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ABSTRACT

Raymond Larsen, Advisor

The TonB energy transduction complex (TonB, ExbB, and ExbD) couples the proton
motive force (PMF) to acquire and transport iron in gram-negative bacteria. ExbD is needed to
gather energy from the PMF and facilitates conformational changes in the TonB C-terminus. The
goal of this study was to determine possible interaction sites between ExbD and TonB. Site-
directed mutagenesis was performed on possible interaction sites to create three constructs that
selected specific E. coli exbD codons and were replaced with Y. enterocolitica exbD codons. The
codons were chosen by identifying residues that diverged significantly in the ExbD protein
compared to homologues in the family Enterobacteriaceae. Structural predictions were
generated to compare the periplasmic space of ExbD of the homologues. The solvent
accessibility for E. coli ExbD was generated from the structural predictions with surface residues
as possible contact sites. The function of each construct was assessed by a spot titer assay of
sensitivity to four group B colicins: M, B, Ia, and D. My results showed that two of these codon
changes did not significantly affect the ability of ExbD to support TonB-dependent uptake of

colicins, while a third codon change reduced sensitivity to one of the four colicins tested.
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CHAPTER I. INTRODUCTION

The three domains of life are Bacteria, Eukarya, and Archaea (Woese et al., 1990;
Doolittle, 1999). The Domain of Bacteria is generally considered as two polyphyletic subgroups
on the basis of their cell wall architecture; gram-positive bacteria and gram-negative bacteria.
Initially distinguished on the basis of the staining technique of Christian Gram (Gram, 1884); the
cell wall of the latter group is a dual membrane system, interfacing with the external
environment through an outer membrane (OM), separated from the cytoplasmic membrane (CM)

by an aqueous compartment termed the periplasmic space.

The OM acts as a defense by providing a selective permeability barrier for the gram-
negative bacteria against harmful compounds such as antibiotics, enzymes, and bile salts
(Nikaido & Vaara, 1985; Guest & Raivio, 2016). The components of the outer membrane
consist of phospholipids, lipid-anchored polysaccharides, and proteins. Phospholipids are fatty
acids with a phosphate group. The fatty acids, the tail region of the phospholipids, are
hydrophobic while the phosphate group, the head region of the phospholipids, is hydrophilic.
Because they have both hydrophobic and hydrophilic regions, they are amphipathic. Due to the
negative charge from the phosphate group, it causes the head of the phospholipid to be polar.
The phospholipids can be found in the outer leaflet, although, they are primarily on the inner
leaflet of the OM forming a single layer with the head group towards the periplasmic space

(White, 2000; Nikaido, 2003; Delcour, 2009).

Lipid-anchored polysaccharides are located exclusively on the outer leaflet of the OM
(Kamio & Nikaido, 1976; Simpson et al., 2015). In the model organism Escherichia coli, the

predominant lipid-anchored polysaccharide is lipopolysaccharide (LPS). There are three distinct



regions in an LPS molecule: the O-antigen, core, and lipid A. The O-antigen is highly diverse
among bacterial species and even within strains of species. The O-antigen is a polysaccharide
and can differ structurally by chain length, composition, and/or position. Since the O-antigen is
on the outer most layer of the outer leaflet of the OM, it influences the surface properties of the
bacteria, including the barrier and adhesion to biotic surfaces, abiotic surfaces, and to other cells.
The core region is a short chain of oligosaccharides and is attached directly to lipid A and to the
O-antigen. The structure of the core region is highly diverse, containing two KDO (3-deoxy-D-
manno-oct-2-ulosonic acid) residues at the inner end, which is then extended with three variously
modified heptose residues in most species. The heptose residues can be phosphorylated, have
phosphoethanolamine residues, or have phyrophosphoethanolamine residues. The outer core
region is made of hexose residues with the O-antigen attached to the last hexose. The core
region provides a barrier to hydrophobic antibiotics and other substances (Delcour, 2009). Lipid
A is the hydrophobic anchor region of LPS that forms an asymmetrical bilayer with the
phospholipids. It is composed of glucosamine moieties with six saturated fatty acids attached.
Most wild-type strains of Enterobacteriaceae synthesize a complete core region and the O-
antigen. However, the E. coli K-12 strain produces a rough LPS which lacks the O-antigen and
has a shorter core region (Stevenson et al., 1994). As such, the outer membrane of E. coli K-12
does not confer the same degree of barrier function as found in environmental isolates with wild-
type cell walls. (White, 2000; Raetz & Whitfield, 2002; Nikaido, 2003; Ruiz, Kahne, & Silhavy,

2006; Delcour, 2009)

Proteins are an important part to the OM. There are two main groups of proteins in the
OM. The first are lipoproteins which are small proteins (4-45 kDa) but exist in large quantities

(~7x10° per cell; Nikaido, 1985). Lipoproteins can be anchored to the periplasmic side of either



the CM or the OM, with most of the lipoproteins in E. coli localized in the OM (Tokuda &
Matsuyama, 2004). The murein lipoprotein (Braun’s lipoprotein, Lpp) is anchored to the OM
while about one-third is covalently linked to the peptidoglycan layer (Vollmer & Bertsche,
2008). The N-terminus residue in the lipoprotein is modified to a glycerylcysteine with three
fatty acids attached (Hantke & Braun, 1973). Lipoproteins have a variety of functions including
biogenesis and maintenance of cell surface structures, transport of substrates, drug efflux, and

host-pathogen interactions (Babu et al., 2006; Tokuda et al., 2007; Okuda & Tokuda, 2011).

The other main group of proteins are B-barrel channels. These proteins allow for
transport and signal transduction (Galdiero et al., 2007; Fairman et al., 2011). B-barrel proteins
can vary in the number of strands they have, ranging from 8 to 24, but normally have an even
number of strands (Schulz, 2002; Fairman et al., 2011). Some of the B-barrel proteins are
nonspecific diffusion channels, or porins, while others are highly specific transporter channels
(which will be discussed later). The nonspecific porins form an aqueous channel allowing
diffusion of small molecules (< 600 daltons) (Galdiero et al., 2007). Porins can be found in all
gram-negative bacteria. There are three general diffusion porins in E. coli K-12; OmpF, OmpC,
and PhoE. These porins form trimeric 16-stranded p-barrels across the membrane forming an
aqueous channel allowing passive diffusion of hydrophilic solutes. Other porins have channels
with structures that are selective for certain molecules while excluding others; allowing for
facilitated diffusion of specific molecules. For example, the LamB porin of £. coli has a
structure that allows for diffusion of maltodextrin polymers of a size that would prevent passive
diffusion through other porins. (Nikaido, 1985; White, 2000; Shultz, 2002; Nikaido, 2003;

Delcour, 2009; Fairman et al., 2011)
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The periplasmic region is composed of oligosaccharides, proteins, and peptidoglycans. It
is a gel-like consistency (Hobot et al., 1984) and is generally estimated to be 13 to 25 nm wide
(Leduc et al., 1989; Graham et al., 1991). The width variation may be due to expansion and
contraction because of osmotic shifts or differences in strains or growth conditions (Oliver,
1996). During growth in low osmolarity media, many gram-negative bacteria have been shown
to synthesize oligosaccharides (Miller et al., 1986) indicating that the synthesis of the
oligosaccharides are osmoregulated (Bohin, 2000). There are many different proteins in the
periplasm with different functions including transport (e.g. solute binding proteins), folding (e.g.
molecular chaperone protein Skp and peptidyl-prolyl isomerases), hydrolytic enzymes (e.g.
alkaline phosphatase), detoxifying enzymes (e.g. B-lactamase which degrades penicillin), and
enzymes that promote the biogenesis of the cell envelope (e.g. lipoprotein carrier protein p20)

(Oliver, 1996; White, 2000; Betton, 2007; White, 2007).

The peptidoglycan layer lies in the periplasmic space and is connected to the OM layer
by lipoproteins. The peptidoglycan layer is what determines the strength, rigidity, and shape of
the cell wall. Peptidoglycan is made of carbohydrate polymers cross-linked by short peptide
bridges. The polymers are comprised of alternating N-acetylglucosamine and N-acetylmuramic
acid attached by B-1,4 linkages. The average chain length of the polymer strands across gram-
negative bacteria is between 20 and 40 disaccharide units (Glauner, 1988; Quintela et al., 1995).
The peptide can vary across bacterial species, however the amino acids that make up the peptides
in most gram-negative bacteria are normally L-alanine, D-glutamate, a diamino acid (normally
meso-Axpm), and D-alanine (Vollmer et al., 2008). In E. coli, the peptidoglycan layer has been
shown to be 6.35 +/- 0.53 nm thick (Matias et al., 2003). Damage to the peptidoglycan layer,

either during biosynthesis (by mutation or antibiotics) or degradation (by lysozymes), will cause



cells to be more susceptible to cell lysis (Vollmer & Bertsche, 2008; Vollmer et al., 2008;

Silhavy et al., 2010).

The CM is a protein-rich phospholipid bilayer. The phospholipids are composed of a
polar phosphate-containing head group and a hydrophobic tail region consisting of fatty acid
chains. In aqueous environments the phospholipids assemble into a bilayer, with the tail region
forming a hydrophobic core while the head groups face outward forming a hydrophilic surface
on both sides of the bilayer. The phosphate group can form noncovalent interactions with
cations, water, and polar groups on proteins. Water, gases, small hydrophobic molecules, and
lipid-soluble molecules are able to freely diffuse across the CM. Efficient passage of other
molecules across the membrane requires proteins that either allow for diffusion or mediate active
transport processes (Kadner, 1996; von Heijne, 2006). These are integral proteins that are
embedded into the CM. Peripheral proteins associate with the surfaces of the CM either by
electrostatic interactions with the polar head groups and with embedded proteins, or, in the case
of amphitropic proteins, by hydrophobic interactions with the hydrophobic core of the bilayer.

(Singer, 1972; White, 2000)

TonB-Dependent Ligands

The TonB system provides a mechanism for the active transport of a variety of ligands
across the OM of gram-negative bacteria including: iron-complexed siderophores, vitamin B2,
nickel chelates, and carbohydrates (Schauer et al., 2008; Noinaj et al., 2010). A more extensive
list is provided in Table 1. In E. coli, the TonB system is primarily used for iron transport.

While a few organisms have been found not to need iron, like Lactobacillus plantarum (because



it is able to grow in milk which is a highly iron-restricted medium) and Borrelia burgdorferi (in
order to help it evade its host’s attempt to starve pathogens of iron) (Archibald, 1983; Posey &
Gherardini, 2000; Aguirre et al., 2013), iron is an essential nutrient for most bacterial species.
Iron is used in redox reactions including in electron-transport chains, metabolism and metabolic
products, and RNA and DNA synthesis. Under physiological conditions at a neutral pH and in
the presence of oxygen, iron is oxidized to an insoluble ferric form of Fe**. Bacteria have
developed different mechanisms to gather iron from its environment (Andrews et al., 2003).
Bacteria mainly use siderophores to obtain iron; however, some organisms are able to gather iron
without the use of siderophores. Other methods of gathering iron include: The ABC transport
system (such as Sfu from Serratia marcescens (Angerer et al., 1990)), the ferrous iron transport
(Feo) system while in anaerobic conditions (Hantke, 1987; Kammler et al., 1993), organisms
utilizing its host proteins (such as Neisseria spp. which use the proteins transferrin (Tf),
lactoferrin (Lf), hemoglobin (Hb), and haptoglobin-hemoglobin as sources of iron (Andrews et
al., 2003; Leon-Sicairos et al., 2015)), and obligate parasites, such as Francisella, that live within

the intracellular vesicles that its host cell uses in iron uptake (Leon-Sicairos et al., 2015).

Siderophores are iron chelating compounds that have a high affinity for Fe>" and have a
low molecular mass (600-1000 DA). There are two major groups of siderophores based on their
structure: hydroxamates and catecholates. Hydroxamates are hydroxamic acids with the
functional group RC(O)N(OH)R’. Catecholates have catechol rings that help form a hexadentate
complex with the iron. A hexadentate complex is when the iron binds to six places on the
catechol rings. In E. coli K-12, the ferric uptake regulator (Fur) regulon includes the genes for
biosynthesis and transport of the catechol siderophore enterobactin and the uptake of a variety of

hydroxamate siderophores (Panina et al., 2001; Ollinger et al., 2006). Although iron is essential



for most bacteria, excess iron is toxic for the cell (Halliwell & Gutteridge, 1984) because during
the Fenton reaction, ferrous iron reacts with peroxide, producing hydroxyl radicals, which cause
cell damage (Carpenter & Payne, 2014). Enterobacteriaceae are able to control iron
homeostasis by the ferric uptake regulator (Fur) protein (Stojiljkovic et al., 1994; Carpenter &
Payne, 2014). Regulation of iron homeostasis is based on iron availability with Fur acting as a
positive repressor. In other words, during high iron availability, Fur represses the transcription
of iron-regulated genes (Hantke K, 1981). Since siderophores are expensive to bacteria and iron
is too important for its acquisition to be left to simple diffusion, most bacteria use specific
receptors to bind the iron siderophores and provide for their active transport. (Postle, 1990;
Ferguson & Deisenhofer, 2002; Faraldo-Gomez & Sansom, 2003; Wandersman & Delepelaire,

2004)



Table 1: List of substrates and their distribution across phyla. The taxonomic groups

abbreviations are: Alt, Altermonadales; CFB, Chlorobium/Bacteroides group; Pse,

Pseudomonadales; Vib, Vibrionales; Xan, Xanthomonadales, a, a-proteobacteria; 3, -

proteobacteria; €, e-proteobacteria. Adapted from Schauer et al., 2008.

Substrates Phylogenetic Distribution

Reference/Source

Maltodextrin Caulobacter crescentus

Neugebauer et al.,
2005

Helicobacter pyloi (g), Bradyrhizobium
Nickel Jjaponicum (), B (Dechloromonas aromatic,
Rubrivivax gelatinosus)

Schauer et al.,
2007; Rodionov et
al., 2006

Sucrose Xan (Xcc), Alt (Shewanella spp.)

Blanvillain et al.,
2007

Novosphingomonas aromaticivorans (a.), D.

Cobalt aromatic (B)

Rodionov et al.,
2006

Alt (Shewanella, Colwellia spp.), Xan, CFB
Thiamin (Bacteroides fragilis), o. (Gluconobacter
oxydans), B (Burkholderia cepacia)

Gelfand &
Rodionov, 2007;
Rodionov et al.,
2002

Chito- Alt (Shewanella, Colwellia spp.), Xan, some o
oligosaccharides | (C. crescentus)

Yang et al., 2006

Escherichia coli, Vib (Vibrio cholera), Pse
(Pseudomonas aeruginosa), Alt (Shewanella

Cobalamin spp.), Xan, a (C. crescentus, Rhodobacter

(vitamin Bji2) sphaeroides, Rhodopseudomonas palustris),
(Ralstonia solanacearum, Burkholderia
pseudomallei)

Rodionov et al.,
2003

Pse (Pseudomomas stutzer, Pseudomonas

Copper putida, Pseudomonas aeruginosa)

Lee et al., 1991;
Mokhele et al.,
1987; Wunsch et
al., 2003




TonB-Dependent Transporters

TonB-dependent transporters (TBDT) are proteins in the OM of bacteria that use the
cytoplasmic protein complex TonB-ExbB-ExbD to transport ferric siderophore complexes across
the OM. The mechanism by which siderophores are transported once they bind to the TBDTs is
not well understood. The model organism Escherichia coli K-12 has seven TBDTs: BtuB (for
vitamin B1,), FepA, FhuA, FecA, FhuE, Cir, and Fiu that are for Fe**siderophores (Nikaido,
2003; Noinaj et al., 2010). TBDTs all have a similar structure of a C-terminus 22-stranded
antiparallel B-barrel domain that is inserted in the OM and provides a central aqueous channel,
closed on the periplasmic face by a ~150 residue N-terminus globular domain that acts as a hatch

to the barrel (Schulz, 2002; Nikaido, 2003; Chimento et al., 2005; Noinaj et al., 2010).

The B-barrel is normally around 70A in height and 35-47A in diameter. The B-strands
form a 45° angle to the axis of the barrel while forming a right handed twist. Also, the -strands
that form the transmembrane part of the barrel extend past the leaflets of the OM. The B-strands
are connected by 11 long loops on the external membrane side and 10 short turns on the
periplasmic side. Ligand-binding sites for specific ferric siderophore complexes reside on the
external surface on both the B-barrel and the globular domain. (Ferguson & Deisenhofer, 2002;

Nikaido, 2003)

The structure of the globular domain is a four stranded B-sheet with several short a-
helices mixed between. The globular domain forms a hatch, blocking passage through the barrel
(Ferguson & Deisenhofer, 2002; Nikaido, 2003). This involves the positioning of a short
extreme N-terminal motif termed the TonB box that is conserved across all TBDT and involved

in the recognition of the transporter by the CM protein TonB (Larsen et al., 1997; Cadieux &
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Kadner, 1999). Once the ligands bind, there is a conformational change in the globular domain.
In the TBDT FhuA, an alpha-helix (the switch helix) is unwound after ligand binding (Ferguson
et al., 1998; Locher et al., 1998). This conformational change is believed to alter the
accessibility of the TonB box. Altogether, these conformational changes signal ligand

occupancy to TonB (Ferguson et al., 1998; Locher et al., 1998; Kodding et al., 2005).

Bacteriophage and colicins are able to hijack the TBDTs to enter the cells and are TonB-
dependent. Bacteriophages are viruses that are able to infect and multiply within their host
(Ackermann, 2011). The bacteriophages T1 and @80 are both able to exploit the TonB-
dependent transport system for irreversible adsorption into the cell (Hancock & Braun, 1976).
Colicins are proteins that are produced by and are lethal for some strains of E. coli (reviewed in:
Cascales et al., 2007). Colicins use OM receptor proteins to gain entry into the bacteria, where
they are able to release their toxins. There are two groups of colicins and they use different
machineries to gain access to the cell: Group A colicins use the Tol system (Davies & Reeves,
1975a) while group B colicins use the TonB system (Davies & Reeves, 1975b). These proteins
have a molecular mass ranging from 40 to 80 kDa. All colicins consist of three domains: an N-
terminal domain that is used for translocating through the membrane, a central domain that is
used for receptor binding, and a C-terminal domain that carries the toxic cargo (Ohno-Iwashita &
Imahori, 1980; Benedetti et al., 1991). Just like TBDT, group B colicins have the TonB box as
well (Schramm et al., 1987) and are unable to translocate across the OM if it is deleted (Mende
& Braun, 1990). Since colicins can parasitize the OM transport proteins and kill the bacteria,
spot titer assays are a way to measure the activity of the TonB system (Larsen et al., 2003;

Devanathan & Postle, 2007; Jakes & Cramer, 2012).
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TonB Energy Transduction Complex

For active transport to occur, energy must be delivered to the OM. There are several
multi-protein systems that are able to harness the energy from the CM. The Tol system, which
includes the proteins TolA, TolQ, and TolR, are required for the integrity of the OM (Lazzaroni
et al., 1999). The Mot system, which includes the proteins MotA and MotB, are required for the

flagellar motor (Stolz & Berg, 1991). A third multi-protein system is the TonB system.

There are three proteins in the TonB energy transduction complex: TonB, ExbB, and
ExbD (Figure 1) with a per-cell ratio of 1:7:2, respectively (Higgs et al., 2002). The three
proteins span the CM and cross into the periplasm. The TonB complex is needed to couple the
proton motive force (PMF) from the CM and deliver the energy to the TBDT for active transport
(Bradbeer, 1993; Noinaj et al., 2010; Bulathsinghala et al., 2013). In order for TonB to make a
conformational change in the periplasm, ExbB, ExbD, and TonB all need to be functional and
PMF present (Larsen et al., 1999; Ollis et al., 2012). All three proteins are needed for different

aspects to harness the proton motive force.

The TonB protein of E. coli is 239 amino acids long and has three domains (Hannavy et
al., 1990; Roof et al., 1991). The N-terminus domain (residues 1-32) consists of two sections: a
short cytoplasmic domain (residues 1-11) and a transmembrane domain (TMD) which acts as a
signal-anchor (residues 12-32). A histidine residue (His20) in the TMD is critical for TonB
function and has been found to be the only residue in TonB TMD whose replacement by alanine
will result in a loss of function (Larsen et al., 2007). Swayne and Postle substituted every other

amino acid with His20 (H20X) and found H20N was the only substitution that supported full
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activity (2011). They determined His20 is important for its structure and not its ability to be

protonated. (Larsen et al., 2007; Postle et al., 2010; Swayne & Postle, 2011; Ollis et al., 2012)

The intermediate domain (residues 33-149) is in the periplasm and has a Pro-Glu and
Pro-Lys alternating repeats between residues 66-100. This proline-rich region is non-essential
for TonB function in laboratory settings, but allows TonB to extend to the OM across a range of
osmotic environments (Larsen et al., 1993). The C-terminus domain (residues 150-239) directly
interacts with the TBDTs and is believed to deliver the energy from the PMF for active transport.
Residues 158 to 162 is the region known to interact with TonB boxes (Gudmundsdottir et al.,
1989; Schoffler & Braun, 1989; Vakharia-Rao et al., 2007; Postle et al., 2010). Seven residues
have been found to be functionally important in the C-terminus domain. The residues include
G186 and six aromatic residues (Y163, F180, F202, W213, Y215, and F230). When two of the
seven residues are replaced with alanine, it renders TonB inactivate, indicating no single residue
is essential. This suggests at some point the seven residues interact with one another (Ghosh &

Postle, 2004; Postle, et al., 2010; Ollis & Postle, 2012).

Structures have been solved for the crystallized TonB C-terminus domain (Chang et al.,
2001) and an NMR study (Peacock et al., 2005), as well as for the TonB C-terminus co-
crystallized with the TBDTs BtuB and FhuA (Pawelek et al., 2006; Shultis et al., 2006). These
structures suggest a configuration of TonB with one to two alpha-helicies and three to four beta
sheets. Postle et al. found that the dimeric crystal structures did not represent the TonB C-
terminus configuration in vivo (2010), which is significant because TonB has been found to
function as a dimer in vivo (Sauter et al., 2003; Gresock et al., 2015). It is known that the tonB

gene is needed for active transport (Hancock & Braun, 1976; Postle, 1990); however, the exact
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mechanism remains unknown. TonB is able to interact and make contact with TBDTs in vivo
(Larsen et al., 1997) and assumed to transmit the energy from the PMF for active transport, but
there is no study supporting this hypothesis. When the TonB C-terminus interacts with TBDTs it
has been indicated to act as a monomer (Freed et al., 2013; Gresock et al., 2015); however, two

alternative models have recently been proposed (Celia et al., 2016; Klebba, 2016).

The ExbB protein of E. coli is 244 amino acids long and has three transmembrane
domains (predicted as residues: 16-39, 128-155, and 162-194). Most of ExbB is in the CM while
the N-terminus and the loop from TMD 2 to 3 are displayed in the periplasm. The C-terminus
and the loop from TMD 1 to 2 are displayed in the cytoplasm (Kampfenkel & Braun, 1993). The
function of ExbB is thought to be a scaffold and a signal transducer between the cytoplasm and
the periplasm (Larsen et al., 1999; Baker & Postle, 2013). A new model (which will be

discussed below) was proposed that ExbB forms a pentamer (Celia et al., 2016).

The ExbD protein of E. coli is 141 amino acids long and has a structure similar to TonB.
ExbD has three domains: the N-terminus (residues 1-22) which is in the cytoplasm, the TMD
(residues 23-42) which is predicted to be helical in structure, and the C-terminus (residues 43-
141) which is displayed in the periplasm (Kampfenkel & Braun, 1992). The TMD is the most
conserved topological domain and is conserved across the ExbD homologs TolR and MotB
(Cascales et al., 2001). A solved solution structure of the periplasmic domain of E. coli ExbD
(residues 44-141) using nuclear magnetic resonance (NMR) spectroscopy suggested three well-
defined regions (Garcia-Herrero et al., 2007). An N-terminus domain (residues 44-63) and a C-
terminus domain (residues 134-141), which are both flexible in structure. The third region is a

folded region consisting of two a-helices and five B-strands (residues 64-133). However, in vivo
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evidence suggests that this region is needed to be flexible in order for conformational changes to
occur for homodimerization and interaction with TonB, leaving the NMR structure to be
questioned (Ollis & Postle, 2011; Ollis & Postle, 2012; Sverzhinsky et al., 2015). In the present
working model, ExbD gathers energy from the PMF and facilitates conformational changes in

the TonB C-terminus (Brinkman & Larsen, 2008; Ollis & Postle, 2012; Ollis et al., 2012).

Studies have shown two amino acids that are important for ExbD to function. In the
TMD, there is an essential aspartate that is conserved across all species of ExbD and its
homologs of TolR and MotB (Braun et al., 1996). The aspartate residue (D25) is the only
charged amino acid in the TMD, which means it can be protonated by the PMF (Swayne &
Postle, 2011). This residue has also been shown to be necessary for ExbD-TonB periplasmic
interactions (Ollis et al., 2009; Ollis & Postle, 2011). The second important amino acid is a
leucine at position 132 in the tail of the C-terminus. If L132 is substituted, it will inactivate
ExbD (Braun et al., 1996; Ollis et al., 2009). L132 helps in the assembly of TonB and ExbD
when the PMF is independent in stage II of TonB energization (Ollis & Postle, 2012), which will

be discussed below.

A region of 30 residues (residues 92 to 121) has been shown to be important for ExbD
protein-protein interactions. Deletions within this region prevented the formation of
formaldehyde cross-linked complexes of ExbD homodimers, ExbD-TonB heterodimers, and
ExbD-ExbB heterodimers (Ollis et al., 2012). Within this region of the ExbD C-terminus,
specific residues have been found to interact with the C-terminus of TonB, suggesting that ExbD
helps position TonB for the correct conformation to interact with the TBDT. (Ollis & Postle,

2011; Ollis & Postle, 2012)
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The current working model of TonB energization can be broken down into three stages.
In stage I, ExbD and TonB do not interact with each other. During this stage, TonB is sensitive
to proteinase K and it is unable to formaldehyde cross-link with ExbD. Substitutions at ExbD
L132 and TonB H20 leaves TonB stalled at this stage. In stage II, ExbD and TonB can assemble
and form a heterodimer and does not require the PMF. This conformation leaves TonB resistant
to proteinase K and is also unable to formaldehyde cross-link with ExbD. In both stage II and III
ExbB is required and acts as a scaffold. Moving from stage II, which was PMF-independent, to
stage III requires the PMF. The PMF allows a conformational change within the periplasmic
domains of both ExbD and TonB so they are now able to be cross-linked with formaldehyde.
This rearrangement leaves TonB sensitive to proteinase K. (Ollis et al., 2012; Gresock et al.,
2015) However, there is still a lot unknown about the energy transduction cycle of TonB. This
includes the oligomeric state of TonB in all three stages along with the role of homodimerization
of the TonB C-terminus and where it fits in. TonB and ExbD are known to form a heterodimer,
yet it is still unknown if the proteins are configured in a monomer, homodimer, heterodimer, etc
during the entirety of the energy transduction cycle. Most importantly, how this cycle becomes

re-energized still needs to be answered.

A current working model incorporates the cellular ratios of individual components (Higgs
et al., 2002), the role of which has not been previously accounted for (Gresock et al., 2015).
Gresock et al. propose a model in which during stage I, TonB and ExbD are both in a homodimer
form (TonB> and ExbD) that form independent complexes with an ExbB tetramer (ExbBy).
During stages II and III, TonB and ExbD form a dimer of heterodimers with each other. In stage
IV, the TonB C-terminus interacts with a TBDT only in monomeric form and TonB H20 is

required for rehomodimerization of TonB. Gresock et al. speculate that after stage III, the
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energy of ExbD»-ExbBy is depleted and needs to be restored. They suggest that there is a
separate pool of ExbD>-ExbB4 that exists that replenishes ExbD»-ExbBy for stage 1. In this
model, only 2 ExbB are unaccounted for. Gresock et al. explain this deficit by suggesting pools

of free ExbB:, which are stable, that are precursors to the ExbB tetramers.

The Klebba laboratory has recently proposed a different model of TonB action; the
rotational surveillance and energy transfer (ROSET) model (Klebba, 2016). The ROSET model
suggests the dimerized C-terminus domain of TonB (which has a LysM motif (Kaserer et al.,
2008)) binds to the peptidoglycan layer. This affinity for the peptidoglycan and TBDTs allows
the dimerized C-terminus domain of TonB to survey the underside of the OM for occupied
TBDTs (where monomeric TonB C-terminus interacts with the TonB box of the TBDT). This
model also incorporates previous research that showed rotational motion of the TonB N-terminus
domain (Jordan et al., 2013). Jordan et al. created a GFP-TonB fusion protein which showed the
reorientation of the light from the GFP-TonB protein, suggesting that TonB has a rotational
movement which they found was powered by the electrochemical gradient from ExbB and
ExbD. Klebba suggests this rotational movement allows lateral movement of the TonB-ExbB-
ExbD complex through the CM. The rotation of TonB also provides the force that causes a
conformational change to the globular domain in the TBDTs which provides transport of the

ligand.

A new model has just been proposed of the TonB energy transduction complex. In this
model, the stoichiometry of the complex consists of a pentamer of ExbB, a dimer of ExbD, and
at least one TonB (Celia et al., 2016). In this study, they used X-ray crystallography, electron

microscopy, double electron-electron resonance (DEER) spectroscopy, and crosslinking to
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determine that the quaternary structure of ExbB is a pentamer with the five transmembrane
domains forming a transmembrane pore with the transmembrane helix of ExbD inside. A cross-
linking analysis and DEER spectroscopy analysis was performed and determined ExbD is a
dimer. They confirmed the stoichiometry results of ExbB and ExbD with and without the
presence of TonB. To accommodate for the two ExbD proteins in their model, they propose that
the first copy of ExbD has its transmembrane helix inside the transmembrane pore of the ExbB
pentamer, while the second copy of ExbD is located outside the ExbB pentamer. They ran
electrophysiology studies and found that the Ton subcomplex (ExbB-ExbD) forms channels that
are pH-sensitive and cation-selective with the periplasmic domain of ExbD serving as a cation-
selective filter with D25 of ExbD serving as an important factor towards the ion selectivity.
Based on their findings, they suggest two models for how the PMF energy is harnessed. Their
first model is the ‘electrostatic piston’ model. In this model, the ExbD transmembrane helix that
is inside the transmembrane pore of ExbB moves up and down within the pore. Their second
model is the ‘rotational’ model. In this model, the ExbD transmembrane helix that is inside the

transmembrane pore of ExbB rotates creating rotational motion.

Hypothesis

Previous research by Kate Butler took exbD homologues of Yersinia enterocolitica,
Serratia liquefaciens, Proteus mirabilis, and Vibrio parahaemolyticus and examined their ability
to complement an E. coli AexbD strain (Butler, 2013). Phenotypic characterization of these

clones found that Y. enterocolitica is less efficient than E. coli, S. liquefaciens, and P. mirabilis
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at supporting TonB function, while the V. parahaemolyticus ExbD did not demonstrably support

TonB function.

It is known that ExbD makes contact with TonB causing a conformational change in the
TonB periplasmic domain most likely occurring with multiple contact sites. Evolutionary
changes caused surface interactions between species to diverge, which I believe is the case with
Y. enterocolitica. 1 hypothesize there is an essential binding region that is different in the ExbD
C-terminus of Y. enterocolitica that is causing it to engage TonB less efficiently. This study
examined this hypothesis by identifying residues that diverged in the ExbD protein in the family
Enterobacteriaceae that possibly are involved in the interaction between ExbD and TonB. This

strategy will allow us to investigate differences between surface contact sites.

Specific Aims

Specific Aim 1: To perform site-directed mutagenesis to make three constructs replacing
specific E. coli exbD codons with Y. enterocolitica codons. These constructs will then be used to

complement a AexbD strain.

Specific Aim 2: To build 3D models of the predicted structures by using SWISS-MODEL.

Specific Aim 3: To evaluate the constructs for their efficiency of ExbD by performing

sensitivity assays against group B colicins.
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Substrates: Ferricrome, Ferricrocin;
FhuA . Antibiotics: Albomycin, Salmycin,
: Rifamycin CGP 4832;
] 4 : T1, T5, ¢80, and UC-1;
v , ins: Colicin M, Microcin 25
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Figure 1: The TonB transduction complex. The components of the TonB system include the
CM-anchored proteins TonB, ExbB, and ExbD, coupled with a TBDT (in this case the
ferrichrome transporter FhuA protein is depicted). The system provides energy to allow
transport of certain substrates and other molecules across the OM. The ribbon structures
represent the solved crystal structure of FhuA and TonB (Pawelek et al., 2006) and the solved

NMR structure of the C-terminus of ExbD (Garcia-Herrero et al., 2007). Adapted from Ivanov,

2012.
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CHAPTER II. MATERIALS AND METHODS
Media

Bacterial strains were cultured in Luria-Bertani (LB) broth and on LB agar plates (Miller,
1972). Both liquid cultures and agar plates were supplemented with 100 pg ml"' ampicillin
where required. Colicin sensitivity assays were performed on tryptone (T)-plates overlaid with
cells suspended in T-top agar (Miller, 1972) supplemented with 100 ug ml"" ampicillin and

0.001% w/v L-arabinose. Cultures were grown at 37°C.

Bacterial Strains

The bacterial strains used in this study are listed in Table 2. All experiments were
performed using isogenic derivatives of the K12 E. coli strain W3110 (Hill and Harnish, 1981).
RA1035 is a derivative of W3110 with a deletion of the homologues t0/Q and folR genes
(Brinkman and Larsen, 2008), and served as the wild-type strain. RA1045 is a derivative of
RA1035 with a deletion of the coding region of the exbD gene (Brinkman and Larsen, 2008).
The NEB 5-alpha strain is a cloning strain optimized for recovery of recombinant plasmids and

purchased in a chemically competent form (New England Biolabs, Ipswich, MA).
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Table 2: Strains used in this study.

Strain Genotype/Phenotype Reference/Source

W3110 K12 E. coli rrnD rrnE inversion | Hill and Harnish, 1981
RA1035 W3110 AtolQOR Brinkman and Larsen, 2008
RA1045 W3110 AtolQR, AexbD Brinkman and Larsen, 2008
NEB 5-alpha Chemically competent E. coli New England Biolabs, Inc.

Plasmids

The plasmids used in this study are listed in Table 3. The plasmid pBAD24 was used as
the cloning vehicle for the plasmids constructed in this study. pBAD24 provides ampicillin
resistance and is arabinose-regulated (Guzman et al., 1995). pKP393 is a pPBAD24 derivative
that encodes an exbD gene of E. coli (Brinkman & Larsen, 2008). The plasmid pRAO0S5S5 is a
pBAD?24 derivative that encodes an exbD gene of Y. enterocolitica (Butler, 2013). Three new

pBAD24 derivatives with site specific mutations were constructed for this study.

To construct the plasmids, an overnight culture of pKP393 was grown in LB broth
supplemented with 100 pg mI!' ampicillin at 37°C. Plasmid DNA was extracted using the
Plasmid Purification Protocol procedure (Qiagen, Hilden, Germany). The resulting plasmid was
used as the DNA template for an extra-long polymerase chain reaction (XL PCR), to mutate and
amplify the site specific mutations in the exbD E. coli gene. The primers used for each construct
(listed in Table 4) were used to mutate specific codons in the E. coli strain to encode amino acids
found in Y. enterocolitica. Each primer contained complementary base pairs (about 15-20) to the

template DNA, the mutational base pairs, and a restriction enzyme site to confirm the mutation
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occurred. Primers oRA0701 and oRA0702 were used to replace the motif asparagine, aspartic
acid, proline, valine, threonine, aspartic acid at site 78-83 with aspartic acid, glutamine,
glutamine, valine, aspartic acid, arginine. Primers oRA0697 and oRA0698 were used to replace
an alanine with a lysine at site 92. Primers o0RA0699 and oRA0700 were used to replace an

alanine with a serine at site 125.

Each XL PCR reaction had a total volume of 50 pl, with 1.5 ul ANTP mix at 300 uM, 1
ul each of forward and reverse primers at 0.5 pM, 1 ul of template DNA pKP393 at 1 ng/ul, 2 pl
of Taq polymerase at 5 units/50 pl reaction, 10 pl of 5X buffer, and 33.5 ul of water. No MgSO4
was added to the reaction. Each XL PCR reaction ran for a total of 35 cycles in a T100 Thermal
Cycler (Bio-Rad Laboratories, Inc.), with denaturation at 94°C for 30 seconds, annealing at 55°C
for 30 seconds, and extension at 65°C for 5 minutes through the first 34 cycles, and 10 minutes
for the final cycle. The resultant products were evaluated by resolving samples on 1% agarose

gels to confirm the production of amplimers of predicted size.

The resultant amplimers were double digested with the restriction enzyme Dpnl to
degrade methylated DNA to remove the starting template, and the specific restriction enzyme
that was built into the primers of each construct. The digestions were performed in a total
volume of 50 pl, with 2 pl DNA, 5 pl 10X reaction buffer, 1 pl Dpnl, 2 pl of the other restriction
enzyme, and 40 pul ddH>O. Restriction digests were performed for 90 minutes at 37°C.
Following digestion, samples were purified using a PCR product purification kit (Qiagen,
Hilden, Germany). The samples were then treated with DNA ligase and transformed into NEB
5-alpha chemically competent E. coli cells from NEB, following the product protocol. To select

for transformants, 100 pl aliquots were spread onto LBamp100 plates and were incubated
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overnight at 37°C. Colonies were picked and grown overnight in 5 ml of LB broth at 37°C with
shaking, with plasmid then recovered by standard alkaline lysis method (Sambrook et al., 1989).
Plasmids were then screened by restriction analysis to identify predicted restriction sites. Once
screened, selected individual plasmids were purified using PCR product purification kit (Qiagen,
Hilden, Germany) and verified by Sanger sequencing contracted to the DNA Sequencing Facility

at University of Chicago Comprehensive Cancer Research.

Table 3: Plasmids used in this study.

Plasmid | Genotype/Phenotype Reference/Source
pBAD24 | araBAD promoter, AraC, Amp' Guzman et al., 1995
pKP393 pBAD24 encoding E. coli ExbD Brinkman and Larsen, 2008
pRAOS5 pBAD24 encoding Y. enterocolitica ExbD Butler, 2013

pBAD24 encoding E. coli ExbD with mutation

PRAO62 1 78D, D79Q, PR0Q, T82D, D83R) Present study
PRA063 1()2;&2]?(2)4 encoding E. coli ExbD with mutation Present study
PRA0G4 pBAD24 encoding E. coli ExbD with mutation Present study

(A125S)
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Table 4: Primers used in this study.

Primer # | Description Sequence (5' to 3')
E. coli exbD
oRA0701 | forward CCCACGTGGACCGTGAAACAATGATTACGGCGTTG

mutagenic 78-
83

oRA0702

E. coli exbD
reverse

mutagenic 78-
83

CCCAGCTGCTGGTCACCGATAAACATCGAGTTGTCTGC

oRA0697

E. coli exbD
forward
mutagenic 92

CCGTTAACCGAAGGCAAGAAAGACACCACC

oRA0698

E. coli exbD
reverse
mutagenic 92

CCGTTAACTTATTCAACGCCGTGATCATTG

oRA0699

E. coli exbD
forward
mutagenic 125

Phos - GGATACCTGAAGATAGGTCTGGTCGG

oRA0700

E. coli exbD
reverse
mutagenic 125

Phos - GGACTGATGCAGCGTATCCATTACC

Transformation

During the initial cloning of the exbD mutants, the plasmids were recovered by

transformation of ligated DNA into high efficiency competent NEB 5-alpha cells, following the

manufacturer’s instructions (New England Biolabs, Ipswich, MA). For the spot titer assays, the

plasmids were moved to the bacterial strains RA1045 and RA1035. RA1045 and RA1035 were

rendered competent for transformation using the TSS protocol (Chung et al., 1989). Briefly,

fresh overnight cultures of RA1045 and RA1035 were subcultured at a ratio of 1:100 in 5 ml of



25
fresh LB and grown to Asso = 0.4 (as determined in a Spectronic 20 spectrophotometer with a
path length of 1.5 cm). Cultures were divided into 1.0 ml aliquots and incubated on ice for 5
minutes, then centrifuged at 14,000 xg for 5 min at 4°C. The supernatant was removed and the
cells were suspended in 100 pl 1X TSS (LB broth supplemented with 10% (w/v) polyethylene
glycol (PEG 8000), 5% (v/v) dimethyl sulfoxide (DMSO), and 50 nM MgCl,, pH 6.5). Two
microliters of plasmid was added to the cells. The mixture was incubated on ice for 30 min,
followed by 2 min at 37°C, followed by another 2 min on ice. Once done incubating, 500 ul LB
was added and incubated for 40 min at 37°C. After incubation, 100 pl of the cells were plated
onto LB plates supplemented with ampicillin and were incubated overnight at 37°C. The
following day, the transformats were streaked for isolation on LB plates supplemented with

ampicillin. Phenotypes were determined by spot titer assays.

Colicin Preparations

All colicin tests used working stocks of bacterial lysates from cells induced to express
specific colicin genes. Colicin B was prepared by Kate Butler (Butler, 2013) from E. coli
W3110 transformed with the plasmid pES3 (kindly provided by V. Braun), which bears the gene
that encodes colicin B (Pressler et al., 1986). Laboratory stocks of colicins D, Ia, and M were
produced by Ray Larsen from E. coli K12 strains carrying the plasmid pT04, encoding Colicin
M (kindly provided by V. Braun) and natural plasmids encoding colicins D and Ia (kindly
provided by A. Pugsley). The purity and specificity of each preparation was confirmed by
testing against a set of W3110 derivatives bearing single deletions of the genes encoding the

specific TBDT used as a receptor for each of the colicins (Larsen, data not shown).
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Spot Titer Assay

Overnight cultures were grown in LB broth supplemented with 100 pg ml™' ampicillin at
37°C. The overnight cultures were subcultured 1:100 in 5 ml LB supplemented with 100 pg ml!
ampicillin and 0.001% w/v L-arabinose and grown to Asso = 0.4 (as measured in a Spectronic 20
spectrophotometer with a path length of 1.5 cm). Aliquots of 100 pl of each culture were added
to 3 ml of molten (50°C) T-top agar, also supplemented with 100 ug ml! ampicillin and 0.001%
w/v L-arabinose. This solution was mixed and poured onto T-plates. Once solidified, 5 pl spots
of serial five-fold dilutions of each colicin, out to 5, were spotted onto the plates. All samples
were done in triplicate and incubated at 37°C overnight. The plates were scored the next day,

with the highest dilution that produced a zone of clearing recorded.
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CHAPTER III. RESULTS
Alignment Comparison

Comparison of the protein sequence alignment of ExbD homologues from the family
Enterobacteriaceae is shown in Figure 2. In the transmembrane domain, the sequence is
conserved across all four homologues. A sequence analyses compared the C-terminus to predict
amino acid divergence between the homologues. Highlighted in red, navy blue, and purple are
the sites chosen to perform the site-directed mutagenesis between E. coli and Y. enterocolitica.
Table 5 compares the amino acid properties between the sites chosen for site-directed
mutagenesis between E. coli and Y. enterocolitica. Figure 3 shows the crystal and cartoon

structure of the C-terminus of E. coli ExbD.

The first construct, pRA062, consisted of five amino acids mutated and portions of the
mutation were within the third beta strand. N78D was the first mutation and is part of the turn
between 32 and 3. The mutation changed the charge of the side chain from polar to a negative
charge. The van der Waals volumes of both amino acids are relatively the same; however,
asparagine has an amide group and aspartate has a carboxylic acid group with the OH
deprotonated. The second mutation was D79Q and was within the third beta strand. The
mutation changed the charge from a negative charge to polar. Glutamine is a slightly larger
amino acid (van der Waals volume of 114 A%) and contains an amide group compared to
aspartate (van der Waals volume of 91 A*) which contains a carboxylic acid. The third mutation
was P80Q, and was also within the third beta strand. The mutation changed the charge of the
side chain from non-polar to polar and also increased the van der Waals volume from 90 A3 to

114 A3, This mutation would cause an extreme difference in the side chain’s flexibility due to
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proline being very restrictive in how it is able to fold since it is in a locked, cyclic structure,
compared to glutamine which is very flexible. The next amino acid in the sequence is a valine,
which is conserved across E. coli and Y. enterocolitica and is the last amino acid in the third beta
strand. The fourth mutation was T82D which is in-between the 3 strand and the al helix. The
mutation changed the charge from polar to a negative charge. Threonine contains a hydroxyl
group and has a van der Waals volume of 93 A3, while aspartate contains a carboxylic acid and
has a van der Waals volume of 91 A3. The last mutation for this construct was D83R which was
also in-between the B3 strand and the a1 helix. This mutation caused an extreme difference in
the charge, van der Waals volume, and length of the side chain. The mutation changed the
charge from a negative charge to a positive charge which would affect binding to this site. It
also changed the size difference between the amino acids with aspartate having a van der Waals
volume of 91 A3 and a smaller side group compared to arginine which has a van der Waals

volume of 148 A3 and contains a very long side group.

Using the amino acid explorer common substitutions from NCBI, the substitutions for
each mutation was ranked by how often they substitute for an amino acid using data from the
BLOSUMS62 matrix. Ifthe mutation has a positive score it means it substitutes frequently for
that amino acid in homologous proteins while a negative score means it substitutes rarely. The
mutation N78D had a positive score and the mutation D79Q had a neutral score, suggesting that
these mutations would probably not cause a big affect. However, the mutations P80Q, T82D,
and D83R, all had a negative score suggesting these mutations could cause a disruption in the
folding pattern of ExbD causing it to engage TonB less efficiently. No previous research has

found any evidence of this section of residues being functionally important, however, with three
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of the five mutations with negative scores in the BLOSUMG62 matrix, these residues would be a

good section to consider.

The second construct, pRA063, was the mutation A92K and it was at the end of the first
alpha helix. The mutation changed the charge from non-polar to a positive charge. The amino
acids differ greatly in size with alanine having an extremely small side group and a van der
Waals volume of 67 A® whereas lysine has an extremely long side group with an amine group
attached to it and a van der Waals volume of 135 A®. Before the mutation, the alpha-helix would
fold with the alanine facing the interior of the protein because it is hydrophobic. However, with
the mutation, the lysine would probably cause the protein to fold slightly different with the lysine
facing the exterior of the protein because it is hydrophilic with a positive charge. Using the
amino acid explorer common substitutions from NCBI, this mutation had a negative score

suggesting it is not a good substitution for alanine and might cause ExbD to fold improperly.

ExbD A92C has been shown to be a site of ExbD homodimeric and heterodimeric
interaction with TonB A150C in vivo (Ollis et al., 2009). ExbD A92C was only able to form the
heterodimeric complex with TonB A150C when the TMDs of both proteins were functional.
However, ExbD A92C was able to form homodimers even without a functional TMD (Ollis et

al., 2009). This indicates that ExbD A92 might be an import residue for ExbD function.

The third construct, pRA064, was the mutation A125S and it is right outside the second
alpha helix. The mutation changed the charge from non-polar to polar and also increased the van
der Waals volume slightly from 67 A3 to 73 A®. The side chains are about the same size except
serine has a hydroxyl group. Y. enterocolitica is the only homologue out of the family

Enterobacteriaceae that does not have an alanine at position 125 which is why this site was
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chosen. However, the amino acid explorer common substitutions from NCBI showed that this

mutation had a positive score predicting that this mutation would probably not cause an effect.

E. coli - |MAMHLENELDDNGEMHDINVTPFIDVMLVLLIIFMVAAPLATVDVEVNLE [50]
Proteus - |MAMNLGNDSGEDNELHDINVTPEIDVMLVLLIIFMVAAPLATVDIKVNLE [50]
Serratia — |MAMRLNEDLDDSGELHEINVTPEFIDVMLVLLIIFMVAAPLATVDIRVDLE [50]
Yersinia — |MSMRMNDNLDESAEIHEINVTPEIDVMLVLLIIFMVAAPLATVDIKVDLE [50]
E. coli - ASTSTPQPRPEKPVNEEVEADNSHETCNBEUTLE THITALNEL TEGKKDT [100]
Proteus - ASSAKPQPRPEKPVYLTIKSDKQIEIGEEMYTHE TMASVLDSMTOSNKET [100]
Serratia — ASSAKPQPRPEKPVELSVEADKQLYVGEQAYSADOLTSVLDORTOANKET [100]
Yersinia — ASSAVPQPRPEKPVELTVEACNQLYVGHQENDEE TLASALIEY TOSNKET [100]

N -

E. coli - TIFFRADKTVDYETLMEVMDTLHOAGYLKIGLVGEETAKAK [141]

Froteus — TIFEQADEKTVDYETIMGAMDSLREHAGYLENGLYVGHETVSSGEN [142]

Serratia — TIFEFQADESVDYETLMSVMDTLREAGYLENGLYVGHMEGTAK [140]

Yersinia — TIFEQADKVYVDYETLMSVMDALRESGYLENGLVGMEAGGRAK [141]
e | 02 ) B5

Figure 2: Sequence alignment of the predicted ExbD protein. The homologues that were
used are: Escherichia coli W3110, Proteus mirabilis strain H14320, Serratia liquefaciens ATCC
27592, and Yersinia enterocolitica subsp. Enterocolitica 8081. Highlighted in the light blue box
is the N-terminus domain and highlighted in the orange box is the transmembrane domain.
Highlighted in green are the secondary structures of the protein with the cylinders representing
the alpha-helices and the arrows representing the beta-sheets. The red box highlights the amino
acid change in construct pPRA062. The navy blue box highlights the amino acid change in

construct pPRA063. The purple box highlights the amino acid change in construct pRA064.
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Table 5: Amino acid properties between the sites chosen for site-directed mutagenesis
between E. coli and Y. enterocolitica for each construct. In the center of the table is the
location of the residue that was mutated. The amino acids for E. coli (before the mutation) are

on the left and the amino acids for Y. enterocolitica (after the mutation) are on the right.

Y. enterocolitica
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A)

Figure 3: Structure of E. coli ExbD C-terminus domain. A) The solved crystal structure of
the E. coli ExbD C-terminus (Source: Protein Data Bank code 2PFU). The figure is modified
with labels of the N- and C- termini, the alpha helices, and the beta sheets. B) Cartoon ribbon
depiction of the secondary structure of the E. coli ExbD C-terminus. Labeled are: the N-and C-
termini, the alpha helices (which are shown as cylinders), and the beta sheets (which are shown

as arrows).
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Construct Formation

A PCR-based strategy was used to create three mutant clones with site specific mutations.
PCR primers were designed to make specific codon mutations in the exbD E. coli gene to encode
amino acids found in Y. enterocolitica. pKP393 was purified, diluted, and used as the DNA
template for an extra-long polymerase chain reaction (XL PCR). The resultant DNA was
purified following the PCR Purification Spin Protocol (Qiagen, Hilden, Germany). Each
construct was analyzed using restriction enzyme recognition sites that were built into each
primer set. The samples were treated with DNA ligase and transformed into NEB 5-alpha cells.
The colonies were then screened using an Alkaline lysis: Mini-preparation of plasmid DNA
procedure as described by Sambrook et al. followed by restriction mapping (1989) (Figure 4).
For ExbD(N78D, D79Q, P80Q, T82D, D83R), sixty-three colonies were screened, three showed
the predicted pattern of having the insert and were selected for sequence analysis; however, the
results of the sequence data showed all three samples had a frameshift at the mutation site,
suggesting that the primers were the cause of the frameshift. With the new designed primers, ten
colonies were screened and four showed the predicted pattern of having the insert and were
selected for sequence analysis. The results of the sequence data revealed one sample showed the
predicted sequence. For ExbD(A92K), thirty colonies were screened and three showed the
predicted pattern of having the insert and were selected for sequence analysis. The results of the
sequence data revealed all three samples showed the predicted sequence. For ExbD(A125S),
sixty-three colonies were screened and six showed the predicted pattern of having the insert and
were selected for sequence analysis. The results of the sequence data revealed two samples
showed the predicted sequence. Figure 5 shows the resulting sequences of the constructs after

the mutations.
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Figure 4: Restriction mapping of each construct. Representative 1.0% (w/v) agarose gels
showing the restriction mapping of A) ExbD(N78D, D79Q, P80Q, T82D, D83R), B)
ExbD(A92K), and C) ExbD(A125S). A 1 kb ladder was used as a size standard with the lengths
indicated in kb on the left of each gel. The two controls, pKP393 (E. coli ExbD) and pRA055
(Y. enterocolitica ExbD) are next to the 1 kb ladder in A) and B). If there was an insert in
ExbD(N78D, D79Q, P80Q, T82D, D83R), the fragments would show the band pattern of
pRAOS55. Lanes 1, 2, 4, and 7 showed the predicted pattern. If there was an insert in
ExbD(A92K), the fragments would show the pattern of three bands at 1.6 kb. Lanes 1, 4, and 7
showed the predicted pattern. If there was an insert in ExbD(A1258S), the fragments would show
the pattern of one band at 4.2 kb and one band at 0.8 kb. Lanes 16 and 18 showed the predicted

pattern.



a)
E. coli (pKP353)

226 ATC GGT AAC GAT CCG GTC ACC GAT GAA ACA ATG 208
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pRADGS
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Y. enterocolitica (pRADLDI)
2062 GG GCT CTG GAT AAA GTG ACC CAA TCT 288
a8 A A L D K W T o 2 96
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E. colil (pKP333)
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121 A L R K 3 = ¥ L E 129
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Figure 5: Predicted nucleotide and amino acid sequences of the constructs. The original
cloned E. coli (blue) and Y. enterocolitica (red) exbD gene and gene products are displayed with
the corresponding codons of the recombinant constructs encoded by plasmids A) pRA062, B)

pRA063, and C) pRA064.

Structural Predictions

To compare the periplasmic space of ExbD of different homologues, modeling structures
were generated using the program SWISS-MODEL (Figure 6). The program identifies templates
based on Blast and HHblits and the quality of the template is estimated. The models are then
generated off of a selected template. The template that was used to generate the models was the

NMR structure (2PFU) of E. coli ExbD.

The results of the structural predictions show that between the homologues, the structures
are very similar. However, the model of Y. enterocolitica has a lower quality model in a few
areas. For the construct ExbD(N78D, D79Q, P80Q, T82D, D83R), Y. enterocolitica has a very
low quality score for the model. For the construct ExbD(A92K), Y. enterocolitica has a medium
score between a low and high quality model. For the construct ExbD(A125S), Y. enterocolitica
has a very high quality score for the model. These scores indicate that the mutations would
probably not cause a significant structural difference. A disadvantage of using a program to
determine structural models is it only estimates where the new side chain will be from the
template backbone. Also, the program is only a prediction of structural orientation; it cannot
show the protein’s in vivo conformation or the protein’s conformation when it is interacting with

other proteins.



38

The solvent accessibility (SOA) for E. coli ExbD (Table 6) was generated from the
SWISS-MODEL structural prediction. Solvent accessibility is whether or not a residue is near
the surface of a protein, exposing it to a solvent (Goldman et al., 1998). If a residue is near the
surface, then it could be a possible contact site. For the construct ExbD(N78D, D79Q, P80Q,
T82D, D83R), only the first position that was mutated had a high solvent accessibility. This
indicates that the overall mutation probably did not have an effect on surface contact sites.
Position 92 has a high solvent accessibility which indicates for ExbD(A92K) the mutation could
affect surface contact sites. Position 125 had a very low solvent accessibility which indicates for

ExbD(A125S) the mutation probably would not affect surface contact sites.
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A) B) ) D)

N78D, D79Q,
P80Q, T82D, D83R  A9IK Al258

VGEETAKAK

Figure 6: Structural predictions of the periplasmic space of ExbD. Modeling structure
(SWISS-MODEL) from the NMR structure (2PFU) of ExbD of the periplasmic space (residues
44-141). Shown are the homologues of A) Escherichia coli W3110, B) Proteus mirabilis strain
HI4320, C) Serratia liquefaciens ATCC 27592, and D) Yersinia enterocolitica subsp.
Enterocolitica 8081. Figure (A) is modified with the labels of the N- and C- termini, the alpha
helices, and the beta sheets, with figures (B), (C), and (D) in the same orientation. Underneath
the 3D structures is the 2D alignment of the predicted models. The mutation sites for each

construct are boxed off in the alignment. Colors, for both the 3D structures and the 2D
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alignment, are based off the QMean4 score with red indicating a low quality model and blue

indicating a high quality model.

Table 6: Solvent accessibility of E. coli ExbD. The solvent accessibility (SOA) was generated
from the SWISS-MODEL structural prediction. Highlighted in red are the sites that were
mutated in each construct. Higher numbers means higher solvent accessibility and lower

numbers means lower solvent accessibility.

pRA062 pRA063 pRA064
AA SOA AA SOA AA SOA

176 0.09 T8 0.56 T121 0.21
G77 0.38 A89 0.09 L122 0.06
N78 0.76 L90 0.01 H123 0.38
D79 0.21 NO1 0.33 QI24 0.63
P80 0.38 A92 0.71 AI125 0.12
V81 0.13 L93 0.40 G126 0.15
T82 0.42 T94 0.08 Y127 0.01
D83 0.18 E95 0.56 L128 0.74
E84 0.57 G96 0.16 K129 0.36
T85 0.30

M36 0.02
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Functional Analysis: Spot Titer Assay

The function of each construct was assessed by a spot titer assay of sensitivity to four
group B colicins, M, B, Ia, and D, which require the TonB system to enter and kill the bacteria
(Figure 7 and Table 7). The positive control allowed import of all the colicins tested and the
negative control did not show sensitivity to any of the colicins. Between the two controls,
pKP393 (E. coli ExbD) and pRAO55 (Y. enterocolitica ExbD) there was a difference between
colicins B and D with pRA055 being more sensitive. If the mutations affected the function of E.
coli ExbD, then the results of the constructs would be similar to pRA055 (Y. enterocolitica

control).

Comparing the results of the spot titer assay from the first construct, Exb D(N78D, D79Q,
P80Q, T82D, D83R), there was no difference in sensitivity to colicin M and colicin Ia between
all of the controls and this construct. For colicins B and D, this construct was at equal levels of
sensitivity with pKP393 (E. coli ExbD control) and the positive control and was sensitive to a
higher dilution than pRAOS5S5 (Y. enterocolitica ExbD control). Comparing the amino acid
properties of the sites chosen indicate the mutations would have caused E. coli ExbD to be less
efficient like the Y. enterocolitica ExbD control. However, the functional assay results suggest

that the mutations made to this construct did not have an effect on the function of ExbD.

Comparing the results of the spot titer assay from the second construct, ExbD(A92K),
there was no difference in sensitivity to colicin M and colicin Ia between all of the controls and
this construct. ExbD(A92K) was sensitive to a higher dilution than pRAO0S5S5 (Y. enterocolitica
ExbD control) to colicin B and colicin D. This construct was at equal levels of sensitivity with

pKP393 (E. coli ExbD control) for both colicin B and colicin D and the positive control for
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colicin B. However, ExbD(A92K) was sensitive to a lower dilution than the positive control for
colicin D. Comparing the amino acid properties of the site chosen indicates the mutation could
have had an effect on the alpha-helix folding, interfering with ExbD function. However, the
functional assay results suggest that the mutation did not have a significant effect on the function

of ExbD.

Comparing the results of the spot titer assay from the third construct, ExbD(A125S),
there was no difference in sensitivity to colicin M and colicin Ia between all of the controls and
this construct. This construct was at equal levels of sensitivity with pKP393 (E. coli ExbD
control) and the positive control for both colicin B and colicin D. This construct was sensitive to
a higher dilution than pRAO0S5S5 (Y. enterocolitica ExbD control) to colicin B and colicin D. With
this site having an alanine across all the other homologues except Y. enterocolitica, this residue
was believed to be an important site potentially causing Y. enterocolitica ExbD to engage TonB
less efficiently. However, the functional assay results suggest that this mutation did not have an

effect on the function of ExbD.



Controls

Constructs

Colicin Tested on
Half the Plate

A — Colicin M

B — Colicin B

C— Colicin la

D - ColicinD

Bacterial Strains

on the Plates
1- RA1045 w/ pBAD24 (-)
2 —RA1035 w/ pBAD24 (+)
3 - pRAO5S5
4 — pKP393
5—ExbD(N78D, D79Q,

P80Q, T82D, D83R)

6 — ExbD(A92K)
7 — ExbD(A125S)

Figure 7: Comparison of constructs in this study to controls in the spot titer assay. The

most representative plate used in the spot titer assay showing the zone of clearances. The red
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numbers are the bacterial strains that are on the plates. The white letters are the colicin that was

used in the test. The circles inside the plates are the zones of clearance (which indicates the

absence of cell growth in the presence of the test agent).



Table 7: Colicin spot titer assay results. The number recorded for each of three sets is the

highest five-fold dilution with a zone of clearing with R indicating resistance.

Colicin M Colicin B Colicin Ia Colicin D

~ Control R,R, R R,R, R R, R, R R, R, R
+ Control -3,-3,-3 -7, -8, -8 -5,-5,-5 -5,-5,-5
pKP393 (E. coli ExbD) | -3,-3,-3 -7,-7,-7 -5,-5,-5 -4, -4, -5
pRAOSS5 (Y. ent ExbD) | -3,-3,-3 -6, -6, -6 -5,-5,-5 -3,-3,-3
ExbD (N75D, D75Q, -3,-3,-3 7,-7,-7 -5,-5,-5 -4,-5,-5
P80Q, T82D, D83R)

ExbD (A92K) -3,-3,-3 -7,-7,-7 -5,-5,-5 -4,-4, -4
ExbD (A125S) -3,-3,-3 -7,-7,-8 -5,-5,-5 -5,-5,-5




45

CHAPTER IV. DISCUSSION

ExbD is important in the TonB energy transduction complex. It is needed to gather
energy from the PMF and facilitates conformational changes in the TonB C-terminus (Brinkman
& Larsen, 2008; Ollis & Postle, 2012; Ollis et al., 2012). In this study, site-directed mutagenesis
was performed on possible interaction sites to create three constructs that selected specific E. coli
exbD codons and were replaced with Y. enterocolitica exbD codons. The codons were chosen by
identifying residues that diverged significantly in the ExbD protein compared to homologues in
the family Enterobacteriaceae. The goal was to determine possible interaction sites between
ExbD and TonB. My results showed that two of these codon changes did not significantly affect
the ability of ExbD to support TonB-dependent uptake of colicins, while a third codon change

reduced sensitivity to one of the four colicins tested.

My results show that the mutation for construct ExbD(A92K) possibly had an effect on
the efficiency of ExbD at supporting TonB function. ExbD(A92K) was selected because it
diverged from the homologues, which was predicted to possibly cause an effect on the ability of
ExbD to support TonB. Both the amino acid explorer common substitutions and the structural
prediction suggested the mutation could cause a disruption in the folding pattern of ExbD
causing it to engage TonB less efficiently. The solvent accessibility data shows the residue is
near the surface, indicating the mutation could potentially affect surface contact sites, disrupting
the efficiency to engage with TonB. The construct was tested using a functional analysis and
confirmed that the mutation potentially did affect surface contact sites because ExbD(A92K) was

sensitive to a lower dilution than the positive control for colicin D.
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Residue 92 of ExbD is within a 30 residue region (residues 92 to 121) that has been
shown to be important for ExbD protein-protein interactions (Ollis et al., 2012). Specifically,
A92 has been show to be a site of in vivo ExbD homodimeric and heterodimeric interaction with
TonB (Ollis et al., 2009). ExbD homodimers were able to form with an inactive TMD but the
heterodimeric complex with TonB was unable to form unless both TMDs of both proteins were
functional (Ollis et al., 2009). Ollis and Postle have suggested that multiple interfaces are
involved in both homodimerization of ExbD and heterodimeric interactions with TonB (2011,
2012). Since this site mutation is suggested to be part of the multiple interfaces for interactions,
then the mutation A92K in pRA063 could have hindered the homodimerization of ExbD or the

heterodimeric interactions with TonB.

Since the mutation changed it to a Y. enterocolitica residue, I propose that ExbD(A92K)
was able to still form ExbD homodimers. Since the two ExbD proteins would have the same
mutated residue, they should be able to recognize it as a homodimerization site. However,
ExbD(A92K) would not be as efficient at forming heterodimeric interactions with TonB because
it would be a Y. enterocolitica residue in one of the ExbD recognition sites with an E. coli TonB
recognition site. But because ExbD and TonB interact with multiple interfaces, the heterodimer
was still able to form but just less efficiently. This would agree with a previous suggestion that
ExbD homodimer formation has less stringent structural requirements than initial heterodimer
formation (Ollis et al., 2012). If this proposition is true, regarding the TonB energization model
(Ollis et al., 2012; Gresock et al., 2015), ExbD(A92K) would cause a slight disruption in stage II

which is when ExbD and TonB form a heterodimer.
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Ollis and Postle found ExbD A92C contacted two regions of TonB (2012). These

regions were on each side of the area of TonB (residues 159-164) that makes contact with the
TonB box of TBDTs BtuB (Cadieux et al., 2000) and FecA (Ogierman & Braun, 2003). This
suggests that ExbD helps position TonB into a conformation that will interact with the TonB box
of TBDTs. If ExbD(A92K) does not efficiently interact at those regions around TonB, then
regarding the TonB energization model (Ollis et al., 2012; Gresock et al., 2015), ExbD(A92K)
might cause a disruption in stage IV which is when TonB C-terminus interacts with a TBDT. If
direct contact between ExbD and TonB is applied to the ROSET model (Klebba, 2016) then
ExbD(A92K) could disrupt the rotational movement efficiency of TonB, which was generated by
ExbB and ExbD. This would disrupt the proposed lateral movement of the TonB-ExbB-ExbD
complex through the CM and the force causing a conformational change in the globular domain

in the TBDT.

Celia et al. proposed that the ExbD periplasmic domain performs as a cation-selective
filter (2016). Since the mutation of ExbD(A92K) is in the periplasmic domain, it could interfere
with the cation-selective filtering. If ExbD(A92K) interferes with the cation-selective filtering,
then it could disrupt the proposed ‘electrostatic piston’ and the ‘rotational’ models of how the

TonB energy transduction complex harnesses the PMF to produce energy (Celia et al., 2016).

A previous study by Koebnik et al. took a Y. enterocolitica tonB gene and complemented
it with an E. coli tonB mutant (1992). In this study they found that the Y. enterocolitica TonB
was unable to function as well as the E. coli TonB. The authors believed the reason for this was
due to the TonB boxes of the TBDTs and colicins diverged from the TonB box consensus

sequence. To expand on their findings, comparing my results to theirs, I believe that residues
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that diverged in the TonB protein were unable to recognize the E. coli ExbD surface contact sites
or the E. coli TonB boxes. This would disrupt stage II and stage IV in the TonB energization

model preventing the efficiency of the system.

My results show that the mutations for construct ExbD(N78D, D79Q, P80Q, T82D,

D83R) and ExbD(A125S) did not have a considerable effect on the ability of ExbD to support
TonB activity as measured by colicin sensitivity. ExbD(N78D, D79Q, P80Q, T82D, D83R) was
selected because it diverged from the homologues, which was predicted to possibly cause an
effect on the ability of ExbD to support TonB. The amino acid explorer common substitutions
suggested three of the five sites (P80Q, T82D, and D83R) could cause a disruption in the folding
pattern of ExbD with the structural prediction also suggesting the mutations could disrupt the
folding pattern. However, the solvent accessibility data showed only one of the mutated residues
is near the surface, indicating the mutation region would probably not disrupt surface contact
sites. The construct was tested using a functional analysis which confirmed with the models that

the mutation did not have an effect on the ability of ExbD to support TonB activity.

ExbD(A125S) was selected because Y. enterocolitica is the only homologue out of the
family Enterobacteriaceae that does not have an alanine at position 125. However, the amino
acid explorer common substitutions suggested this mutation would not cause an effect on ExbD.
Both the structural predictions and the solvent accessibility data supported this theory suggesting
it would not disrupt the folding pattern and that also the residue is buried. This indicates the
mutation would probably not disrupt surface contact sites. The construct was tested using a
functional analysis which confirmed with the models that the mutation did not have an effect on

the ability of ExbD to support TonB activity.
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The results of this study did not specifically determine contact sites between ExbD and
TonB. However, this study did gather useful knowledge about species divergence in
Enterobacteriaceae. The results show that even though the folding structure was not inhibited
by the mutagenesis, it still led to some minute surface changes that could affect binding contact.

These results show that the minute changes can affect the ability of ExbD to function efficiently.

Prospectus

This study provided evidence for specific residues of ExbD that diverged from the family
Enterobacteriaceae and showed they did not significantly affect the efficiency of ExbD to
support TonB function. However, the mutations of the divergent residues did show how they
could disrupt surface contact sites. This study also offered a different approach at determining
important residues. The first study for future research is to make the reciprocal alteration of this
study: i.e., to make three constructs replacing specific Y. enterocolitica exbD codons with E. coli
codons then complementing them with a AexbD strain. This would provide more evidence if
these sites are important for ExbD to function efficiently. Another future study should include
identification and evaluation of residues that diverge in the TonB protein across the family
Enterobacteriaceae and create constructs with those specific mutations to determine their

efficiency at contacting ExbD and TBDTs.
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