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Bacteria use Horizontal Gene Transfer (HGT) to acquire genetic material, leading to
the development of novel traits, such as the spread and development of antibiotic
resistance. Natural competence is one type of HGT accomplished by DNA uptake from
the environment and incorporation into the genome.

Bacteria from Acinetobacter are wildly distributed in the environment and are
naturally competent. This propensity is a key factor to the steady increase in drug
resistance in Acinetobacter, which is a cause for concern in human health as
Acinetobacter is a major source of nosocomial infections.

During natural competence, type IV pili (T4P) and related filaments are essential for
DNA uptake. T4P are extracellular appendages composed of protein subunits (pilins)
polymerized into helical fibers which can be extended into the extracellular space and
retracted through depolymerization. T4P are required for diverse physiological processes,
both retraction-dependent (HGT, twitching motility) and retraction-independent (biofilm
formation, host cell adherence). While deletions of pil4 (the primary pilin) and pilT (a
cytosolic enzyme necessary for retraction) have been found to abrogate natural
competence, the mechanism and DNA receptor remains unclear in Acinetobacter.

In this thesis, we investigate the molecular basis for natural competence in



Acinetobacter. Specific aim 1 is to identify extracellular DNA receptor(s) in
Acinetobacter. To accomplish this, we proposed to identify DNA-receptors incorporated
into T4P by directly measuring binding affinity of recombinantly-expressed pilin subunits
to plasmid double-stranded DNA. Our data demonstrates that two pilin proteins, PilE1
and PilE2, of Acinetobacter baumannii are capable of binding plasmid DNA in vitro. Our
other specific aim is to quantify the impact of allelic variation in pil4 on DNA-uptake in
A. baumannii. We measure natural competence using a common Apild strain
complemented with pil4 genes from A. baumannii strains from distinct T4P subtypes to
assess the impact of T4P pil4 variation on natural competence. Our data shows an impact
on natural competence from T4P subtype, which indicates that pilus subtype is one of the
components influencing transformability in different strains of 4.baumannii, potentially
through T4P-subtype-depenent differences in pilus retraction. Our results provide a

molecular description of HGT in Acinetobacter through natural competence.
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CHAPTER 1: REVIEW OF LITERATURE

1.1. Natural competence in bacteria

Horizontal gene transfer (the transfer of genetic material between organisms) can
occur through multiple mechanisms in bacteria; mechanisms include conjugation
between bacterial cells of distinct species, cross-species bacteriophage infection and
DNA-uptake through natural competence. Naturally competent bacteria actively pull free
dsDNA or ssDNA fragments from the extracellular environment into their own cells
depends on the DNA receptor and the size of secretion pores. This genetic material can
then potentially be incorporated into the host genome as a mobile element such as a
plasmid or through recombination into a bacterial chromosome. However, the likelihood
that plasmids integrate into the chromosome is not high, most of the incoming DNA is
degraded even if the plasmids have homologous or identical to the chromosome (Barouki
& Smith, 1985).
1.1.1. Fitness advantages of natural competence

The potential fitness advantage of natural competence can be mainly divided into
three parts. The first, or direct effect, of natural competence is that bacteria use DNA as
essential nutrients and building blocks. DNA ingested by natural transformation can serve
as a “food” source for bacteria, especially if the ingested DNA is not homologous to the
bacterial genome and could not be used for recombination or repair. Studies have shown

that DNA molecules ingested by bacteria can provide carbon, phosphate, and energy



sources for natural transformation (Pinchuk et al., 2008; Rosemary J. Redfield, 2001),
especially for DNA and RNA synthesis. For example, Haemophilus influenzae can only
synthesize purines and pyrimidines by acquiring precursors from its environment (Pifer
& Smith, 1985; R. J. Redfield, 1993), which means H. influenzae can reuse the
nucleotides released by degradation of transforming DNA for their own DNA synthesis.
Bacterial cells that take up DNA acquire the individual nucleotides that make up the
fragments of the DNA polymer. Because nucleotides are needed for DNA and RNA
synthesis, require significant nutrient use, and are energetically expensive to synthesize,
this contribution of nucleotides significantly reduces the cell's energy requirements for
synthesizing new nucleotides for essential cell function. The second function is helping
the bacteria to repair DNA damage. If the ingested DNA is homologous to the bacterial
genome, the DNA is potentially used for recombination or repair. It has been found that
in Bacillus subtilis cultures, bacterial cells exposed to DNA-damaging UV irradiation,
that undergo transformation, survive better than cells exposed to DNA damage that did
not undergo transformation (Hoelzer & Michod, 1991). These data indicate that bacteria
can use DNA acquired from the environment to reconstitute their DNA under high stress
conditions. The immediate consequences of DNA uptake provide a framework for
thinking about its possible evolutionary function. Natural competence contributes to the
formation of new species and new forms of resistance that then play an essential role in
the development of bacterial pathogenicity (Mell & Redfield, 2014). Studies have shown

that when homologous recombination occurs on genes that encode harmful traits in



alleles in the genome, the probability of bacterial elimination of these harmful mutations
is greatly increased (De Visser & Elena, 2007). In addition, natural transformation plays
an important role in transforming harmless bacteria into major human pathogens. Rasko
(2011) found that natural transformation resulted in the recombination of two different
Escherichia coli pathogens into highly pathogenic E. coli (Rasko et al., 2011). Natural
transformation may also be involved in the transfer of drug-resistance gene clusters and
pathogenicity islands. For example, Perron (2012) found that high frequency
recombination of drug-resistance genes in Acinetobacter baumannii resulted in the
generation of multidrug-resistant strains (MDR) (Perron et al., 2012). The ability of
bacteria to freely take up DNA represents a substantial obstacle for the treatment of
bacterial infections through antibiotic drugs.
1.1.2. The mechanism of DNA uptake in natural competence

Natural competence occurs in both Gram-positive and Gram-negative bacteria.
However, mechanisms differ somewhat due to structural differences in the membranes
and surface structures across bacterial taxa. Both Gram-positive and Gram-negative
strains use related pilus systems (described in detail in section 1.3 below) to take up DNA.
In Gram-positive bacteria, these extracellular appendages are exclusively called
competence (com) pili, which bind DNA and bring it through the peptidoglycan layer to
the cell surface and are generally thought to serve no other function (Lam et al., 2021;
Sheppard et al., 2020; Ellison et al., 2018). In Gram-negative bacteria, type IV pili, which

serve multiple adhesive functions (host cell adhesion, biofilm formation, aggregation)



bring DNA through the outer membrane into the periplasm (Dubnau, 1999; Mell &
Redfield, 2014).

To cross the plasma membrane and bring DNA into the cytoplasm of Gram-positive
bacteria, proteins encoded by comEA and comGB genes are essential for natural
transformation. Briefly, taking Bacillus subtilis as an example, ComEA has been
identified as the DNA receptor of Bacillus subtilis, whose C-terminal region is located
outside the cell membrane and has DNA-binding affinity (Chung & Dubnau, 1995; R.
Provvedi & Dubnau, 1999). Then ComGB protein can modify the cell wall to form a
channel, enabling foreign DNA to bind to the membrane-binding receptor ComEA
through the cell wall (Dubnau & Provvedi, 2000). When the exogenous DNA molecule
passes through the cell wall and binds to the DNA binding protein ComEA, ComEA
presents it to the transmembrane protein ComEC located on the plasma membrane (Hahn
et al., 1993); ATPase ComFA is required for this translocation process (Londofio-Vallejo
& Dubnau, 1993). Subsequently, the endonuclease NucA will shear the double-stranded
DNA molecule located on ComEC into single chains, and then one chain will enter the
cytoplasm through ComEC, and the other chain will be degraded into nucleotides or other
acid-soluble products (Roberta Provvedi et al., 2001).

Natural competence in Gram-negative bacteria is complicated by the presence of an
outer membrane which must also traversed. In Gram-negative bacteria, the uptake of
DNA into cells is similar to Gram-positive, conceptually divided into a two-step process,

DNA uptake (across the outer membrane) and DNA translocation (across the inner



membrane) (Chen & Dubnau, 2004; Kriiger & Stingl, 2011). The major differences of
natural competence between Gram-positive and Gram-negative bacteria are in the
mechanism of DNA uptake. The DNA translocation process is relatively similar.

The first step in DNA uptake is the recognition and binding of foreign DNA, to be
more specific, it is the passage of exogenously exposed DNA from the cell surface
through the extracellular membrane into the periplasm. Most bacteria that are able to
achieve natural competence can bind DNA from any source, but for some Gram-negative
bacteria such as Neisseria, DNA that contain a specific DNA uptake sequence (DUS) are
much more likely to be recognized and transported (Maughan et al., 2010). DUS is a
short sequence of bases widely existing in bacterial genomes, for example in Neisseria
meningitidis, the DUS is such as 5’-GCCGTCTGAA-3’ (Tettelin et al., 2000). DNA that
contains DUS is recognized by DUS receptor (DUS-R) and then delivered to secretin
PilQ or its homologous protein, a transmembrane protein located on the outer membrane
of the cell with a central cavity about 6 nm in diameter in the center, allowing double-
stranded DNA (about 2.4 nm) crosses the outer membrane and cell wall and enters the
cell to be recognized by ComE protein (Cehovin et al., 2013).

This DNA-uptake process is mediated by a range of related extracellular filaments
across the range of bacterial taxa, including type IV pili (T4P), Com pili, and Tad/Flp pili,
broadly referred to as type IV filaments (T4F) (Figure 1.1, adapted from (Piepenbrink,
2019)). Studies have shown that most Gram-negative bacteria use type IV pili (T4P) to

transport DNA molecules (Averhoff, 2004). For example, in Neisseria gonorrhoeae, PilD,



the pilin precursor, processes and assembles the pilin precursor into a pilin, and then
enters the periplasm through a cellular membrane protein PilG. PilF and PilT are
ATPases, which provide the required energy for assembly and disassembly of pili
proteins (Averhoff, 2004). With the assistance of the pilus biogenesis lipoprotein PilP
(Drake et al., 1997), DNA molecules cross the outer membrane and cell wall and enter
the periplasm through PilQ. DNA molecules with DUS are recognized by the DNA
receptor ComP, and then the DNA molecules are transferred to the membrane channel
protein ComA by the DNA binding protein ComE, and then the double-stranded DNA
are separated into single chains. One strand enters the cytoplasm, and the other is
degraded into nucleotides or other acid-soluble products that are released into the
extracellular environment or periplasm (Averhoff, 2004; Hepp & Maier, 2016), which
may further provide nutrients for the bacteria cell.
1.2. Bacteria from the genus Acinetobacter are naturally competent

Acinetobacter is a genus of Gram-negative bacteria belonging to the wider class
Gamma-proteobacteria. Acinetobacter species are not motile, oxidase-negative, strictly
aerobic, non-fermentative, and occur in pairs under magnification (Bitrian et al., 2013).
They are commonly found in soil and water, where they contribute to the mineralization
of, for example, aromatic compounds. On nonselective agar, they have a coccobacillary
morphology. Rods predominate in fluid media, particularly during early growth. The
genus Acinetobacter includes environmental strains, commensals, and pathogens.

Acinetobacter species are a prominent source of opportunistic nosocomial infections



in the US, in particular the species Acinetobacter baumannii. The infection of
Acinetobacter will cause pneumonia and wound, bloodstream, and urinary tract infections
(Center for Disease Control and Prevention). In recent years, the drug resistance rate of
Acinetobacter species has been increasing year by year, and even pan-resistant or fully
resistant strains have emerged (Chakravarty, 2020; Fournier et al., 2006; Giamarellou et
al., 2008; Hsueh et al., 2002; Palmen et al., 1993). It has been found that most of the
drug-resistant Acinetobacter strains contain drug-resistant plasmids (Fondi et al., 2010).
After sequencing the drug-resistant plasmids, they also found that most of the plasmids
lacked the transfer gene tra and the mobilization gene mob needed for plasmid
conjugation or mobilization, respectively. This data indicated that some of the drug-
resistant plasmids of Acinetobacter were not disseminated through conjugation and
transduction but may, in fact, have spread through natural transformation. These results
clearly indicate that bacteria from genus Acinetobacter are able to achieve HGT through
natural transformation in their natural environment. Under laboratory conditions, natural
competence has been observed for several species of Acinetobacter including A.
nosocomialis, A. baumannii and A. baylyi. Among those, Acinetobacter baylyi BD413
(formerly known as Acinetobacter calcoaceticus BD413) is the most common strain used
to study the natural competence in Acinetobacter (Young et al., 2005) because it has a
high natural transformation efficiency, about 0.1% to 0.7% than A. baumannii (Juni &
Janik, 1969), and the naked DNA taken by this bacterium has no sequence specificity

(Harding et al., 2013; Lorenz et al., 1992; Palmen et al., 1993).



1.3. Natural Competence in Acinetobacter is dependent upon type IV pilil

T4P are filamentous hair-like appendages, exposed on the bacterial surface (Ligthart
et al., 2020; Rozman et al., 2021) and polymerized by thousands of copies of a major
pilin subunit and many minor pilin subunits (Craig et al., 2019). Although they are found
in both Gram-positive (Melville & Craig, 2013; Piepenbrink & Sundberg, 2016) and
Gram-negative species (Craig & Li, 2008; Giltner et al., 2012), only the Gram-negative
bacterial systems have been extensively studied. T4P are usually in a state of dynamic
equilibrium and can be rapidly polymerized and depolymerized, which provide bacteria
with a diverse set of functional adaptations, for example, mediate host-cell adhesion,
biofilm formation, twitching motility and natural competence (Chiang & Burrows, 2003;
Das et al., 2017; Piepenbrink & Sundberg, 2016). However, they have only been found to
mediate natural competence in Gram-negative species. The requirement of T4P in natural
competence has been studied by many scientists in different species, like Acinetobacter
(Leong et al., 2017), Neisseria (Aas et al., 2002), Pseudomonas (Graupner et al., 2000),
Vibrio (Ellison et al., 2018) and so on.

Acinetobacter type IV pili (T4P) can incorporate several different subunits. PilA is
referred to as the major pilin because it makes up the vast majority of the pilus (~99%)
and six other gene products have been identified as potential minor pilins FimU, FimT,
PilV, PilW, PilX, PilE1 and PilE2. Acinetobacter TAP are known to be required for
competence. In 2013, Harding et al. (Harding et al., 2013) and Wilharm et al. (Wilharm

et al., 2013) sequenced genomes of Acinetobacter. They found the whole genome of 4.



baumannii contains genes required for natural transformation competence and homologs
of genes whose products are known to be critical in TFP biogenesis in other organisms.
From that, they hypothesized the participation of T4P in the natural transformation of
Acinetobacter baumannii. To further confirm the results, Harding et a/ deleted the pilA4
and pilT genes in Acinetobacter baumannii M2 strain (later recategorized as
Acinetobacter nosocomialis M2) to inactivate T4P functions. Deletion of pil4 allowed for
the identification of the pili structure by observing the surfaces of Acinetobacter by
electron microscopy, comparing the WT strain with the pil4 deficient strain. They found
that Acinetobacter T4P are long, narrow fibers, generally 8 nm in diameter under
transmission electron microscopy. Then, they tested the transformation efficiency of the
WT strain and the mutated strain, the strains that lost the pil4 or pilT genes also lost the
natural transformation ability, indicating that the T4P were involved in the natural
transformation process of Acinetobacter baumannii. Harding et al. also reported that the
main subunit of T4P in Acinetobacter baumannii M2 strain was encoded by the pil4 gene.
pilB, pilC, and pilD genes are also involved in the synthesis and assembly of T4P.
Although T4P play an important role in natural transformation, the structural mechanism
by which T4P mediate DNA uptake is not clearly defined. Later in 2014, Cehovin et a/
(Cehovin et al., 2013) identified that ComP is the T4P DNA receptor in Neisseria
meningitidis. While Acinetobacter has no homolog of ComP, we hypothesize that a pilin
protein serves as a DNA-receptor in a similar manner.

1.4. T4P subtypes in A. baumannii promote differential phenotypes
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T4P are essential for many functions as diverse as natural competence, twitching
motility, biofilm formation and adherence. Some of the functions are retraction
dependent while some are not. In T4P systems, PilB is an extension ATPase motor that
mediate pilus extension while PilT and PilU are the ATPases which mediate pilus
retraction (Harding et al., 2013; Ligthart et al., 2020). Some T4P systems show all four of
these functions (DNA uptake, motility, host cell adhesion, bacterial aggregation) while
others only appear to be capable of a subset. This diversity of function is reflected in the
sequence of the major pilin proteins which typically have little or no sequence identity
(Piepenbrink et al., 2016). By sequencing the T4P systems in different bacteria, it was
found that the minor pilins are relatively well conserved and the major pilin showed high
variability (Cehovin et al., 2010; Criss et al., 2005; Toma et al., 2002).

Recent work by our group has shown that 4. baumannii strains produce structurally
diverse PilA proteins. Surface electrostatics of A. baumannii PilA is variable in strains
representative of three prominent subtypes: AB5075, ACICU, and BIDMC57 (Ronish et
al., 2019). These strains are all clinical isolates from patients that were infected and
treated for antibiotic resistant Acinetobacter infections in a clinical setting. The minor
pilin proteins FimU, FimT, PilX, PilW, PilV, PilEl and PilE2 are almost identical in
these three strains of Acinetobacter baumannii, but the PilA is divergent. Models of the
pilus fibers from these three strains of A. baumannii indicated an obvious difference in

AAB5075

surface electrostatics, especially Pil , which showed an unusual concentration of

acidic groups. The electrostatic repulsion would disfavor pilus—pilus contacts, then
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further affect the pilus function (Jude & Taylor, 2011). To understand the impact caused
by the surface electrostatics, Ronish et a/ complemented a Apil4 knockout strain with
divergent pilA genes from ACICU, BIDMC57, and AB5075 strains. They tested the
twitching motility and biofilm formation of these three strains and found these three
strains show different phenotypes in motility and biofilm (Fig. 1.2). The complementary
+ppilA AB5075 shows a high twitching motility but low biofilm formation, while +ppilA4
ACICU shows a low twitching motility but high biofilm formation. The -+ppild
BIDMCS57 has a similar property with the wild type of Acinetobacter M2 strain. That
indicates variations in pilus electrostatics affect the equilibrium of microcolony formation,
which further alters the stability among motility and biofilm formation in Acinetobacter.
Ronish et al hypothesized that these differences stem from differences in pilus-pilus
association between the pili of adjacent cells. However twitching motility is dependent
upon retraction while biofilm formation is not (Chiang & Burrows, 2003). Hence,
differences in retraction between the complements (variants of pil4) could also explain
the observed motility and biofilm formation phenotypes. By measuring the ability of
these pilA variants to take up DNA, we can independently assess their ability to retract as
competence also requires retraction (as evidenced by the absence of competence in the
pilT mutant).
1.5. Summary

It is known that T4P and related pili play an important part in natural competence

through DNA uptake. Although there are many mechanisms of natural competence that
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have been studied in different bacteria, little is known about the DNA receptors
incorporated into pili. The only DNA receptor that has been discovered is in Neisseria,
and ComP is a minor pilin. Based on that, our hypothesis is that the DNA receptor(s) in
Acinetobacter is one of the minor T4P subunits.

The variation of PilA proteins in different 4. baumannii strains have different
surface electrostatics, which may impact the pilus function. In fact, we saw different
phenomena in twitching mobility and biofilm formation of three strains, but we have no
data on their relative natural competence. T4P variation may impact natural competence
through variation in retraction between these T4P subtypes.

To elucidate the mechanism of natural competence in Acinetobacter, we will
identify the DNA-receptor(s) incorporated into T4P. Additionally, we will use phenotypic
differences caused by natural variation in the pil4 gene to probe the relationship between

natural competence and other pilus functions.
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Figure 1.1. Schematic of pilus fibers utilized for DNA uptake.
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CHAPTER 2: IDENTIFYING DNA-UPTAKE RECEPTORS IN
ACINETOBACTER TYPE 1V PILI
2.1 Abstract

Naturally competent bacteria take up DNA from the environment, which allows the
bacteria to obtain nutrients, repair DNA damage and incorporate novel genetic material
into their genomes. This process of horizontal gene transfer leads to increased genetic
diversity, including the spread and development of antibiotic resistance.

Bacteria from the genus Acinetobacter are gram-negative, aerobic, non-flagellated
bacteria, including environmental strains, commensals, and opportunistic pathogens. The
resistance of Acinetobacter species to antibiotic drugs has been increasing year by year,
and multidrug-resistant strains now account for more than half of terminal Acinetobacter
infections. As in many other bacterial genera, natural competence in Acinetobacter is
dependent upon DNA-uptake mediated by type IV pili (T4P). T4P are extracellular
appendages composed of protein subunits (pilins) polymerized into a helical fiber.

While genetic deletions of PilA (the primary T4P subunit) and PilT (a cytosolic
enzyme necessary for T4P retraction) have been found to abrogate natural competence,
the mechanisms through which these mutations disrupt competence remains unclear. One
proposed mechanism for these proteins is as the T4P DNA-receptor, which has not been
identified in Acinetobacter. Indeed, despite the requirement of T4P for natural
competence in dozens of bacterial species, only one T4P DNA-receptor has been

identified in Neisseria meningitidis. Furthermore, that gene, comP, has no homolog in
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Acinetobacter or related gamma-proteobacteria (Pseudomonas, Dichelobacter,
Moraxella). Thus, further investigations are necessary to determine the T4P DNA
receptor for Acinetobacter.

To identify the structural mechanism that T4P in Acinetobacter uses to take up DNA,
we proposed to identify DNA-receptors by measuring direct binding of recombinantly-
expressed soluble pilin subunits to plasmid DNA. We purified several Acinetobacter T4P
subunits and assessed their ability to bind plasmid DNA using EMSA (electrophoretic
mobility shift assays). Furthermore, additional studies using a combination of structural
biology and biochemistry will be used to elucidate the structural basis and specificity of
these DNA binding interactions. Preliminary data indicates that two minor pilins, PilE1
and PilE2, are capable of binding double-stranded DNA in vitro.

2.2 Introduction

Natural competence, or natural transformation, is one mechanism that bacteria use to
incorporate novel genetic material through horizontal gene transfer (HGT). HGT plays an
essential role in microbial evolution by spreading beneficial genes across phyla both
distantly and closely related. (De Visser & Elena, 2007; Mell & Redfield, 2014; Rasko et
al., 2011). In natural competence, bacteria can take up DNA from the environment and
integrate it into their genomes (Chen & Dubnau, 2004; Dubnau, 1999). As an example, it
plays a prominent role in the spread of antibiotic resistance via [-lactamases in
Acinetobacter and other bacterial genera. (Seitz & Blokesch, 2013).

Bacteria from the genus Acinetobacter have the ability to adapt to environmental
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changes by HGT, which leads to an increase in drug resistance for Acinetobacter.
Different terms like multidrug resistant (MDR), extensive drug resistant (XDR), and pan
drug resistant (PDR) have been used with varied definitions to describe the extent of
antimicrobial resistance among Acinetobacter spp (Fournier et al., 2006; Giamarellou et
al., 2008; Hsueh et al., 2002) Acinetobacter is wildly distributed in the environment and
infections typically occur in people in healthcare settings. The increasing drug resistance
poses a great challenge for physicians and clinical microbiologists.

Acinetobacter uses T4P to be naturally competent as seen by the inability to take up
plasmid DNA when T4P are knocked out. T4P are extracellular appendages that consist
of thousands of copies of a major pilin protein and many minor pilin proteins (Craig et al.,
2019). Acinetobacter species encode a major pilin PilA and putative minor pilins FimU,
FimT, PilV, PilW, PilX, PilEland PilE2 (Ronish et al., 2019). The specific DNA receptor
in Acinetobacter remains unclear but is hypothesized to be a minor pilin. There are
multiple potential mechanisms for the DNA-binding ability of T4P, including binding to
the major pilin, minor pilins in a complex at the pilus tip or minor pilins incorporated
along the length of the pilus (Figure 2.1. adapted from (Piepenbrink, 2019)). In Neisseria
meningitidis, the T4P as the DNA-receptor has been identified as the minor pilin ComP;
(Cehovin et al., 2013), However ComP, has no homolog in Acinetobacter (Figure 2.2.
adapted from (Piepenbrink, 2019)).

We hypothesize that one or more of the minor pilin subunits of Acinetobacter

baumannii (PilX, PilW, PilV, FimU, FimT, PilE1, PilE2) is an extracellular DNA
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receptor. Therefore, our aim is to determine which Acinetobacter pilins bind to DNA.
There is a close relationship between natural transformation and the worsening of clinical
bacterial infections. Once we understand the mechanism, we can find ways to interrupt
the binding of T4P and DNA, so that we can potentially interrupt the process of
Acinetobacter gaining beneficial genes from the environment to become more pathogenic,
which will improve our ability to treat the infections caused by Acinetobacter. In addition,
Acinetobacter has similar type IV pilus locus to Pseudomonas, Dichelobacter, Moraxella.
The DNA uptake model of Acinetobacter will provide a direction to investigate the DNA
receptor in these related gammaproteobacterial.
2.3 Materials and Methods
2.3.1 Protein samples

In this study, we will use all the T4P subunits of A. baumannii, which is the major
pilin PilA and the minor pilin FimU, FimT, PilV, PilW, PilX, PilE1 and PilE2.
2.3.2 Protein expression and purification

Codon-optimized sequences of all eight subunits from 4. baumannii, starting with
residue 21 (removing the N-terminal TM-helix), will be cloned into a pETM44 vector
with an N-terminal His6 tag separately. These plasmids will be transformed into
NiCo21(DE3) competence cells separately and grow to saturation overnight with shaking
at 37 °C in LB medium with 50 pg/ml ampicillin. These saturation cultures are then
diluted into fresh LB-ampicillin and grown to an optical density (OD) of 0.4-0.6 at 37 °C.

These flasks are cooled to 18 °C before induction with 30 mM isopropyl B-d-1-
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thiogalactopyranoside and then grow overnight with shaking at 18 °C before being
harvested by centrifugation at 7,5000g for 20 min. The cells are then lysed using 30 ml
lysis buffer (50 mM Tris-HCI pH 8.3, 0.7 M sucrose, | mM NaEDTA, 15 mM NaN3), 1
ml lysozyme (0.25 mg/ml final concentration), 1 ml DNase (0.02 mg/ml), 1 ml PMSF
(0.1 M), 1 ml MgCl2 (2 M) for 5 minutes and 80 ml lysis buffer (50 mM Tris-HCI pH 8.3,
0.1 M NaCl, Triton X-100(0.5%), 25 mM sodium deoxycholate) for 10-15 min, and the
resulting lysate is centrifuged again, this time at 20,000 x g for 30 min. If the protein is
soluble, the supernatant is purified using a nickel-nitrilotriacetic acid column, and the
elution is further purified by size exclusion chromatography over a GE Healthcare S200
Superdex column using an AKTA Purifier FPLC.

If the protein is insoluble, the precipitate or the inclusion body is washed using
inclusion body wash buffer (50 mM Tris-HCI pH 8.3, 100 mM NaCl, I mM EDTA,
Triton X-100 (0.25%), 15 mM NaN3,) and is centrifuged at 7,500 x g for 20 min. This
procedure is repeated 4 to 5 times until the supernatant was clear. The pellet is then
resuspended in 10-20ml final buffer (5.12 mg/ml MES, 0.48 g/ml urea, 10 mM NaEDTA,
1 mM DDT, pH 6.0). Collect the supernatant and stored at -80°C. The guandine solution
(twice the volume of insoluble protein) is combined with the protein and then inject into
the refolding buffer (100 mM Tris-HCI, 400 mM L-Arg-HCI, 2mM NaEDTA, 6.3mM
Cysteamine, 3.7 mM Cystamine, 0.2 mM PMSF, pH 8.3) through a needle. The mixture
is stirred slowly at 4°C overnight. In the morning, dialysis will begin by pouring the

refold solution into a dialysis bag and submerging in 10L of 10 mM Tris-HCI solution at
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4°C with stirring for three days. After that, the mixture is purified using a nickel-
nitrilotriacetic acid column, and the elution is further purified by size exclusion
chromatography over a GE Healthcare S200 Superdex column using an AKTA Purifier
FPLC.
2.3.3 Biophysical binding measurements

Electrophoretic mobility shift assays (EMSA) are carried out by mixing proteins
with recombinantly expressed plasmid DNA (200 ng), incubating at 4°C for 1 h in DNA
binding buffer (25mM Tris-HCl, pH 8.5, 100mM NaCl), and separation by
electrophoresis on a 1.5% agarose gel at either 4C or 25C.
2.4 Results and Discussion

We use EMSA (electrophoretic mobility shift assays) DNA binding assay to
determine which Acinetobacter pilins bind to DNA. If the protein is able to bind DNA,
the complex of protein and DNA will have a lower migration rate than the free
unbounded DNA. Thus, we will see a shift on the polyacrylamide gel once the protein is
bind to DNA. ComP is the DNA receptor of Neisseria meningitidis. Cehovin used a
specific DNA uptake sequence that Neisseria species favors to determine the DNA
receptor. We just used plasmids available to us from other experiments to do the DNA
binding experiment and found it sufficient for investigating DNA binding (Fig. 2.3.).
Based on that, our experimental design will screen for the competence receptor even
though we do not know if the specificity of the Acinetobacter DNA receptor, if any.

To validate our experimental approach, we purified N. meningitidis ComP and tested
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its ability to bind DNA using identical experimental parameters to the ones we propose
(Fig. 2.3.). Our results showed that with the increase of protein concentration, PilE1 and
PilE2 shows a shift of bands while PilA does not, which leads us to conclude that the
major pilin PilA is not able to bind DNA while the minor pilins PilE1 and PilE2 are able
to bind DNA in vitro (Fig. 2.4.). For four other minor pilins, we tried to purify them
individually, however, all of them were insoluble. Therefore, our hypothesis is that the
four minor pilins functions as a complex. We have succeeded in refolding a minor pilin
complex (based on SDS page and SEC, Figure 2.5.) and then performed the EMSA with
the complex, no shift was observed on the agarose gel, which concludes that the minor
pilin complex PilV, PilW, PilX and FimU cannot directly bind to DNA (Fig. 2.6.). We
are currently in the process of testing the DNA-binding of a PilV/PilW/PilX/FimT
complex based on recent data indicating DNA-binding by the FimT homologue in
Legionella pneumoniae.
2.5 Conclusion

In this experiment, we tested the DNA binding affinity of seven of the eight subunits
of Acinetobacter baumannii T4P. Our results showed that the major pilin protein is not
the DNA receptor of A. baumannii, and PilE1 and PilE2 are capable of directly binding to
DNA, which indicates that PilEl and PilE2 may function as DNA receptors in A.

baumannii.
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Figures
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Figure 2.1. Models of T4P DNA binding.
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Figure 2.2. Neisseria ComP.
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Figure 2.3. DNA binding propensity of Neisseria meningitidis minor pilin protein ComP

and Acinetobacter baumannii minor pilin protein PilE1.
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Figure 2.4. The DNA binding propensity of Acinetobacter baumannii major pilin protein

PilA and minor pilin protein PilE1 and PilE2.
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Figure 2.5. Refolding the Acinetobacter T4P Tip complex.
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Figure 2.6. The DNA binding propensity of the complex of minor pilin proteins PilV,

PilW, PilX and FimU in Acinetobacter baumannii.
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CHAPTER 3: ASSESSING THE IMPACT OF ACINETOBACTER T4P
SUBTYPES ON NATURAL COMPETENCE
3.1 Abstract

T4P polymers consist primarily of a single subunit protein (the major pilin) but also
incorporate small numbers of other pilin proteins (minor pilins) and are involved in a
wide range of physiological processes. Typically, the minor pilins are well conserved
while the major pilin is highly variable. Previous work from our group found that allelic
variants of pilA from diverse strains of Acinetobacter baumannii show functional
variations in biofilm formation and twitching motility. Based on this functional variation,
we also performed natural competence assays in different strains of Acinetobacter
baumannii to assess the impact of T4P variation in natural competence. Our results show
that the structural divergence of PilA also affect the natural competence.
3.2 Introduction

Type IV pili are protein fibers which many species of bacteria can, through
polymerization, extend out from their cell surface and, through depolymerization, retract
with significant force (Giltner et al., 2012). Acinetobacter T4P are involved in several
distinct physiological processes, some are retraction-dependent functions (horizontal
gene transfer, twitching motility) while others are retraction-independent function
(biofilm formation, host cell adherence). Although all strains of Acinetobacter carry the
genes necessary to produce type IV pili, and the majority of those genes are highly

conserved, the protein sequence of the major pilin, PilA, exhibits considerable variation
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in the soluble domain (Piepenbrink et al., 2016). Different strains of Acinetobacter
baumannii show structural differences in PilA which we categorize into three subtypes
based on the amino-acid level variation in sequence. These differing pil4 alleles encode
proteins with variations in surface electrostatics resulting in different functions in terms
of twitching motility and biofilm formation (Ronish et al., 2019). It remains unknown
whether these variations impact natural competence. One important unknown is the speed
and force with which each of these T4P subtypes is retracted. Although Ronish et al
found no increase in host cell adhesion for the pil4 complements (characteristic of a pilT
deletion), differences in retraction could explain some of the observed phenotypic
differences as the promotion of biofilm formation is retraction independent while
twitching motility is retraction dependent. PilT is the putative retraction ATPase. The
usage of pilT deletion is because the pi/T deletion cells still remain piliated, but lose the
pilus function, they are unable to mediate twitching motility or DNA uptake (Adams et
al., 2019; Chlebek et al., 2019). To evaluate the hypothesis that the various PilA subtypes
do have different propensities for pilus retraction, we evaluated the impact of PilA
subtype on natural competence, which, like twitching motility, requires retraction. We
assessed the impact of T4P variation in natural competence directly by measuring the
uptake of plasmid DNA through acquired antibiotic resistance.

3.3 Materials and Methods

3.3.1 Samples

In this study, we will determine how the variation in pil4 impacts natural
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competence or natural transformation ability of Acinetobacter. The three pilA sequences
we used are from strains AB5075 (International Clone 1), ACICU (International Clone II),
and BIDMC57 (see figure 3.1 adapted from (Ronish et al., 2019)). They are all clinical
isolates from the patients that were infected and treated for antibiotic resistant
Acinetobacter infections. The six samples we used are wild type (WT), pilA knock out
(ApilA), chromosomal pilA complement (+ppilA), AB5075 (+ppilAAB7)  ACICU
(+ppil AACICY) and BIDMC57 (+ppil ABIPMEST),
3.3.2 Natural transformation assay

All transformation assay were performed with the six samples, similar to
transformation assays performed by others (Harding et al., 2013; Vesel & Blokesch,
2021). To be brief, the bacteria were grown overnight in 10 ml LB broth at 37°C while
shaking at 200 rpm. The starter cultures were back diluted 1:100 into 2 ml of fresh LB
broth and let them grow for 6 h or different time frame. Next, 1 ng of plasmid DNA,
which has a streptomycin resistance was added to 20 pl of the bacterial culture, and 20 pl
of this mixture was spotted onto LB agar plates. Then the plates were incubated at 37°C
for 2 h. After 2h, the bacterial cells were scraped off from the plates using a sterile loop
and then resuspended in 200 pl of LB broth. 100 pl of the culture were plated on LB and
LB with selective marker specific to DNA used (streptomycin resistance). Serial dilutions
will be performed to get a countable colony forming units (CFUs). The plates were
incubated at 37 °C overnight and CFUs were counted. The transformation efficiency or

transformation frequency was the ratio of the CFU number of transformants obtained on
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selective medium by the CFU number of transformants obtained on non-selective
medium. For this experiment, usually three biologically independent experiments are
performed.

3.4 Results and Discussion

Our results show that in the absence of PilA, no DNA was taken up (no colonies
grow on the plate). For wild type and the strains complemented with pilA (+ppilA), we
see the growth of colonies. These preliminary data recapitulate the results from Harding
et al (Harding et al., 2013) and demonstrate that natural competence can be readily
observed under our experimental conditions. (Fig. 3.2).

In 2021, Vesel et al found that transformation is growth phase-dependent in A.
baumannii. They grew the bacteria for different time frame, compared the transformation
efficiency and concluded that the highest levels of transformation were observed for
bacteria grown to the exponential phase. To refine our protocol, we performed the same
experiment to investigate the better growth time frame for our 4. baumannii. We tested
the wild type, pilA knock out mutant and complementary pilA from AB5075. Our results
showed that transformation start occurs when the time frame is 150min and the countable
colonies occurs when the time frame is 240min (Fig. 3.4). Based on the growth cure of
Acinetobacter, these two time frames are both in the log phase (Fig. 3.3). Next, we
repeated the experiment and checked the transformation for 4-9h growth time frame. The
results demonstrated that 6h growth is the best time frame to get a clear and higher

transformation (Fig. 3.5). We then performed the refined natural transformation assay
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with all the Apil4 deletion and complemented strains; figure 3.6 shows the results of that
experiment. All three complements show an increase in natural transformation over the
ApilA strain, but only the AB5075 and ACICU strains show significance (p = 0.0002 and
p = 0.002 respectively). The ACICU complement shows a defect in natural competence
compared to the AB5075 complement (p=0.0018) approximately equal to the defect
observed in twitching motility. These data suggest that pilus retraction is reduced in the
pilAAB5075 complement and that this reduction impacts all retraction-dependent
functions, including twitching motility and DNA-uptake.
3.5 Conclusions

Our data show that while all T4P subtypes are capable of some level of twitching
motility and natural competence (through DNA-uptake), profound differences can be
found between subtypes, particularly between those from the International Clone I and
International Clone II subtypes. Recent data from other groups implies that
transformation efficiency varies widely between A. baumannii strains (Hu et al., 2019);
we conclude form our data that pilus subtype is one of the components influencing

transformability in these strains.
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Figure 3.1. Variation in Acinetobacter baumannii PilA
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Figure 3.2: Natural competence ability of Acinetobacter.
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Figure 3.4. Natural transformability of A. baumannii over time (30min, 60min, 75min,
90min, 105min, 120min, 135min, 150min, 180min, 210min, 240min, 270min, 300min).
(A) Colonies growth on LB with streptomycin agar plate. (B) Colonies growth on LB

without streptomycin agar plate.
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Figure 3.5. Natural transformability of A. baumannii over time (240min, 300min, 360min,
420min, 480min, 540min). (A) Colonies growth on LB with streptomycin agar plate. (B)

Colonies growth on LB without streptomycin agar plate.
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Figure 3.6. Natural competence of pilA complements. ApilA is the pilA knock out
bacteria. AB5075, ACICU and BIDMCS57 means these are the chromosomal pilA
complement from these three strains. Shown are the CFU value of three independent
biological replicates (n=3). CFU value is obtained by counting the colonies that grow on

LB with streptomycin plate, the antibiotic selective marker taken up via HGT.
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CHAPTER 4: CONCLUSION AND RECOMMENDATIONS FOR
FUTURE RESEARCH
4.1 Conclusion

In this thesis, we investigated the DNA receptor(s) in Acinetobacter baumanni and
also showed how variations in PilA proteins affected natural transformation. By checking
the DNA binding affinity of all T4P subunits, we conclude that the major pilin protein is
not the DNA receptor. Similarly, the major pilin in Neisseria meningitidis is not the DNA
receptor. Rather, the DNA receptor(s) in both Acinetobacter and Neisseria are minor pilin
proteins: PilE1 and PilE2 in Acinetobacter as described in this thesis, and ComP in
Neisseria as was previously described.

For the natural competence assay, we do see natural competence requires T4P.  As
obserbed for twitching motility, which is also a pilin-mediated process that is retraction
dependent, +ppilA AB5075 shows a higher natural competence efficiency, followed by
+ppilA BIDMCS57. +ppilA ACICU shows a defect in natural competence. Our data
illustrate that pilus subtype from different strains impact the natural competence.

4.2 Recommendations for future research

A prepublication manuscript found FimT mediated DNA uptake during bacterial
transformation in Legionella pneumophila, so as described in chapter 2, we are currently
evaluationg the DNA-binding of A. baumannii FimT.

Since PilE1 and PilE2 show the ability to bind to DNA, additional studies using a

combination of structural biology and biochemistry will be used to elucidate the
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structural basis and specificity of these DNA binding interactions. We have identified
reproducible crystallization conditions for chimeric fusions of PilE1 and PilE2 to
Maltose-binding Protein (MBP). Structural studies using X-ray crystallography are
ongoing in order to obtain consistent diffraction patterns. Other methods like NMR
structure or homology models can be used to further elucidate the structural basis of
natural competence in Acinetobacter.

The differences of PilA from different A. baumannii strains does have an impact on
natural competence. We refined the natural transformation assay by the growth time;
however, the same growth time still leads to different OD600 value in six samples. To
make the natural transformation efficiency more physiologically-relevant, we need to
examine conditions beypnd planktonic growth. In addition, Pseudomonas shows natural
competence only when it is growth in biofilm, which indicate the biofilm affect
competence. Hence, it is also worth investigating how biofilm formation affects
competence in Acinetobacter, specially whether competence occurs in early (microcolony)

or late-stage (mature) biofilms.
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