphate effect on activation of the endolysin or holin, or inhibition of an unknown
antiholin resulting in triggering of the holin. However, with the exception of the complex
myoviridae T4 and related phages, the timing of lysis is thought to not be regulated in real time
but genetically encoded in the holin allele (Wang et al., 2000, Young, 1992). T4 lysis inhibition
requires an interaction between the soluble domains of T4 holin T and antiholin RI (Moussa et
al., 2012, Ramanculov and Young, 2001). No such soluble domain appears present in the holin
Rcc00556 (WHAT 2.0 analysis, not shown).
No effect of phosphate concentration on the lytic activity of recombinantly expressed
endolysin was detected (Figure 15A), indicating that phosphate does not inhibit the catalytic
activity of the Rcc00555 endolysin. Because no signal anchor sequence for export through the
sec pathway was detected for Rcc00555, and because Rcc00556 appears to encode a canonical
holin (and not a pinholin, see section 4.1.2), the endolysin is most likely confined to the
cytoplasm and only released to the periplasm by the activation of the holin. Phosphate could
potentially inhibit the triggering of the Rcc00556 holin. However, DE555 expressing the holin
constitutively in trans from pI556Gm was found to release increased levels of malate
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dehydrogenase when cultured in 10 mM compared to 0.5 mM KPO4 (Figure S6), apparently
contradictory to an inhibition of Rcc00556 holin triggering by phosphate.
The spanin complex produced by phage lambda is required for lysis of E. coli in a
medium containing millimolar but not low concentrations of divalent cations (Zhang and Young,
1999). No homologues of the lambda spanins Rz and Rz1 (Berry et al., 2012) were identified in
R. capsulatus, however an extensive systematic search was not attempted. There is a very large
diversity of spanins encoded by phages that have an equivalent function to Rz/Rz1, yet little to
no sequence similarity (Summer et al., 2007). Spanins often require manual inspection of the
genome to be located (Young, 2014), a daunting task considering the size of the 3.7 Mb
chromosome of R. capsulatus (Strnad et al., 2010). Although it is possible that the effect of
inorganic phosphate (an anion) on R. capsulatus cell lysis is due to stabilization of the cells,
analogous to the effect of divalent cations in a spanin-deficient lambda infection, microscopic
investigation indicate this to not be the case. In the absence of Rz/Rz1 and high concentrations of
divalent cations, E. coli cells round up (Berry et al., 2012). In contrast, DE442 cells cultured in
high levels of phosphate retain their rod-like shape, which appears to indicate an intact cell wall
and that the effect of high concentrations of phosphate on lysis occurs prior to degradation of the
peptidoglycan layer by the endolysin.
4.2

Regulation of RcGTA release by the phosphorelay CckA-ChpT-CtrA
The release of RcGTA from cells was reported to be influenced by the phosphorylation of

CtrA (Mercer et al., 2012).
I discovered that RcGTA is released from cells by lysis mediated by the endolysin 555
and holin 556 (see section 4.1). Expression of this lysis system was found to be regulated by
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CckA, ChpT and CtrA, and the lysis-dependent release of LH2 pigments to the culture medium
from RcGTA overproducers proved to be a good indicator of cell lysis.
4.2.1

Cell lysis requires phosphorylation of CtrA
The overproducer strain DE442 was used as a model for cell lysis, and ctrA, chpT and

cckA were found to be required for lysis (Figure 16). Using a phosphomimetic CtrA mutant and a
predicted kinase-deficient mutant of CckA, I have shown that the CckA-ChpT-CtrA
phosphorelay is required for cell lysis, and that lysis appears to require phosphorylation of CtrA
(Figure 16). The requirement for CtrA phosphorylation for lysis was confirmed by a ΔcckA
mutation in the WT SB1003-derived SBpGΔ280 mutant. This is consistent with a study on
RcGTA capsid release by Mercer et al (2012) that found that phosphomimetic CtrA(D51E), but
not non-phosphorylatable CtrA(D51A) resulted in release of capsid protein from a ΔctrA mutant.
4.3

Regulation of RcGTA maturation and lysis by the phosphorelay CckA-ChpT-CtrA
RcGTA was first visualized and described as a phage-like particle in in 1974 (Yen et al.,

1979). A subsequent TEM of affinity-purified RcGTA was later published (Chen et al., 2009a),
however the TEM provided were of inferior quality to the initial publication. In this thesis, I
present TEM of affinity-purified RcGTA particles of a much higher resolution than the
previously published ones. The TEM (Figure 29) clearly show that RcGTA has head spikes and
side tail fibers, previously suggested to be present by Yen et al. (1979). Additionally, a
baseplate-like structure was observed that had previously escaped notice.
Other Alphaproteobacteria that contain a gene cluster homologous to the RcGTA primary
cluster have been reported to produce GTAs, and TEMs have been provided for GTAs from R.
pomeroyi and R. nubinhibens (Biers et al., 2008, McDaniel et al., 2010, McDaniel et al., 2012).
However, caution should be taken in interpreting their TEM data, as the particles attributed to be
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GTAs in these electron micrographs do not have tails, despite the presence of tail protein
homologues in their RcGTA-like gene clusters. The requirement for the tail of RcGTA was
confirmed by a Δ1691 mutant, lacking the predicted tail tube protein-encoding gene, which was
not capable of transduction (not shown).
4.3.1

RcGTA production and maturation is regulated by CtrA phosphorylation
The phosphorylation state of CtrA was previously reported to influence RcGTA

production, with both phosphorylated and unphosphorylated forms reported to stimulate RcGTA
production. Unphosphorylated CtrA strongly stimulated RcGTA capsid production, but not
release, whereas CtrA~P was a weak stimulator of capsid production and allowed release
(Mercer et al., 2012). The lytic release of RcGTA was found to require CtrA~P (see section
3.1.3.2). The phosphorylation state of CtrA was also found to be important for the maturation of
RcGTA. Both a ΔcckA mutant and ΔctrA strain expressing the unphosphorylated CtrA(D51A)
produced the RcGTA-specific DNase I protected band indicative of capsid formation and DNA
packaging. However, TEM analysis indicated that this particle differed from the WT-RcGTA
particles by containing mostly heads lacking both spikes (see below) and tails. This is supported
by gel electrophoresis migration of the particles: The migration rate of the DNase I-resistant
band from a ΔcckA mutant was undistinguishable from that produced by a mutant lacking both
the head spike protein GhsB and the predicted tail tube protein encoded by rcc001691 (Figure
27D).

Tail and head assembly follow two separate pathways for long tailed dsDNA phages
(Myoviridae and Siphoviridae), and these converge to form mature virions. Closer inspection of
the particles produced by a ΔcckA mutant revealed what appear to be polytubes (or possibly
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polytails). Similar structures have been reported for phage lambda and recently for phage TP9011 (Katsura, 1990, Mount et al., 1968, Stockdale et al., 2015). The WT-RcGTA contained both a
baseplate-like structure at the tip of the tail and side fibers, whereas none of the polymeric taillike structures observed for the ΔcckA mutant contained these structures. Therefore, these
RcGTA mutant structures appeared more similar to lambda polytubes than to polytails. Although
it is possible that all the observed polytubes were broken polytails, and that the attributed ends
were the middle of a polytail, this appears less likely than an explanation that the baseplate-like
structure and fibers were never present. It therefore appears that in the absence of CtrA~P,
polytubes are formed. Because the order of genes is conserved for many tailed phages, the
homologues of lambda tail terminase gpU and the gpG/gpGT chaperones are likely the orfs
rcc01690 and rcc01692/rcc01693, respectively. RNA microarray expression data obtained in
collaboration with A. Lang at Memorial University indicates that all orfs in the primary gene
cluster, including the three above, are expressed in the cckA mutant. Furthermore, no dramatic
changes in expression of any of the genes relative to the tail tube encoding rcc01691 or capsid
gene was observed for the ΔcckA mutant versus the WT strain SB1003 (not shown). Therefore,
polytube formation appears not to be due to absence of mRNA for parts of the gene cluster in the
ΔcckA mutant.
It is possible that CtrA~P is required for a post-transcriptional control of production or
processing of a tail protein, however I have not performed experiments to investigate this in
detail. The lambda TMP protein gpH is proteolytically cleaved during tail assembly after
polymerization of the tail (Tsui and Hendrix, 1983). The central fiber proteins Tal2009 and ORF47
from the Gram-positive infecting phages Tuc2009 and TP901-1 are proteolytically processed
with both fragments present in the tail of assembled particles, and for Tal2009 this cleavage was
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shown to be self-mediated (Kenny et al., 2004, Vegge et al., 2005). Analogously, a small Nterminal peptide of RcGTA g15, the putative central fiber protein of RcGTA was present in
purified RcGTA, indicating that g15 might similarly undergo proteolytic cleavage (Chen et al.,
2009a). Because the TMP and central fiber protein are required for tail assembly, a hypothetical
absence of cleavage in the ΔcckA mutant could prevent RcGTA tail assembly.
The absence of a tail explains the extremely low transduction frequencies observed from
the artificial French press lysate of the ΔcckA mutant (Figure 22). The tail of a tailed phage is
required for infectivity and injection of DNA into the host (Davidson et al., 2012), and so the
tail-less ΔCckA-RcGTA would not be expected to transfer the DNA contained in the head to a
recipient cell.
4.3.2
4.3.2.1

A bacterial protease or chaperone – possible roles for ClpX(P) in maturation
The RcGTA defects of a ΔclpX mutant
The ClpX protein, which is a subunit of the ClpXP protease in various bacteria, is

required for RcGTA transduction and control of CtrA levels (Figure 18B and E). In the absence
of ClpX, maturation of RcGTA appears to have stalled at a stage similar to Prohead II of HK97
(Figure 23D and Figure 31) (Hendrix and Johnson, 2012). It is possible that ClpX is required for
full expansion of the RcGTA capsid, a step that is required for maturation of tailed phages and
occurs alongside DNA packaging (Aksyuk and Rossmann, 2011). For lamba, expansion is
thought to be triggered by DNA packaging whereas for T4 it can occur in the absence of DNA
packaging (Fuller et al., 2007, Rao and Black, 1985). Because no DNase I-protected DNA was
observed for ΔClpX-RcGTA, such an absence of expansion could result from an absence of
DNA packaging.
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An absence of DNA from an immature capsid could also result from DNA-leakage after
packaging, and so it is therefore also possible that ClpX is required for the retention of packaged
DNA. For most phages, retention of DNA in the capsid after packaging requires two neck
proteins, one which is a stopper protein that plugs the portal (Aksyuk and Rossmann, 2011,
Tavares et al., 2012). For phage lambda this stopper function is attributed to the protein gpW
(Perucchetti et al., 1988). The stopper function is provided by protein gp16 for phage SPP1. This
protein forms a dodecameric ring that prevents DNA exit partly by formation of covalent
disulfide bonds between the monomers (Lhuillier et al., 2009). A mutant lacking the RcGTA orfs
g6 to g15 was found to produce cleaved capsid protein, but no DNase I-resistant DNA was
observed (not shown) indicating that DNA was likely not retained in the capsid, or less plausibly,
not packaged. By comparison to phage SPP1 and HK97, this stopper is likely encoded by
RcGTA g6 or g7 (not shown). Because spikes were not present in the ΔClpX-RcGTA, and such
decorating proteins appear to typically be attached after DNA packaging (Aksyuk and
Rossmann, 2011) it appear likely that the ΔclpX mutant never completes (or possibly, does not
initiate) DNA packaging.
4.3.2.2

A protease component or standalone chaperone – two roles for ClpX
It is unclear how ClpX is required for proper maturation of RcGTA. ClpX is a component

of the ClpXP protease in diverse species (where it acts as a chaperone, ClpP is the peptidase),
and it is possible that in R. capsulatus ClpXP is required for complete or partial degradation of a
protein (Baker and Sauer, 2012). However, ClpX also has chaperone activity independent of
ClpP (see below).
Many phage (and viral) proteins, or proteins required for phage production, are
proteolytically cleaved by host proteins (Gottesman, 2003, Hellen and Wimmer, 1992, Hershko
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and Fry, 1975). ClpXP was shown to degrade the phage lambda DNA replication protein O by
recognizing a C-terminal sequence (Gonciarz-Swiatek et al., 1999). Lambda O is required for
lambda DNA replication and binds to repeats in lambda ori, and together with lambda P and the
E. coli helicase DnaB forms a preprimosomal complex to stimulate the initiation of DNA
synthesis. Lambda O is considered extremely unstable with a half-life of 90 seconds in vivo, but
formation of the preprimosomal complex stabilizes it against degradation by ClpXP (Zylicz et
al., 1998).
Lambda O is considered to have a similar role to the bacterial replication initiator factor
DnaA (Mott and Berger, 2007). Although no role of DnaA has been reported for RcGTA
production, it is noteworthy that the Caulobacter crescentus DnaA protein is degraded in the
stationary phase by a ClpP-dependent protease, possibly ClpXP (Gorbatyuk and Marczynski,
2005). However, other researchers have reported DnaA to be degraded by the Lon protease
(Leslie et al., 2015).
The lambda cII protein, the master regulator of the lysis/lysogeny decision, is targeted by
the membrane bound E. coli protease FtsH (also known as HflB) (Casjens and Hendrix, 2015).
The C-terminal tail of cII is specifically recognized by FtsH, and the phage protein cIII acts as an
inhibitor of proteolysis (Kobiler et al., 2002).
In addition to control of protein turnover through complete degradation of targets, ClpXP
has recently been found to partially degrade some proteins, such as the DNA clamp loader
protein DnaX in C. crescentus. The processing generates a shorter γ isoform of DnaX that is
required (together with the longer τ-form) for normal growth, and the ability to process the τform to the shorter γ was important for a DNA damage response (Vass and Chien, 2013).
Therefore it is possible that ClpX is required for processing of an RcGTA protein.
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Chaperones have been implicated in the assembly of several phages, and it is recognized
that ClpX is active as a chaperone independent of ClpP. ClpX was found to promote binding of
lambda O to DNA (Wawrzynow et al., 1995). ClpX, but not ClpP, is essential for replication of
E. coli phage Mu and is required to disassemble tetrameric complexes of the MuA transposase to
allow for new rounds of transposition (Levchenko et al., 1995). A role for ClpX independent of
ClpP is also supported by the observation of Baker and Sauer (2012) that some organisms
contain ClpX but lack ClpP.
The assembly of lambda and T4 heads, as well as T5 tails, requires the E. coli
GroEL/GroES chaperonin. For lambda, the head deficiency was attributed to a requirement for
GroEL/GroES in the assembly of the portal ((Ang et al., 2000, Tilly et al., 1981) and references
therein).
ClpXP is known to degrade CtrA in C. crescentus (Jenal and Fuchs, 1998) and ClpXP
appears to regulate the level of CtrA in R. capsulatus (Figure 18E). Both the presence of CtrA
and the prosphorylation of CtrA are required for RcGTA production, maturation and release
((Mercer et al., 2012), Figure 16 and Figure 23). It is possible that degradation of CtrA by ClpXP
is required during the maturation process of RcGTA, although an absence of CtrA would have to
be transient because phosphorylated CtrA is required for the release of mature particles (Figure
16). It could be speculated that ClpXP specifically degrades non-phosphorylated CtrA, however
experiments on C. crescentus indicate that ClpXP degrades both phosphorylated and
unphosphorylated CtrA (Domian et al., 1997).
The experiments performed with R. capsulatus are unable to distinguish whether the
requirement of ClpX for RcGTA maturation is due to a defect in ClpXP-dependent degradation
of a protein, a ClpX-mediated chaperone activity or both. Furthermore, it is unclear whether the
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defect is mediated by the absence of degradation/folding of a general regulatory protein (such as
CtrA) or an RcGTA-specific protein.
4.3.3

RcGTA maturation requires the production of a CPS-binding head spike
In addition to regulating tail assembly, the CckA-ChpT-CtrA phosphorelay was found to

be required for expression of ghsA-ghsB (formerly rcc01079 and rcc01080). Head spike
production required GhsB, an apparently carbohydrate-binding protein with a predicted Ig-like
fold. In the absence of GhsB, RcGTA particles had reduced binding affinity to encapsulated
cells, but not to non-encapsulated cells, indicating that the spikes are involved in binding to CPS
(Figure 25). Because ghsB appears to be co-transcribed with the 5’ ghsA and the gel migration of
the ΔghsA mutant was the same as that of the ΔghsB mutant (Figure 27E), I propose that both are
required for spike production.
In the absence of CckA, no spikes were visible on the RcGTA heads (Figure 30)
consistent with the requirement for CckA for expression of GhsA and GhsB (Figure 26). This
interpretation is supported by genome microarray data obtained from a ΔctrA mutant by Mercer
et al. (2010; supplemental material), which indicated that ghsA and ghsB require CtrA for
expression. In contrast, neither of the genes flanking ghsA/ghsB showed differential expression
in the ΔctrA mutant, consistent with ghsA/ghsB being transcriptionally isolated and co-expressed.
Additionally, expression of ghsA/ghsB was found to require GtaI, another regulator of RcGTA
production and recipient capability. Because the ghsA/ghsB promoter was active in the ΔclpX
mutant (Figure 18), but no spikes were present on the ΔClpX-RcGTA (Figure 31), it appears that
formation of a procapsid and expression of ghsA/ghsB is not sufficient for the decoration of the
procapsid with spikes.
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4.3.4

Presence of exposed proteins involved in attachment to a cell on the capsids of

tailed phage (and GTA) may be common
Because head spikes were not essential for transduction, but increased binding to cells,
the spikes appear to be involved in the initial recognition and attachment to the cells. For tailed
phages the initial binding to cells is often mediated by fibers located at the tail tip complex at the
head-distal end of the tail (Fokine and Rossmann, 2014), and according to Casjens and Hendrix
(2015): “In all [tailed] phages where it has been studied in detail, fibers or spikes at the distal tip
of the tail make the first interaction with the host”. In contrast, tail-less icosahedral phages have
been reported to recognize and bind to their host using spike proteins present on the capsid.
Phage phiX174 recognizes the lipopolysaccharide (LPS) of E. coli using spikes present on the
capsid (Inagaki et al., 2003). Similarly, the membrane-containing phage PRD1 has pentameric
spikes, which were suggested to be involved in receptor-binding (Huiskonen et al., 2004).
It has become clear that many phages display Ig-like domain proteins, and it was
proposed that these Ig-like domains facilitate adsorption of phages to the carbohydrates present
on the cell surface, or alternatively, to degrade polysaccharides to access the membrane (Fraser
et al., 2007, Fraser et al., 2006). Although no Ig-like domains were detected by PFAM or
SMART for GhsB, it appears that GhsB may be distantly related to carbohydrate-binding
proteins that contain CBM folds or Ig-like domains based on my Phyre2 (Figure 24B and C, and
Table S2) and Swissmodel analyses (not shown). The structure of the most common CBM folds
and that of Ig-like domains are similar, as both contain a β-sandwich comprised of two sheets of
antiparallel β-strands. Furthermore, some CBMs have a canonical Ig-like domain (Boraston et
al., 2004, Halaby and Mornon, 1998), and the majority of the CBMs (Table S2) are members of
the Type B fold, which recognizes polymeric glycan chains (Boraston et al., 2004).
152

Several tailed phages decorate their capsid scaffold with additional proteins, some of
which contain Ig-like domains. The T4 highly immunogenic outer protein (Hoc) contains three
Ig-like domains and binds to metazoan mucin, apparently increasing the concentration of phages
in the intestinal tract (Barr et al., 2013, Sathaliyawala et al., 2010). The major capsid protein gp8
of phi29 contains an Ig-like domain and forms the attachment site for the head fiber protein
gp8.5 (Xiang and Rossmann, 2011). Some decorating proteins may confer increased stability to
the capsid structure, such as the T4 Soc protein (which lacks an Ig-domain) that acts as a clamp
between neighbouring capsid hexamers (Qin et al., 2010). However, most of such proteins have
no known function. The Bacillus subtilis phage SPP1 has spikes made up from gp12, which
contains a collagen-like fold, but the function is unknown (White et al., 2012). The single horn
per capsid produced by phage Syn5 has no recognized role (Pope et al., 2007), although its
triangular shape is morphologically similar to the spikes present on RcGTA, despite being larger
(50 nm vs 12 nm long, respectively). Although the horn appears dispensable for infection of
Synechococcus sp. WH8109, the laboratory host of Syn5, it is possible that the horn is involved
in attachment to cells in the natural environment of Syn5. The flagellotropic phages CbK and
Cb13 that infect C. crescentus have a hook-like structure on the head of phages that appears to
aid in the attachment to the flagellum (Guerrero-Ferreira et al., 2011). Because C. crescentus,
Synecococcus and R. capsulatus are all aquatic bacteria, it is possible that these structures have
evolved to aid in attachment to dispersed cells, and/or to prevent diffusion from local high
concentrations of cells to the greater aquatic environment. Because RcGTA is produced by a
small subset of the cells, and because both the production of and the ability to bind RcGTA
particles are increased at high cell densities (Brimacombe et al., 2013, Leung et al., 2012), I
speculate that one biological role of the head spikes is to prevent diffusion of RcGTA away from
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a local community of related cells. Furthermore, it may be relatively common for tailed phages
and phage-like particles to utilize proteins on the capsid for adhesion and attachment.
4.3.5

The GhsB protein may require another factor for capsule-binding activity
I attempted to biochemically characterise GhsB by expressing a C-terminally 6xHis

tagged protein in E. coli. Although I was able to purify soluble protein (Figure 28A), I was not
able to detect binding of the isolated protein to cells. This may indicate that despite appearing to
be distantly related to carbohydrate-binding proteins and being required for efficient binding of
RcGTA to CPS, GhsB may be a linker protein which itself does not bind CPS, but rather is
required for a separate carbohydrate-binding protein to attach to RcGTA to form functional
spikes. Alternatively, it is possible that the purified GhsB, despite being soluble in E. coli,
requires an R. capsulatus-specific chaperone for proper folding, post-translational modification,
or another component to yield a biologically active protein.
This possible accessory factor may be encoded by ghsA, which appears to be cotranscribed with ghsB. A ΔghsA mutant produced particles with a native gel migration
indistinguishable from the ΔghsB mutant (Figure 27). It was reported that two proteins, gp53 and
gp54, make up the horn of phage Syn5 (Raytcheva et al., 2014). Analogously, several tail fibers
require a chaperone for folding, including the lambda SFP and T4 gp37 proteins (Matsui et al.,
1997), and this chaperone gene is often located next to the fiber protein gene (Davidson et al.,
2012). I therefore speculate that GhsA interacts with GhsB, and may possibly be a chaperone
required for proper GhsB folding, or associate with GhsB to form a polysaccharide-binding
complex. Alternatively, GhsA may form a linker that anchors GhsB to the capsid, or (although
unlikely) GhsB may be a linker that anchors a polysaccharide-binding GhsA to the capsid.
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Fraser et al. (2007) suggested that many Ig-like domains encoded by phage genomes are
attached to proteins by programmed translational frameshifts. Although the overlapping GhsA
and GhsB appear in silico to have the potential for a frameshift, there is no indication that this
occurs. GhsA and GhsB were detected to migrate in SDS-PAGE close to their predicted size of
10 kDa and 35 kDa, respectively, by Chen et al. (2009), and I similarly detected a 6xHis-tagged
GhsB of ~35 kDa. Although it is conceivable that the two orfs are co-translated due to a
frameshift and later proteolytically cleaved precisely at a residue close to the point of a
frameshift, I consider this to be unlikely.
4.4
4.4.1

Possible roles of the enigmatic DivL
DivL regulates RcGTA apparently by modulating CckA kinase activity
A truncated homologue of the C. crescentus DivL was found to be involved in regulation

of RcGTA (Figure 21A to C). Surprisingly, effect of a ΔdivL mutation on RcGTA production
was opposite for the WT SB1003 and the RcGTA overproducer DE442 (Figure 21A and B).
In C. crescentus, DivL stimulates the kinase activity of CckA, presumably by a proteinprotein interaction, and thereby promotes CtrA phosphorylation and stabilization against ClpXPmediated degradation, and this activation of CckA by DivL is controlled by the RR DivK
(Tsokos and Laub, 2012, Tsokos et al., 2011). Phosphorylated DivK binds to the pseudo-DHp
domain of DivL to inhibit CckA kinase activity (Childers et al., 2014). The phosphorylation
status of DivK is regulated by PleC and DivJ (Curtis and Brun, 2010). R. sphaeroides has been
reported to lack the PleC-DivJ-DivK signaling system (Brilli et al., 2010) and I did not detect
homologues of this system in R. capsulatus. As with other Alphaproteobacteria that lack PleCDivJ-DivK (Brilli et al., 2010), R. capsulatus DivL lacks the DHp domain (Figure 20).
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Experiments measuring CtrA~P-dependent lysis of DE442 indicated that DivL is
required for CtrA phosphorylation, and involved in regulating CckA kinase activity (Figure 21D
and E). Similarly, loss of DivL reduced, but did not abolish, cell lysis for a recent SB1003derived Δ280 overproducer strain, which indicate that DivL is not required for CckA kinase
activity in SB1003Δ280.
No clear explanation for the opposite effects of a ΔdivL mutation on transduction in
SB1003 and DE442 background presented itself. However, the opposite ΔdivL phenotype may
indicate that there exist more factors in the regulation of CckA-ChpT-CtrA in R. capsulatus than
currently appreciated. Strain DE442 contains multiple point mutations and lacks the 133 kb
plasmid pRCB133 compared to SB1003 (Ding et al., 2014, Hynes et al., 2012). It is therefore
possible that the difference between SB1003 and DE442 is due to absence of a CckA-stimulatory
protein. A transposon screen was attempted to isolate such a mutant in a SBpGΔ280ΔdivL
background using the ghsA/ghsB promoter-lacZ reporter (which produces β-galactosidase in
SBpGΔ280ΔdivL, but not in DE442ΔdivL) however no putative candidates were identified.
Mutations that delay phage-mediated cell lysis have been shown to drastically increase
the number of phages produced per cell (Josslin, 1970, Reader and Siminovitch, 1971). The
ΔdivL mutation in the SBpGΔ280 background decreased but did not abolish the number of cells
that lysed, and because cell lysis requires CtrA~P, it is possible that an SB1003-derived ΔdivL
mutant has decreased levels of CtrA~P or phosphorylates CtrA at a later stage during growth,
resulting in a delayed lysis. This possibility could be tested by incubating cultures for longer
periods of time, and monitoring the culture turbidity however this has not been investigated in
detail.
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Cells expressing the nonphosphorylatable CtrA(D51A) produce much more RcGTA
capsid protein than cells expressing WT CtrA or the phosphomimetic CtrA(D51E) (Mercer et al.,
2012), although no explanation for this observation has been proposed.
The dramatic increase in RcGTA capsid production (and transduction) for SB1003 ΔdivL
compared to SB1003 (Figure 21B and C) was not reflected at the transcriptional level. The betagalactosidase activity of ΔdivL cells containing the RcGTA promoter-reporter plasmid p601-g65
was similar to that of the ΔcckA and ΔchpT mutants (Figure 21D), and no noticeable increase in
the percentage of cells expressing the RcGTA promoter was observed using a fluorescent
reporter (not shown, (Fogg et al., 2012a)). Although a small increase in capsid production was
observed from the ΔcckA mutant (Figure 22A), this increase appeared much smaller than the
increase for the ΔdivL mutation. It is therefore possible that the effect of the absence of DivL
occurs at the post-transcriptional level, by an unknown mechanism.
4.4.2

DivL likely regulates CckA through the PAS domains
Childers et al. (2014) reported that the DivL PAS domains were involved in modulating

the specificity of DivL to DivK~P over DivK, and speculated that binding of DivK~P to DivL
could alter the conformation of the PAS domain of DivL. This in turn could influence the
structure and function of CckA, thereby regulating the CckA-ChpT-CtrA pathway (Childers et
al., 2014). The results obtained for R. capsulatus are consistent with DivL having a role in
regulation of CckA activity, and since the R. capsulatus DivL protein lacks the DHp and CA
domains, this supports the proposal by Childers et al. (2014) that it is the PAS domains of C.
crescentus DivL modulates CckA.
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4.5

Three separate clusters required for RcGTA production are regulated by the same

regulatory systems
Despite RcGTA being encoded by (at least) three separate loci (the primary RcGTA
cluster, the endolysin-holin genes, and the GhsA/GhsB head spike encoding genes), the
promoters of all three clusters are regulated by the by the CckA-ChpT-CtrA phosphorelay.
Expression of the primary gene cluster (Leung et al., 2012) and the head spike genes (Figure
26C) are furthermore regulated by an acyl homoserine lactone synthesized by GtaI (regulation of
the lysis genes by GtaI was not investigated). This phosphorelay also regulated maturation of
RcGTA (see section 3.3 and 3.5.2), to my knowledge the first example of a HK and RR
regulating assembly of a phage-like particle, or phage.
GtaI/GtaR and CckA-ChpT-CtrA are furthermore involved in regulating RcGTA
recipient capability. GtaI is required for expression of the polysaccharide biosynthetic gene
cluster located directly 3' of ghsA/ghsB. This biosynthesis cluster is required for the production
of the CPS receptor for RcGTA (Brimacombe et al., 2013). Recipient cells lacking CtrA are
unable to receive alleles by RcGTA-mediated transduction (Brimacombe et al., 2014), at least in
part due to lack of expression in a ΔctrA mutant of a natural transformation-like system essential
for RcGTA recipient capability (Brimacombe et al., 2015).
4.6

Amino acid depletion and effects on RcGTA production
Bacteria monitor their physiological state and adjust their gene expression accordingly.

Building on previous unpublished results from our lab, I’ve found that the stimulation of RcGTA
production by carbon nutrient depletion is replicated by transient depletion of amino acids
(Figure 32 and Figure 33). The depletion of nutrients, and particularly depletion of amino acids
in several species initiates a global starvation response mediated by ppGpp. This stringent
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response has been studied in several organisms including E. coli and C. crescentus. It appeared
possible that a stringent response initiated at the entry to stationary phase induced RcGTA
production. However, a mutant lacking SpoT, which is required for ppGpp production in R.
capsulatus (Masuda and Bauer, 2004), still produces RcGTA indicating that the stringent
response is not required for RcGTA production. It therefore appears likely that the increased
production of RcGTA after carbon or amino acid depletion is not due to stimulation by the
stringent response, although experiments depleting the ΔspoT mutant of of carbon or treatment
with 3AT to test this directly did not yield consistent results (not shown).
CtrA is required for RcGTA production. In C. crescentus, the levels of CtrA fluctuate
during the cell cycle, due in part to degradation by ClpXP (Curtis and Brun, 2010). Carbon
depletion has been shown to influence levels of CtrA. Lesley et al. reported that carbon
starvation of C. crescentus swarmer cells blocks the transition to stalked cells, and levels of CtrA
are stabilized. However, levels of CtrA are restored in the non-starved samples as stalked cells
initiate another round of replication and division, whereas it remains low in the swarmer cells
(Lesley and Shapiro, 2008).
In contrast, nitrogen depletion does not appear to have a strong effect on CtrA levels
(Gorbatyuk and Marczynski, 2005). Another study found that CtrA levels from a mixed
population of C. crescentus cells were reduced to 50% after 30 min of carbon starvation, and
reported that the re-accumulation of CtrA depended on the general stress response sigma factor
SigT (EcfG) (Britos et al., 2011). Combined nitrogen and carbon depletion has recently been
shown to halt Sinorhizobium meliloti cells in the G1 phase, and allowed for cell synchronization.
The growth arrest was assumed to be mediated by (p)ppGpp, however this assumption was not
tested. (De Nisco et al., 2014).
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It is possible that altered levels of CtrA are responsible for the stimulation of RcGTA
production (see below for one possible mechanism). If a fluctuation in the level of CtrA after
carbon depletion is responsible for the observed effect on RcGTA, it would indicate that in
contrast to C. crescentus, the levels of CtrA are not affected by EcfG in R. capsulatus (Figure
37).
Ribosomes that pause or stall during translation use the tmRNA system to modify and
release the peptide, attaching a C-terminal ssrA tag (see section 1.7.5). In E. coli, this targets the
peptide for degradation by cellular proteases, primarily ClpXP, but also ClpAP and FtsH
(Barends et al., 2011, Moore and Sauer, 2007). The tmRNA system has been implicated in the
life cycle of several phages, including phage Mu, and is thought to allow the phage to monitor
the fitness of the host (Moore and Sauer, 2007, Ranquet et al., 2001). The ClpXP protease was
reported to be present as a few copies in E. coli that could be saturated by overproducing proteins
with artificial ssrA tags (Baker and Sauer, 2012). Interestingly, the C. crescentus ssrA RNA is
cell-cycle regulated; strains lacking the tmRNA system have delayed replication initiation, and
the timing of CtrA degradation relative to replication is dysregulated (Keiler and Shapiro, 2003b,
Keiler and Shapiro, 2003a).
Amino acid depletion of R. capsulatus likely reduces the pool of aminoacylated tRNA,
which could lead to a saturation of ClpXP by ssrA-tagged peptides and higher levels of CtrA.
The CtrA levels in R. capsulatus after carbon or amino acid depletion was not investigated.
Because only temporary, but not continued, histidine depletion increased RcGTA
production (Figure 33 and Figure S7) it appears possible that the effect on RcGTA production is
a result of the sudden availability of nutrients rather than absence of nutrients. However, this is
contradicted by previous unpublished experiments in which it was found that RcGTA production
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was stimulated when cultures entered a premature stationary phase in a growth medium low in
carbon, compared to a replete medium (Taylor, 2004).
4.7

Transduction assays can misrepresent GTA production
The classical method to determine the levels of GTA production is a transduction

bioassay using a culture supernatant, filtered to remove cells. Such assays do not address whether
different transduction levels are due to altered levels of GTA particles or an altered transductionefficiency per GTA particle. As the transduction assay results for the production of RcGTA
particles by mutant strain SB1003ΔghsB showed, a mutation that exhibited a decreased
transduction efficiency per particle (Figure 25A) yielded an increased transduction frequency in
the culture (Figure 25D), due to an increased amount of RcGTA present in the fraction
(supernatant) used for the assay (Figure 25E). Therefore, the transduction efficiency
measurments on cultures should be accompanied by western blots probed with antiserum raised
against a GTA protein (such as a capsid protein) whenever possible.
4.8

Asymmetric growth in the Alphaproteobacteria and cell division control by CtrA
Asymmetric growth and/or division is found in several bacterial lineages but has been

most intensively studied in C. crescentus (Kysela et al., 2013). C. crescentus produces a sessile
stalked and a motile swarmer cell after cell division, and this cell cycling is regulated by CtrA
(Curtis and Brun, 2010, Quon et al., 1996, Terrana and Newton, 1975). In addition to C.
crescentus, there is ample evidence that certain other Alphaproteobacteria, such as S. meliloti,
Brucella abortus and Agrobacterium tumefaciens and Ochrobactrum anthropi divide
asymmetrically (Brown et al., 2012, Hallez et al., 2004, Lam et al., 2003, Terrana and Newton,
1975). During symbiosis with plants, S. meliloti differentiates into non-replicative nitrogen161

fixing bacteroid cells. Although different than the dimorphic cell division of C. crescentus, this
differentiation also appears to be controlled by CtrA (Pini et al., 2015, Pini et al., 2013).
The CtrA RR is well conserved in the Alphaproteobacteria, but not observed in bacteria
from other classes (Brilli et al., 2010). As in C. crescentus, perturbations of CtrA levels, or the
control of CtrA phosphorylation, result in cell division defects for A. tumefaciens, B. abortus and
S. meliloti (Bellefontaine et al., 2002, Kim et al., 2013, Pini et al., 2015, Willett et al., 2015). For
C. crescentus, CtrA binds to DNA sequence motifs in the origin of replication to inhibit DNA
replication in swarmer cells and control the cell cycle (Quon et al., 1998). No binding of CtrA to
the origin of replication was detected for S. meliloti, however depletion of CtrA resulted in a 20fold increase in DNA content per cell, indicating that CtrA modulates DNA replication, and
likely cell division, by an unknown mechanism (Pini et al., 2015).
In contrast to R. capsulatus, CtrA is essential for C. crescentus, S. meliloti, B. abortus,
and A. tumefaciens and all four organisms have the regulators DivJ, DivK and PleC that regulate
CckA activity (Barnett et al., 2001, Bellefontaine et al., 2002, Brilli et al., 2010, Kim et al.,
2013, Quon et al., 1996, Willett et al., 2015). Because in R. capsulatus CtrA, CckA and ChpT
are not essential, and because mutants that lack these proteins have no gross growth or cell
morphology defects, it has been suggested that these proteins are not involved in regulating R.
capsulatus cell division (Hallez et al., 2004, Mercer et al., 2012).
Despite the fact that a loss of any of the above regulators does not result in an obvious
change in phenotype, it appears that increased levels or over-phosphorylation of CtrA results in
cell division defects of R. capsulatus, indicating that CtrA may regulate cell division or
differentiation. A ΔclpX mutant was found to have increased levels of CtrA (Figure 18) which
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indicates that CtrA is proteolytically degraded by ClpXP in R. capsulatus SB1003 as in C.
crescentus (Jenal and Fuchs, 1998). The ΔclpX mutant was found to have a defect in cell division
and formed long filamentous cells, and this defect was ameliorated by introducing a ΔctrA
mutation (Figure 17). Furthermore, expression of the predicted constitutive kinase mutant
CckA(Y589D) resulted in extensive CtrA-dependent cell filamentation (Figure 19). Because
RcGTA production is confined to a small subset of the population of the WT SB1003 (Fogg et
al., 2012b, Hynes et al., 2012), and the CckA(Y589D) allele did not result in detectable cell lysis
typical of the strains that overexpress RcGTA, it appears that the cell division defects are
independent of RcGTA production. It is uncertain how the increase in CtrA concentration elicits
cell filamentation, however this effect on septation appears to be exerted only by the
phosphorylated form of CtrA. This observation indicates that CtrA may also be involved in cell
division for bacterial species where CtrA is not essential.
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Chapter 5: Conclusion and Future Directions
The Alphaproteobacterium R. capsulatus produces a gene transfer agent called RcGTA.
RcGTA shows similarities to the temperate phages lambda and HK97, and it has been proposed
that RcGTA shares a common ancestor with a prophage (Lang and Beatty, 2001, Lang and
Beatty, 2007, Lang et al., 2012). This thesis presents several results which further strengthen the
relationship between RcGTA and phages. Additionally, these results show that several levels of
the production of RcGTA is regulated by bacterial regulatory systems, particularly the
phosphorelay CckA-ChpT-CtrA.
Similar to most tailed ds DNA phages (Young, 2013), the RcGTA particle is released
from cells by cell lysis, which requires an endolysin and holin system (Section 3.1). Release is
inhibited by high (millimolar) concentrations of inorganic phosphate in the growth medium, by a
mechanism that appears to be post-translational. Cell lysis is hard to detect for WT strains,
consistent with the low percentage of cells producing RcGTA. In contrast, lysis is readily
observable for RcGTA overproducer strains as a drop in culture turbidity, and the release from
cells of membrane-bound pigments and the cytoplasmic enzyme malate dehydrogenase. Cell
lysis is regulated by the CckA-ChpT-CtrA phosphorelay, and lysis requires phosphorylation of
CtrA. This regulation is on the transcriptional level of the lysis system, as the promoter of the
endolysin/holin requires CckA, ChpT and CtrA for activity.
Two new regulators of RcGTA were discovered: ClpX and DivL (Section 3.2). ClpX is
predicted to be a component of the ClpXP protease, which in C. crescentus regulates CtrA levels
by proteolytic degradation. Increased levels of CtrA were detected in a ΔclpX mutant, consistent
with the degradation of CtrA by ClpXP in R. capsulatus. ClpX was required for RcGTA

164

transduction, but not for capsid production or cell lysis. Additionally, cells lacking ClpX had a
cell division defect resulting in the formation of elongated, filamentous cells.
A loss of DivL produced opposite results for the WT strain SB1003 and the RcGTA
overproducer DE442: DivL was required for maximal transduction frequency and cell lysis of
DE442, similar to a cckA mutant. In contrast, a loss of DivL increased transduction for SB1003.
Cell lysis could be restored for DE442 ΔdivL by introducing a putative constitutively kinaseactive CckA allele, indicating that DivL modulates the kinase activity of CckA similar to the role
of DivL in C. crescentus (Tsokos et al., 2011). It is unclear what gives rise to the different
phenotypes of the RcGTA overproducer and the WT ΔdivL mutants. It is possible that the
overproducer strain lacks an additional regulator of CckA activity, and future studies could aim
to elucidate the genetic background of this difference. Because the ghsA/ghsB promoter requires
DivL for activity in DE442, but not SB1003, this promoter could be a useful reporter in such an
investigation. A protein pulldown experiment using DivL and/or CckA, might allow for
confirmation of the predicted interaction between CckA and DivL, and possibly allow
identification of the hypothetical missing regulator of CckA in DE442. It is possible that
phosphorylation of CtrA, and thereby cell lysis, is delayed in WT cells lacking DivL. This could
be investigated by measuring particle release as a function of time. The phosphorylation level of
CtrA could further be investigated using commercially available Phos-tag SDS-PAGE (Kinoshita
et al., 2006) to separate CtrA and CtrA~P followed by a western blot probed with CtrA
antiserum.
Although the historical record is uncertain, it was thought that both SB1003 and DE442
were derived from B10 (see section 2.1), and the close relationship between SB1003 and DE442
was supported by comparison of genome sequences (Ding et al., 2014). However, DE442 lacks
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the 133 kb plasmid pRCB133 (Ding et al., 2014, Hynes et al., 2012) and has more than 700
single nucleotide polymorphisms compared to SB1003 (H. Ding, unpublished), and so it is likely
that one or more of these differences causes the difference in the two ΔdivL phenotypes.
Similar to phages (Aksyuk and Rossmann, 2011), the RcGTA particle was found to
undergo a maturation process to form transduction competent particles. This process was found
to be regulated by a bacterial signaling system, the CckA-ChpT-CtrA phosphorelay (Section 3.3
and 3.5). In the absence of CckA, predominantly tail- and spike-less DNA-containing heads were
produced. Additionally, the ΔcckA mutant produced tail-like polytube structures. The maturation
defects of the ΔcckA mutant were partially overcome by introduction of phosphomimetic CtrA,
indicating that phosphorylation of CtrA is required for successful particle assembly. A
requirement for ClpX for particle maturation was also identified. The ΔclpX mutant produced
tail-less heads that did not contain DNA, indicating that ClpX is required for the complete
assembly of RcGTA heads.
RcGTA particles were found to contain head spikes and tail fibers, confirming initial
observations of RcGTA (Yen et al., 1979). Additionally, a baseplate-like structure was observed
(Section 3.5). It would be interesting to do higher resolution structural studies of RcGTA and
mutant derivatives, using electron cryo-tomography or X-ray crystallography to better
understand assembly of RcGTA.
The production of head spikes required ghsB, which appears to be co-transcribed with
ghsA (Section 3.4). Expression of ghsA/ghsB required the CckA-ChpT-CtrA phosphorelay and
GtaI/GtaR quorum sensing systems. Homologues of GhsA and GhsB appear to be present in
some phages that infect R. capsulatus. The RcGTA head spikes are required for binding to the
polysaccharide capsule of R. capsulatus and needed for maximal frequencies of gene transfer per
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particle, but are not essential for gene transduction. The ghsA/ghsB promoter was found to be
active in a ΔclpX mutant; however the observed capsids from this mutant lacked spikes,
indicating that the head spikes are attached to the capsid after DNA packaging.
The vast majority of phages have been reported to recognize their host using receptorbinding structures on the phage tail. However, many phages have additional proteins with no
known function on their capsids. It is possible that several phages may also utilize such protein
structures on the head to bind to cells. Although the GhsB protein was required for head spike
production, no formal proof was obtained that the spike structure is made up of GhsB. Future
studies could aim to confirm that this is the case by raising antibodies against GhsB, or by
appending an epitope tag such as FLAG, and performing immunogold-TEM to identify the
specific location of GhsB. Alternatively, fusing a protein such as maltose biding protein to GhsB
to detect an increased size or altered shape of the spike structure by TEM could be performed.
GhsB was predicted to be a carbohydrate-binding protein, but no binding of recombinantly
produced protein to capsule coated cells was detected. Future studies could attempt to
demonstrate that GhsB binds carbohydrate by co-expression of GhsA, which may be required for
the formation of a biologically active protein complex.
Production of RcGTA is stimulated at high cell concentration in the stationary phase
(Solioz et al., 1975). It was found that temporary amino acid depletion stimulates RcGTA
production, however spoT, required for the R. capsulatus stringent response (Masuda and Bauer,
2004), was not required for RcGTA production (Section 3.6). It therefore appears that the
production of RcGTA is otherwise influenced by nutrient availabilities. The signaling
mechanism responsible for this effect was not identified, and could be of interest for future
studies. The analysis of gene expression profiles of amino acid depleted cells compared could be
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a starting point for such an investigation. It would further be of interest to investigate the levels
and phosphorylation state of CtrA after amino acid depletion, as this protein is a central regulator
of RcGTA and its levels are altered by nutrient starvation in other organisms (see section 4.6).
To conclude, RcGTA has been shown to be a particle that undergoes maturation and
release by mechanisms very similar to certain phages. However, the regulation of RcGTA
production is more extensively intertwined with bacterial systems than are phages. Furthermore,
unlike most prophages, the genes encoding RcGTA are found in at least three separate clusters in
the bacterial genome.
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Appendix

Appendix A : supplementory figures and tables

Figure S1 Conserved sequence of endolysins
ClustalO alignment of best BlastP hits of Rhodobacter capsulatus endolysin Rcc00555 in
selected organisms. Rhodobacter sphaeroides 2.4.1 (WP_011337867.1), Roseovarius
nubinhibens (WP_009814954.1), Ruegeria pomeroyi (WP_011047611.1 ), Escherichia phage
N4 (YP_950539.1). PFAM domains in Rcc00555 indicated by bars above sequence. Star (*)
indicates the conserved catalytic site characterized for the N-acetylmuramidase from phage N4.
Shading threshold 80%.
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Figure S2 rcc00555 promoter activity is not influenced by phosphate concentration
Promoter (β-galactosidase) activity of DE555(pXCA-555) cells cultured in RCVm containing
0.5 or 10 mM KPO4 for 24h.
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Figure S3 The g4 capsid prohead protease mutant Δ1686
Migration of the capsid protein for mutants lacking the capsid prohead protease. Western blot of
culture supernatant probed with RcGTA capsid anti-serum. F and R indicate orientation of KIXX
relative to reading frame of Rcc01686.

186

Figure S4. TEMs of RcGTA particles, side view
Negatively stained TEM of 6xHis purified RcGTA particles. A. DE442. B. DE442ΔghsB
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Figure S5. TEMs of RcGTA particles, top view
Negatively stained TEM of 6xHis purified RcGTA particles. A. DE442. B. DE442ΔghsB
188

Figure S6 High phosphate concentration does not inhibit malate dehydrogenase release
from cells constitutively expressing rcc00556
DE555 containing plasmids pI556 and pR555 cultivated in RCVm containing 0.5 mM or 10 mM
KPO4 as indicated.
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Figure S7 Continued depletion of histidine does not stimulate RcGTA
Depletion of histidine by cultivation in media containing growth limiting concentrations of
histidine does not increase RcGTA production and release for the histidine auxotroph
SB1003ΔhisB. Media containing 0.05 and 0.10 mM were considered growth limiting based on
growth curve (not shown) and final OD660 measurements. Western blot of OD660 normalized
supernatant or cell fraction probed with anti-RcGTA capsid serum.
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Table S1 Bacterial strains
Strain

Description1

Reference

Rhodobacter capsulatus
SB1003

(Solioz and Marrs,

RcGTA-WT producer, Rifr

1977)
B10
DE442
B10 Δ1081

(Marrs, 1974)
?2
(Brimacombe et al.,

WT-isolate
RcGTA-overproducer, Rifr
Capsular polysaccharide-negative mutant, Rifs

2013)
B10 Δ1032

(Brimacombe et al.,

Capsular polysaccharide-negative mutant, Rifs

2013)
B10 ΔgtaI
SB1003 ΔphoB

(Leung et al., 2012)

Acyl-homoserine lactone synthase mutant, Rifs

This work

Response regulator mutant ΔphoB (Δrcc03498),
markerless, alkaline phosphatase-negative, Rifr

SB1003 ΔcckA

(Mercer et al., 2012)

Hybrid histidine kinase mutant ΔcckA, Kanr Rifr

DE442 ΔcckA

This work

Hybrid histidine kinase mutant ΔcckA, Kanr Rifr

SB1003 ΔchpT

(Mercer et al., 2012)

Phosphotransferase mutant ΔchpT, Kanr Rifr

DE442 ΔchpT

This work

Phosphotransferase mutant ΔchpT, Kanr Rifr

SBRM1

(Mercer et al., 2010)

Response regulator mutant ΔctrA, SB1003-derived,
Kanr Rifr

DE442 ΔctrA

This work

Response regulator mutant ΔctrA, Kanr Rifr
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Strain
SB555

Description1

Reference
(Hynes et al., 2012)

Endolysin mutant Δrcc00555::KIXX, lysis-negative,
SB1003-derived, Kanr Rifr

DE555

This work

Lysis-negative Δrcc00555::KIXX, lysis negative,
DE442-derived, Kanr Rifr

SB1003 ΔghsB

This work

Head spike mutant ΔghsB (Δrcc01080::aacC1, Gmr
Rifr

DE442 ΔghsB

This work

Head spike mutant ΔghsB::aacC1, Gmr Rifr

DE442 ΔghsA

This work

Head spike mutant ΔghsA (Δrcc01079), markerless,
Rifr

DE442 Δ1691

This work

Tail tube mutant Δrcc01691::KIXX, Kanr Rifr

DE442 ΔghsB

This work

Head spike ghsB and tail tube 1691 double mutant,
Gmr Kanr Rifr

Δ1691
DE442 ΔghsB

This work

double mutant, Gmr Kanr Rifr

ΔcckA
SB1003 ΔclpX

Head spike ghsB and hybrid histidine kinase cckA

This work

Chaperone clpX mutant Δrcc02608::aacC1, Gmr
Kanr

DE442 ΔclpX

This work

Chaperone mutant ΔclpX (Δrcc02608::aacC1), Gmr
Kanr

SB1003 ΔclpX
ΔctrA

This work

Chaperone clpX and response regulator ctrA double
mutant, Gmr Kanr Rifr
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Strain
SB1003 ΔhisB

Reference

Description1

This work

Histidine auxotroph ΔhisB (Δrcc01183::KIXX), Kanr
Rifr

SB1003 ΔserB
SM05

This work
(Masuda and Bauer,
2004)

Serine auxotroph ΔserB (Δrcc03445), markerless, Rifr
Δhvra and ΔspoT double mutant, ppGpp0, SB1003derived. Kanr Tetr Rifr

SB1003 ΔspoT

This work

ΔspoT mutant, ppGpp0, Tetr Rifr

SB1003 ΔhvrA

This work

ΔhvrA mutant, Kanr Rifr

SB1003 ΔecfG

This work

General stress response sigma-factor mutant ΔecfG
(Δrcc02291), markerless, Rifr

SB1003 ΔdivL

This work

PAS domain protein mutant ΔdivL
(Δrcc00042::aacC1), Gmr Rifr

DE442 ΔdivL

This work

PAS domain protein mutant ΔdivL
(Δrcc00042::aacC1), Gmr Rifr

SBpG

H. Ding unpublished

Chromosomal RcGTA promoter-mCherry reporter,
SB1003 derived, Rifr

SBpGΔ280

H. Ding unpublished

SBpGΔ280

This work

ΔcckA

ΔdivL in an Δ280 RcGTA-overproducer background,
Gmr Rifr

ΔdivL
SBpGΔ280

RcGTA-overproducer, SBpG-derived, Rifr

This work

ΔcckA in an Δ280 RcGTA-overproducer background,
Kanr Rifr
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Strain

Description1

Reference

Escherichia coli
DH5α

(Sambrook et al.,

General cloning strain

1989)
S17-1 λ pir

(Simon et al., 1983)

Plasmid conjugation, pir

TEC5

(Taylor et al., 1983)

Plasmid conjugation

BL21(DE3)

Invitrogen

Protein overexpression

1

Gene locus are referred to using the rccXXXXX of R. capsulatus SB1003 for all R. capsulatus
strains.
2
The strain is of uncertain provenance but is a crtD mutant probably derived from
Y262 (Yen et al. 1079; B. Marrs, personal communication).
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Table S2 Genetic constructs
Name
pUC19

Reference
Invitrogen

Description
General cloning plasmid, Ampr

pZJD29A

J. Jiang and C. E.
Bauer,
unpublished
data

Broad host range suicide plasmid, sacB Gmr

pRK415

(Keen et al., 1988)

Broad host range plasmid, Tetr

pCM62

(Marx and Lidstrom,

Broad host range plasmid, Tetr

2001)
pXCA601

(Adams et al., 1989)

Reporter plasmid, lacZ Tetr

pZKOphoB

This work

ΔphoB marker-less mutation, sacB Gmr

pUCckAKO

This work

cckA::Kanr fragment for transduction. Ampr Kanr

pRCckA

This work

cckA complementation plasmid, Tetr

pD51A

(Mercer et al., 2012)

CtrA(D51A), non-phosphorylatable. Tetr

pD51E

(Mercer et al., 2012)

CtrA(D51E), phosphomimetic. Tetr

pR555

(Hynes et al., 2012)

rcc00555 complementation plasmid, Tetr

pIND4

(Ind et al., 2009)

IPTG-inducible expression plasmid, Kanr

pIND4Gm

This work

aacC1 containing variant of pIND4, Gmr

pI556

This work

rcc00556 expression plasmid, Kanr

pI556Gm

This work

rcc00556 complementation plasmid, Gmr

pU1080Gm

This work

ΔghsB::aacC1 mutation, Ampr Gmr

pUC4KIXX

(Barany, 1985)

Plasmid containing KIXX cassette, Kanr Ampr

195

Name

Reference

Description

pC1691KIXX

This work

Δ1691 tail tube mutation, Tetr Kanr

pZKOghsA

This work

ΔghsA marker-less mutation, Gmr

pCghsA

This work

ghsA complementation plasmid, Tetr

pCghsA-ghsB

This work

ghsA-ghsB complementation plasmid, Tetr

pCghsA-

This work

GhsB C-terminal 6 His tag, complementation
plasmid, Tetr

ghsB_His
pCdivL

This work

divL complementation plasmid, Tetr

pCclpX

This work

clpX complementation plasmid, Tetr

pCclpXGm

This work

ΔclpX::aacC1 mutation, Tetr Gmr

pCclpXP

This work

clpP-clpX complementation plasmid, Tetr

pUhisBKIXX

This work

ΔhisB::KIXX mutant, Ampr Kanr

pZKOserB

This work

ΔserB markerless mutant, Gmr

pIspoT

This work

spoT complementation plasmid, Kanr

pZKOecfG

This work

ΔecfG marker-less mutant, Gmr

p601-g65

(Leung et al., 2012)

RcGTA promoter-lacZ reporter plasmid, Tetr

pXCA-555

This work

555 promoter-lacZ reporter, Tetr

pXCA-ghsA

This work

ghsA promoter-lacZ reporter, Tetr

pET28a(+)

Novagen

E. coli T7 expression plasmid,
inducible, Kanr

pET-555C

This work

555 C-terminal 6 His tag E. coli expression plasmid,
inducible, Kanr
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Name
pETghsB_C

Reference
This work

Description
GhsB C-terminal 6 His tag E. coli expression
plasmid, inducible, Kanr

pRhokHi-6

(Katzke et al., 2010)

Kanr Specr

pOrf5CTH

(Chen et al., 2009a)

6 His tagged RcGTA major capsid expressed from
RcGTA cluster promoter, Tetr

pRhoG5CTH

This work

6 His tagged RcGTA major capsid expressed by
constitutive read-through from aphII. Kanr Specr
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Table S3 Phyre2 templates for GhsB modelling
Phyre2 Type

Enzyme/Protein

Organism

rank1

PDB

Reference

code and
chain

1

2

CBM4

CBM16

Cellulase K

Clostridium

3P6B-A

(Alahuhta et

(CelK)

thermocellum

al., 2011)

Mannanase

Thermoanaerobacterium 2ZEW-B

(Bae et al.,

(ManA, module

polysaccharolyticum

2008)

1)
3

CBM61

Endo-β-1,4-

Thermotoga maritima

2XON-A

galactanase

(Cid et al.,
2010)

(TM1201)
4

CBM16

Mannanase

Thermoanaerobacterium 2ZEZ-C

(Bae et al.,

(ManA, module

polysaccharolyticum

2008)

2)
5

6

CBM22

CBM4

Xylanase

Clostridium

(Xyn10B)

thermocellum

Xylanase

Rhodothermus marinus

1H6Y-A

2001)
1K42-A

(Xyn10A)
7

CBM4

1,4-betaglucanase

(Xie et al.,

(Simpson et
al., 2002)

Cellulomonas fimi

1CX1-A

(Brun et al.,
2000)

(CenC)
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Phyre2 Type

Enzyme/Protein

Organism

rank1

PDB

Reference

code and
chain

8

9

CBM4

CBM4

Cellobiohydrolase Clostridium
(CbhA)

thermocellum

Laminarinase

Thermotoga maritima

3K4Z-A

al., 2010)
1GUI-A

(Lam16A)
10

CBM4

endo-β-1,4-

(Alahuhta et

(Boraston et
al., 2002)

Cellulomonas fimi

1GU3-A

glucanase

(Boraston et
al., 2002)

(Cel9B)
11

Ig

Cell adhesion

Homo sapiens

4H5S-B

superfamily/ molecule 1
Nectin

(Zhang et
al., 2013)

(Cadm1/NecI2/Tslc1)

12

13

Ig

Programmed cell

superfamily

death protein 1

Molnar,

(PD-1)

Unpublished

Ig

Class-I MHC

superfamily/ restricted T cell
Nectin-like

Homo sapiens

Homo sapiens

3RRQ-A

3RBG-B

Lazar-

(Rubinstein
et al., 2013)

associated
molecule
(CRTAM)

199

Phyre2 Type

Enzyme/Protein

Organism

rank1

PDB

Reference

code and
chain

14

Ig

Nectin-like

Homo sapiens

1Z9M-A

superfamily/ molecule 1

15

Nectin-like

(NecI-1)

Glycoside

Chitobiase

Hydrolase

(ChB)

(Dong et al.,
2006)

Serratia marcescens

1QBA-A

(Tews et al.,
1996)

Family 20
CBM: Carbohydrate-binding module
1

Rank adjusted after excluding identical proteins/modules. Excluded protein PDB code: 2W5F-

B
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