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ABSTRACT OF DISSERTATION

Investigation of Key Mechanisms of Contact Dependent Growth Inhibition
Systems in Burkholderia cepacia Complex Species

Burkholderia cepacia complex is a group of closely related environmental
bacteria that can exacerbate disease in immunocompromised individuals. B.
cepacia bacteria are equipped with an arsenal of mechanisms to cooperate and
compete for nutrients in various polymicrobial environments. Contact-dependent
growth inhibition (CDI) systems are antagonistic mechanisms widespread among
proteobacteria. CDI systems consist of Two Partner Secretion pathway proteins
that function to deliver the toxic C-terminal portion of the large effector exoprotein
(termed ‘BcpA’ in Burkholderia-type CDI systems) to the cytoplasm of a
compatible recipient bacterial cell upon direct cell to cell contact. The
translocation of BcpA out of the producing cell is mediated by the outer
membrane transporter, BcpB. While the production of a cognate immunity
protein, Bepl, prevents autotoxicity and mediates the discrimination between kin
and non-kin cells. Many Burkholderia CDI systems contain an accessory protein,
BcpO, that can enhance specific CDI mediated killing, however the precise role
remains unknown.

This body of work identifies key factors and mechanisms that influence
CDI activity in Burkholderia species. Studies contained in this dissertation are
outlined into two major sections: (i) the examination of the role the accessory
lipoprotein, BcpO, plays in B. dolosa AU0158 CDI activity; (ii) the identification of
the interaction between CDI systems produced within the same B. cepacia
complex bacterium.

Previous work identified BcpO as an accessory protein required for
maximum CDI activity for two CDI systems; however, the precise function of
BcpO remains to be understood. Work done to understand the role of BcpO
demonstrates that the accessory protein likely functions in a system specific
manner. Immunoprecipitation and mass spectrometry analysis was used to
identify potential binding partners of BcpO.

Though unsuccessful in elucidating the role of BcpO, inquiry into BcpO led
to the discovery of relaxed specificity among the BcpB transporters. This work
shows that various B. cepacia complex BcpB proteins can secrete cognate and
non-cognate BcpA substrates. The promiscuity among BcpB transporters
influences the interplay between CDI systems produced within the same B.
cepacia complex bacterium. This work demonstrates that genes that encode the



CDI systems of B. dolosa AU0158 may not function independently. Instead, the
presence of multiple CDI system proteins is required to induce specific BcpA
mediated CDI killing. The examination of BcpB flexibility also led to the
identification of a fourth B. dolosa CDI system capable of mediating interbacterial
competition.

All together this dissertation adds valuable information that drives the field
of CDI forward. Understanding the interactions that occur between distinct CDI
systems provides further insight into the complexity of bacterial antagonism.
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CHAPTER 1. Introduction

1.1 Burkholderia genus

The genus Burkholderia consists of Gram-negative bacteria ubiquitously
found in a diverse range of ecological niches, though often found in soil and
aqueous environments (1,2). In soil, Burkholderia bacteria typically act as plant
symbionts and prevent fungal infections (3,4). Attempts have been made to use
Burkholderia bacteria for biological control, plant growth promotion, and
bioremediation by preventing fungal infections (5). However, advancements on
commercialization have been limited given that some Burkholderia spp. can be
pathogenic to commercial crops and humans (4,6,7). Even though Burkholderia
bacteria exist ubiquitously in nature, the first Burkholderia bacterium identified
was isolated from an onion infection in 1950 but was classified as Pseudomonas
cepacia (4,6,8). The Burkholderia genus has since been separated from the
Pseudomonas genus based on 16S rRNA sequencing, DNA-DNA hybridization

techniques, and phenotypic characteristics (9).

1.2 Burkholderia cepacia complex

Despite the beneficial capabilities Burkholderia spp. have for promoting
plant growth and reversing pollution, certain Burkholderia spp. have been
classified into the Burkholderia cepacia complex (Bcc) based on their ability to
cause opportunistic infections in immunocompromised individuals (1). Patients
with cystic fibrosis (CF) are most susceptible to Bcc infections, but these

infections can also be problematic for individuals suffering from chronic



granulomatous disease (CGD). CGD is an inherited primary immune disorder
that impairs the oxidative killing response of neutrophils. This allows for the
survival of Bcc pathogens in the respiratory tracts of these immunocompromised
patients (1,10). Similarly, due to the dysfunctional mucociliary clearance and
immune response in the lungs of patients with CF, Bcc pathogens can establish
long term infections (11,12). Bcc bacteria were not known to be CF pathogens
until an epidemic occurred during the 1980s at the Hospital for Sick Children in
Toronto. These patients experienced more severe symptoms and increased lung
function decline compared to patients infected only with Pseudomonas
aeruginosa (13). Bcc infections resulted in necrotizing pneumonia, septicemia,
and rapid death; this condition is now referred to as “cepacia syndrome” (1,14).
Cepacia syndrome rarely occurs in patients infected by canonical CF pathogens,
such as P. aeruginosa and Staphylococcus aureus. Cepacia syndrome occurs in
approximately 10% of Burkholderia infections (15). However, Bcc infections are
of great concern among this patient population especially since Bcc bacteria are

more frequently associated with person-to-person spread (15-18).

Notable Bcc pathogens are Burkholderia cenocepacia, Burkholderia dolosa,
and Burkholderia multivorans. B. cenocepacia and B. multivorans have been the
most virulent pathogens over the past few decades (14,19,20). B. cepacia
complex bacteria and P. aeruginosa co-infections are common, but Bcc
pathogens can also be the predominant organism in the CF respiratory tract

during infections (21). For unknown reasons, Bcc pathogens only infect older CF



patients, typically teenagers and adults, with a median age at first induction of 20

years (22).

One of the major concerns for patients infected with Bcc bacteria is their
intrinsic resistance to antibiotics, which makes Bcc infections difficult to treat
clinically (1,23). Antibiotic resistance is typically mediated by drug efflux pumps,
decreased outer membrane (OM) permeability to antibiotics, and degradative
enzymes such as B-lactamases (21,24-26). Burkholderia pathogens can use
penicillin and other derivatives as a sole carbon source which leads to antibiotic
resistance (27). In addition to their antibiotic resistance potential, Burkholderia
pathogens produce a variety of classical virulence factors, though roles in
pathogenesis have not been demonstrated for all (1). Compared to other Gram-
negative bacteria Bcc bacteria produce a unique lipopolysaccharide (LPS) layer
on the outer membrane. Distinct chemical moieties that attach to Lipid A of LPS
inhibit the activity of antimicrobial peptides produced during the innate immune
response (28,29). Bcc LPS is also highly endotoxic and likely promotes
inflammatory pathology during pneumonia and septicemia (30,31). Given that
Bcc pathogens typically reside in host cells during infection, flagella are also
important virulence factors (21,32,33). Interestingly, in a CF lung environment
Bcc bacteria can displace other pathogenic species as the predominant
organism. The precise mechanism underlying this behavior remains unknown,
but some evidence suggests that a cell-cell contact dependent secretion system

is responsible for this phenomenon (21,34-36).



1.3 Microbial communities

Bacteria rarely exist in single-species planktonic forms, instead they coexist
in complex polymicrobial communities (37,38). Polymicrobial communities are
typically described as biofilms, that can attach to biotic and abiotic sites. The
microbial cells within the biofilm are usually encased in an extracellular matrix
composed of self-secreted or host derived macromolecules including
polysaccharides, (e)DNA, proteins, and lipids (37-39). The extracellular matrix
provides protection against external environmental factors, such as
antimicrobials and host immune factors. Additionally, the matrix provides space
for community-coordinated gene expression, whether through direct cell-cell

contact or via secreted molecules (39-41).

The ubiquity of microbial communities in the natural world suggests that
living in complex groups is critical for not only bacterial ecology and evolution but
also for plant and animal ecology and evolution (37). Microbial community
colonization at several human body sites including, skin, oral cavity, intestinal
tract, and the female reproductive tract are essential for proper host health (42-
45). However, human-associated microbial communities can promote disease and
have detrimental effects on their hosts. Polymicrobial infections form at sites
naturally colonized by microbial communities, such as the periodontal cavity (46)
and in the vagina (43,47). Additionally, these infections can occur on medical
device implants (48) and in chronic wounds (49). The intrinsic nature of antibiotic
resistance that occurs with biofilms makes it difficult to treat polymicrobial

infections (50).



1.4 Microbial cooperation

Even though polymicrobial communities provide protection against external
insults, bacteria residing in these communities are often competing for limited
nutrients and space (51). To survive, bacteria use a range of strategies to
mediate intra-and inter-species competition and communication. Many bacteria
tend to use mechanisms such as quorum sensing (QS) to develop synergistic or
antagonistic relationships within their environment. Quorum sensing, prevalent
among Gram-negative and Gram-positive bacteria, is a density-dependent
mechanism of intercellular communication and behavioral coordination (52,53).
QS relies on the interaction of a small diffusible signal molecule (autoinducer)
with a sensor or transcriptional activator to initiate gene expression for
coordinated activities such as virulence factor production or biofilm formation (52-
56). QS provides a benefit at the group level, but exploitative individuals could
avoid the cost of producing the QS signal or performing the cooperative behavior
that was mediated by QS (54,57-59). This allows non-cooperators to spread in
the population. Therefore, bacteria need to employ other mechanisms to induce
kin selection, to prevent non-cooperators from exploiting the public goods.
Bacteria secrete antibiotics, often regulated by quorum sensing, to harm
competitors which allows for the discrimination between kin and non-kin cells

(57-59).

1.5 Microbial competition

Competitive behaviors are predicted to have a greater influence, compared
to cooperative behaviors, on the diversification and evolution of microbial

5



communities (60). Bacteria have evolved to gain various antagonistic strategies
to mediate interbacterial competition. In addition to antibiotics, bacteria can also
secrete bacteriocins (or colicins when produced in Escherichia coli), small
proteins or peptides that have bactericidal activity against related bacterial
species (50,61). Bacteriocins can disrupt cytoplasmic cell membranes or exhibit
endonuclease activity once inside the target cell. Bacteriocins are not active
against the producing bacteria due to the presence of a specific immunity protein
(61-63). Bacteriocin entry into target cells is dependent upon their binding to a
specific surface receptor (64). Therefore, bacteriocins are not broad spectrum

like some antibiotics.

In addition to secreted interbacterial factors, bacteria employ cell-cell
contact dependent mechanisms to mediate competition. Specialized secretion
systems, including type IV, type Vb, type VI, and type VII secretion systems
(T4SS, T5bSS, T6SS, and T7SS, respectively) also act as potent antibacterial
effectors. The T4SS, T5bSS, and T6SS are widespread throughout Gram-
negative bacteria (65,66), while T4SS and T7SS are found in Gram-positive
bacteria (67). T4SSs are ancestrally related to bacterial DNA conjugation
systems, and therefore T4SSs can transfer DNA and protein substrates to
recipient cells, by contact-dependent or -independent mechanisms. T7SS is a
newly characterized tactic of interbacterial competition; this mechanism of activity
is less characterized compared to other secretion systems (65,68). Compared to
the other specialized secretion systems that mediate contact dependent

interbacterial competition, the TSbSS and T6SS are the most characterized.



T6SSs consist of a group of proteins that form a double membrane spanning
translocator that delivers effector proteins to recipient cells (65,66,68). T6SS
provides a survival advantage and enhances pathogenicity of producing bacteria,
including Burkholderia spp., by delivering toxins to neighboring bacteria and

translocating effector proteins into host cells (69-71).

1.6 Type V secretion systems

The Type V secretion system (T5SS) secretes large exoproteins that
function as adhesins, cytolysins, proteases, or contact dependent growth
inhibitors (72-76). The mechanistic simplicity of T5SSs, requiring only a small set
of proteins (two to three) for effector secretion, makes T5SSs unique compared
to other multi-subunit secretion systems. Though T5SSs share several general
features T5SSs have been divided into different families, a-e, based on domain
organization and structural features. These families consist of classical auto
transporter (Va), two-partner secretion (Vb), trimeric autotransporter (Vc),
autotransporter phospholipases (Vd), and intimins/invasins (Ve) (75,77,78).
Generally, in T5SSs the passenger domain or protein forms a long filamentous
structure that frequently contain repeated sequences (79-82). The transporter
component forms a transmembrane p-barrel pore that is plugged after passenger
translocation (77,83,84). The process of secretion and folding is predicted to be
coupled, given that no known hydrolysable energy source or electrochemical
gradient is available in the periplasm to drive secretion across the outer

membrane (85,86). The lack of an energy source led to the name



“autotransporter” (AT), which suggests a completely self-sufficient system for

secretion (87).

Classical ATs are translated as a single polypeptide that contains an N-
terminal extended signal peptide region (ESPR) followed by the passenger
domain (88). The passenger domain adopts a B-helical fold and contains the
functional domain that mainly acts as an adhesin, protease, or esterase (77). In
families Va, Vc, Vd, and Ve, the effector (“passenger”’) domain is fused to the
membrane domain and is autonomously secreted. For the Vb family, the
passenger protein (generically named “TpsA”) is distinctly separated from the
transporter (TpsB). Therefore, Vb subtype is not considered an autotransporter,
instead the Vb subtype is generically referred to as the Two-Partner secretion
(TPS) pathway (75,89,90). TpsA proteins most closely parallel the passenger
domains of ATs. TpsA proteins contain extended N-terminal signal peptide and
filamentous repeats that form long B-helical structures (90,91). The TpsB
transporter protein contains two N-terminal polypeptide transport associated
(POTRA) domains that are necessary for substrate recognition (80,91,92). The
Vc family consist of trimeric autotransporters (TATs), like ATs, TATs begin with
an N-terminal ESPR followed by the passenger domain which contains the
functional and structural domains (88). However, unlike ATs, the passenger
domain of an individual TAT polypeptide only contains one-third of the fully
functional passenger domain. Similarly, the B-barrel domains trimerize to
assemble a complete integral OM B-barrel (93,94). Trimeric autotransporters are

thought to be adhesins that mediate biofilm formation and adherence of the
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bacteria to host tissues (93-95). The Vd family is a recently discovered class of
ATs that resembles a hybrid of Va and Vb systems. Most studies examining the
Vd family focus on the prototypical members PlpD from P. aeruginosa and FplA
from Fusobacterium nucleatum (96,97). The C-terminal B-barrel domain consist
of 16 B-strands similar to TpsB proteins, although Vd ATs only contain one
POTRA domain instead of the two found in TpsB (78). So far the only identified
function of Vd passenger domains has been lipase/esterase activity (97,98). The
Ve family consist of intimins and invasins that have a domain organization that
differs from ATs and TATSs. Intimins/invasins have a reverse order in which the -
barrel domain is N-terminal to the C-terminal passenger domain (99,100).
Proteins of the intimins/invasins Ve family are commonly thought to be adhesins

that are important for host cell invasion during infection (101-103).

1.7 Overview of Two-Partner Secretion

The Two-Partner Secretion (TPS) system, consist of two distinct proteins;
the secreted passenger protein and its outer membrane transporter (75,90). The
genes coding for a TPS system are typically a part of the same operon but other
genetic arrangements have been observed (90). The specificity of a TpsB
transporter for its cognate partner varies between systems. Many TpsB
transporters can only secrete one cognate TpsA while others are more
promiscuous and can secrete several TpsA proteins (75,104). The mechanism
that leads to the variation in TpsB specificity seems to be dependent on specific

domains in both TpsA and TpsB proteins. The TpsA proteins consist of a N-



terminal ESPR followed by the Two Partner Secretion domain (TPS domain),
which is a hallmark feature of TpsA proteins that is important for protein secretion
across the OM (75,105). Beyond the TPS domain, the TpsA polypeptide content
varies drastically, but there is a great deal of evidence that suggest a conserved

B-helical structure (80,81,91).

The TpsB protein is an integral OM B-barrel transporter, resembling the C-
terminal B-domain of ATs (75,106). The TpsB proteins belong to the Omp85
superfamily, along with BamA, the major subunit of the B-barrel assembly
machinery (BAM). Omp85-like proteins are one of the most widely distributed
classes of OMPs across nature, as they are present in mitochondria,
chloroplasts, and Gram-negative bacteria (107,108). Proteins belonging to
Omp85 superfamily have between one to five N-terminal POTRA domains that
play a role in substrate secretion (107-109). Despite the limited conservation of
amino acids sequences, these domains typically consist of a conserved
secondary structure that arranges into a globular conformation (104,110). TpsB
proteins contain in an N-terminal signal peptide followed by two POTRA domains
which are required for translocation of TpsA proteins across the OM (92,109-
112). The recognition of a TPS domain by TpsB transporters seems to be
dependent on specific motifs within the TPS domains and not on the overall
sequence homology between these domains (104,110). A ~300 aa B-barrel
domain follows the POTRA domain. Generally, the TpsB B-barrel consists of 16
anti-parallel B-strands with both the N- and C- termini facing into the periplasm.

The B-strands are connected by a series of short periplasmic turns and longer

10



extracellular loops (108,109,111,113). The loop 6 (L6) typically occupies the pore
and forms a “lid-lock” structure through interactions with the p-strands (113,114).
The flexibility of the B1-p16 strands has also been shown to be essential for

substrate secretion (114).

A major question that remains to be answered is how the folding of the
T5SS proteins is controlled and what is the energy source or mechanism driving
translocation? To date two models of translocation have been proposed. The first
postulates that the TpsA protein forms a hairpin in the pore. Throughout the
process of secretion TPS domain remains bound to the POTRA domains, while
the rest of the protein is progressively translocated and folds at the cell surface
(106). An alternative model predicts that the TPS domain reaches the surface
first and nucleates the folding of the rest of the protein (115). Several pieces of
evidence suggest that both mechanisms are at play depending on the TpsA
substrate being translocated (81,116-118). Therefore, the mechanism of
translocation is likely specific to each TpsA protein and is probably dependent on
its function. One aspect of secretion that is consistent between both models is
the role of the ESPR, which is present in many TpsA proteins. The N-terminal
ESPR is necessary for TpsA secretion across the IM via the Sec machinery. The
ESPR does not mediate secretion across the OM. However, it has been
hypothesized to slow down export of T5SS proteins and prevent TpsA from
misfolding in the periplasm prior to translocation across the OM through TpsB

(119-121).
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Though T5SS are generally considered self-sufficient, other factors are
involved in secretion and activity of these systems. As with other OM proteins,
the T5SS transporter domains or proteins are inserted into the OM via the BAM
complex (122,123). Additionally, periplasmic chaperones and proteases have
been demonstrated to interact with unfolded ATs and other T5SS effectors;

presumably to prevent premature protein secretion or misfolding (121,124,125).

Even though the specific function of many TpsA proteins have not been
determined, some studies provide insight into how TPS and other T5SSs may be
regulated. Many TPS operons have been described to be upregulated upon
bacterial entry into the host (95,126). Signal transduction systems have been the
most identified regulators for t{ps operons in several bacterial species. In B.
pertussis the fhaBC TPS system has been shown to be under the control of the
BvgAS two-component system (127). In P. aeruginosa, the cdrAB TPS operon is

regulated by the intracellular levels of c-di-GMP (128).

Based on work examining two well characterized TPS system, the FHA of
Bordetella pertussis and the HMW1 system of Haemophilus influenzae, many
TpsA proteins have been identified to serve as adhesins, cytolysins, iron
sequesters, and regulators of host responses (72-75). However, other systems
have been identified to mediate interbacterial competition among closely related
bacteria (76). This has led to the identification of a new class of TpsA effectors
that function as contact dependent growth inhibitors (CDI) (76). The effects of
CDI systems are based on kin vs non-kin recognition mediated by specific

immunity proteins (76,129,130). With these toxin-antitoxin systems, the range of
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TPS effector functions has been extended to include interbacterial killing and

interbacterial signaling (76,131).

1.8 Contact dependent growth inhibition systems

Contact dependent growth inhibition (CDI) systems, which consist of TPS
proteins, was first discovered in an E. coli strain EC93 isolated from commercial
rat fecal pellets. The EC93 strain had a competitive advantage over the E. coli
K12 strain, that was not mediated by soluble factors but instead required direct
cell-to-cell contact (76). Further bioinformatic analysis revealed genes predicted
to encode CDI systems are widespread in Proteobacteria (130,132). Moreover,
this investigation revealed that a key component of these systems are immunity

proteins, which protect against CDI toxins (76,132).

CDI systems are separated into two major classes: the E. coli-type and the
Burkholderia-type systems. E. coli-type systems are found in a-,-, and y-
proteobacteria, whereas Burkholderia-type systems, to date, are limited to
members of the Burkholderia genus (130,132). The major difference between the
two CDI classes is the operon gene order. E. coli-type systems are encoded by
cdiBAl loci (76), while Burkholderia-type systems are encoded by bcpAl(O)B loci
(130) (Fig. 1.1A). Another difference between the CDI classes is the presence of

bcpO genes in some Burkholderia-type CDI loci (130,133,134).

1.9 Burkholderia CDI classification

The Burkholderia-type CDI systems are further divided into two

phylogenetic groups based on the homology of the amino acid sequence of the
13



BcpB and BcepO proteins, and the N-terminal domain of the BepA proteins (130).
The amino acid sequence of the class | and class Il BcpO proteins have no
similarities to each other or any characterized proteins or protein domains. The
class | bcpO genes are predicted to encode for an outer membrane lipoprotein,
based on the presence of a lipobox in the signal peptide (130,133). No clear role
exists for BcpO proteins, however Burkholderia thailandensis strain E264 and
Burkholderia dolosa strain AU0158 mutants lacking the class | bcpO genes

exhibit a reduced level of CDI mediated killing against recipient cells (130,133).

1.10 CDI mechanism

Despite the differences in genetic make-up, E. coli-type and Burkholderia-
type CDI systems generally function in a similar manner (Fig. 1.1B). The
CdiA/BcpA proteins are large exoproteins (typically >3000 amino acids)
containing filamentous hemagglutinin (FHA) repeats. The C-terminal portions of
CdiA/BcpA (CdiA-CT/BcpA-CT) contains the antibacterial toxins of CDI systems
(76,130,132,135). Typically, the highly variable toxin domain is marked by
conserved amino acid motifs, VENN in E. coli-type systems and Nx(E/Q)LYN in
Burkholderia-type systems (130,132). However, exceptions to these
demarcations have been identified as more CDI systems have been
characterized (134). To date most of the characterized CdiA-CTs/BcpA-CTs have
been shown to be or are predicted to function as nucleases, degrading DNA or
tRNA within recipient cells (136,137). The conserved N-terminus of CdiA/BcpA
contains the FHA domains that extend into the extracellular milieu and are
capped by the receptor binding domain (RBD), while the toxic CdiA-CT/BcpA-CT

14



domain remains in the periplasm. The CdiB/BcpB (TpsB) proteins are OM -
barrel proteins that allow for the translocation of the CdiA/BcpA (TpsA)
passenger proteins. Consistent with other TPS, the CdiA/BcpA proteins are likely
progressively folded at the cell surface during translocation through CdiB/BcpB
(135). Additionally, a key component of CDI systems are the Cdil/Bcpl immunity
proteins, which provide protection against CDI toxins. The immunity proteins
function to block autotoxicity in cognate CDI protein producing cells, as well as
protect cells from CDI-mediated killing by the same CDI system encoding locus
produced in a different bacterium (76,132). The amino acid sequence of the
CdiA-CT/BcpA-CT toxins and their cognate Cdil/Bcpl proteins co-vary, resulting
in system specific recognition, which likely leads to kin vs non-kin discrimination

(130,132).

1.11 Recipient cell CDI receptors
In addition to the proteins encoded by the CDI locus, BcpA-CT/CdiA-CT

intoxication is dependent upon specific recipient cell surface exposed and
internal receptors (138-141). Studies examining E. coli CDI systems suggest that
the donor cell CdiA interacts with a specific outer membrane receptor on the
recipient cell surface, triggering CdiA-CT release from the donor cell (135,140).
E. coli-type CDI systems are divided into different classes (class I-V) based on
their predicted recipient cell receptors. The amino acid sequence variations that
separate the class |, I, and Il CdiA proteins are mainly found in the receptor-
binding domain, which is located between FHA repeats (138,140,142). The well

characterized class | CdiAE®®3 binds to major subunit of the B-barrel assembly

15



machinery complex, BamA (138). The Class Il CdiA proteins, consisting of
CdiAEC36 recognize heterotrimers of the osmoporins OmpF and OmpC (139).
The class Il CdiA proteins, including CdiASTEC3, recognize the nucleoside
transporter, Tsx (140). The CdiA proteins from the fourth E. coli class contain
divergent FHA-1 and RBD regions suggesting the use of different recipient cell
receptors (140). The core oligosaccharide of LPS is used as a sensor or receptor
for the class IV CdiASTEC# effector (142). The cell surface receptor for class V E.
coli CdiA proteins, has yet to be identified. Outer membrane receptors have not
been identified for Burkholderia-type CDI systems. Although alterations to the
LPS on B. dolosa led to recipient cell resistance to two distinct BcpA proteins
(143). Additionally, alterations to the B. thailandensis LPS has been shown to

disrupt entry of a Burkholderia pseudomallei BcpA-CT toxin (144).

Translocation of the CdiA-CT region from the periplasm into the recipient
cell cytoplasm is likely dependent on the uncharacterized CdiA-CT entry domain,
which recognizes a specific inner membrane protein. Majority of the identified E.
coli CDI IM receptors are inner membrane components of multidrug transport
complexes. The ABC transporter membrane permease, AcrB, is the recipient cell
IM receptor necessary for CdiAEC® intoxication (138). The filamenting
temperature-sensitive H (FtsH) protein is the IM receptor required for CdiAEC536
(145,146).The permease components, GItJ/GItK of a glutamate/aspartate
transporter have been shown to be inner membrane receptor for multiple CDI
toxins (146,147). Fewer inner membrane transporters have been identified for

Burkholderia-type CDI systems. The inner membrane permeases Bth_11059 and
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GItJ/GItK have been shown to mediate the import of the BcpAi-CT19260 and

BcpA-2 from B. pseudomallei and B. multivorans, respectively (146,147).

1.12 CDI recipient cell permissive factors

Additional recipient cell permissive factors have been shown to be required
for some CdiA-CT/Bcp-CT toxin activity (141). This phenomenon was first
identified for the uropathogenic E. coli 536 CdiA-CTEC536 toxin, which requires an
enzyme involved in cysteine biosynthesis, CysK (O-acetylserine sulfhydrylase A),
for toxin activation (148,149). Several E. coli CDI toxins, including CdiA-CTKr342,
require the translation Elongation Factors Thermo-Unstable (EF-Tu) and
Thermo-Stable (EF-Ts) proteins as well as the nucleotide guanosine 5" —
triphosphate (GTP) for CDI activity (150,151). Additionally, proton motive force
energy produced in recipient cells is required for the delivery of several different
classes of CdiA-CT toxins to the cytoplasm of the recipient cell (145). Currently,
there are no known recipient cell toxin activators for Burkholderia-type CDI
systems. Although, evidence suggest that metabolic and regulatory networks
many directly or indirectly influence CDI efficiency of two B. dolosa CDI systems,
though the mechanism is unknown (143). The limited success in identifying
Burkholderia-type CDI recipient cell factors, highlights the importance of further
examination of the mechanisms of CDI outside of E. coli strains. Especially since
current evidence suggests that there are some differences between the

mechanisms of E. coli-type and Burkholderia-type CDI systems.
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1.13 CDI regulation

A major area of unknown regarding the mechanisms of CDI systems
pertains to the regulation of CDI encoding loci. The E. coli EC93 cdi system is
unique, in that under laboratory conditions bacteria constitutively express this
system, while cdi encoding genes are tightly regulated in other bacteria
(76,130,152). However, many cdi systems found in other E. coli strains, and
other proteobacteria, are not expressed under the same laboratory growth
conditions (133,134,153,154). A variety of plant pathogens, such as Erwinia
chrysanthemi EC16 and Dickeya dadantii 3937, selectively express their cdi
genes only during specific host colonization (132,153). As with some CDI
systems in E. coli strains, several Burkholderia cdi loci are not active under
native expression or only exhibit low levels of activity (133,134). Examination of
BtE264 regulation revealed that bcpA is differentially expressed within a
population of bacteria. It was observed that bcpA was only expressed in a small
portion of bacteria, ~1:1,000. However, bcpA was highly expressed in these cells
under laboratory conditions (130). Additionally, it was observed that the bcpA/OB
genes were expressed in a stochastic manner under planktonic conditions. In P.
aeruginosa PAO1, a transcriptional repressor, RsmA, was identified as a
negative regulator of two distinct CDI systems (155). Future work examining the
regulation of cdi encoding loci will aid in the understanding of how and why CDI

systems differ.
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1.14 Other roles of CDI systems
In addition to the growth inhibitory activity of CdiA/BcpA proteins, other

functions have been implicated for these proteins. The E. coli EC93 CdiA
promotes intraspecies intracellular adhesion by binding to BamA or by forming
CdiA-CdiA interactions, thus promoting biofilm formation (138,156). In B.
thailandensis, the gene expression of sisters cells can be altered via delivery of
BcpA toxins to these immune cells. These phenotypic changes lead to enhanced
biofilm formation and other cooperative behaviors; this phenomenon has been
termed contact-dependent signaling (CDS) (131). However, to date, CDS has not
been observed with any other Burkholderia CDI systems. Many Burkholderia CDI
systems are not activate under typical laboratory conditions, therefore further
evaluation of the regulation of these systems may reveal alternative functions for
these systems. Some CDI systems in other pathogenic bacteria, such as P.
aeruginosa and A. baumannii, have been described to act as virulence factors.
These CDI systems can coordinate group behaviors and facilitate competition
with other bacteria present in the host (157,158). For most CDI systems, it is not
known when these systems are active and provide a fitness advantage.
Therefore, further elucidation of the mechanisms and regulation of CDI systems

may lead to the discovery of new functions for CDI proteins.
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1.15 Objectives of this Dissertation

As more CDI systems are continuously being identified in pathogenic
bacteria, it is becoming more apparent that CDI systems are likely involved in
many aspects of bacterial interactions, ranging from antagonistic interactions to
coordinating group behaviors. Therefore, investigating both well characterized
and newly identified CDI systems is necessary to understand the contributions
CDI systems provide in shaping polymicrobial communities. Since the
mechanism of BcpA delivery out of the donor cell and into a recipient cell is
incompletely understood. We used the pathogenic Burkholderia dolosa AU0158

strain as model organism to address the following aims:

Aim 1: Characterize the role the B. dolosa accessory BcpO protein plays in

BcpA-1 mediated CDI activity.

Aim 2: Examine the interplay between CDI systems produced within the same B.

cepacia species.
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Figure 1.1 Diversity of CDI systems and Burkholderia-type CDI model
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(A) Schematic of CDI proteins encoded by cdiBAl and bcpAlOB loci for E. col-
type and Burkholderia-type CDI systems, respectively. Cartoon structure of CdiA
marks the CdiA-CT effector domain and the domains that are predicted to
interact with the recipient cell OM and IM receptors. Adapted from Ruhe et al.,
2017. (B) The CDI system-producing cell (donor cell) displays BcpA on the cell
surface by translocation through BcpB. The toxic CT domain (BcpA-CT) remains
within the periplasm of the donor cell before delivery to the recipient cell. Once
the BcpA receptor binding domain interacts with the recipient cell OM receptor
the BcpA-CT is delivered to the target cell. The BcpA-CT toxin will act to inhibit
the growth of the recipient cell unless the recipient produces the cognate
immunity protein. The Bcpl immunity proteins remain in the cytoplasm of the
donor cell and protects against autotoxicity. The accessory protein BcpO, is a
predicted OM lipoprotein that may assist in the secretion or stability of BcpA.

Model adapted from Ruhe et al., 2018.
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CHAPTER 2.Methods and materials

2.1 Bacterial strains and growth conditions

All strains used in this body of work are listed in Table 2.1. All Burkholderia
strains were maintained in low salt Luria-Bertani media (LSLB, NaCl
concentration of 5 g/L). Antibiotics were added to select for growth of
Burkholderia dolosa AU0158 (BdAU0158) and Burkholderia multivorans CGD2M
(BmCGD2M) strains at the following concentrations: 250-500 ug/ml kanamycin or
50-125 ug/ml tetracycline. Plasmids were maintained in Escherichia coli DH5a
and delivered to Burkholderia strains using a conjugation donor strain E. coli
RHO3, a 2,6 Diaminopimelic acid (DAP) auxotroph. E. coli strains were
maintained in LSLB, and antibiotics were added at the following concentrations
when appropriate: 100 ug/ml ampicillin, 50 ug/ml kanamycin, 25 pug/mi
tetracycline, or 200 pg/ml DAP. All strains were grown overnight with aeration at

37°C, unless otherwise indicated.

2.2 Genetic manipulation

All plasmids used in this body of work are listed in Table 2.2. Plasmid
inserts were confirmed by DNA sequencing (Eurofins Genomics or ACGT, Inc.)
and bacterial mutant strains verified by PCR. Plasmids to deliver cassettes to a
neutral atfTn7 site on the BAAU0158 and BmCGD2M chromosomes were
constructed using the pUC18Tmini-Tn7T backbone (159). Cassettes for
generating antibiotic resistant strains were delivered to the BdAU0158 or

BmCGD2M chromosome via triparental mating with E. coli RHOS3 strains
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harboring either pUC18T-miniTn7-Km (for kanamycin resistance) or pUC18T-
miniTn7-Tet (for tetracycline resistance) and the E. coli RHO3 strain harboring
the transposase-encoding helper plasmid pTNS3 (130). The pEXKmS5 allelic
exchange vector (160) was used to generate unmarked, in-frame deletion
mutations in Burkholderia spp. Briefly, ~500 nucleotides 5’ to and including the
first three to seven codons of the gene to be deleted were fused to ~500 3’ to and
including the last three to last 20 codons of the gene by overlap extension PCR
and cloned into pEXKm5. To complement BdAU0158 and BmCGD2M deletion
mutants, genes of interest were cloned into pUCS12Km or pUCS12Tet (pUC18T-
miniTn7-Km plasmid with the promoter of the Burkholderia thailandensis
constitutive ribosomal S12 subunit gene cloned immediately 5’ to the multiple
cloning site) and these Ps12-driven constructs were delivered to a neutral atfTn7
site on the chromosome via triparental mating with E. coli RHO3 harboring

pTNS3.

For in-frame deletion of BAAU0158 bcpB-1, fragments containing a region
of 560 bp 5’ to the OREF (including the first 3 codons of bcpB-1) and 522 bp 3’ to
the OREF (including the last 7 codons) were constructed. For deletion of
BdAUO0158 bcpB-2, fragments containing a region of 552 bp 5’ to the ORF
(including the first 3 codons of bcpB-1) and 522 bp 3’ to the ORF (including the
last 7 codons) were constructed. For deletion of BAAU0158 bcpB-2, fragments
containing a region of 552 bp 5’ to the ORF (including the first 3 codons of bcpB-
2) and 549 bp 3’ to the ORF (including the last 6 codons) were constructed. For

deletion of BdAAU0158 bcp-4, fragments containing a region of 446 bp 5’ to the
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OREF (including the first 7 codons of bcpA-4) and 495 bp 3’ to the ORF (including
the last 20 codons of bcpB-4) were constructed. For deletion of BmCGD2M
bcpB-2, fragments containing a region of 507 bp 5’ to the ORF (including the first
7 codons of becpB-2) and 505 bp 3’ to the ORF (including the last 11 codons)
were constructed. The fragments for BAAUO158 bcpB-1, bepB-2, bep-4, and
BmCGD2M bcpB-2 were joined by overlap PCR cloned into pEXKmS by
restriction digestion, resulting in plasmids pZKE12, pZKE11, pEDPO03, and

pTMMOQ78, respectively.

For deletion of BdAU0158 bcpB-3 and bcpB-4, the deletion fragments were
flanked by restriction sites and purchased from ThermoFisher (GeneArts Strings
Gene Synthesis). For bcpB-3 the region contained 576 bp 5’ to the ORF
(including the first 3 codons of bcpB-3) and 528 bp 3’ to the ORF (including the
last 6 codons of bcpB-3). For bcpB-4 the region contained 238 bp 5’ to the ORF
(including the first 58 codons of bcpB-4) and 546 bp 3’ to the ORF (including the
last 6 codons of bcpB-4). These fragments were cloned into pEXKmS5 by

restriction digestion, resulting in plasmids pZKE16 and pZKEZ24, respectively.

To generate complementation plasmids for BdAAU0158 bcpB-1, bcpB-2,
bcpB-3, and bcpB-4, the ORFs were cloned by restriction digestion into pUCS12
(130), 3’ to the strong, constitutive promoter Ps12 (B. thailandensis E264 rpsL
gene promoter), resulting in plasmids pZKE13, pZKE14, pZKE15, and pEDP02,
respectively. Similarly, BmCGD2M bcpB-1 and bepB-2 were PCR amplified and
cloned into pUCS12, resulting in plasmids pZKE18 and pZKE19, respectively.

BdAUO0158 bcpO was cloned with a 3’ primer that added either one or three (3x)
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FLAG epitopes to the C-terminus, resulting in plasmids pZKE02 and pZKEO0G,
respectively. All complementation plasmids were delivered to atfTn7 in the
BdAUO0158 or BmCGD2M genome via triparental mating with helper plasmid
pTNS3 as previously described (143,161). To complement the bcp-4 locus
deletion mutant with bepl genes, the BAAUO158 bepl-4 and BmCGD2M bcepl-2
genes were PCR amplified and cloned 3’ Ps12 in pUCTet (130), resulting in

plasmids pEDPO1 and pECG70, respectively.

For strains constitutively expressing bcpA-4, approximately 500 nucleotides
3’ to the bcpA-4 translational start site was PCR amplified and cloned
immediately 3’ to the Ps12 promoter of plasmid pUCS12, resulting in plasmid
pTMMO086. Similarly, plasmids for constitutive expression of bcpA-1 (pS12AP6),
bcpA-2 (pS12AP7), and bepA-3 (pAP29) were generated as previously described
(133,143). These plasmids were mated into BAAUO158 strains without the
pTNS3 helper plasmid (to prevent atfTn7 site delivery). Kanamycin-resistant
colonies that carried pS12AP6, pS12AP7, pAP29, or pTMMO086 cointegrated 5’ to
bep-1, bep-2, bep-3, or bep-4 were obtained and confirmed by PCR, resulting in
the positioning of the Ps12 immediately 5’ to the chromosomal copy of each bcp
locus, similar to previously described strains (133,143). These strains were

routinely cultured with kanamycin to select for plasmid retention.

DNA fragments corresponding to bcpO containing two nucleotide changes
(GAG to GCA) to generate bcpOe22a and one nucleotide change to generate
bcpOc21s (TGC to TCC) point mutants, were purchased from ThermoFisher

(GeneArts Strings Gene Synthesis). The bcpOez22a and bepOc21s fragments were
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inserted into the pUCS12 backbone resulting in plasmids pZKE04 and pZKEOQ5,

respectively.

To construct the B-galactosidase reporters, a ~500 bp fragment upstream of
bcpA-1, bcpA-2, bepA-4, or bepB-4 ORF were PCR-amplified and cloned 5’ to a
promoterless lacZ in pUClacZ, resulting in plasmids, pECG99, pECG100,
pZKEZ20, and pZKE21, respectively. The reporter cassettes were delivered to an
attTn7 site in the BdAAU0158 genome as described above. Control reporters Pneg-
lacZ and Ps12-lacZ and the previously generated bcp-3 reporter, pAP24 (133),

were also delivered to an atfTn7 site in the BAAU0158 genome.

For cloning of the TpsA constructs, nucleotides encoding the N-terminus,
including the signal sequence, TPS domain, and part of the FHA repeats, of
bcpA-1 (nucleotides 1-1,602) and bepA-2 (nucleotides 1-1,713) were amplified
with a 3’ primer that added a FLAG epitope tag. Fragments were cloned into

pUCS12 via restriction digestion resulting in plasmids pZKE22 and pZKEZ26.

DNA fragments containing chimeric bcpB-1 of BAAU0158 were ordered
from ThermoFisher (GeneArts Strings Gene Synthesis). Chimeric gene bcpB-
1ChimT consists of BAAU0158 bepB-1 coding sequence with nucleotides 283-495
replaced with nucleotides 280-492 from BdAU0158 bcpB-2. Chimeric gene bcpB-
1Chim2 consist of BAAU0158 bepB-1 coding sequence with nucleotides 283-495
and 499-657 replaced with nucleotides 280-492 and 496-654 from BdAU0158
bcpB-2, respectively. Chimeric gene bcpB-1¢"m3 consists of BAAU0158 bcpB-1
coding sequence with nucleotides 76-207 replaced with nucleotides 94-279 from

BdAU0158 bcpB-2. Chimeric gene bepB-1¢"™m* consists of BAAU0158 bcpB-1
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coding sequence with nucleotides 76-207, 283-495, and 499-657 replaced with
nucleotides 94-279, 280-492, and 496-654 from BdAUO0158 bcpB-2, respectively.
Restriction digestion was used to clone bcpB-1°"™m bcpB-1¢m2 bepB-1Chim3,
and bcpB-1¢hm4 into pUCS12 downstream of Psi2, resulting in plasmids pZKE23,

pZKE29, pZKE30, and pZKE31, respectively.

2.3 Growth curves

One milliliter of BAAU0158 cells from an overnight culture were pelleted at
15,000 x g for 2 min and resuspended in sterile phosphate- buffered saline
(PBS). Twenty-five milliliters of LSLB were inoculated to an ODsoo = 0.025.
Cultures were grown at 37°C on a shaker for 28 h with ODsoo measurements
taken periodically (~2 h first 10 h). Two independent experiments were performed

in triplicate.

2.4 Interbacterial competition assays

Interbacterial competition assays were performed as previously described
(133,134,143) with modifications. BAAU0158 or BmCGD2M strains carrying
antibiotics resistance markers at atfTn7 sites were cultured overnight without
antibiotics and resuspended in sterile PBS to an ODeoo of 2, unless otherwise
indicated. The donor and recipient bacteria were marked with Kan and Tet
resistance markers, respectively. Donor and recipient bacteria were mixed at a
1:1 or 10:1 ratio, and 5 ul or 20 pl spots of the mixture was plated in triplicate on
LSLB agar without antibiotic selection. The competition plates were incubated at

37°C for 24-48 h, unless otherwise indicated. The input ratio (donor to recipient)
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was determined by plating the co-culture inoculum on antibiotic plates (LSLB
Kanzso or Tetso). Following 24-48 h, co-culture whole colony spots or cells
sampled from the edge of the colony biofilms were resuspended in 1 ml of sterile
PBS and serially diluted. Spots (20 pl) of serial dilutions were plated on antibiotic
plates (LSLB Kanzso or Tetso) and incubated at 37°C for 48 h. Colony counts for
donor and recipient bacteria at the start (O h) and 24 h or 48 h time points were
used to determine the competitive index (C.l.). The competitive index was
calculated as a ratio of donor strain to recipient strain at 24 h (or 48 h) divided by
the input (donor to recipient) ratio at 0 h. A positive log1o C.I. indicates the donor
strain outcompeted the recipient strain. A negative logio C.I. indicates the
recipient strain outcompeted the donor strain and a logio =~ 0 C.I. indicates no
competitive advantage for either strain. At least two to three independent
experiments were performed in triplicate (with three biological replicates), unless

otherwise noted.

2.5 Reverse Transcriptase qualitative PCR (RT-qPCR)

BdAUO0158 strains cultured in LSLB overnight were spotted in triplicate at 2
OD/ml (20 pl) onto LSLB agar plates and incubated overnight at 37°C. Total RNA
was extracted from colony spots using the RNaesy Protect Bacteria Minikit
(Qiagen), DNA Free Kit (ThermoFisher), and Zymo RNA Clean and
Concentrator, according to manufacturer’s protocols with minor modifications.
Approximately 800 ng of subsequent RNA was used to prepare a cDNA library
using the SuperScript IV (SSIV) First-Strand synthesis system (Invitrogen)

according to the manufacturer’s protocol. No Reverse Transcriptase controls (no
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RT) were set up for DNA contamination. cDNAs were then diluted 1:10 (or 1:5) in
nuclease-free water prior to qPCR analysis. RT-qPCR reactions containing iTaq
Universal SYBR Green Supermix were performed in 96 well plates in the CFX
Opus real-time PCR system (BioRad). Samples lacking reverse transcriptase
enzyme (NRT), or no template controls (NTC) were prepared and assayed in
tandem to ensure efficient depletion of contaminating DNA. Melting curves were
generated to validate the presence of single products. Results were analyzed
using CFX Maestro software. Comparisons were made using the AACt method
(162) normalized against the recA (163) housekeeping gene in the wild-type

strain.

2.6 Subcellular fractionation and secretion assay

Subcellular fractionation of BAAU0158 was perform as previously described
(147) with modifications. Bacterial strains were cultured overnight at 37°C with
agitation in LSLB. Cells were harvested by centrifugation at 12,000 x g for 15 min
at 4°C. The resulting pellet was resuspended to 8 OD/ml in Tris resuspension
buffer (50 mM Tris, pH 8 supplemented with Roche Complete Mini EDTA-free
Protease Inhibitor Cocktail and Pierce Universal Nuclease) and incubated on ice
~30 min. For TpsA secretion assays, proteins were precipitated from the culture
supernatants with 15% Trichloroacetic acid (TCA), washed with acetone, and
resuspended in 10 mM Tris, pH 8 with 2% sodium dodecyl sulfate (SDS)

(Tris/SDS buffer).
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For subcellular fractionation, cells were broken by three passages through a
chilled French Pressure cell (40,000 Ib/in?), and unbroken cells and large debris
were removed by two centrifugations at 12,000 x g at 4°C for 15 min. Total
membranes were separated by ultracentrifugation for 15 min at 100,000 x g at
20°C and supernatants collected to analyze the cytoplasmic fractions. Total
membranes were washed with Tris resuspension buffer and the resulting pellet

was resuspended in Tris/SDS buffer.

For selective detergent fractionations, total membrane pellets were
resuspended in Tris resuspension buffer + 2% Triton X-100, incubated at room
temperature for 30 min, then separated by ultracentrifugation for 15 min at
100,000 x g at 20°C. The supernatant containing the soluble inner membrane
fraction was collected and concentrated. The insoluble outer membrane pellet
was washed in Tris resuspension buffer + 2% Triton X-100, centrifuged, and then

resuspended in Tris/SDS buffer.

For sucrose density gradient fractionations, total membrane pellets were
resuspended in TE (50 mM Tris, pH 8 + EDTA) + 20% sucrose, and loaded on
top of a 2.5 ml sucrose gradient prepared with 0.7 ml of 70% sucrose and 1.8 ml
of 53% sucrose. The gradient was centrifuged at 100,000 x g for 2 h. The inner
membrane fraction was collected from the top band and the outer membrane
fraction was collected from the bottom band. The fractions were washed in TE
buffer, centrifuged for 30 min at 100,000 at 20°C, and solubilized in 4X sample

buffer.
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The whole cell lysate, cytoplasmic fractions, and Triton X-100 soluble inner
membrane fractions were concentrated by methanol-chloroform precipitation,
and resulting pellets were suspended in Tris/SDS buffer. Protein concentrations
were determined by microplate Bicinchoninic Acid (BCA) assay using Bovine

serum albumin (BSA) standards (Pierce).

2.7 Pulldown assay

Cells from overnight AbcpO and AbcpO::bcpO-3xFLac cultures were pelleted
and resuspended in Tris HCI + 2% Triton X-100 supplemented with nuclease and
EDTA-free protease inhibitor to 20 OD/ml. Cells were broken via French press
and unbroken cells were removed, as previously described. Cleared lysate was
mixed with M2 FLAG Magnetic Beads (Sigma) and incubated on a rotator for 1 h
and 45 min at room temperature. Beads were pulled down by magnet, decanted,
and washed four times with Tris Buffered saline (TBS). The remaining bound
proteins were eluted from the beads by boiling for 5 min in ~35 ul of 4X sample
buffer. Samples were divided in to four wells and resolved on an Invitrogen
Novex™ 10-20% Tricine 1.0 mm gel stained with SYPRO Ruby (ThermoFisher).
Unique bands were excised from the gel using fresh razors. Bands were stored

at -20°C until submitted to the University of Kentucky Mass Spectrometry Core.

2.8 Immunoblotting

Following fractionations, pulldown, or secretion assays, the resulting
samples were set to equal protein amounts in SDS/Tris and 4X sample buffer.

The samples were boiled and loaded onto an Invitrogen Novex™ 10-20% Tricine
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1.0 mm gel. Gels were electrophoresed at 125 v for 90 min. Proteins were
electroblotted onto Novex™ 0.2 uM polyvinylidene fluoride (PVDF) low
fluorescence membranes at 25 v for 1 h. Membranes were blocked with 5% milk
in PBS-T for 1 h at room temperature. Immunoblots were probed with primary
mouse monoclonal anti-FLAG M2 (Sigma) or anti-E. coli RNA polymerase 3
(Biolegend) antibodies overnight at 4°C with agitation. Membranes were washed
with PBS-T four times with agitation for 5 min. Membranes were probed with anti-
mouse secondary antibodies coupled to IRDye 800CW and incubated with
agitation for 1 h at room temperature. Membranes were washed with PBS-T four
times with agitation for 5 min. Images were acquired on a BioRad ChemiDoc MP

imagining system or Gel Doc EZ Imager.

2.9 Liquid Chromatography Tandem Mass Spectrometry (LC-MS/MS)

All Mass Spectrometric analysis was performed by the Proteomics Core
Facility of the University of Kentucky. The protein gel slices were subjected to
dithiothreitol reduction, iodoacetamide alkylation, before trypsin or chymotrypsin
(Band E only) digestion. MS data sets were searched in MASCOT against a
custom database containing BcpO-sxrLac as well as the Burkholderia dolosa

AUO0158 database from NCBI.

2.10 B-galactosidase assay
The following B-galactosidase assay protocol was adapted from Garcia et
al., 2016 (131). BAAU0158 reporter strains were grown overnight at 37°C in

LSLB. Cells from overnight cultures were washed in PBS and diluted to an ODsoo
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= 2. The cells were spotted (20 ul) on LSLB agar plates and incubated overnight
at 37°C. Following incubation, entire colony biofilms were resuspended in 1 ml
PBS, diluted 1:10 in Z-buffer + 0.27% p-mercaptoethanol (B-ME), and 250 pl
were removed to measure ODeoo. Cells were permeabilized by adding 50 pl
chloroform and 10 ul 0.1% SDS to the remaining 750 pl cell suspensions,
samples were vortexed, and allowed to settle. Fifty microliters of permeabilized
cells and 50 ul of 4 mg/ml ortho-nitrophenyl-p-galactoside (ONPG) was added to
150 yl Z-buffer. Over a 10-min time course ODa420 values were measured every
minute using a SpectraMax 5M plate reader (Molecular Devices). Three
independent experiments were performed, each with three technical replicates.
To calculate B-galactosidase activity ODa420 values for two time points within a
linear range and the corresponding change in time (At) were used in the following

formula:

AODa20
(At) (ODeoo) (ml of cells)

B-galactosidase assays (Miller Units) =

-galactosidase assay controls include promoterless lacZ in the pUC backbone
(Preg-lacZ) and overexpressed lacZ under the S12 constitutive promoter in

pUCS12 backbone (Ps12-lacZ).

2.11 Bioinformatics and statistics

Burkholderia homologs of bcpAIOB genes were identified using the
Burkholderia Genome Database and the NCBI BLAST suites. Protein alignments

were performed using the Clustal W alignment feature of Geneious Prime
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(2022.2.1.) and phylogenetic trees generated using the associated Geneious
Tree Builder. Domain predictions were performed using NCBI Conserved
Domain search. Predicted B. dolosa BcpB-1 structure generated by AlphaFold
(164-166) and structure visualized and shaded using UCSF ChimeraX v1.6.1
(167). Data were analyzed by one-way ANOVA with Tukey post hoc test or

Student’s f test using the statistical package in GraphPad Prism (v.9).
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Table 2.1 Burkholderia dolosa AU0158 and Burkholderia multivorans

CGD2M strains used in this study

Strain Description Reference
B. dolosa AU0158 Wild-type strain
B. multivorans CGD2M Wild-type strain
AUO0158 Abcp-1 In-frame deletion of bcpAIOB-1 (133)
AUO0158 Abcp-2 In-frame deletion of bcpAIOB-2 (133)
AUO0158 Abcp-3 In-frame deletion of bcpAIOB-3 (133)
AUO0158 Abcp-4 In-frame deletion of bcpAIOB-4 This study
AU0158 AbcpO-1 In-frame deletion of bcpO-1 (133)
pAP29 replaces native bcpA-3
_aC promoter with Ps12 to (133)
AU0158 bep-3 constitutively bcp-3
pTMMO86 replaces native
AU0158 bcp-4° bepA-4 promoter with Ps12 to This study
constitutively bcp-4
AUO0158 AbcpB-1 In-frame deletion of AbcpB-1 This study
AUO0158 AbcpB-2 In-frame deletion of AbcpB-2 This study
AUO0158 AbcpB-3 In-frame deletion of AbcpB-3 This study
AUO0158 AbcpB-4 In-frame deletion of AbcpB-4 This study
AUO0158 AbcpB-1 AbcpB-2 i . i
AbCpB-3 AbcpB-4 In-frame deletion of bcpB-1, This study

(AbcpB1-4)

bepB-2, bcpB-3, and bcpB-4
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Table 2.1 continued

AU0158 AbcpB-2 AbcpB-3

In-frame deletion of bcpB-2,

AbcpB-4 (bcpB-1) bepB-3, and bepB-4 This study
AUO0158 AbcpB-1 AbcpB-3 In-frame deletion of bcpB-1, This stud
AbcpB-4 (bcpB-2) bcpB-3, and bcpB-4 y
AUO0158 AbcpB-1 AbcpB-2 In-frame deletion of bcpB-1, This stud
AbcpB-4 (bcpB-3) bcpB-2, and bcpB-4 y
AUO0158 AbcpB-1 AbcpB-2 In-frame deletion of bcpB-1, This stud
AbcpB-3 (bcpB-4) bcpB-2, and bcpB-3 y
In-frame deletion of bcpB-1 and
AU0158 AbcpB-1 AbcpB-2 bopB-2 P This study
AbcpB-1 AbcpB-2::pS12AP6
AUO0158 AbcpB-1 AbcpB-2 replaces native bcpA-1 .
bcp-1¢ promoter with Ps12 to This study
constitutively bcp-1
AbcpB-1 AbcpB-2::pS12AP7
AUO0158 AbcpB-1 AbcpB-2 replaces native bcpA-2 .
bcp-2° promoter with Ps12 to This study
constitutively bcp-2
In-frame deletion of bcpB-2 in .
AUO0158 Abcp-1 AbcpB-2 Abcp-1 mutant This study
In-frame deletion of bcpB-1 in .
AUO0158 Abcp-2 AbcpB-1 Abcp-2 mutant This study
In-frame deletion of bcpAIOB-1
CGD2M Abcp-1 i1 CGD2M (133)
In-frame deletion of bcpAIB-2 in
CGD2M Abcp-2 CGD2M (133)
In-frame deletion of bcpAIOB-1
CGD2M Abcp-1 Abcp-2 and bepAIB-2 in CGD2M (147)
In-frame deletion of bcpB-2 in .
CGD2M Abcp-1 AbcpB-2 CGD2M bcpAIOB-1 mutant This study
CGD2M AbcpB-2 In-frame deletion of bcpB-2 in This study

CGD2M
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Table 2.2 Plasmids used in this study

Plasmids

Backbone

Description

Antibiotic
Resistance

Reference

pEXKmS

Allelic exchange
vector

Kan

(160)

pUC18Tmini
- Tn7T-Km

To deliver Kan
resistance cassette to
atttn7 site

Amp, Kan

(138)

pUC18Tmini
-Tn7T- Tet

pUC18Tmini
- Tn7T-Km

To deliver Tet
resistance cassette to
atttn7 site

Amp, Tet

(130)

pTNS3

Helper plasmid to
deliver cassettes to
atttn7

Amp

(76)

pUCS12km

pUC18Tmini
-Tn7T-Km

To deliver Ps12-
driving cassettes to
attTn7 site

Amp, Kan

(130)

pECG103

pUC18Tmini
-Tn7T-Tet

To deliver
constitutively-
expressed (Ps12)
bepl-1 to atfTn7 site

Amp, Tet

This study

pECG104

pUC18Tmini
-Tn7T-Tet

To deliver
constitutively-
expressed (Ps12)
bepl-2 to attfTn7 site

Amp, Tet

This study

pAP42

pUC18Tmini
-Tn7T-Tet

To deliver
constitutively
expressed (Ps12)
bepl-3 to atfTn7 site

Amp, Tet

(133)

PECG69

pUC18Tmini
-Tn7T-Tet

To deliver
BmCGD2M
constitutively
expressed (Ps12)
bepl-1 to atfTn7 site

Amp, Tet

(130)

pECG70

pUC18Tmini
-Tn7T-Tet

To deliver
BmCGD2M
constitutively
expressed (Ps12)
bepl-2 to attTn7 site

Amp, Tet

(134)

PAP6

pUC18Tmini
-Tn7T-Km

To integrate random
DNA 5’ to bep-1
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Table 2.2 continued

To deliver
- constitutively
pZKEOQ2 p-UT?];?'TErI:I expressed (Ps12) Amp, Kan | This study
bcpO-FiLac to attTn7
site
To deliver
- constitutively
pZKEO04 p-UTcr;117§I'TITrIr:“ expressed (Ps12) Amp, Kan | This study
bepO-e22a to attTn7
site
To deliver
pUC18Tmini constitutively
PTMMO41 -Tn7T-Km | expressed (Ps12) gltK Amp, Tet (147)
to atfTn7 site
To deliver
- constitutively
pZKEO5 p-UT?117§I'TITrIr:“ expressed (Ps12) Amp, Kan | This study
bepO-cz1s to attTn7
site
To deliver
- constitutively
pZKEQ6 p—UTiyngErlr:" expressed (Ps12) Amp, Kan | This study
bcpO-sxrLac to attTn7
site
To deliver
pUC18Tmini constitutively .
pZKEO8 - Tn7T-Km expressed (Ps12) Amp, Kan | This study
bepOB to atfTn7 site
To generate in-frame .
pEDP04 pEXKmS deletion of bcp-4 Kan This study
To generate in-frame .
pZKEQ9 pEXKmS deletion of bepOB-1 Kan This study
To generate in-frame .
pZKE11 pEXKm5 deletion of bcpB-2 Kan This study
PZKE12 pEXKm5 | 10 9enerate in-frame Kan This study

deletion of bcpB-1
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Table 2.2 continued

To generate in-frame

pZKE16 pEXKmS deletion of bcpB-3 Kan This study
To generate in-frame .
pZKE24 pEXKm5 deletion of bcpB-4 Kan This study
To deliver
- constitutively
pZKE10 p-UTT??I'TErIr:" expressed (Ps12) Amp, Kan | This study
bcpOB-1 to attTn7
site
To deliver
pUC18Tmini constitutively .
pZKE13 - Tn7T-Km expressed (Ps12) Amp, Kan | This study
bcpB-1 to atfTn7 site
To deliver
pUC18Tmini constitutively .
pZKE14 - Tn7T-Km expressed (Ps12) Amp, Kan | This study
bcpB-2 to attTn7 site
To deliver
pUC18Tmini constitutively .
pZKE15 - Tn7T-Km expressed (Pst2) Amp, Kan | This study
bepB-3 to atfTn7 site
To deliver
pUC18Tmini constitutively .
pEDPO02 - Tn7T-Km expressed (Psi2) Amp, Kan | This study
bcpB-4 to atfTn7 site
To generate in-frame
pTMMO78 pEXKmS deletion of Kan This study
BmCGD2M bcpB-2
To deliver
- BmCGD2M
pZKE1g | PUCI18TmInI constitutively Amp, Kan | This study
- Tn7T-Km
expressed (Ps12)
bcpB-1 to atfTn7 site
To deliver
- BmCGD2M
pUC18Tmini - .
pZKE19 CTn7T-Km constitutively Amp, Kan | This study

expressed (Ps12)
bepB-2 to atfTn7 site
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Table 2.2 continued

To deliver
- constitutively
pZKE22 p_UT%‘?rT_Er';" expressed (Psiz) TPS | Amp, Kan | This study
domain of bcpA-1 to
attTn7 site
To deliver
- constitutively
pZKE26 p-UTcr;117§I'TITrIr:“ expressed (Ps12) TPS | Amp, Kan | This study
domain of bcpA-2 to
atttn7 site
To deliver
pUC18Tmini constitutively- .
PZKE25 -Tn7T-Tet | expressed (Ps12) bepl- Amp, Tet | This study
4 to atfTn7 site
To deliver
- constitutively
pZKE23 p-UT?117§I'TITrIr:“ expressed (Ps12) Amp, Kan | This study
bepB-1 chimera 1 to
atttn7 site
To deliver
- constitutively
pZKE29 p—UTiyngErlr:" expressed (Ps12) Amp, Kan | This study
bcpB-1 chimera 2 to
attTn7 site
To deliver
- constitutively
pZKE30 p_UT%?rT_Er':]“ expressed (Ps12) | Amp, Kan | This study
bepB-1 chimera 3 to
attTn7 site
To deliver
- constitutively
pZKE31 p-UT(r:117§I'TErIr:" expressed (Ps12) Amp, Kan | This study
bcpB-1 chimera 4 to
atttn7 site
pUC18Tmini To integrate Ps12
PS12AP6 - Tn7T-Km promoter 5’ to bcp-1 Kan (143)
pUC18Tmini To integrate Ps12
PS12AP7 - Tn7T-Km promoter 5’ to bcp-2 Kan (143)
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Table 2.2 continued

pUC18Tmini

To deliver Ps12-lacZ

PECGI0 | 7T Km to atfTn7 site Amp, Kan | (130)
pUClacZ p_UT%;ﬁ.Twri:i Tz)p(rjoeri\g;rﬁ’g;gs_)ligz Amp, Kan (130)
atttn7 site
Phop-1-lacZ p-UTCn178TT-|Tri:i To dgi‘;?t'}z’;';’*i'tg’acz Amp, Kan | (133)
ez | PUCIETS | ol Pt | g, | 12
ez | PUCIETS | ol Pt | g, | 12
pZKE20 p_UT%?rT_m“ To dgi‘;?t'}i‘;'g;’e' facZ | Amp, Kan | This study
pZKE21 p_UT%{?rT_m" To dﬁ)"‘;?t'}i‘;*’sﬁ;g facZ | Amp, Kan | This study

Kan, Kanamycin; Amp, Ampicillin; Tet, Tetracycline
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CHAPTER 3. Characterization of B. dolosa CDI system-1 BcpO protein

The AbcpO mutant strain was generated by Perault et al., 2018. Mass
spectrometry analysis was performed by the Proteomics Core Facility of the

University of Kentucky.

3.1 Introduction

Even though contact-dependent growth inhibition (CDI) systems are
widespread among Proteobacteria, CDI systems are typically classified into two
broad classes, the E. coli-type and Burkholderia-type CDI systems (130,132).
The Burkholderia-type CDI systems are further divided into two phylogenetic
groups, class | and class Il. The subclassification was established based on the
conserved amino acid sequences of the BcpB and BepO proteins, as well as the
conserved N-terminal domain (~2800 amino acids) of B¢cpA (130,132). In CDI
systems the BcpA-CT and Bcpl proteins function in an allele specific manner, as
cognate immunity only provides protection against cognate BcpA-CTs but not
heterologous BcpA-CTs. Interestingly, the Burkholderia class | BcpO proteins are
conserved across alleles. The class | BcpO proteins are nearly identical at the
amino acid level, after the cleavage of the signal sequence. However, the amino
acid sequences of the Burkholderia class Il BcpO proteins have no similarities

among each other, to any characterized proteins, or protein domains (130,133).

Based on the presence of a lipobox located in the signal sequence, the
class | B. dolosa bcpO-1 gene is predicted to encode an outer membrane

localized lipoprotein (133). Due to the level of homology among each other the
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class | BcpO proteins are predicted to play a conserved, non-system specific
function. To date no clear role has been identified for class | BcpO proteins,
though B. thailandensis E264 and B. dolosa bcp-1 mutants lacking the bepO
gene had a reduced CDI mediated killing of recipient cells (130,133). Previous
work has not revealed a phenotype or function for the class Il BcpO proteins
(133,147). Based on the lack of similarities and known functions, the class |l
“‘BepO” proteins should probably be renamed. Therefore, the reference of BcpO
throughout this chapter corresponds to the class | BcpO proteins, more
specifically the BcpO-1 encoded by the B. dolosa strain AU0158, unless

otherwise noted.

Little is known about the function of lipoproteins in CDI systems. However,
other protein secretion systems such as colicins, trimeric autotransporters, the -
barrel machine assembly BAM complex, and Type VI secretion systems (T6SS)
encode lipoproteins that play important roles (168-173). Studies examining these
essential lipoproteins demonstrate that proper lipoprotein localization is
necessary for their role in machine assembly, toxin stability and secretion (170-
172,174). Additionally, a lipoprotein in the Type Vc secretion system has been
shown to directly enhance the stability and surface display of the SadA adhesin

autotransporter (171).

Since BcpA interacts with the other CDI proteins, Bepl binds to BcpA-CT to
prevent autotoxicity and BcpB binds BepA to transport BepA out of the cell; it is
plausible that BcpO also interacts with BcpA or another CDI protein. Therefore, |

hypothesize that B. dolosa BcpO-1 plays a role in BcpA secretion, by interacting
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with BcpA in the periplasm before BcpA-CT secretion occurs. Moreover, |
hypothesize that BcpO is acting with a chaperone, to prevent BcpA-CT

degradation by periplasmic proteases.

BcpO is predicted to be an outer membrane localized lipoprotein based on
bioinformatic analysis, however this has not been experimentally demonstrated.
In this chapter | provide experimental evidence that BcpO is likely a lipoprotein
that specifically functions with a cognate class | CDI system. Additionally, using
pulldown assays and subsequent mass spectrometry analysis | identified
potential BcpO binding partners. The findings highlighted here are
steppingstones for future experiments to elucidate the role BcpO plays in B.

dolosa BcpA-1 mediated CDI interbacterial competition.

3.2 Results

AbcpO phenotype is not due to a growth defect

To examine the function and localization of BcpO in subsequent
experiments described in this chapter, | created a FLAG-tagged bcpO construct
expressed constitutively in the previously generated AbcpO mutant strain (133).
Growth curves were used to determine if the deletion of bcpO or the
complementation of a AbcpO mutant strain with a constitutively expressed bcpO-
FLAG IS toxic to the donor cells. The AbcpO strain had a growth rate nearly
identical to wild-type from lag phase to late stationary phase. The AbcpO::bcpO-

FLac complemented strain had a slight, but not statistically significant, decrease in
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cell density compared to wild-type during stationary phase (Fig. 3.1A). This result
suggests that the deletion or overexpression of bcpO does not significantly affect

the growth rate of the donor cells in liquid medium.

| next aimed to test whether the FLAG epitope affects the function of
BcpO. Consistent with previous findings (133), AbcpO donor cells competed
against Abcp-1 recipient cells resulted in a ~10-fold decrease in BcpA-1 mediated
CDI killing compared to wild-type donor cells (Fig. 3.1B). When the AbcpO
mutant was complemented with a single copy plasmid, constitutively expressing
bepO-FLAG (Ps12-bcpO-rFLac) the CDI mediated killing was restored to levels
similar to wild-type. This result suggests that the C-terminal FLAG epitope does

not affect the function of BcpO.

Taken together these data indicate that the decrease in CDI activity
caused by the deletion of bcpO is not due to a growth defect in the donor strain;
instead implying that decrease CDI activity is specific to BcpA-1 toxin activity.
Additionally, these results show that the presence of a C-terminal FLAG epitope
does not affect the function of BcpO and therefore may not affect the localization

of BcpO.

Class | BcpO functions specifically with cognate class | CDI systems

Even though B. dolosa encodes multiple CDI systems, only bcp-1 is a
class | system, which includes bcpO (130,133). Therefore, | sought to determine

if the role BcpO plays in CDI activity is specific to class | CDI systems. To
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investigate this, | competed wild-type and AbcpO donor cells against Abcp-2
recipient cells to examine the class Il BcpA-2 toxin activity. The competitive index
for AbcpO was nearly identical to the competitive index of wild-type when
competed against a Abcp-2 recipient (Fig. 3.2A). When the cognate immunity
protein gene bcpl-2 was provided in trans to the recipient cells, BcpA-2 CDI
mediated activity was eliminated. These data suggest that BcpO-1 does not

affect a B. dolosa class || BcpA-2 mediated CDI activity.

To confirm that BcpO does not function with class Il CDI systems, | aimed
to determine if BcpO can function with a non-class | CDI system produced in a
different B. cepacia complex strain. To examine this, a single copy plasmid
constitutively expressing B. dolosa bcpO was delivered to the Burkholderia
multivorans CGD2M wild-type strain. B. multivorans encodes two functional class
Il CDI systems, though system-1 is not expressed under native laboratory
conditions (134). B. multivorans bcp-1 also encodes for a class Il BcpO, whose
function remains unknown. To examine B. dolosa BcpO activity, wild-type B.
multivorans and B. multivorans strain expressing B. dolosa bcpO
(BmCG2DM+Bd bcpO) was competed against both Abcp-1 and Abcp-2 recipient
cells to examine B. multivorans BcpA-1 and BepA-2 activity, respectively. As
expected, when a B. multivorans wild-type donor strain was competed against a
Abcp-1 recipient neither strain has a competitive advantage (Fig. 3.2B) (134).
Expressing B. dolosa bcpO in B. multivorans did not induce BcpA-1 mediated
CDiI killing. Similarly, B. dolosa bcpO expression in B. multivorans did not

significantly affect BcpA-2 meditated CDI activity. Therefore, these data suggest
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that expressing B. dolosa bcpO does not affect the CDI activity of the B.

multivorans class Il CDI systems.

Taken together, these results demonstrate that the expression of bcpO did
not affect the CDI activity of three distinct class Il CDI systems. Therefore,

suggesting that that the function of BcpO is likely specific for class | CDI systems.

BcpO is not necessary during low levels of CDI activity.

More recently some lipoproteins have been shown to act as sensors that
function to influence the gene expression of phosphorelay systems (175-178). If
BcpO is acting with a phosphorelay system, | would hypothesize that BcpO might
affect the expression of the bcpAIOB-1 genes. | sought to determine if the AbcpO
phenotype is due to changes in the expression of the other bcp-7 genes. To
investigate this, | compared the bcpAIOB-1 gene expression in wild-type to the
expression in the AbcpO strain using Reverse Transcriptase quantitative PCR
(RT-gPCR). RNA was extracted from wild-type, AbcpO, and Abcp-1 mono-strain
colony spots. When normalized to wild-type, the bcpA-1, bcpB-1, and bepl-1
gene expression remained unchanged in the AbcpO strain (Fig. 3.3A). The bcpO
gene expression was not detected the AbcpO strain, confirming that bcpO is
deleted in this strain. As expected, there was no measurable detection of the
bcpAIOB-1 genes in the Abcp-1 strain. These data indicate that the deletion of

bcpO does not affect the expression of the other bcp-1 genes.
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Since the AbcpO phenotype is not due to changes in bcp-1 gene
expression, | next aimed to determine if overexpressing bcpA-1 in the AbcpO
mutant could overcome the CDI defect. | hypothesize that BcpO acts to assist in
preventing the degradation of BcpA. Therefore, when BepO is absent | would
predict that the rate of BcpA degradation will increase. If the rate of BcpA
production is higher than degradation, then | think the AbcpO CDI defect may be
overcome by overexpressing bcpA-1. To investigate this, | competed wild-type
and AbcpO donor cells, that has the bcpA-71 promoter replaced with random
plasmid DNA or with B. thailandensis rpsL (ribosomal S12 subunit) constitutive
promoter, against Abcp-1 recipient cells. When the bcpA-1 promoter was
replaced with random plasmid DNA there was low levels (~500-fold decrease
compared to native promoter wild-type) of BcpA-1 mediated CDI activity that was
similar for both the wild-type and AbcpO donor cells (Fig. 3.3B). Overexpression
of bcpA-1 increased CDI activity in the AbcpO mutant strain. There was a ~5-fold
increase in the competitive index of both the wild-type and AbcpO strains when
compared to the natively expressed wild-type and AbcpO strains, respectively.
However, the competitive index of the constitutively expressed AbcpO strain was
still less than a constitutively expressed wild-type strain. These data suggest that

BcpO is not necessary when bcpA-1 is lowly expressed.

Since the function of bcpO seems to be dependent on the level of CDI
activity, | next wanted to determine if the density of the competition affects BcpO
function. To examine this, cocultures of competition assays between wild-type or

AbcpO donor cells and Abcp-1 recipient cells were mixed at three cell densities
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ODsoo= 0.2, 2, and 4. The competitive index of the AbcpO mutant was less than
wild-type at all tested densities (Fig. 3.3C). However, the differences between
the wild-type and AbcpO competitive indices at ODsoo = 0.2 was less than the
differences at ODsoo = 2 or 4. Interestingly, the level of BcpA-1 mediated CDI
activity was different at all three densities, with ODsoo= 2 resulting in the highest
level of activity. These data suggest that increasing the competition density
increases the level of CDI activity but in the absence of bcpO there is still a

decrease in CDI activity compared to wild-type.

Taken together, these data suggest that when bcp-1 is lowly expressed or
at a low competition density, BcpO may not be necessary for sufficient BcpA-1
mediated CDI activity. Repeat experiments would be needed to determine if

these differences are statistically significant.

bcpO likely encodes a lipoprotein

Bioinformatic analysis suggests that BcpO is a ~10 kDa lipoprotein
localized to the outer membrane. This prediction is based on studies done on
canonical E. coli lipoproteins which invariantly contain a cysteine residue at the
+1 position in the lipobox (LAAC) (118). The presence of an aspartic acid residue
at the +2 position typically leads to inner membrane localization, while any other
residue leads to outer membrane localization (179,180). Since BcpO has a
glutamic acid as the +2 residue BcpO is predicted to an outer membrane bound

lipoprotein; although, this has not been experimentally demonstrated. Therefore,
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| aimed to determine the localization of BcpO. To examine this, | performed
subcellular fractionation using a selective detergent, Triton X-100, and
ultracentrifugation on wild-type and a AbcpO::bcpO-rFLac::gltK-FLac strain. B.
multivorans Gltk-rLac is @ ~21 kDa inner membrane protein (147), that will serve
as an inner membrane control in these fractionation assays. In my initial
fractionation assays a band corresponding to BcpO-rLac was present only in the
inner membrane (Triton X-100 soluble) fraction of the AbcpO::bcpO-rFLac::gltK-
FLAG strain (Fig. 3.4A). Given that both GItK and BcpO contained FLAG epitopes |
also expressed the BcpO-rLac construct in the AbcpO strain alone to confirm that
there is no cross reactivity. Subcellular fractionation of the AbcpO::bcpO-rFLac also
resulted in a band corresponding to BcpO-rLac only in the inner membrane
fraction. A band corresponding to BcpO-rLac was not present in the whole cell
lysate likely due to low amounts of BcpO-rLac. These data from this subcellular
fractionation assay suggest that BcpO is an inner membrane localized

lipoprotein.

Potential BcpO binding partners

Given that BcpA interacts with the other two proteins in the CDI system,
BcpB and Bepl, | hypothesize that BepO also interacts with the other CDI
proteins. To determine if BcpO interacts with the CDI Bcp-1 proteins or other
proteins, | attempted to isolate and identify potential BcpO binding partners. |
performed pull down assays by incubating M2 FLAG magnetic beads with

cleared cell lysate from AbcpO and AbcpO::bcpO-rLac strains. Following
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incubation, the beads were washed, and bound proteins were eluted by boiling
beads in 4X SDS sample buffer. SYPRO Ruby staining of the SDS gel revealed
unique banding patterns for each strain (Fig. 3.5). Five bands unique to the
bepO.FLac sample were excised and sent to the University of Kentucky
proteomics core facility for Mass Spectrometry (MS) analysis. As a negative
control, the corresponding regions from the AbcpO samples were extracted and
sent for mass spec analysis. Majority of the top proteins identified by MS were
predicted to be cytoplasmic proteins that were also present in the AbcpO
samples, indicating nonspecific binding. This pulldown assay did identify unique
proteins, such as periplasmic proteases and chaperone proteins, that could be
potential BcpO binding partners (Table 3). Interestingly, when Band E, which
corresponds to the predicted size of BcpO-rLac, was digested with trypsin BcpO
was not identified in the Mass spec analysis. However, BcpO was identified when
Band E was digested with chymotrypsin. Therefore, other potential BcpO binding
partners may be identified if all the bands were digested with chymotrypsin. The
other CDI proteins were not identified as potential binding partners in this
pulldown assay. However, we cannot rule out the possibility of these interactions
given that BcpO could interact indirectly or directly through transient interactions,

which could have been missed under these tested conditions.

BcpO may need to be membrane bound to be functional.

To gain insight into the function of BcpO | aimed to determine whether

proper localization is necessary for BcpO to be functional. To examine this, |
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attempted to create BcpO point mutants that would change the invariant cysteine
+1 residue (BcpOca21s) and the +2 residue (BcpOe22a), which typically determines
the localization of some lipoproteins. | planned to constitutively express the bcpO
point mutants in the AbcpO mutant strain to examine localization and measure
BcpA-1 mediated CDI activity. However, | was unable to transform the Ps12-
bcpOc21s plasmid into the RHO3 E. coli cells. Therefore, | could not express the
Ps12-bcpOc21s plasmid in B. dolosa. Given that the +1 cysteine is invariable in
lipoproteins it is possible that overexpressing the bcpOcz1s point mutant could
have been toxic to the E. coli cells. It's been shown that the accumulation of
mislocalized lipoproteins can lead to perturbed membrane integrity and therefore
be toxic to the cell (181-183). Before determining the localization of the BcpOg22a
point mutant | first examined its functionality. When competed against Abcp-1
recipient cells the competitive index of a AbcpO donor strain complemented with
bcpOe224 was ~3-fold higher than AbcpO, but ~2-fold less than wild-type donor

cells (Fig 3.6A). This result suggests that the BcpOe22a point mutant is functional.

Given that my previous results suggest that BcpO is localized to the inner
membrane | hypothesized that BcpOe22a would be trafficked to the outer
membrane. When | fractionated the AbcpO::bcpOe224 strain as previously
described, | got contradicting results. The first fractionation assay resulted in a
band corresponding to BcpOez2z2a-FLaG in the inner membrane fraction; suggesting
that the glutamic acid to alanine mutation at the +2 position does not affect the
localization of BcpO (Fig 3.6B). However, when the fractionation assay was

repeated there were no bands in any fraction that corresponded to BcpOg22a-FLac
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(Fig. 3.7), although there was a BcpO-rLac band present in the inner membrane

fraction. This result would suggest that BcpOe22a-FLac was degraded.

Taken together these data suggest that BcpO localization does not follow
the E. coli LOL +2 rule; given that changing the negatively charged +2 glutamic
acid to a non-polar alanine residue did not result in outer membrane localization.
These results suggest that BcpO likely needs to be membrane bound to be
functional. Additionally, the unsuccessful attempt to mutate the invariant +1

cysteine provides evidence that BcpO is likely a lipoprotein.

Inconsistent results when examining BcpO localization and functionality

While in the process of optimizing the selective detergent fractionations, |
came across a study that demonstrated that lipoproteins can be solubilized by
nonionic detergents like Triton X-100 (174). This would result in both inner and
outer membrane bound lipoproteins appearing in the soluble (inner membrane)
fraction. To validate the selective detergent subcellular fractionation assay, |
attempted to examine the localization of BcpO using a sucrose density gradient.
When a three density (20%, 53%, and 70%) sucrose gradient was used strong
bands corresponding to BcpO-ax-rLag were present in all the fractions except for
the inner membrane (Fig 3.8A). Due to the low sample volume, | was unable
determine the concentration of the samples so | could not confirm if proteins
were present in the inner membrane fraction. However, faint bands

corresponding to RpoB were present the inner membrane fractions, which would
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suggest the presence of proteins in the sample. Repeated attempts to examine
the localization of BcpO using a sucrose density gradient resulted in bands
corresponding to BcpO-rLac and the inner membrane control GltK-FLag in all
fractions (Fig. 3.9). These data suggest that the conditions used for the sucrose
gradient was not sufficient for inner and outer membrane separation. Therefore, |
cannot definitively determine the precise localization of BcpO. However, the
results from the selective detergent fractionation would support the conclusion

that BcpO is a lipoprotein.

Initial competitions assay comparing wild-type and AbcpO donor cells
competed against Abcp-1 recipient cells, resulted in a significant decrease in
BcpA-1 mediated CDI activity for the AbcpO strain and activity was restored to
wild-type levels when complemented with +bcpO-FLac , which was consistent with
previously findings (133). However, subsequent competition assays, under the
same conditions, resulted in a competitive index of AbcpO donor cells that was
not significantly different from wild-type or the +bcpO complement strain (Fig
3.8B). These inconsistences led to difficulties in repeating the preliminary
experiments described earlier in this chapter. Since the natural conditions in
which CDI systems are active is not known, unintentional variation in
experimental conditions could have occurred during competition assays that
resulted in changes in the requirement of BcpO for CDI activity. However, when
bcpO and bepB-1 were deleted together the decrease in BcpA-1 mediated CDI
killing by the AbcpOB strain was consistent for all competition assays (Fig. 3.8B).

Complementation of the AbcpOB strain with the +bcpOB construct resulted in
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partial restoration of CDI activity. Additionally, data presented in chapter 4
demonstrate that the deletion of bcpB-1 alone does not affect BcpA-1 mediated
CDI activity (Fig. 4.2A). These results suggest that bcpO is responsible for the

decrease in BcpA-1 mediated CDI activity in the AbcpO and AbcpOB mutants.

3.3 Discussion

When | began these studies, previous work suggested that B. dolosa BcpO-
1 is an outer membrane localized lipoprotein, that is required for maximum BcpA-
1 mediated CDI activity, through an unknown mechanism (133). In this chapter |
provide experimental evidence that BcpO is a lipoprotein that specifically
functions with a cognate class | CDI system. Additionally, | identified potential

binding partners that may assist in the function of BcpO.

Due to the high similarity among class | BcpO amino acid sequences
(~94% after signal sequence cleavage), class | BcpO proteins are predicted to
function in a non-system specific manner (130,133). Given that expressing the B.
dolosa class | bepO in three different B. cepacia complex class Il CDI systems
did not provide a competitive advantage for these systems (Fig. 3.2), my data
suggest that the class | BcpO proteins specifically function with class | CDI
systems. Taken together with previous studies that show that class Il BcpO
proteins do not play a role in CDI activity (133,134), these results indicate that

the class | and class Il BcpO proteins are functionally distinct.

Little is known about the regulation of CDI system-encoding genes. In B.

thailandensis only about 1 in 1,000 bacteria express bcpAIOB genes at a high
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level under laboratory conditions (130). Moreover, the B. dolosa bcp-3 system is
only active when the native bcpA promoter is replaced with a constitutive
promoter (133). My preliminary results suggest that a basal level of BcpA-1
mediated CDI activity occurs in the absence of the native bcpA-1 promoter, and
the presence or absence of bcpO made no difference in the low-level activity of
BcpA-1 (Fig. 3.3B). Additionally, during low density competition assays there
was a low level of BcpA-1 mediated CDI killing, that was not influenced by BcpO
(Fig. 3.3C). Though it remains to be known the natural niche in which CDI
systems are active or provide a fitness advantage for B. dolosa. This work sheds
light on the conditions when CDI provides a competitive advantage and when

BcpO is required to maximize this advantage.

The findings presented here also demonstrate that bcpO does not
contribute to the regulation of the other bcp-1 genes, suggesting that BcpO
affects BcpA at the protein level. This is also supported by the fact that the level
of BcpA-1 mediated CDI activity is decreased in the absence of BcpO,
suggesting that the secreted toxin is less potent or the amount of secreted toxin
is a reduced. More evidence supports the latter, given that toxin activators in
donor cells as not been identified in other CDI systems. It is not known for CDI
systems if the level of CDI activity is directly correlated to number of secreted
toxins. Using antibodies that recognize the BcpA-CT domain, preliminary data
(generated by Beth Oates) shows that the BcpA-CT protein level was not
distinctly different when constitutively expressed in the AbcpO mutant strain

compared to constitutively expressed wild-type. However, since the BcpA-CT
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toxin domain would have likely been cleaved during this assay (due to direct
contact with sister cells) generating antibodies against different BcpA domains
could be helpful in determining whether the protein levels of the N-terminal
portion of BcpA differ between the wild-type and AbcpO strains. Alternatively, |
optimized a TpsA/BcpA secretion assay, discussed in detail in chapter 4, that
could be used in subsequent studies to determine if less BcpA-1 protein is
secreted when BcpO is not present. However, the decreased CDI activity from
the competition assay provides evidence that there are less BcpA-1 molecules

available to intoxicate recipient cells.

Bioinformatic analysis led to the original hypothesis that BcpO is an outer
membrane localized lipoprotein (133). This prediction was based on the
presence of a canonical lipobox (LAAC) in the amino acid sequence and a
predicted signal peptidase Il (SPase Il) cleavage site, as SPase Il exclusively
cleaves lipoproteins (179,184). Much of what is known about bacterial lipoprotein
biogenesis is based on work examining E. coli, P. aeruginosa, and Borrelia
burgdorferi lipoproteins (185-187). Lipoprotein localization is typically based on
the “+2 rule”, where an aspartic acid at the +2 position predicts IM localization,
but any other residue targets lipoproteins to the OM (185). Though this rule was
first described for E. coli lipoproteins, subsequent studies revealed that the +2
rule applies to many other bacterial species (188). However, other studies have
shown that when an asparagine residue is at the +3 position other residues such
as phenylalanine, tryptophan, tyrosine, glycine, or proline can serves as a +2 IM

retention signal (189). Additionally, in P. aeruginosa residues at positions 3 and 4
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(Gly+2 Lys+3Ser-4) are responsible for the retention of lipoproteins in the IM (1).
Based on the selective detergent subcellular fractionation assays BcpO
appeared to be localized to the IM. Since BcpO contains a negatively charged
residue, glutamic acid, at the +2 position it is possible that Glu+2 can still interact
with the phosphatidylethanolamine to avoid the LolCDE sortase complex and
therefore retain BcpO in the IM. However, when preliminary studies using
sucrose density gradients for subcellular fractionations were conducted bands
corresponding to BcpO appeared in the OM for one experiment but appeared in
both the inner and outer membranes in repeat experiments. Therefore, | could
not definitively determine the localization of BcpO. Further examination of BcpO
localization could provide insight into how Burkholderia lipoprotein localization is

determined.

Unexpectantly, a pulldown assay coupled with mass spectrometry resulted
in major hits that are predicted cytoplasm factors. These cytoplasmic proteins
were likely identified due to direct or indirect transient interactions that occurred
after cell lysis. Alternatively, BcpO could remain in the cytoplasm, although
lipoproteins are not known to attach to the cytoplasmic side of the inner
membrane. One could speculate that BcpO interacts with a chaperone protein to
indirectly assist in the stabilization of BcpA-1. This could explain why BcpA-1 is
still secreted and functional in the absence of bcpO. Interestingly, BcpA-1 or any
other Bcp-1 proteins, were not identified from this pulldown assay. However, due
to the size difference between BcpO and the BcepA, it is possible that conditions

used was not suitable to capture this interaction. Therefore, we cannot rule out
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the possibility of a BcpA-BepO interaction. Since the donor cells also express the
compatible inner membrane receptor, it is not known if the BcpA-1 toxin can be
transported back into the cytoplasm of the producing cell. Given that BcpO is
membrane bound, BcpO could be acting to prevent BcpA-CT transport back into
the cytoplasm of the donor cell, before secretion to the cell surface through
BcpB. This would not be detrimental to the cell because Bepl would prevent self-
intoxication. However, this could be an energy expensive process, especially if
bcpA is always expressed. It is possible that in the absence of BcpO, the BcpA-
CT pool is being wasted due to this transport back into the donor cell and
therefore limiting the amount of available toxin that can be transported to the
recipient cells. Before transport of BcpA-CT back into cytoplasm of the donor cell
can occur, the toxin domain would need to be cleaved from the rest of the BcpA
protein. For one E. coli CDI system, evidence suggests that an OMP, different
from the CDI OM receptor, is responsible for cleaving the CT domain from the
rest of the CdiA protein (135). However, this process has not been examined for
Burkholderia CDI systems. Alternatively, given the location of the pre-toxin
domain (PT), it could mediate auto-proteolysis to release the toxin domain from
the rest of BcpA protein (190,191). For toxin transport across the inner
membrane, it is hypothesized that the BcpA/CdiA toxins have autonomous
membrane translocation activity, but inner membrane receptors are needed to
facilitate the insertion of the toxin into the inner membrane (144,155). The

process would be similar to the proposed model for the translocation of some
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colicin nucleases (168,192-194). Therefore, | think that BcpO indirectly interacts

with BcpA-CT, to help prevent BcpA-CT degradation and self-intoxication.

It remains to be understood how BcpO is enhancing BcpA-1 mediated CDI
activity and why BcpO only plays a role in Bcp-1 CDI activity. Based on the
results obtained in this study, | think BcpO is acting with a chaperone to prevent
the degradation of BcpA in the producing cell. Along with subsequent studies, the
work presented here will provide insight into not only the role BcpO plays in the
B. dolosa AU0158 strain but also the role other class | BcpO proteins are play in

their cognate CDI systems.
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Figure 3.1 Validation of BcpO-FLAG construct functionality
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A) Growth curve experiments performed with wild-type, AbcpO mutant, and
AbcpO constitutively expressing Ps12-bcpO-rLac construct (AbcpO::bcpO-FLAG).
Optical density for all strains were measured in triplicate through 0-28 h, symbols
represent the mean with standard deviation. A one-way ANOVA was used to
report significance from each time point, but no significant differences were found
between the ODeoo between any of the strains. B) Interbacterial competition
assay between indicated donor cells: wild-type, AbcpO, or AbcpO constitutively
expressing Ps12-bcpO-rLac construct (AbcpO::bcpO-FLac) and Abcp-1 recipient
cell. Symbols represent log1o competitive index values (ratio of donor to recipient)
from two independent experiments (n= 6). Dashed line shows log1o competitive

index = 0; ns, not significant; *, P < 0.05.
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Figure 3.2 BcpO functionality in non-class | CDI systems
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(A) Interbacterial competition assays between B. dolosa wild-type or AbcpO
donor cells and Abcp-2 or Abcp-2 complemented with cognate immunity (Abcp-
2::bcpl-2) recipient cells. (B) Interbacterial competition assays between B.
multivorans wild-type or B. multivorans wild-type complemented with a
constitutively expressed copy of B. dolosa bcpO (+Bd bcpO) and B. multivorans
Abcp-1 or Abcp-2 recipient cells. Symbols represent log1o competitive index
values (ratio of donor to recipient) from two independent experiments (n= 6).
Dashed line shows log1o competitive index = 0. A Student’s t test was performed

no significant differences were found, ns, not significant.

63



Figure 3.3 BcpO role in bcp-1 expression
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(A) Total RNA was extracted from B. dolosa wild-type, AbcpO, and Abcp-1
monoculture colony spots. RNA samples were reverse transcribed into cDNA for
gRT-PCR measurements of bcpA-1, bepl-1, bepO-1, bepB-1, and bepA-2 genes.
All measurements were normalized to mean expression of the house-keeping
gene recA and are relative to the wild-type sample. (B) Interbacterial competition
assays between Abcp-1 recipients cells and wild-type or AbcpO donor cells that
has the region ~500 bp upstream of bcpA-1 replaced with random plasmid DNA
(Random), the native bcpA-1 promoter (Native), or the B. thailandensis rpsL
constitutive promoter (Constitutive). C) Interbacterial competition assays between
wild-type or AbcpO donor cells and Abcp-1 recipient cells, with donor and
recipient cell densities standardized to ODeoo = 0.2, 2, or 4. Symbols represent
log1o competitive index values (ratio of donor to recipient) from one experiment

(n=3). Dashed line shows logio competitive index = 0.
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Figure 3.4 Examination of BcpO localization
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1- Wlld-type, 2- BCpO'FLAG; 3'BchFLAG+GItK'FLAG

Western blot of selective detergent and ultracentrifugation subcellular
fractionation of 1) wild-type, 2) AbcpO constitutively expressing Ps12-bcpO-FLac
construct (BcpO), and 3) AbcpO constitutively expressing Ps12-bcpO-FLac and
Ps12-gltK-rLac (BcpO-GitK). Prior to cell lysis, cultures were standardized to the
same ODsoo. Membrane was probed with monoclonal anti-FLAG primary and
fluorescent anti-mouse secondary antibodies. Blue and orange arrows represent

GltK-rLac and BepO-rLac bands, respectively. Asterisks indicate non-specific

bands.
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Figure 3.5 Potential BcpO binding partners

A. B.
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Pulldown assay of AbcpO and AbcpO::bcpO-3xriac (bcpO-3xrLac) cell lysates
incubated with magnetic M2 FLAG beads. Bound proteins were eluted from the
beads via boiling in 4X SDS sample buffer. Prior to cell lysis, cultures were
standardized to the same ODsoo, and samples were loaded at equal volumes.
Lanes labeled as 1 were loaded with AbcpO elution sample from the same
experiment. Lanes labeled as 2 were loaded with bepO-sxrac elution sample
from the same experiment. (A) SDS-PAGE gels were stained with SYPRO Ruby
for protein visualization. Bands labeled A-E from bcpO-3xrLac lanes and
corresponding regions in AbcpO lanes, were excised and sent to the Proteomics
Core Facility at the University of Kentucky for Mass spectrometry analysis. (B)
Western blot probed with monoclonal anti-FLAG primary and fluorescent anti-
mouse secondary antibodies. Orange arrow shows BcpO-3xrLac bands and

asterisks indicate nonspecific bands.
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Figure 3.6 Analysis of BcpOg22a point mutant
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(A) Interbacterial competition assays between indicated donor cells: wild-type,
AbcpO, AbcpO constitutively expressing Ps12-bcpOe22a point mutant construct
(+bcpO-e22a) or AbcpO constitutively expressing Ps12-bcpO-FLac construct
(+bcpO-FLac) and Abcp-1 recipient cells. Symbols represent log1o competitive
index values (ratio of donor to recipient) from two independent experiments (n=
6). Dashed line shows log1o competitive index = 0. A one-way ANOVA was
performed, ns, not significant; *, P < 0.05; compared to wild-type. (B) Western
blot of selective detergent and ultracentrifugation subcellular fractionation of 1)
wild-type, 2) AbcpO constitutively expressing Ps12-bcpO-rLac construct (BepO-
FLac) and 3) AbcpO constitutively expressing Ps12-bcpOe22a-FLac point mutant
(BcpOe22a-FLAG) strains. Prior to cell lysis, cultures were standardized to the same
ODsoo. Membrane blots were probed with monoclonal anti-FLAG primary and
fluorescent anti-mouse secondary antibodies. Orange arrow shows BcpO-rLac (or

BcpOe22a-FLaG) bands and asterisk indicates nonspecific bands.
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Figure 3.7 Inconsistent BcpO fractionation

Whole cell Inner Outer
lysate  cytoplasm membrane  membrane
kDa 12 3 12 31 2 3 1 2 3

4_ GItK-FLAG

“—BcpO-¢iac

1- Wlld-type, 2- BCpO'FLAG; 3'BchFLAG+GItK'FLAG

Selective detergent subcellular fractionation Western blot of 1) wild-type, 2)
AbcpO constitutively expressing Ps12-bcpO-rac and 3) AbcpO constitutively
expressing Ps12-gltK-rLac and Ps12-bcpO-rLac (BepO-GlItK). Prior to cell lysis,
cultures were standardized to the same ODesoo. Membrane blots were probed with
monoclonal anti-FLAG primary and fluorescent anti-mouse secondary antibodies.

Blue and orange arrows represent GltK-rLac and BcpO-rFLac bands, respectively.

Asterisks indicate non-specific bands.
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Figure 3.8 Inconsistent BcpO results
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A) Sucrose density gradient subcellular fractionation Western blot of 1) wild-type
and 2) AbcpO constitutively expressing Ps12-bcpO-sxrLac. Whole cell lysate
(WCL), cytoplasm (cyto.), total membrane (TM), inner membrane (IM) and outer
membrane (OM) fractions were loaded at equal concentrations for each sample.
Membrane blots were probed with monoclonal anti-FLAG primary and
fluorescent anti-mouse secondary antibodies. Orange arrow shows BcpO-sxrLac
bands. (B) Interbacterial competition assay between indicated donor cells: wild-
type, AbcpOB, AbcpOB constitutively expressing Ps12-bcpOB (+bcpOB), AbcpO,
or AbcpO constitutively expressing Ps12-bcpO (+bcpO) and Abcp-1 recipient
cells. Symbols represent log1o competitive index values (ratio of donor to
recipient) from two independent experiments (n= 6). Dashed line shows log1o
competitive index = 0. A one-way ANOVA was performed, ns, not significant; *, P

< 0.05; compared to wild-type, unless noted by brackets.
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Figure 3.9 Inconsistent BcpO-3xrLac fractionation
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1- Wild-type; 2- BcpO-3,r 1 ac
Sucrose density gradient subcellular fractionation western blot of 1) wild-type and
2) AbcpO constitutively expressing Ps12-bcpO-sxrLac. Whole cell lysate (WCL),
cytoplasm, total membrane (TM), inner membrane (IM) and outer membrane
(OM) fractions were loaded at equal concentrations for each sample. Membrane
blots were probed with monoclonal anti-FLAG primary and fluorescent anti-
mouse secondary antibodies. Orange arrow shows BcpO-3xrLac bands and

asterisk indicates nonspecific bands.
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Table 3.1 Unique protein hits identified by LC-MS/MS

Description Score? | Coverage® | MWe¢ | Band¢
Major facilitator superfamily (MFS_1) 98.62 6.61 492 A
transporter
Periplasmic protease 86.52 15.89 56.4 A

ATP-dependent Clp protease, ATP-

binding subunit ClpX 392.28 | 54.61 46.4 B

phenylacetic acid degradation

hypothetical protein BDAG_02706 61.49 8.23 17.8

; 294 .48 23.94 60.4 B
protein paaN
IspG protein 196.01 17.12 46.9 B
methyl-accepting chemotaxis (MCP)
signaling domain protein 192.24 18.30 54.6 B
potassium uptake protein 156.06 14.44 69.2 B
lysE type translocator family protein | 107.12 15.09 225 C
hypothetical membrane protein
AK34 2385 90.97 9.69 24.9 C
Hypothetical membrane protein
BDAG_ 02405 90.97 10.00 241 C
type VI secretion system effector, 74.80 15.57 18.4 c
Hcp1 family protein ' ' '
hypothetical protein AK34_1701 93.77 36.23 14.6 D
hypothetical protein BDAG_01797 93.77 33.33 16.0 D
disulfide bond formation DsbB family 66.96 529 18.7 D
protein ' ' ’
type Il secretion system protein G 62.58 25.33 16.7 D
bcpO 646.33 | 45.00 11.3 E
type IV pilus biogenesis family 84 56 19.85 141 E
protein ] ] ]
E
E

doxX-like family protein 55.13 7.30 14.4

aThe protein score, which is the sum of the scores of the individual peptides
b The percentage of the protein sequence covered by identified peptides
¢ The molecular weight, in kilodaltons, of the predicted protein

dThe gel band from which the protein was isolated from
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CHAPTER 4.Interplay between CDI systems produced in Burkholderia cepacia
complex species

This work was a submitted publication: “Relaxed specificity of BcpB transporters
mediates interactions between Burkholderia cepacia complex contact-dependent
growth inhibition systems.” Elery ZK., Myers-Morales T., Phillips ED., and Garcia

EC. mSphere 2023.

4.1 Introduction

Some organisms encode multiple CDI systems that each contain a distinct
toxin-immunity pair. In Escherichia coli, Acinetobacter baumannii, Pseudomonas
aeruginosa, and several Burkholderia cepacia complex species, these systems
have been shown to independently mediate interbacterial competition, often
displaying differences in gene expression or toxin potency
(133,134,157,195,196). Whether cross talk may occur among CDI systems

produced by the same strain has not been examined.

Research on representative TPS systems has defined a model for the
secretion pathway of these proteins. After transport into the periplasm via the
Sec machinery, TpsA remains in an unfolded state until the TpsB transporter
incorporates TpsA into the outer membrane and it is progressively folded at the
cell surface (75,197,198). The TpsA proteins are large filamentous exoproteins
with typical hemagglutinin repeats and a conserved N-terminal TPS domain
required for recognition by a TpsB transporter (75). The TpsB transporters are

Omp85 superfamily members that consist of an outer membrane-embedded -
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barrel channel, an N-terminal a-helix (H1) plug that inserts into the barrel pore, a
short periplasmic polypeptide linker, and two periplasmic polypeptide transport
associated (POTRA) domains (113,199,200). The POTRA domains interact with
the TPS domain on the TpsA protein and are necessary for substrate recognition
and secretion (110,111). However, the precise role each POTRA domain plays in

substrate secretion remains unknown and may vary between systems.

The specificity of a TpsB transporter for its cognate TpsA partner also
varies between systems. Many TpsB transporters can secrete only their cognate
partner, while other transporters can secrete more than one TpsA effector (104).
The CdiB transporters from A. baumannii ACICU and E. coli EC93, which share
~23% amino acid sequence identity, are not interchangeable and specifically
secrete their cognate CdiA proteins (114). However, little is known about the
specificity of more closely related BcpB or CdiB transporters, such as those that

would be produced by an organism with multiple CDI systems.

Here we use B. cepacia complex species that each produce multiple
distinct CDI systems to examine the specificity of BcpB transporters for BcpA
toxin secretion. The results show that even though each complete CDI system
includes an associated BcpB, the transporters display a high degree of
promiscuity and generally secrete both cognate and non-cognate BcpA proteins
efficiently. While three BcpB proteins in Burkholderia dolosa each secreted
multiple BcpA toxins, differences in gene expression appeared to limit which
transporters were available. We also report that the relaxed specificity of BcpB

proteins extends to Burkholderia multivorans, suggesting that interaction of non-
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cognate BcpB-BcpA pairs may be a common characteristic of bacterial species

that produce multiple CDI systems.

4.2 Results

B. dolosa AU0158 contains an additional putative CDI system.

B. dolosa strain AU0158 (BdAU0158) was shown to produce three unique
CDI systems capable of mediating interbacterial competition, but only system-1
and system-2 were expressed in laboratory conditions (133). Each of the three
CDI systems encodes a distinct BcpB transporter, sharing ~80% amino acid
identity. Additionally, we identified a fourth bcpB gene downstream of a cryptic
bcp locus (referred to as bep-4) located on BAAU0158 chromosome 3 (Fig.
4.1A). The bcp-4 region resembles other loci that encode Burkholderia-type CDI
systems, with the gene order bcpAl(O)B. However, the distance between the
bepl and bepB genes is ~8,000 bp, a gap larger than what is typically found for
Burkholderia-type CDI loci. The bcp-4 locus has multiple open reading frames
(ORFs) between the bepl and bepB genes, although none of these ORFs are
predicted to encode a BcpO lipoprotein. Instead, many of the ORFs are predicted
to encode transposases, integrases, or genes that produce uncharacterized
hypothetical proteins. Interestingly, immediately downstream of bcpAl-4 are
additional bcp-like genes: an ORF annotated to encode an immunity 45 family

protein and truncated bcpB and bcpA genes. Despite the chromosomal distance
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between the bcpAl-4 and becpB-4 genes, the bep-4 region contains the genetic

components necessary to produce a CDI system.

Putative BdAU0158 bcpA-4 promoter is active under in vitro competition

conditions.

To examine the expression of the bcp-4 genes, ~500 bp 5’ to the becpA-4
and bcpB-4 translational start sites were fused to promoterless lacZ genes and
delivered to affTn7 sites of BdAAU0O158. The resulting reporter strains were
compared to similar reporter strains generated for the other three BdAU0158
bcpA genes (133). When grown in monoculture under the same conditions as
those used for competition experiments, the bcpA-1 and bcpA-2 reporters
showed low levels of B-galactosidase activity (Fig. 4.1B). By contrast, Ppcpa-3-
lacZ showed no detectable activity (Fig. 4.1B), as previously demonstrated
(133). The Pyuepa-s-lacZ reporter also showed low levels of 3-galactosidase
activity, while the Ppeps-4-lacZ activity levels did not significantly differ from the
promoterless control. These data suggest that bcpA-4 is expressed and therefore
may produce a functional CDI system protein, while bcpB-4 is likely not

expressed under the conditions tested.

BdAU0158 bcp-4 encodes a functional CDI system.

To determine the functionality of the BdAU0158 bcp-4 CDI system, a

mutant strain containing an unmarked, in-frame deletion of bcpA-4 through bcpB-
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4 was generated (Abcp-4). When wild-type donor cells were competed against
the Abcp-4 recipient cells at a 1:1 or 10:1 ratio, there was no difference in the
competitive index between non-immune recipient cells or those producing
cognate immunity protein Bcpl-4 (Fig. 4.1C). These data suggest that the
BdAUO0158 BcpAlB-4 CDI system does not mediate interbacterial competition

under conditions of native expression in vitro.

We hypothesized that native expression of bcpA-4 is not sufficient for CDI-
mediated competition and constructed a strain in which the putative bcpA-4
promoter was replaced with the strong, constitutively active Burkholderia
thailandensis rpsL (ribosomal S12 subunit) promoter, resulting in strain bcp-4€.
Following co-culture, the BdAU0158 bcp-4€ donor bacteria outcompeted the
Abcp-4 mutant by ~10-fold when inoculated at a 1:1 ratio and by ~100-fold when
inoculated at a 10:1 ratio (Fig. 4.1C). Introduction of the cognate bcp/-4 immunity
gene protected recipient cells from bcpA-4 mediated kKilling. As expected,
complementation with a gene encoding a heterologous immunity protein from B.
multivorans (BmCGD2M bcpl-2) did not provide protection against CDI,
indicating that bcpl-4 protection was allele-specific. These results indicate that
the bcp-4 locus encodes a functional CDI system that can mediate interbacterial

competition when expressed at a high level.
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Cognate BcpB transporters are not required for B. dolosa CDI-mediated

competition.

Many bacterial species encode multiple CDI systems within the same
strain. Since B. dolosa AU0158 contains four unique CDI systems, this strain
provides a useful model for investigating potential interplay between distinct CDI
systems. To examine the specificity of BAAU0158 BcpB transporters, strains
containing unmarked, in-frame deletion mutations of each of the bcpB genes
were generated, resulting in AbcpB-1, AbcpB-2, AbcpB-3, and AbcpB-4 mutants.
Interbacterial competition assays between these bcpB mutants and the
corresponding immunity-deficient (AbcpAIOB) recipient cells were used to
determine if each BcpB protein is required for the secretion of its cognate BcpA
toxin. Surprisingly, the AbcpB-1 mutant inhibited the Abcp-1 recipient strain
similarly to wild-type donors, implying that wild-type levels of BcpA-1 were still
secreted and delivered to recipient bacteria in the absence of BcpB-1 (Fig. 4.2A).
The AbcpB-2 mutant was also able to outcompete susceptible recipient cells, but
showed a ~10-fold defect in competitive index as compared to wild-type donor
bacteria (Fig. 4.2B). Interbacterial killing was restored to wild-type levels when
donor cells were complemented with bcpB-2 at a neutral chromosomal site.
Thus, BcpB-2 is also unnecessary for secretion of its cognate BcpA protein but

does appear to participate in BcpA-2 secretion.

Because bcpA-3 is not expressed under laboratory conditions,
competitions investigating this toxin were conducted in strains that constitutively

expressed bcpA-3 due to replacement of the native bcpA-3 promoter with Psi2
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(bcp-3©), as previously described (133). The bcp-3¢ AbcpB-3 mutant
outcompeted Abcp-3 recipient cells, although the CDI activity was ~100-fold less
than for the bcp-3° parent strain (Fig. 4.2C). These results show that BcpB-3

contributes to but is not required for cognate BcpA-3 secretion.

The bcp-4 overexpression strain (bcp-4©, Fig. 4.1C) was also used here to
test the contribution of bcpB-4. Similar to bcpB-1, there was no defect in growth
inhibition of Abcp-4 recipient bacteria by donor cells lacking bcpB-4 (Fig. 4.2D),
indicating that BcpB-4 is not required for BcpA-4 secretion. However,
complementation of the AbcpB-4 mutant with overexpressed bcpB-4 resulted in a
high level of BcpA-4-mediated CDI, representing a ~1000-fold increase in
competitive index as compared to the bcp-4€ parent or AbcpB-4 mutant strains.
This high level of CDI activity was eliminated when the complemented donor
strain (bcp-4© AbcpB-4+bcpB-4) was competed against recipient cells
supplemented with cognate bcpl-4 immunity. These data show that BcpB-4 is not
necessary for BcpA-4 secretion, but suggest that the transporter can secrete the

toxin when it is overproduced.

Altogether, these data indicate that the four BcpA toxins still mediate CDI
in the absence of their cognate BcpB transporters. Because the percent identity
among the BdAU0158 BcpB polypeptide transport associated (POTRA) domains,
POTRA-1 and POTRA-2 are 74% and 93%, respectively (Fig. 4.2E, 4.3), we
hypothesized that BcpA proteins could be secreted by non-cognate BcpB

transporters.
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Specificity of BcpB transporters for BcpA TPS domains.

It has been previously shown for other TPS systems that a truncated TpsA
protein consisting of the signal peptide and the TPS domain is efficiently secreted
into the culture supernatant in a TpsB-dependent manner (104,111,201,202). To
directly examine the secretion of the BcpA proteins, similar TpsA constructs were
created for the two proteins that mediate CDI under laboratory conditions, BcpA-
1 and BcpA-2. These genetic constructs encoded C-terminally truncated BcpAs
encompassing the signal peptide, predicted TPS domain, a portion of the FHA 8
helical repeat domains, and a FLAG epitope tag (Fig. 4.4A). To determine the
role each BcpB transporter plays in BcpA secretion, a quadruple AbcpB mutant
lacking all four transporters (AbcpB1-4) and a series of triple AbcpB deletion
mutants that each contained only one natively expressed transporter were
constructed. The two constructs encoding truncated BcpA-1 and BepA-2
proteins, termed fpsA-1 and tpsA-2, were each delivered in single copy to a

neutral chromosome site in these mutant strains.

TpsA-FLAG proteins of the expected size (~50 kDa) were only detected in
culture supernatants (Fig. 4.4B, 4.4C, 4.5). As expected, TpsA-1 and TpsA-2
were not detected in the AbcpB7-4 mutant or in the wild-type strain lacking tpsA
constructs. Both TpsA-1 (Fig. 4.4B) and TpsA-2 (Fig. 4.4C) were detected in
supernatants when they were produced in wild-type bacteria or the triple bcpB
mutants containing bcpB-2 or bcpB-3 alone. Low levels of TpsA-1 were
sometimes observed above the limit of detection in the culture supernatant of the

strains containing bcpB-1 or bcpB-4 (Fig. 4.4B, 4.5D). The non-secreted TpsA-1
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and TpsA-2 did not accumulate in the cytoplasm or insoluble (membrane)

fractions, but appeared to be degraded (Fig. 4.5A).

Overall, these results indicate that truncated BcpA polypeptides are
produced and secreted into the culture medium in a BcpB-dependent manner,
primarily by BcpB-2 and BepB-3. This indicates that the domains contained on
these proteins are sufficient for BcpA secretion, which is consistent with
observations in other TPS and CDI systems (104,110,114). Furthermore, these
results support our previous findings that secretion of BcpA-1 and BcpA-2 is not

dependent upon the cognate BcpB transporter.

BcpB-2 and BcpB-3 transporters can secrete all four BcpA toxins.

Our findings suggest that both cognate and non-cognate BcpB
transporters participate in BcpA secretion in B. dolosa. To determine the role
each BcpB transporter plays in BcpA toxin secretion and delivery, we used the
triple AbcpB mutants to individually examine the activity of one natively
expressed transporter at a time. These bcpB deletion mutants were competed
against a series of recipient cells that each lack one CDI system (thus lacking
immunity to only one BcpA protein). As expected, the quadruple AbcpB1-4
mutant did not outcompete any recipient strain, as it lacks all BcpB transporters

(Fig. 4.6).

Only the donor strains containing bcpB-2 or bcpB-3 outcompeted a Abcp-1

recipient, indicating that BcpB-2 and BcpB-3 each secreted BecpA-1 toxin that
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was capable of mediating CDI (Fig. 4.6A). However, these competitive indices
were significantly less than those of wild-type donors, suggesting that production
of only one BcpB transporter is not sufficient for maximum BcpA-1-mediated
killing. The donor strains containing only bcpB-1 or becpB-4 did not outcompete
Abcp-1 recipient cells, suggesting that BcpA-1 was not secreted by natively
produced BcpB-1 or BcpB-4, or that BcpA-1 secreted by these transporters was
unable to mediate CDI. While Figure 1A indicated that BcpB-1 is not required for
BcpA-1 secretion, these results further suggest that BcpB-1 does not participate

in the secretion of its cognate BcpA protein under these conditions.

Similar results supporting the importance of BcpB-2 and BcpB-3 were also
found for the remaining BcpA proteins. CDI activity against Abcp-2 or Abcp-3
mutant recipients was only observed for donor strains producing BcpB-2 or
BcpB-3 (Fig. 4.6B-C). In each case, donor strains producing the cognate BcpB
transporter outcompeted recipient bacteria at levels similar to wild-type donors.
Donor bacteria producing the non-cognate transporter (either BcpB-2 or BcpB-3)
also outcompeted recipient cells, but at levels less than wild-type. These data
suggest that BcpA-2 and BepA-3 can be secreted by multiple BepB transporters

but may prefer their cognate transporters.

BcpA-4 also appeared to utilize BcpB-2 and BepB-3, but the competitive
indices for these mutant co-cultures were significantly less than for the parent
strain (Fig. 4.6D). This result suggests that production of either BcpB-2 or BcpB-
3 is not sufficient for maximum BcpA-4 mediated killing. BcpA-4 activity was not

observed when secretion depended on BcpB-4, likely due to poor bcpB-4
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expression under these conditions (Fig. 4.1B). Moreover, previous data showed
that bcpB-4 overexpression led to increased CDI by BcpA-4 (Fig. 4.2D), implying
that BcpA-4 can be efficiently secreted by its cognate transporter. By contrast,
overexpression of becpB-1 did not affect BcpA-1 mediated CDI (Fig. 4.2A),
suggesting that low bcpB-1 expression may not explain the lack of CDI activity by

donor bacteria that only contain bcpB-1.

Together these findings indicate that B. dolosa BcpA toxins mediate CDI
activity when secreted from both cognate and non-cognate BcpB, but the toxins
vary in their specificity for the transporters. All four BcpA proteins were secreted
from strains containing either bcpB-2 or bcpB-3, but none of the toxins mediated
CDI when only bcpB-1 or bepB-4 was present. An implication of this result is that
BcpB-3 must be produced and active even though the bcpA-3 promoter is
inactive under these conditions (133). Thus, the activities of this cognate

BcpA/BepB pair are uncoupled in B. dolosa.

These results are also generally consistent with the TpsA-1 and TpsA-2
secretion assays, which showed secretion primarily by BcpB-2 and BcpB-3 (Fig.
4.4). While we cannot rule out differences in the secretion of truncated BcpA
polypeptides (‘TpsA-1" and ‘TpsA-2’) as compared to full-length BcpAs, it is likely
that the occasional low level of TpsA secretion detected for BcpB-1 and/or BcpB-

4 (Fig. 4.4, 4.5) was insufficient to cause measurable CDI.
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Competition between BcpA-1 and BcpA-2 for secretion by BcpB-3

Since our data indicate that multiple BcpA toxins are secreted by BcpB-2
and BcpB-3, we next sought to determine whether competition occurs for
secretion by the available BcpB transporters. To do this, we compared the CDI
activities of donor strains that utilized only BcpB-3, but had varying levels of
potentially competing BcpA-1 and BepA-2 proteins. This allowed us to ask
whether secretion through a single transporter, BcpB-3, was impacted by levels
of substate BcpA proteins. When examining BcpA-1 activity, we asked whether

interbacterial killing was impacted by BcpA-2 levels, and vice versa.

These experiments utilized a AbcpB-1 AbcpB-2 double mutant that
depends on BcpB-3 for secretion of BcpA-1 and BepA-2. Since this double
mutant lacks BcpB-2, it outcompeted both Abcp-1 (Fig. 4.7A) and Abcp-2 (Fig.
4.7B) recipient cells to a lesser extent than wild-type donors (Fig. 4.7A-B,
panels 1 and 2). Elimination of BcpB-3 from this mutant (by testing a triple
AbcpB-1 AbcpB-2 AbcpB-3 mutant) abolished interbacterial killing of both
recipient strains, indicating that the double mutant indeed depended on BcpB-3
for secretion of BcpA-1 and BepA-2 (Fig, 4.7A-B, panel 3). Interestingly, when
bcpA-2 was overexpressed, the BcpA-1 mediated CDI activity of the donor cells
was eliminated completely (Fig. 4.7A, panel 4). Similarly, overexpression of
bcpA-1 prevented BepA-2 mediated CDI activity (Fig. 4.7B, panel 4). These
results indicate that high levels of one BcpA protein can negatively impact the
activity of other BcpA proteins when BcpB transporters are limited, likely by

competing for secretion by BcpB.
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Consistent with this hypothesis, a donor strain lacking bcpA-2 (Abcp-2
AbcpB-1) showed significantly higher levels of BcpA-1 mediated CDI (Fig. 4.7A,
panel 5). However, the reciprocal was not true. Loss of bcpA-1 did not alter
interbacterial killing by BcpA-2 (Fig. 4.7B, panel 5). These data suggest that
BcpA-2 secretion is less sensitive to the presence of BcpA-1 when both BcpA
proteins are utilizing a single BcpB transporter, implying that the BcpB-3
transporter may have a higher affinity for BcpA-2 toxin. Altogether, these data
indicate that there can be competition among BcpA proteins for secretion by
limited BcpB transporters and the transporters likely a have higher affinity for

specific BcpA toxins.

Replacing the BcpB-1 POTRA domains changes the functionality of BcpB-

1.

Previous data showed that natively expressed bcpB-1 does not allow
donor cells to inhibit recipient cell growth even with cognate BcpA-1. To
determine whether insufficient bcpB-1 gene expression contributes to this defect,
we overexpressed bcpB-1 in the quadruple AbcpB1-4 mutant that does not
contain any native bcpB genes. While bacteria that overproduced BcpB-2
secreted BcpA-1 (Fig. 4.8B) and BcpA-2 (Fig. 4.8C), donor bacteria
overexpressing wild-type bcpB-1 did not show any interbacterial toxicity. Thus,
even overproduced BcpB-1 is defective for some step of BcpA secretion or

delivery to recipient cells.
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To further investigate the apparent lack of BcpB-1 functionality, we utilized
chimeric BcpB proteins. For TPS systems in some Neisseria species, swapping
the POTRA domains can change TpsB specificity (110). To test whether
differences in the BcpB-1 and BepB-2 POTRA domains account for the proteins’
functional differences, we generated chimeric bcpB-1 genes that had the regions
encoding the POTRA-1 (residues 95-165) or POTRA-1 and POTRA-2 (residues
95-165 and 167-219) domains replaced with the corresponding regions from
bcpB-2 (Fig. 4.8A). To examine the activity of the BcpB-1 chimeric proteins, they
were produced in the AbcpB1-4 mutant strain and competed against Abcp-1 and
Abcp-2 recipient bacteria. The chimeric proteins BcpB-1¢hm! and BepB-1¢him?
were able to induce a low level of BcpA-1- and BepA-2-mediated CDI (Fig. 4.8B,
4.8C). Therefore, replacement of the POTRA-1 or POTRA-1 and POTRA-2
domains of BcpB-1 likely allows for increased secretion of BcpA-1 and BepA-2,

although not to the levels observed for full-length BcpB-2.

TpsB family proteins like BcpB contain an H1 plug that blocks the barrel
pore in the resting conformation; this plug needs to be removed for secretion to
occur (199,200). The plug is connected to the first POTRA domain by a short
periplasmic polypeptide, referred to as the linker (Fig. 4.9C, 4.10). It has been
shown in other TPS systems that the linker is also necessary for substrate
secretion (92,113,114,199). To examine the function of the plug-linker, a third
BcpB-1 chimera (BcpB-1©"m3) that has the plug and linker regions of BcpB-1
replaced with the regions from BcpB-2 was generated. Donor bacteria producing

BcpB-1¢him3 were not able to intoxicate either Abcp-71 (Fig. 4.8B) or Abcp-2 (Fig.
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4.8C) recipient cells, suggesting that alterations to the plug-linker regions do not
explain the low secretion activity for BcpB-1. Lastly, a fourth BcpB-1 chimera
(BcpB-1¢Mm4) was generated to replace the plug-linker, POTRA-1, and POTRA-2
domains from BcpB-1 with the corresponding regions from BcpB-2. Similar to
BcpB-1¢hmT and BepB-1©"™m2, donor bacteria producing BepB-1¢"™m* showed a ~5-
fold and ~10-fold increase in CDI activity as compared to the non-secreting

AbcpB1-4 mutant.

The three chimeras that contained the BcpB-2 POTRA-1 domain were the
only BcpB-1 proteins to show CDI activity. These data suggest that the specificity
of the POTRA-1 domain may contribute to the low secretion activity of native
BcpB-1. Although we have not ruled out contributions of POTRA-2, only two
amino acids differ between the proteins in this region. None of the chimeric
BcpB-1 proteins functioned similarly to BcpB-2, indicating that additional
differences elsewhere in the protein contribute to the functional differences
between BcpB-1 and BcpB-2. Considerable sequence variability between BepB-1
and BcpB-2 exists C-terminal to the POTRA-2 domain, which is predicted to form

the B-barrel (Fig. 4.9C, 4.10).

BcpBE?%4, a close B. dolosa BcpB-1 homolog, can secrete BcpA-1 and

BcpA-2

Interestingly, it has been previously reported that the Burkholderia

thailandensis E264 bcp and B. dolosa AU0158 bcp-1 toxin and immunity alleles
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are functionally interchangeable. The BAAU0158 Bcpl-1 and BtE264 Bcepl
immunity proteins provided cross-protection against both the BdAU0158 BcpA-1
and BtE264 BcpA toxins (133). Even though the BdAU0O158 BcpB-1 and BtE264
BcpB proteins are ~95% identical at the amino acid level (Fig. 4.10), based on
our data we hypothesize that they are not functionally identical. Unlike
BdAUO0158, BtE264 produces only one CDI system with one bcpB gene, so we
expect the BcpBZ%254 protein to be functional. To examine the functionality of the
BtE264 BcpB protein for secretion of BAAUO0158 BcpA proteins, we expressed
BtE264 bcpB gene in the BAAU0158 AbcpB1-4 mutant. Unlike BAAUO158 BcpB-
1, BtE264 BcpB was able to mediate CDI against Abcp-1 (Fig. 4.9A) or Abcp-2
(Fig. 4.9B) recipient cells at levels not significantly different from wild-type donor
cells. These data indicate that the few amino acid differences between the two
closely related BcpB proteins are responsible for a large difference in

functionality (Fig. 4.10).

Sequence comparison between BdAU0158 BcpB-1, which appears
defective for one or more steps in BcpA secretion or delivery, and the CDI-
competent BdAAU0158 BcpB-2 and BtE264 BcpB shows a limited number of
amino acid differences. Only 20 residues differ in BcpB-189AY0158 g5 compared to
BcpB-280AU0158 or BcpBBE254 (Fig. 4.10). Nine of these residues map to the
predicted beta-barrel of BcpB-1, including three each in -strands 7 and 316
(Fig. 4.9C). Six residues are predicted to be found in or immediately adjacent to

(B15) extracellular loops. Three residues are predicted in the POTRA-1 domain,
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and one residue is located in each of the plug-linker region and the region N-

terminal to H1.

Overproduction of BcpB reveals differences in transporter specificity.

Overexpression of bcpB-1 did not allow donor bacteria to outcompete
Abcp-1 or Abcp-2 recipient cells (Fig. 4.8). To examine whether differences in
gene expression could account for other interbacterial toxicity differences
observed for the bcpB mutant donor cells, we overexpressed the remaining bcpB
genes in AbcpB1-4 donor bacteria. Interestingly, overexpression of bcpB-2,
bcpB-3, or bepB-4 allowed intoxication by BepA-1 (Fig. 4.11A) or BecpA-2 (Fig.
4.11B). These data indicate that BcpB-4 can secrete non-cognate toxin when
overproduced and suggest that the low activity of natively-expressed bcpB-4
(Fig. 4.6) is likely due to insufficient gene expression under the conditions used
here. These experiments also showed differences in BcpB-3 function. Consistent
with the finding that natively expressed bcpB-3 facilitates reduced BcpA-1-
mediated CDI (Fig. 4.6A), activity of BcpA-1 also appeared diminished here
when secretion was dependent on overproduced BcpB-3 (Fig. 4.11A). By
contrast, overproduced BcpB-3 allowed wild-type levels of BcpA-2 toxicity here
(Fig. 4.11B), while competition by donor cells producing native BcpB-3 was
reduced (Fig. 4.6B). These results suggest that BcpB-3 is less competent for
BcpA-1 secretion or delivery, while these processes occur more efficiently for

BcpA-2.
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BcpB transporter specificity in other B. cepacia complex species.

Since the B. dolosa BcpB transporters appear to have relaxed specificity,
we hypothesized that BcpB proteins found in other Burkholderia strains may also
secrete non-cognate BcpA proteins. Burkholderia multivorans CGD2M encodes
two CDI systems that can mediate interbacterial toxicity (134) and the associated
BcpB proteins are 78-86% identical to the BAAUO158 transporters (Fig. 4.3). To
assess whether BcpA toxins can be secreted by cross-species BcpB
transporters, BmCGD2M BcpB proteins were overproduced in BdAAU0158
AbcpB1-4 donor bacteria. BmCGD2M BcpB-2 showed wild-type levels of BcpA-1
(Fig. 4.11A) and-BcpA-2 (Fig. 4.11B) mediated toxicity, while donors producing
BmCGD2M BcpB-1 showed only a low level of BcpA-1 activity. These data
suggest that both BmCGD2M BcpB-1 and BcpB-2 can secrete and deliver non-

cognate BcpA substrates, although to different extents.

To test whether these BmCGD2M BcpB proteins mediate secretion of
non-cognate BcpA proteins in their native organism, we performed interbacterial
competition assays with B. multivorans. Because previous work from our lab
indicated that BmCGD2M CDI system-1 (bcpAIOB-1) mediates interbacterial
competition only when overexpressed (134), we measured the activity of BcpA-
2BmCGh2M Reflecting the inactivity of CDI system-1, Abcp-1 donor cells
outcompeted Abcp-1 Abcp-2 recipient bacteria at a level similar to wild-type
donors (Fig. 4.11C), indicating that the interbacterial toxicity is due to the BcpA-2

toxin. BmCGD2M donor cells lacking bcpB-2 outcompeted recipient cells ~5-fold,
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but these competitive indices were not significantly different from those of the
bepB-deficient Abcp-1 AbcpB-2 mutant donor cells, likely reflecting low native
expression of bcpB-1 (Fig. 4.11C, 4.11D). Complementation of the Abcp-1
AbcpB-2 mutant with overexpressed BmCGD2M bcpB-1 or bepB-2 resulted in
interbacterial toxicity, indicating that both transporters can secrete BcpA-2. Only
complementation with bcpB-2 restored interbacterial toxicity to wild-type levels,
though, suggesting that BcpA-2 may show preference for its cognate transporter.
Together these data indicate that both B. multivorans BcpB-1 and BcpB-2
transporters can secrete BcpA-2, but cognate BcpB-2 is necessary for maximum

secretion or delivery.

B. dolosa BcpB transporters were also capable of secreting B. multivorans
BcpA-2. Overexpression of B. dolosa bepB-3 or bepB-4 in the BmCGD2M Abcp-1
AbcpB-2 donor strain resulted in wild-type levels of CDI (Fig. 4.11D). B.
multivorans donor cells producing B. dolosa BcpB-2 also inhibited the growth of
recipient cells, but to a lesser extent than cells producing the native transporter.
Consistent with our previous observations, BAAU0158 BcpB-1 did not allow CDI

activity in B. multivorans.

Together, these findings indicate that the relaxed specificity of the BcpB
transporters occurs in several Bcc species that produce multiple CDI systems. By
comparing donor cells that overproduced BcpB proteins (Fig. 4.11), the relative
secretion/delivery efficiencies of each BcpA substrate by each transporter could
be determined. BcpB-489AY0158 gnd BepB-28mCCD2M gppeared the most

promiscuous, mediating wild-type levels of CDI from all three distinct BcpA

93



substrates (Fig. 4.11A, 4.11B, 4.11D). BcpB-18mCCb2M giso secreted all three
substrates, but cells producing this transporter displayed diminished
interbacterial inhibition (Fig. 4.11A-C). Interestingly, BcpB-289AU0158 gand BcpB-
3BdAU0158 showed variable transporter function. Both proteins mediated wild-type
levels of growth inhibition by BcpA-289AU0158 byt differed in their abilities to cause
CDI by BcpA-189AU0158 gnd BepA-2BmCCD2M (Fig. 4.11). Overall, the six distinct
BcpB proteins examined here showed variable specificity that depended on the

particular BcpA substrate.
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4.3 Discussion

In this study, we investigated the impact of interactions between distinct
contact-dependent growth inhibition (CDI) systems on interbacterial antagonism.
Surprisingly, we found that BcpB transporters were dispensable for the secretion
of their cognate BcpA toxin. BepB transporters in multiple Burkholderia species
showed relaxed specificity and secreted both cognate and non-cognate full-
length BcpA toxins. One toxin (BdAU0158 BcpA-1) was secreted exclusively by
non-cognate transporters, as its cognate BcpB protein appeared non-functional
under the conditions tested here. The promiscuity of the BcpB transporters led to
the observation that competition between CDI systems for substrate secretion
can occur when transporters are limited. These findings suggest a model in
which distinct CDI systems produced by the same organism may not function
independently, but instead interact to secrete the available pool of toxins (Fig.

4.12A).

Activity of cognate BcpB/BcpA pairs in B. dolosa was sometimes
uncoupled, likely due to differences in gene expression. The bcpA-3 promoter
was inactive under laboratory conditions and detection of BcpA-3-mediated CDI
required introduction of a strong, constitutive promoter. However, BcpB-3 was
highly active under these same conditions and contributed to the secretion of
both BcpA-1 and BcpA-2. Expression of bcpB-3 may be due, in part, to an active
promoter upstream of bcpl-3 that was previously identified (133). Similarly, bcpA-
4 and bcpB-4 also showed differences in promoter activity. This differential gene

expression may produce distinct BcpA/BcpB repertoires in different conditions
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and, combined with the secretion flexibility we observed, could tune optimal toxin

secretion for different environmental niches.

Surprisingly, B. dolosa BcpB-1 was not able to secrete or deliver sufficient
toxin, either cognate or non-cognate, to mediate interbacterial competition.
Changes to the BcpB-1 POTRA-1 domain by replacement with BcpB-2
sequences increased its activity slightly, suggesting that one or more of the 13
amino acid differences in this region contribute to BcpA recognition and/or
secretion. In addition, although BdAAU0158 BcpB-1 and BtE264 BcpB are ~95%
identical, only BcpBB®£254 appeared functional for BcpA secretion. Comparison of
all three transporters (BcpB-189AU0158 BcpB-28d9AU0158  gnd BepBBE2%4) identified
20 residues that are unique to BcpB-189AY01%8 (Fig. 4.9C and 4.10). While
additional work will be needed to elucidate their potential contributions, three
unique residues are located in B-barrel strand 16, which is part of an interface
(B1-p16) implicated to undergo rearrangements during CdiB secretion (114). It is
possible that these sequence differences allow for BcpB-189AU0158 gctivity under
particular environmental conditions. Alternatively, these differences may
represent an accumulation of mutations that decreased BcpB-1 function. Unlike
BtE264, which produces a single BcpB transporter, detrimental mutations might

be tolerated in B. dolosa because it produces compensatory BcpB proteins.

The secretion specificity of TpsA-TpsB pairs has been shown to be
dependent on recognition of the exoprotein TPS domain (201,202). Although the
BcpA proteins are highly variable, the N-terminus which includes the TPS

domain, is well-conserved (Fig. 4.5 and 4.13). B. dolosa BcpA-1 and BcpA-2
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share only ~37% identity overall, but their TPS domains are 76% identical. By
contrast, the TPS domains of E. coli and A. baumannii CdiA proteins, which are
not secreted by each other’s CdiB transporters, share only 46% sequence
identity (114). Thus, similarity of the TPS domains among BcpA proteins likely
accounts for much of the relaxed specificity observed for the BcpB transporters.
However, among the relatively similar B. cepacia complex BcpA proteins tested
here, there does not appear to be a strong correlation between TPS domain
similarity and substrate secretion. For example, the B. dolosa BcpA-1 and B.
multivorans BcpA-2 TPS domains are ~95% identical (Fig. 4.13), but these
substrates utilize BcpB transporters with differing efficiencies (Fig. 4.11A and
4.11D). The amino acid variations between these two TPS domains do not
appear to map to a particular region (Fig. 4.13). However, these results suggest
that the closely related BcpA and BepB proteins examined here may provide a
useful framework for investigating additional mechanistic details of CDI system
protein secretion and toxin release. Moreover, given the precisely controlled
release of partially-secreted CdiA/BcpA that has been proposed to occur upon
recipient cell engagement (135), it is likely that additional interactions between
the substrate protein and BcpB transporter are critical to achieve optimal toxin

delivery.

While specificity of a ‘TpsB’ transporter for its partner “TpsA’ exoprotein is
a hallmark of Two-Partner Secretion systems, substrate flexibility has been
observed for other systems. Some organisms encode ‘orphan’ TpsA proteins that

do not occur with a partner transporter. Bordetella bronchiseptica produces a
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single transporter, FhaC, which secretes three distinct substrates — FhaB, Fhal,
and FhaS (203,204). Similarly, Neisseria meningitidis TpsB2 secretes five TpsA
proteins, including cognate, non-cognate, and orphan TpsA proteins, while

TpsB1 secretes only two of these (104).

Our results indicate that the relaxed specificity of BcpB transporters leads
to interactions between distinct CDI systems produced within the same B.
cepacia complex strain. Many bacterial species encode two or more complete
CDI systems, raising the possibility that similar interactions also occur in these
organisms. An examination of >450 clinical and environmental Burkholderia
pseudomallei isolates showed that 57% harbored two or three distinct bcpA
(termed ‘fhaB3’) gene clusters (205). Acinetobacter baumannii, A. baylyi, and
81% of Pseudomonas aeruginosa strains carry two cdi loci, several of which
have been shown to mediate interbacterial competition
(154,155,157,195,206,207). Comparisons of the CdiB/BcpB proteins that co-
occur in these species indicate similarities (Fig. 4.12B), suggesting that CDI
system interactions may not only occur in other Burkholderia species, such as B.
pseudomallei, but also in other Gram-negative bacteria that produce multiple CDI

systems.

B. cepacia complex bacteria can occupy various environmental niches
and cause opportunistic infections in immunocompromised individuals. The
natural niches in which CDI systems are active or provide a fitness advantage
are not known, but it may be advantageous for Burkholderia species to produce

multiple CDI systems within the same strain. In addition to providing increased

98



toxin diversity and broader immunity, encoding multiple CDI systems may
increase secretion efficiency or flexibility by providing additional BcpB

transporters.
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Figure 4.1 Activity of putative B. dolosa CDI system-4
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(A) Diagram of the BdAU0158 bcp-1, bcp-2, bep-3, and bep-4 loci. Truncated bep
genes are located 3’ to bcpl-4 and are indicated by slashes. Non-bcp genes
associated with bcp-4 (dark gray) encode hypothetical proteins and putative
transposases. (B) Beta-galactosidase assay of lacZ reporters for putative
promoters of the BdAU0158 bcpA-1, bcpA-2, bepA-3, bepA-4, or bepB-4 genes
and control reporters Ps12-lacZ (constitutive) and promoterless lacZ. Bars show
the mean of miller units from three independent experiments, each with three
replicates. (C) Interbacterial competition assays between BdAU0158 WT or
constitutively expressed bcpA-4 (bcp-4©) donor bacteria and Abcp-4 recipient
bacteria that were complemented with the cognate bcpl-4, bepl-2 from B.
multivorans CGD2M (bcpl-287), or no bepl (none). Symbols represent log1o
competitive index values (ratio of donor to recipient) from three independent
experiments and bars show the means (n=9). Competition assays were
performed at a 1:1 or 10:1 (donor to recipient) ratio as indicated. Dashed line
shows log1o competitive index = 0 (no competition). ns, not significant; ***,
p<0.001; and ****p<0.0001; compared to WT donor cells competed against no
immunity (none) recipient cells in each panel for competition assays or

promoterless reporter for the beta-galactosidase assay.
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(A) Interbacterial competition assays between the indicated donor cells:
BdAUO0158 wild-type (WT; open circles), AbcpB-1 (closed blue circles), or AbcpB-
1 complemented with Ps12-bcpB-1 at an atfTn7 site (+bcpB-1; open blue circles)
and recipient cells: Abcp-1 or Abcp-1 complemented with cognate bepl-1. (B)
Interbacterial competition assays between the indicated donor cells: BdAAU0158
wild-type (WT) (open circles), AbcpB-2 (closed pink circles), or AbcpB-2
complemented with Ps12-bcpB-2 at an attfTn7 site (+bcpB-2; open pink circles)
and recipient cells: Abcp-2 or Abcp-2 complemented with cognate bcepl-2. (C)
Interbacterial competition assays between donor bacteria constitutively
expressing: BAAU0158 bcpAIOB-3 (bcpA-3°€) (parent; open circles), bcpA-3¢
AbcpB-3 (closed green circles), or bepA-3¢ AbcpB-3 complemented with Ps12-
bcpB-3 at an attTn7 site (+bcpB-3; open green circles) and recipient cells: Abcp-3
or Abcp-3 complemented with cognate bcpl-3. (D) Interbacterial competition
assays between the donor cells that constitutively express: BdAU0158 bcpA-4
(bcpA-4°) (parent; open circles), bcpA-4¢ AbcpB-4 (closed orange circles), or
bcpA-4€ AbepB-4 complemented with Ps12-bcpB-4 at an attTn7 site (+bcpB-4;
open orange circles) and the indicated recipient cells: Abcp-4 or Abcp-4
complemented with cognate bcpl-4 immunity. Competitive Index (Cl) for
competition assays were calculated as (output donor CFU/recipient CFU) / (Input
donor CFU/recipient CFU). Symbols represent logio Cl values from three
independent experiments and horizontal bar shows means (n=9-18). Competition
assays in panel D were performed at a 10:1 ratio. Dashed line shows log1o

competitive index = 0 (no competition). ns, not significant and ****p<0.0001;
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compared to WT donor cells competed against no immunity recipient cells. (E)
Amino acid alignments of BdAU0158 BcpB-1, BcpB-2, BepB-3, and BepB-4
polypeptide transport associated (POTRA) domains. Similarity is denoted by
grayscale; residues similar in all sequences are highlighted in black and residues
similar in 50% of sequences are highlighted in gray. Regions underlined in blue

or orange, represent POTRA-1 or POTRA-2 domains, respectively.
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Figure 4.3 Alignment of B. dolosa and B. multivorans BcpB proteins.
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underlined in blue or orange, represent POTRA-1 or POTRA-2 domains,

respectively.
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Figure 4.4 Secretion of truncated BcpA polypeptides by BcpB transporters
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(A) Graphic representation of the BcpA-1 and BcpA-2 proteins (left) and
corresponding TpsA-1 and TpsA-2 polypeptides (right). FHA repeats identified as
FHA B helical repeats, ESPR classified as extended signal peptide of Type V
secretion systems, and FHA-2 identified as Fil_Haemagg_2 by NCBI Conserved
Domain Database. (B, C) Western blots of concentrated culture supernatants
and whole cell lysate of wild-type (WT), quadruple AbcpB-1 AbcpB-2 AbcpB-3
AbcpB-4 mutant (AB7-4), triple mutants containing one natively expressed bcpB
gene: AbcpB-2 AbcpB-3 AbcpB-4 (bcpB-1), AbcpB-1 AbcpB-3 AbcpB-4 (bcpB-2),
AbcpB-1 AbcpB-2 AbcpB-4 (bcpB-3), and AbcpB-1 AbcpB-2 AbcpB-3 (bcpB-4)
complemented with either (B) FLAG-tagged BcpA-1 TPS (fpsA-1) or (C) FLAG-
tagged BcpA-2 TPS (tpsA-2). Wild-type bacteria that lack a {psA construct (none)
were used as a negative FLAG control. Equal protein amounts for each fraction
(supernatant and cell lysate) were resolved on SDS-PAGE gels. Panels shown
blotting with anti-E. coli RNA Polymerase 8 subunit (RpoB, top) or anti-FLAG
peptide (middle) antibodies and total protein visualization by SYPRO Ruby
stained gels (bottom). Expected masses for TpsA-1, TpsA-2, and RpoB are ~53,
~56, and 150 kDa, respectively. Arrows show TpsA-FLAG or RpoB bands and

asterisks indicate nonspecific bands.
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Figure 4.5 Secretion of truncated BcpA polypeptides by BcpB transporters
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(A) Western blots of concentrated culture supernatants and subcellular
fractionations of wild-type (WT), AbcpB-1 AbcpB-2 AbcpB-3 AbcpB-4 (AB1-4),
AbcpB-2 AbcpB-3 AbcpB-4 (bcpB-1), AbcpB-1 AbcpB-3 AbcpB-4 (bcpB-2),
AbcpB-1 AbcpB-2 AbcpB-4 (bcpB-3), and AbcpB-1 AbcpB-2 AbcpB-3 (bcpB-4)
bacteria complemented with either FLAG-tagged BcpA-1 TPS (tpsA-1) or (B) the
FLAG-tagged BcpA-2 TPS (tpsA-2). A wild-type (none) strain that lacks a tpsA
construct was used as a negative FLAG control. Equal protein amounts for each
fraction (cytoplasm and total membrane) were resolved on SDS-PAGE gels and
blots were probed with anti-FLAG peptide or anti-E. coli RNA Polymerase
subunit (RpoB) antibodies. Expected masses for TpsA-1, TpsA-2, and RpoB are
~53, ~56, and 150 kDa, respectively. Arrows show RpoB bands and asterisk
indicate nonspecific bands. (C) Amino acid alignment of B. dolosa BcpA-1 and
BcpA-2 TPS domains. Similarity is denoted by grayscale; residues similar in all
sequences are highlighted in black and residues similar in 50% of sequences are
highlighted in gray. (D) Replicates of TPS secretion assays. Western blots of
concentrated culture supernatants and whole cell lysate of wild-type (WT),
AbcpB-1 AbcpB-2 AbcpB-3 AbcpB-4 (AB1-4), AbcpB-2 AbcpB-3 AbcpB-4 (bcpB-
1), AbcpB-1 AbcpB-3 AbcpB-4 (bcpB-2), AbcpB-1 AbcpB-2 AbcpB-4 (bcpB-3),
and AbcpB-1 AbcpB-2 AbcpB-3 (bcpB-4) bacteria complemented with either
FLAG-tagged BcpA-1 TPS (fpsA-1) or the FLAG-tagged BepA-2 TPS (tpsA-2). A
wild-type (none) strain that lacks a t{psA construct was used as a negative FLAG
control. Equal protein amounts for each fraction (supernatant and cell lysate)

were resolved on SDS-PAGE gels. Gels were visualized by SYPRO Ruby
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staining and blots were probed with anti-FLAG peptide or anti-E. coli RNA
Polymerase 3 subunit (RpoB) antibodies. Expected masses for TpsA-1, TpsA-2,
and RpoB are ~53, ~56, and 150 kDa, respectively. Arrows show TpsA-FLAG or

RpoB bands and asterisks indicate nonspecific bands.
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Figure 4.6 Contribution of natively expressed BcpB transporters during

BdAU0158 CDI-mediated competition
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Interbacterial competition assays between the indicated donor cells: BdAAU0158
wild-type (WT; open circles), AbcpB-1 AbcpB-2 AbcpB-3 AbcpB-4 (AbcpB1-4;
closed circles), AbcpB-2 AbcpB-3 AbcpB-4 (bcpB-1; blue circles), AbcpB-1
AbcpB-3 AbcpB-4 (bcpB-2; pink circles), AbcpB-1 AbcpB-2 AbcpB-4 (bcpB-3;
green circles), AbcpB-1 AbcpB-2 AbcpB-3 (bcpB-4; orange circles), and the
indicated recipient cells: (A) Abcp-1 or Abcp-1 complemented with cognate bcpl-
1, (B) Abcp-2 or Abcp-2 complemented with cognate bepl-2, (C) Abcp-3 or Abcp-
3 complemented with cognate bcpl-3, and (D) Abcp-4 or Abcp-4 complemented
with cognate bcpl-4. For the donor cells in panels (C) and (D), the bcpA-3 and
bcpA-4 promoters were replaced with the Ps12 constitutive promoter to generate
bcpA-3€ and bepA-4€ parent strains, respectively. Symbols represent log1o
competitive index values (ratio of donor to recipient) from three independent
experiments and bars show the mean (n=9). Experiments in (D) were performed
at a 10:1 (donor to recipient) ratio. Dashed line shows log1o competitive index = 0
(no competition). ns, not significant; *, p<0.05; ***, p<0.001; and ****, p<0.0001

compared to AbcpB1-4 donor cells, unless indicated by line or brackets.
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Figure 4.7 Competition among BcpA toxins for secretion by the BcpB-3

transporter
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(A) Interbacterial competition assays (left) between the indicated donor cells:
BdAUO0158 wild-type (WT; closed black circles), AbcpB-1 AbcpB-2 (AbcpB1-2;
closed black circles), AbcpB-1 AbcpB-2 AbcpB-3 (AbcpB1-3; closed gray circles),
AbcpB1-2 mutant that overexpresses bcpAIOB-2 (bcp-2¢ AbcpB-1-2; closed blue
circles), and Abcp-2 AbcpB-1 (open blue circles) and the indicated recipient cells:
Abcp-1, Abcp-1 Abcp-2, or Abcp1 complemented with cognate bepl-1. (Right)
Simplified cartoon model to illustrate donor cells used in the assay (numbers
correspond to co-cultures numbered above graph). Barrels represent OM BcpB
proteins. Curved lines represent periplasmic BcpA that is secreted by the
indicated BcpB proteins to the cell surface (‘stick-pacman’ shapes are secreted
BcpA). Blue, BcpAB-1; pink, BcpAB-2; green, BcpAB-3; orange, BcpAB-4.
Asterisks highlight that BcpA-1 activity is measured in this assay. (B)
Interbacterial competition assays (left) between the indicated donor cells
BdAU0158 wild-type (WT; open black circles), AbcpB-1 AbcpB-2 (AbcpB1-2,;
closed black circles), AbcpB-1 AbcpB-2 AbcpB-3 (AbcpB1-3; closed gray circles),
AbcpB1-2 mutant that overexpresses bcpAIOB-1 (bep-1¢ AbcpB-2; closed pink
circles), and Abcp-1 AbcpB-2 (open pink circles) and the indicated recipient cells:
Abcp-2, Abcp-1 Abcp-2, or Abcp2 complemented with cognate bepl-2. Symbols
represent logio competitive index values (ratio of donor to recipient) from three
independent experiments and bars show the mean (n=9). Dashed line shows
log1o competitive index = 0 (no competition). ns, not significant; and ****,

p<0.0001 compared AbcpB1-2 donor cells vs Abcp-1 or Abcp-2 recipient cells,
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unless indicated by brackets. (Right) Simplified cartoon model to illustrate donor

cells used in the assay, as in (A).
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Figure 4.8 Contribution of BcpB-1 POTRA domains to the secretion of

BcpA toxins
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(A) Graphical representation of the BcpB-1 and BcpB-2 proteins from B. dolosa
and the four BcpB-1 chimeras. Residue numbers refers to Plug-linker, POTRA-1,
or POTRA-2 domains used to construct the chimeras. (B, C) Interbacterial
competition assays between the indicated donor cells: BdAAU0158 wild-type (WT;
open black circles), AbcpB-1 AbcpB-2 AbcpB-3 AbcpB-4 (AbcpB1-4; closed black
circles), and AbcpB1-4 complemented with overexpressed bcpB-1 (+bcpB-189;
open blue circles), bcpB-2 (+bcpB-289; open pink circles), or genes to produce
BcpB-1 chimeras Chim1 (+bcpB-1°Mm1; closed yellow squares), Chim2 (+bcpB-
1Chim2: closed teal squares), Chim3 (+bcpB-1°"m3; closed gray squares), or
Chim4 (+bcpB-1¢him4: closed red squares), and BdAU0158 (B) Abcp-1 recipient
cells or (C) Abcp-2 recipient cells. Symbols represent log1o Cl values from three
independent experiments and horizontal bars show the mean (n=6 or 9). Dashed
line shows logto competitive index = 0 (no competition). ns, not significant; *,
p<0.05; **, p<0.005; ***, p<0.001; and ****, p<0.0001; compared to AbcpB1-4

mutant donor cells.
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Figure 4.9 Comparison of B. thailandensis BcpB and B. dolosa BcpB-1

transporters
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Interbacterial competition assays between the indicated donor cells: BdAAU0158
wild-type (WT; open circles), AbcpB-1 AbcpB-2 AbcpB-3 AbcpB-4 (AbcpB1-4;
closed circles), AbcpB-2 AbcpB-3 AbcpB-4 (bcpB-1; light blue circles), AbcpB1-4
complemented with overexpressed BtE264 bcpB (AbcpB1-4 +bcpBEF?%4; dark blue
circles), and BdAUO158 (A) Abcp-1 recipient cells or (B) Abcp-2 recipient cells
Symbols represent logio Cl values from three independent experiments and
horizontal bars show the mean (n= 9). Dashed line shows logio competitive index
= 0 (no competition). ns, not significant; and ****p<0.0001; compared to AbcpB1-
4 donor cells. (C) Predicted structure of B. dolosa BcpB-1 (without signal
sequence) generated by AlphaFold. Plug-linker (green), POTRA-1 (blue), and
POTRA-2 (orange) domains are shown. Amino acid residues labeled in pink
(numbered according to full-length BcpB-1) represent unique residues that differ
in B. dolosa BcpB-1 compared to B. dolosa BcpB-2 or B. thailandensis E264

BcpB protein sequences.
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Figure 4.10 Examination of B. thailandensis BcpB transporter
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Amino acid alignment of Burkholderia dolosa BcpB-1, BcpB-2 and Burkholderia
thailandensis BcpB proteins. Similarity is denoted by grayscale; residues similar
in all sequences are highlighted in black and residues similar in 50% of
sequences are highlighted in gray. Regions underlined in green, blue, or orange,
represent the Plug-linker, POTRA-1, or POTRA-2 domains, respectively. Pink
asterisks represent unique amino acid residues that differ in BcpB-1 sequence

compared to the other two protein sequences.
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Figure 4.11 Specificity of B. dolosa and B. multivorans BcpB transporters

for non-cognate BcpA toxins
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(A, B) Interbacterial competition assays between the indicted donor cells:
BdAUO0158 wild-type (WT; open black circles), AbcpB-1 AbcpB-2 AbcpB-3
AbcpB-4 (AbcpB1-4; closed black circles), or AbcpB71-4 complemented with
overexpressed BAdAU0158 bcpB-1 (+bcpB-189; open blue circles), bcpB-2
(+bcpB-289; open pink circles), bcpB-3 (+bcpB-329 ; open green circles), bcpB-4
(+bcpB-489; open orange circles), or BmCGD2M bcpB-1 (+bcpB-18"; open
brown circles), bcpB-2 (+bcpB-28™; open purple circles) and (A) BAAU0158
Abcp-1 recipient cells or (B) BdAU0158 Abcp-2 recipient cells. (C, D)
Interbacterial competition assays between BmCGD2M Abcp-1 Abcp-2 recipient
bacteria and the indicated donor cells: BmCGD2M wild-type (WT; open black
triangles), Abcp-1 (closed gray triangles), Abcp-2 (closed purple triangles), Abcp1
AbcpB-2 (closed black triangles), and Abcp1 AbcpB-2 complemented with
overexpressed (C) BmCGD2M bcpB-1 (+bcpB-18"; open brown triangles) or
bcpB-2 (+bcpB-28™ ; open purple triangles) or (D) Abcp? AbcpB-2 complemented
with overexpressed BdAU0158 bcpB-1 (+bcpB-157; open blue triangles), bcpB-2
(+bcpB-289; open pink triangles), bcpB-3 (+bcpB-329; open green triangles), or
bcpB-4 (+bcpB-489; open orange triangles). Symbols represent log1o Cl values
from three independent experiments and horizontal bars show the mean (n=8 or
9). Dashed line shows log1o competitive index = 0 (no competition). ns, not
significant; *, p<0.05; **p < 0.01; and ****p<0.0001; compared to WT donor cells,

unless indicated by brackets.
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Figure 4.12 Model for relaxed substrate specificity of BcpB transporters
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(A) Simplified model of B. dolosa BcpA secretion by BcpB transporters. Barrels
on cell surface represent BcpB proteins (blue BcpB-1, pink BcpB-2, green BepB-
3, orange BcpB-4) and lines indicate corresponding BcpA proteins (blue BepA-1,
pink BcpA-2, green BcpA-3, orange BepA-4). Under conditions of native gene
expression (left), BcpA-1 and BcpA-2 can be secreted by BecpB-2 or BepB-3.
When bcpAl/bepB genes are overexpressed (right), all four BcpA toxins can be
secreted by BcpB-2, BcpB-3, or BcpB-4. BepB-1 does not appear to secrete any
BcpA protein under the tested conditions. Asterisk denotes that BcpA-3 secretion
by BcpB-4 has not been tested. (B) Phylogenetic tree based on alignment of
CdiB/BcpB proteins and non-CdiB/BcpB TPS protein P. aeruginosa CdrB (root).
Colored boxes indicate proteins produced within the same strain and bold
colored text indicates transporters for which there is evidence of secretion of
cognate and non-cognate substrates. Scale bar represents 0.4 amino acid

substitutions per site.
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Figure 4.13 Comparison of B. dolosa and B. multivorans BcpA TPS

domains
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Amino acid alignment of B. dolosa and B. multivorans BcpA TPS domains.
Similarity is denoted by grayscale; residues similar in all sequences are

highlighted in black and residues similar in 50% of sequences are highlighted.
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CHAPTER 5. Conclusion and future directions

Summary of research accomplishments

Contact dependent growth inhibition (CDI) systems are a type of TPS
system that mediates interbacterial competition through the delivery of a toxin
from one bacterium to another. CDI systems were first discovered in E. coli, but
further investigations led to the discovery of CDI systems in many pathogenic
Gram-negative bacteria, including CF pathogens such as P. aeruginosa and
Burkholderia cepacia complex (Bcc) bacteria. Majority of the work done to
characterize CDI systems has examined E. coli-type CDI systems or used E. coli
as a model organism. However, examining the mechanisms of Burkholderia-type
CDI in pathogenic Burkholderia species provides an opportunity to examine how
CDI may play a role in pathogenesis. The goals of this dissertation project were
to: 1) Investigate the role the accessory BcpO proteins plays in Burkholderia-type
CDI and 2) Determine whether cross talk occurs between CDI systems produced

with in the same bacterium.

From this work, we demonstrated that B. dolosa BcpO-1 specifically
functions with class | CDI systems and identified potential binding partners that
may aid in the function of BcpO. Moreover, based on the results obtained in
Chapter 3, we predict that BcpO is functioning with a chaperone to enhance the
stability of BcpA-1 prior to secretion out of the donor cell. Unexpectantly, work

done to characterize the role of BcpO led to the discovery of a relaxed specificity
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among BcpB transporters. The promiscuity of the BcpB transporters led to the
observation that competition between CDI systems for substrate secretion can
occur when transporters are limited. Furthermore, we demonstrated that BcpB
transporters in multiple Burkholderia species exhibit relaxed specificity. Since our
studies use pathogenic Burkholderia spp., which often encode for multiple CDI
systems, we were afforded the opportunity to observe the interplay that occurs

between CDI systems.

Future Directions

Based on the results obtained from chapter 3 it appears that other proteins
are necessary for efficient CDI activity. In other T5SSs chaperones and
proteases have been described to interact with the passenger domain or
proteins. Specific chaperones have not been identified to interact with CDI
systems. The mass spec data obtained in chapter 3 identified a variety of
potential proteins that may bind to BcpO. Majority of the predicted proteins were
hypothetical membrane proteins and periplasmic proteases. Future work
examining the function of the proteins identified by mass spec could help

determine the role BcpO plays in B. dolosa AU0158 CDI activity.

As previously shown when B. dolosa bcpO-1 is deleted, BcpA-1 mediated
CDI activity is reduced (133). It has not been experimentally determined if BcpA
and BcpO directly interact. Therefore, additional pulldown assays or

immunoprecipitation assays are necessary to determine if BcpO and BcpA bind
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directly or indirectly. Once it has been determined if the two proteins interact,
additional experiments could be aimed at determining which domain of BcpA,
BcpO binds. Understanding how BcpO interacts with BcpA could give insight into
the specificity of class | BcpO proteins. We demonstrated that the B. dolosa class
| BcpO protein does not function with class Il CDI systems. It is not known
whether the class | BcpO proteins are specific for their cognate BcpA protein or
can they enhance the CDI activity of all class | CDI BcpA toxins. It also remains
to be known why the class Il BcpA proteins do not require a BepO protein for
maximum CDI activity. Further examination of the domain differences between
the class | and class Il BcpA proteins will aid in understanding the role the class Il
“BepO” proteins play in CDI systems. Pulldown assays comparing class | and
class Il BcpA proteins could be done to determine if there are similarities in
potential binding partners. Additional experiments using chimeric CDI systems,
may aid in determining the function and specificity of the class | BcpO accessory

proteins.

Interplay between CDI systems

We demonstrated that when the production of BcpB transporters is limited
competition can occur between the BcpA proteins for secretion. We showed that
the BcpB transporters likely have different levels of affinity for the BcpA proteins.
Even though there was a high level of homology among BcpB proteins at the
amino acid level there were differences in their substrate secretion specificity.

Future experiments aimed at understanding the structural differences between
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the BcpB transporters, including the inactive BcpB-1 protein, will provide insight

into which regions are important for substrate recognition and secretion.

Furthermore, studies should also be focused on determining the regions in
BcpA that allows for secretion through various BepB transporters. Generating
chimeric BcpA constructs that have the TPS domains changed could be used to
determine if the TPS domain alone is responsible for transporter specificity.
Additional experimentation with the chimeric CDI proteins could also give insight
into to the rate of secretion and potency of the BcpA toxins. We observed higher
levels of BcpA-1 mediated CDI activity compared to BcpA-2. This difference in
CDI activity could be due to differences in toxin potencies or due to differences in

the rate of toxin secretion under the tested conditions.

In chapter 4 we demonstrated that the relaxed specificity of BcpB
transporters leads to interplay between distinct CDI systems produced within the
same strain of Burkholderia cepacia complex bacteria. We also showed that this
phenomenon does not appear to be species specific. Therefore, we hypothesize
that the interplay between CDI systems may not only occur in other Burkholderia
species but may occur in other Gram-negative bacteria that produce multiple CDI
system. Specifically, Pseudomonas and Acinetobacter species which often
harbor multiple systems within the same strain (155,195,208). The Pseudomonas
aeruginosa strains PABL017 and PAO1, encode for CDI systems that mediates
competition among closely related bacteria and are also virulence factors against
a mammalian host (157,209). Therefore, future studies should be aimed at

examining the interactions between CDI systems produced in other pathogenic
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bacteria. Based on the results presented in this study, when examining CDI
activity in bacteria that encode for multiple CDI systems it is important to consider
the possibility of interplay between CDI systems. Research enhancing our
understanding of interplay between B. cepacia complex CDI systems in their
natural niches, will provide insight into why encoding multiple CDI systems may

increase CDI efficiency in pathogenic bacteria.

Regulation of CDI system-encoding genes

Despite almost 20 years of research on CDI mechanisms, many questions
still remain for the field to answer. Though some work has shed light on the
regulation of CDI genes, it remains to be known when and where bacteria
express the genes encoding CDI system proteins. In liquid cultures, BtE264
bcpAlOB gene expression is high in only ~0.2% of bacteria (130). However, on
solid surfaces the bcpAI/OB genes are likely expressed in majority of the bacteria
for a significantly level of competition to occur. There seems to be a high level of
complexity regarding the regulation of CDI encoding genes. In B. dolosa two out
of the four bcpA genes are expressed under standard laboratory conditions.
Even though bcpA-3 and bepA-4 genes need to be expressed under a
constitutive promoter to mediate CDI activity, they appear to be regulated
differently. The bcp-3 locus has an internal promoter that drives bcpl-3
expression (133). Additionally, our data suggest that bcpB-3 is also driven by an
internal promoter, likely the same promoter that drives bcpl-3 expression, and is

natively expressed under standard laboratory conditions (Fig. 4.6). In the near

130



future, studies should be aimed at identifying and characterizing the regulators
that control bcp gene expression. Furthermore, how control of bcp expression by
regulators contributes to interbacterial competition should also be determined.
We observed that when bcpA-4 and bepB-4 are both overexpressed the level of
BcpA-4 mediated CDI activity increases ~1500-fold (Fig. 4.2D). This provides
further evidence that in some CDI systems each gene in the locus may be
controlled by a different regulator. RNA-seq could be used to determine the
range of genes controlled by each regulator. We hypothesize that expression of
the bcpAIOB genes is controlled by a complex regulatory circuit and that each
regulator controls a distinct pattern of gene expression in response to specific

environmental conditions.

Bioengineered applications

CDI systems exhibit potent antibacterial toxicity and high levels of
variability. Therefore, they have a unique potential to be exploited to eliminate
undesirable bacteria from various environmental niches. Anderson et al., 2012,
showed that CDI systems can mediate competitive exclusion by not allowing
non-self bacteria into a pre-establish biofilm community in vitro (129). Therefore,
the next area of CDI research may be aimed at determining whether bacteria
producing CDI system proteins can eliminate bacteria from pre-established
niches in vivo. It is possible that an engineered strain expressing multiple CDI
system-encoding loci could be developed for use as a mechanism to remove

pathogenic bacteria from biofilms. If bacteria expressing CDI system-encoding
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loci can cause clearance of pathogen Burkholderia spp. in vitro and in vivo, it
would suggest that these systems may be able to be developed for use as a
therapeutic. CDI systems could also be manipulated to treat bacterial infections.
Specific CDI toxin-immunity pairs (or whole loci) could be constitutively
expressed in a nonpathogenic Burkholderia species. The nonpathogenic B.
thailandensis E264 strain has been shown to outcompete a pathogenic Bcc
strain (134). However, until the OM and IM receptors and possibly permissive
factors, promoting BcpA-CT toxicity are identified and characterized the range of

susceptible target cells will remain unknown.

In some pathogenic bacteria, CDI systems have been described as
virulence factors or major mechanisms for competition among other bacteria
within a host environment (155,195). Therefore, an antibacterial drug could be
developed to neutralize CDI activity or eliminate the producing pathogenic
bacteria. Due to the high level of variability among the BcpA-CT toxin domain
creating an antibacterial to neutralize the toxic activity would not be feasible. An
alternative approach to neutralize CDI activity could be to eliminate the
transporter activity of the BcpB proteins. In chapter 4, we demonstrated that
when a compatible BcpB transporter is not available the BcpA toxin is unable to
mediate CDI activity and therefore the donor cells do not have a competitive
advantage over the recipient cells. Due to the high level of homology among the
BcpB transporters, antibiotics could be developed to target one of the
extracellular loops of BcpB. Studies examining other Omp85 superfamily

members, CdiAFe93 and CdiAAPACICU have demonstrated that the L6 loop is
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required for substrate secretion (114). The extracellular L6 loop is conserved
among Omp85 superfamily members (113,210). Consequently, the development
of an antibiotic that targets the L6 loop may lead to unwanted effects against
commensal bacteria. Therefore, further work examining the function of the BcpB
extracellular loops is necessary to determine which portion of BcpB would be

most effective for the development of an antibacterial target.

There are many follow-up questions that need to be addressed to better
understand interspecies CDI: 1) What are the receptors and permissive factors
on target bacteria required for susceptibility to CDI and how wide-spread or
conserved are the proteins? 2) What is the variability range of species-specificity
in BcpA-CT toxin activity? 3) What are the environmental conditions that would
initiate interactions between bacteria of different species, and what is the
consequence of competition to the bacterial community structure? Answering
these questions will provide considerable insight as to the biological role of CDI

mediated competition in nature or in a host environment.
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APPENDIX

aa Amino acid

ABC ATP-binding cassette

AT Autotransporter

ATPase Adenosine triphosphatase

BamA B-barrel assembly machinery protein A
Bcc Burkholderia cepacia complex

bcpAIOB Burkholderia CDI protein genes
BdAUO0158 Burkholderia dolosa strain AU0158

BmCGD2M Burkholderia multivorans CGD2M

BtE264 Burkholderia thailandensis E264
bp base pair

CDlI Contact-dependent growth inhibition
cdiBAI CDI protein genes

CF Cystic fibrosis

CFU Colony forming units

CGD Chronic granulomatous disease
C.l. Competitive index

CT C terminus

DAP Diaminopimelic acid

DNA Deoxyribonucleic acid

DNase Deoxyribonuclase
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(€)DNA
ESPR

FHA

IMR
Kan
kDa
LOL
LPS
LSLB
MS
ns

NT
ODa420
ODeoo
OM
OMP
ORF
PBS
PCR
POTRA

QS

Extracellular deoxyribonucleic acid
Extended signal peptide region
Filamentous hemagglutinin
Inner membrane

Inner membrane receptor
Kanamycin

Kilodalton

Localization of lipoprotein
Lipopolysaccharide

Low Salt Luria-Bertani

Mass spectrometry

Not significant

N terminus

Optical density, 420 nm
Optical density, 600 nm

Outer membrane

Outer membrane protein

Open reading frame
Phosphate-buffered saline
Polymerase chain reaction
Polypeptide-associated transport

Quorum sensing
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RNA
RT-gPCR
SDS-PAGE
TAT

Tet

TPS

TBS

T5SS
T6SS

\%

WT

Ribonucleic acid

Reverse transcriptase qualitative polymerase chain reaction
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
Trimeric autotransporter

Tetracycline

Two partner secretion

Tris-buffered saline

Type V secretion system

Type VI secretion system

Volts

Wild-type
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