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Abstract
Bacteria require efficient iron acquisition systems to infect and colonize the mammalian
host. Neisseriaceae and Pasteurellaceae have developed an iron uptake system that involves
iron removal from host glycoproteins. The human pathogen, Haemophilus influenzae, has a
surface receptor complex containing transferrin binding proteins (TbpA and TbpB).

This

complex facilitates the release of iron from host transferrin and into the periplasm, where it binds
to a periplasmic binding protein, ferric binding protein (FbpA). FbpA is part of the ABC
transporter, FbpABC that transports iron from the periplasm into the cytoplasm. The interaction
between FbpA and FbpBC is currently unknown. A series of site directed mutants were created
to study this interaction based on models of other ABC transporters. We have developed a new
novel reporter system to study this interaction. The results of this study have shown the lux
reporter system to be more advantageous than past methods that evaluated iron uptake systems.
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CHAPTER 1: INTRODUCTION
1.1 The importance of iron
Iron is a very important transition metal that is essential for most environments and acts
as a limiting micronutrient for these environments (Bergeron 1986).

Iron has a very low

solubility at physiological pH, and its availability in the host limited. Most of the iron in the
mammalian host is found in heme compounds and iron-sulphur clusters for various enzymes.
They are part of the catalytic centre of many enzymes involved in redox reactions.

Iron

functions as a cofactor in the electron transport chain, photosynthesis, DNA and RNA synthesis,
oxygen transport, and the inactivation of oxygen radicals (super oxide dismutase, catalase)
(Braun 2001). For most bacteria to grow, they require at least an iron concentration of 10-7 M,
except for Lactobacilli and Borrelia (Braun 2001). These bacteria have replaced many of the
iron-sulphur cluster enzymes with manganese.

This may help Borrelia overcome the iron

sequestration defense mechanisms of the human host (Aguirre J.D. 2013).
Iron also catalyzes the production of toxic hydroxyl radicals from hydrogen peroxide,
which in turn is synthesized from superoxide radicals produced from oxidative metabolism
(Arroyo 1994). These toxic radicals cause extensive damage to lipids, proteins, and nucleic
acids. For lipids, these toxic radicals induce the formation of unsaturated bonds in the membrane
lipids, decreasing the fluidity of the membrane, and resulting in lysis of the cell. For proteins
they may cause cross-linking and inactivation via the thiol group. For nucleic acids, they may
cause mutations or cleavage of the phosphodiester bonds by the extraction of hydrogens (Clarke
2001). The production of hydroxyl radicals can also cause damage to RNA and DNA, which is
accomplished by the extraction of hydrogen resulting in mutations or cleavage of the
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phosphodiester bond (Clarke 2001). Therefore, one needs to maintain the proper concentration of
iron within the body and the cell.

1.2 Iron availability and iron homeostasis in the mammalian host and cells
The iron in the human body is distributed among different parts of the body. The human
body contains approximately 3-5g (Wang 2010).

Most of the iron is found in the heme

component of haemoglobin in erthyrocytes (>2g) or myoglobin in muscle cells (300mg). The
macrophages found in the spleen, liver, and bone marrow contain about 600mg. The excess iron
is stored in the liver parenchyma within ferritin (around 1000mg). All the other iron-containing
proteins contain about 8 mg of iron, with much of it bound to Transferrin (Tf) (Pantopoulos
2012). Tf carries approximately 3 mg of iron and delivers it to erthryoblasts and other cells
requiring iron.
In the human body, iron is constantly being released from cells or being absorbed by
them. When humans ingest food-containing iron, it is absorbed by duodenal enterocytes via the
divalent metal transporter 1 (DMT1), which is located at the apical surface of the cell
(Pantopoulos 2012). DMT1 only transports Fe2+ and duodenal cytochrome b (DcytB) is a
ferrireductase that helps DMT1 transport ferrous iron by reducing Fe3+ to Fe2+. Iron can be
released from the duodenal enterocytes via ferriportin, which is the only inorganic iron
mammalian cell transporter. Iron uptake occurs primarily on the apical surface and iron release
occurs mainly on the sub-mucosal surface.

The release of iron is coupled to the oxidation of

ferrous to ferric iron via hephaestin which is coupled to the binding of ferric ions by the host
iron-binding glycoprotein, Transferrin (Hentze 2010, Wang 2011).

Hephaestin physically

interacts with ferriportin. Ceruloplasmin, which is a homologue of hephaestin also oxidizes
2

ferrous iron.
Iron in senescent red blood cells is recycled by spleenic reticuloendothelial macrophages.
These macrophages engulf the senescent red blood cells and breakdown the hemoglobin to
acquire ferrous iron. This ferrous iron is released from ferriportin and ceruloplasmin helps
oxidize it to ferric ion that is bound to Transferrin.
Lysed cells can also release heme and hemoglobin into circulation. When that happens,
haptoglobin and hemopexin bind to hemoglobin and heme respectively (Johnson 2012). Heme
and hemoglobin are quite oxidative, and this may damage tissue in the body. Haptoglobin and
hemopexin help reduce the oxidative activity of hemoglobin and heme respectively.

The

haptoglobin-hemoglobin and hemopexin-heme are taken up by macrophages. The macrophages
extract the iron from these complexes and release the ferrous iron via ferriportin. The ferrous
iron is oxidized by ceruloplasmin and loaded onto Transferrin.
This entire process is regulated by the hepatic hormone, hepcidin (Pantopoulos 2012).
When there is an increase in iron levels, hepcidin is expressed. It binds to the ferriportin of
enterocytes, macrophages, hepatocytes, and other cells.

This stimulates the Jak-dependent

phosphorylation and internalization of ferriportin, eventually leading to lysosomal degradation
(Nemeth 2004, De Domenico 2007).

Ferriportin is the only inorganic iron transporter in

mammalian cells and the degradation of ferriportin leads to iron retention in cells. If iron
concentrations are low, expression of hepcidin is repressed and iron is exported out of
mammalian cells via ferriportin.
Most mammalian cells acquire iron from Tf and to access this iron they have a transferrin
receptor 1 (TfR1) (Hentze 2010, Wang 2011).
3

TfR1 is a 180kDa disulphide-linked

transmembrane glycoprotein that forms a homodimer and each component binds to one molecule
of Tf (Aisen 2004). TfR1 has the greatest affinity to the diferric form of Tf and the lowest
affinity for apo-Tf. To get into the cell, the Tf-TfR1 complex undergoes energy dependent
endocytosis via clatherin-coated pits. The acidification of the endocytic vesicles through the
action of the v-ATPase proton pump facilitates release of iron from Tf (Pantopoulos 2012). The
released ferric ion is reduced to ferrous ion by a metalloreductase, six-transmembrane epithelial
antigen of prostate-3 (STEAP 3) (Ohgami 2006).

DMT1 transports ferrous iron from the

endosome to the cytosol. The endocytic vesicle then fuses with the cytoplasmic membrane to
return the apo-Tf-TfR1 complex to the cell surface and apo-Tf is released from TfR1. The iron
released from Tf enters the cytosol as a labile iron pool (LIP), which is quite redox active. This
pool of iron is chelated by an intracellular siderophore that moves to the mitochondria by an
unknown receptor. This iron is then utilized in the synthesis of heme and iron-sulphur clusters.
The cellular iron that is not used is stored in ferritin or exported by ferroportin (Pantopoulos
2012). The iron found in ferritin and heme can also be exported.
The regulation of extracellular iron levels is maintained such that Tf is only partially
saturated with iron, thus is readily available to sequester ferric ion being released from various
iron sources. Tf is a monomeric, bilobed glycoprotein with a molecular mass of around 80kDa.
Tf is believed to have evolved from a gene duplication and fusion event from an ancestral
monolobed Tf with a single metal binding pocket (Williams 1982, Park 1985). It consists of two
lobes: the N and C-terminal halves and each of these lobes is further divided into two domains
connected by a hinge region (C1, C2, N1, and N2) (Anderson 1989) (Figure 1.1).

4

Figure 1.1 The ribbon diagram of human transferrin (hTf).
The N lobe and C lobe, with each lobe being further divided into two sub-domains. The green
and grey represent the two domains that are found in both the N-lobe and the C-lobe (C1, C2,
N1, and N2). Domains linked by a hinge region is colored in yellow (Anthony Schryvers
proposal).
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Both the N and C-lobe are almost identical and both lobes bind iron. In both binding
pockets, there are four conserved residues: 2 Tyr, 1 Asp, and 1 His (Aisen 1980, Chasteen 1983,
Anderson 1987, Sun 1999, Crichton 2009). The ferric ion binds in the cleft between domain 1
and domain 2 in both the N and C lobe. The carbonate ion helps complete the octahedral
arrangement of the ferric ion by providing two oxygen ligands. The carbonate may help with
oxygen release through protonation of the anion and disruption of the hydrogen bonds around the
metal. The carbonate anion could also lock the ferric ion in place to prevent water from bonding
with it and thereby preventing hydrolysis (Crichton 2009). An Arg residue helps keep the
carbonate anion inside the protein (Aisen 1980, Chasteen 1983, Anderson 1987, Sun 1999,
Crichton 2009). There are also a number of other metal ions that can bind to, such as Mn2+,
Zn2+, and etc. (Sargent 2005).
Mammals also produce a related iron-binding protein, lactoferrin (Lf), that plays an
important role in sequestering iron and reducing the levels of free iron (Legrand 2012). It has a
greater affinity for iron than Tf especially at lower pH. The apo form of Lf is secreted into
exocrine glands by epithelial cells and is released from secretory granules of neutrophils at sites
of inflammation (Legrand 2012). The availability of free extracellular iron is limited by the
release of apo Lf and by partially saturated Tf circulating throughout the body.

1.3 Iron Acquisition in Gram-negative bacteria
For Gram-negative bacteria to colonize and potentially infect the host they need systems
to acquire iron.

The efficient iron recycling system and the presence of Tf or Lf in the

extracellular milieu provides a very iron-limited environment. Gram-negative bacteria have
developed mechanisms for acquiring iron from host iron sources that involve outer membrane
6

receptors that require energy from the TonB system, thus are termed TonB dependent receptors
(Figure 1.2). These systems can be divided into three groups based on the iron compound
transported across the outer membrane and subsequently by a periplasm to cytoplasm branch of
the pathway that is powered by ATP hydrolysis. The periplasm to cytoplasm branch of the
pathways are termed periplasmic binding protein dependent ABC pathway (ATP binding
cassette) indicating that they are a specific subfamily of the large ABC transporter family
(Davidson 2008). The three types of transport systems transport heme iron, iron-siderophore
complexes, or ferric ion derived from Tf or Lf.

7

Figure 1.2 A diagram representing the TonB-dependent iron uptake systems that transport
different iron compounds across the outer membrane.
On the left is the heme uptake systems, in the middle are the iron-siderophore uptake systems,
and on the right is the ferric iron transport system that extracts iron from the host ferric binding
glycoproteins Tf or Lf.
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1.4 Heme compounds as sources of iron
To acquire heme, pathogenic bacteria often secrete hemolysins (Daskaleros 1991),
cytolysins (Lagergard 1993), and proteases (Simpson 1993) that can lyse the cell, releasing the
host proteins containing heme. There are two major mechanisms by which bacteria uptake heme
(Krewulak 2008). The first mechanism involves the direct uptake of heme or the direct removal
of heme from heme-containing proteins (hemoglobin, hemoglobin–haptoglobin, heme-albumin,
heme-hemopexin, and myoglobin) by surface cell receptor proteins. In Gram-negative bacteria,
this mechanism consists of a TonB dependent outer membrane receptor complex, a periplasmic
binding protein, and an ABC transporter (Bracken 1999). An example of this system is the
HpuA/HpuB from Neisseria meningitidis (Lewis 1997, Rohde 2002, C.N. Cornelissen 2004).
HpuA is a 36 kDa lipoprotein and HpuB is a 85kDa TonB-dependent outer membrane protein.
Gram-positive bacteria have a comparable system consisting of a cell surface protein and
an ABC transporter (Mazmanian 2003). An example of this system is found in the heme uptake
system of Staphylococcus aureus (S. aureus). The cell surface proteins IsdA, IsdB, and IsdH are
covalently attached to the cell surface.

They bind hemopexin-heme, hemoglobin, and

haptoglobin-heme respectively (Mazmanian 2003, Skaar 2004). IsdDEF is an inner membrane
transporter that transports the heme into the cytoplasm of the bacteria.
The second mechanism to acquire heme is the secretion of hemophores by the bacteria.
Hemophores are specialized bacterial proteins that bind to iron and bring it back to a specific
transporter. One example utilizing the hemophore mechanism is the heme acquisition system
(HAS), which is found in Pseudomonas aeruginosa, Pseudomonas fluorescens, Serratia maracescens, Yersinia entero colitica and Yersinia pestis (Letoffe 1994, Izadi 1997). HasA is a
hemophore that is secreted by an ABC transporter. The ABC transporter consists of HasD, a
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cytoplasmic membrane protein, HasE, a inner membrane protein, and HasF, outer membrane
protein (Wandersman 2004). HasA binds to heme or extracts it from hemoproteins. This entire
complex interacts with the outer membrane receptor, HasR, allowing the heme into the
periplasm. An ABC transporter transports the heme from the periplasm to the cytoplasm.
1.5 Siderophore mediated iron acquisition
Another method for obtaining iron is using siderophores.

Siderophores are low

molecular weight iron chelators secreted by both Gram-positive and Gram-negative bacteria
(Krewulak 2008). Siderophores remove iron from the environment or other host proteins. The
siderophores have a very high affinity towards iron (>1022) and in turn their production is
regulated by the amount of iron inside the cell (Neilands 1995). There are over 500 types of
siderophores, but the functional groups that interact with iron are limited. There are three main
functional groups that interact with iron: α-hydroxycarboxylic acid, catechol, or hydroxamic acid
moieties (Figure 1.3). The siderophores can be classified according to the three different types of
functional groups found in their metal binding site (Figure 1.3). The most well studied and
structurally defined siderophores are the ones involved in ferric uptake pathways (Krewulak
2008).
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Figure 1.3 The three functional groups that are found in different siderophores.
Siderophores can be classified according to these three functional groups a) α-hydroxycarboxylic
acid b) catechols c) hydroxamic acid
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1.5.1 Outer membrane receptors
All siderophores that have been studied so far in Gram-negative bacteria require an outer
membrane receptor. Gram-positive bacteria do not contain an outer membrane receptor, since
they do not contain an outer membrane (Braun 2011). The ferric-siderophore complex is quite
large and most porins would not be able to permit this complex to pass into the periplasm. There
are numerous receptors that are expressed under iron limiting conditions. They bind their
respective siderophore with a high affinity, and they transport the siderophore complex against
their concentration gradient using energy from the TonB-ExbB-ExbD complex (Braun 1995).
Since they have a high affinity for their siderophore, they concentrate the compounds at the cell
surface to increase the rate of transport.

Another reason to have a highly specific outer

membrane receptor is that if the microorganisms compete for the same siderophore, it will be
more likely to bind with a outer membrane receptor that is highly specific (Clarke 2001). The
sequence similarity between these receptors is quite low, but many of them contain the same
structure elements, such as a 22 antiparallel β-stranded β-barrel and a N-terminal globular
domain (plug domain) (Krewulak 2008) (Figure 1.4). The β-barrel for these outer membrane
receptors has the same three features: 10 short periplasmic loops that range from 2-10 residues,
22 β-strands, and 11 extracellular loops (Figure 1.4).
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Figure 1.4 The ribbon diagram of FhuA.
The blue represents the β-barrel formed by 22 β-stands and the red represents the cork domain.
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The stability of the β-barrel comes from the hydrogen bonds and salt bridges formed
between the 22 stands. All outer membrane receptors contain a C-terminal Phe or Trp residue
that is the signal responsible for correct folding and insertion in the bacterial membrane (Struyve
1991). The 11 extracellular loops are involved in interacting with the ferric-siderophore complex
and to prevent other solutes from getting into the β-barrel. These loops can actually extend from
30 Å to 40 Å (Krewulak 2008). All outer membrane receptors also have a N-terminal globular
cork domain. Most of the cork domains contain a very similar structure consisting of a central
mixed 4 stranded β-sheet with surrounding helices and loops (Krewulak 2008) (Figure 1.4). To
keep the cork domain in the β-barrel, there are 40-70 hydrogen bonds to the β-barrel and two salt
bridges between 2 Arg residues in the cork domain and 2 Glu residues from the β-barrel domain.
These four residues are highly conserved. The cork domain is involved in siderophore binding.
There is a TonB box near the N-terminus that is involved in mediating energization of the
transport process. The N-terminal extensions that precede the TonB box can also be involved in
transcriptional regulation (Krewulak 2008). The well-studied outer membrane receptor, FhuA,
will be discussed in detail. Most other outer membrane receptors have a similar structure to
FhuA. By focusing on FhuA in detail, the characteristics common to other outer membrane
receptors can also be studied. In Tf-mediated iron acquisition, the outer membrane receptor also
has a similar overall structure to FhuA.
1.5.2. FhuA
The well-studied outer membrane receptor is FhuA of Escherichia coli binds to the
siderophore, ferrichrome through interactions with the extracellular loops and the plug domain.
The binding pocket of FhuA is lined with aromatic residues and is highly complementary to the
shape of ferrichrome (Clarke 2001). The crystal structure of FhuA bound to ferrichrome has
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shown an interaction of the ferrichrome with both the cork domain (Arg81, Tyr116 and Gly99)
and the β-barrel via hydrogen bonds and Van der Waal forces (Ferguson 1998, Locher 1998).
The β-barrel loop that is involved with ferrichrome binding is L3, specifically residues Tyr244
and Trp246. L11 is also involved in binding with ferrichrome, specifically Phe693.
The N-terminal cork domain functions in siderophore recognition and binding. It blocks
the β-barrel pore and is anchored by more than 40 hydrogen bonds and several salt bridges with
the β-strands. How does the ferrichrome get transported into the β-barrel? When the ferrichrome
is bound to FhuA, there is a helix called the “switch helix” that unwinds (Ferguson 1998,
Ferguson 2000, Ferguson 2001). This switch helix spans from residue 24 to 29. Unwinding of
this switch helix causes a conformational and positional change of the TonB box. This allows
the TonB-ExbB-ExbD complex to physically interact with the TonB box to actively transport the
ferrichrome into the periplasm. However, it is not known how the ferrichrome-Fe complex
travels from the β-barrel, through the cork domain and into the periplasm. This complex either
gets into the periplasm due to the formation of a channel, or by the complete or partial
displacement of the cork domain. Some authors suggest that it is highly unlikely that the
complex enters by the displacement of the cork domain, because the energy barrier would be too
great. There would have to be some sort of mechanism to disrupt the 50 or more hydrogen
bonds and the salt bridges between the cork domain and the β-barrel (Ferguson 1998, Buchanan
1999, Cobessi 2005, Cobessi 2005). The interface between the cork domain and the β-barrel are
filled with bridging waters (hydrogen bonds formed to both the cork domain and the β-barrel)
and non-bridging waters (hydrogen bonds formed to just the cork domain or the β-barrel)
(Chimento 2005). The interface is mostly filled with these non-bridging waters. The formation
of a transient channel in this interface is likely since only a modest force would be required to
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disrupt the interaction between the non-bridging waters and the cork or β-barrel. A molecular
dynamic simulation was done with TonB being able to pull the cork domain to allow a transient
channel form (Gumbart 2007). The formation of this channel allows the ferrichrome-Fe to pass
through into the periplasm. FhuD then shuttles the ferrichrome-Fe complex from the periplasm
into the cytoplasm.
1.6 The TonB-ExbB-ExbD complex
The iron transport from the extracellular environment and into the periplasm is an energy
dependent process (Postle 1993, Moeck 1998). The transport of iron across the outer membrane
is facilitated by the electrochemical potential of the inner membrane. The proton motif force of
the cytoplasmic membrane is coupled to the outer membrane via the TonB-ExbB-ExbD complex
(Krewulak 2008).
TonB has three functional domains: the N-terminal domain, the proline-rich spacer, and
the C-terminal domain. The N-terminal domain is 33 residues (1-32) and forms an α-helix. The
hydrophobic N-terminal alpha helix (residues 1-32) anchors TonB into the cytoplasmic
membrane. The proline-rich spacer spans from residues 66-102 and is found in the periplasm.
There are many proline/glutamate residues followed by proline/lysine residues. This domain
allows TonB to extend itself to the outer membrane to interact with the TonB dependent
receptors. The C-terminal domain contains residues 150-239. It is involved in the interaction
with the outer membrane receptors (Krewulak 2011). There are two other proteins that are
associated with TonB: ExbB and ExbD, which form the energy transducing complex. ExbB is a
26kDa cytoplasmic protein and it has three helical transmembrane segments (Kampfenkel 1992,
Kampfenkel 1993, Karlsson 1993). There is currently no detailed structure for ExbB. ExbD is a
17kDa cytoplasmic membrane protein with its N-terminal helical domain anchored in the
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cytoplasm and its C-terminal domain is found in the periplasm (Hannavy 1990, Kampfenkel
1992, Jaskula 1994). The outer membrane receptors contain a conserved seven amino acid
sequence called the TonB box, acidic-Thr-hydrophobic-hydrophobic-Val-polar-Ala, which is
found in the N-terminus. TonB interacts with the TonB box of the outer membrane receptor.
There are four proposed models of the molecular mechanism of how TonB interacts with
the outer membrane receptors: the propeller model, the shuttle model, the pulling model, and the
PBP assisted model.
In the propeller model (Cascales 2001), when TonB associates with the TonB box of the
outer membrane transporters. The ExbB-ExbD complex uses the proton motive force generated
from the cytoplasmic membrane to induce a rotary motion in TonB. This rotary motion induces
either a conformational change in the outer membrane transporter or moves the N-terminal plug.
This allows the substrate to enter the periplasm. For this model to work, TonB needs to exist as
a dimer, which has some experimental support (Sauter 2003).
In the shuttle model, TonB first exists in an “un-energized” state. The ExbB-ExbD
utilizes the proton motif force generated at the cytoplasmic membrane to “energize” TonB.
TonB crosses the periplasm and binds to the TonB box. TonB delivers its stored potential energy
to the outer membrane transporter, inducing a conformational change allowing the substrate to
enter the periplasm.

The problem with this model is the difficulty of distinguishing the

“energized” state from the “unenergized” state. Moreover, how does the TonB return to the
cytoplasmic membrane?
In the pulling model (Letain 1997), TonB crosses the periplasm and binds to the TonB
box. The TonB system then exerts a force that unfolds the four-stranded β-sheet of the plug
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domain, allowing the substrate to enter the periplasm. Currently, there is no experimental
evidence to suggest that this mechanism occurs in vivo.
In the PBP- assisted model, TonB is thought to help present the FhuD to its outer
membrane receptor FhuA (Carter 2006). TonB also interacts with the TonB-box to induce a
conformational change in the cork domain allowing the substrate into the cytoplasm. All four of
these models have experimental evidence supporting its mechanism. The current thought is that
the actual mechanism may be a mixture of all four of these models.

1.7 Tf-mediated iron transport
Gram-negative bacteria from Neisseriaceae and Pasteurellaceae have a Tf-mediated iron
transport where they contain outer membrane receptors to recognize Tf.
The Tf iron uptake system consists of the outer membrane complex (TbpA and TbpB)
and an ABC transport system known as FbpABC transporter that transports iron from the
periplasm into the cytoplasm (Figure 1.5).
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Figure 1.5 The transferrin mediated iron acquisition.
Tf interacts wih the TbpAB complex. TonB causes a conformational change in TbpA to allow
iron through. FbpABC then actively transports the iron from the periplasm and into the
cytoplasm (Dr Joenel Alcantara’s proposal).
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1.7.1 Outer membrane receptor: TbpA and TbpB
The outer membrane receptor complex consists TbpA and TbpB, which removes iron
from Tf. TbpA has similar affinities towards both the apo and holo Tf. TbpA forms a β-barrel
consisting of 22 transmembrane strands with a periplasmic globular domain and is TonB
dependent (Boulton 2000). It has a overall similar structure to the outer membrane receptors that
were mentioned in the previous sections (Noinaj 2012). In contrast, 20 to 25% of the mass of
TbpA is in extracellular loops, which can extend up to 60 Å. There is also a plug loop, which
extends approximately 25 Å above the cell surface. The crystal structure of TbpA complexed to
Tf has been determined (Noinaj 2012) (Figure 1.6). TbpA binds exclusively to the C-lobe of Tf
(Noinaj 2012). The interaction occurs between the electropositive extracellular surface of TbpA
and the electronegative C1 domain of hTf. The TbpA plug loop (residues 121-139) interacts
directly with the C1 domain of Tf. In extracellular loop three (L3) of TbpA (Figure 1.6), there is
an α-helix (residues 351–361, the L3 ‘helix finger’) that inserts itself into a cleft formed between
C1 and the C2 domain of Tf. L3 interacts with D634 of C1 and several residues from the C2
domain. This causes a partial opening of the cleft in the C-lobe, which destabilizes the iron
coordination allowing the ferric ion to be released from the C-lobe (Noinaj 2012). It is believed
that L3 positions K359 in such a way that it starts to interact with D634. D634 provides charge
neutralization to K354 and R632, but is disrupted once D634 interacts with K359. This charge
repulsion between the C1 and C2 subdomain partially opens the cleft allowing the ferric ion to be
released.
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Figure 1.6 The crystal structure of apo-TbpA with Tf docked onto it.
The Tf is green colored. The lobe interacting with TbpA is the C-lobe; The lobe not interacting
with TbpA is the N-lobe. The yellow is L3 and the red is the plug domain of TbpA. The blue
represents TbpA. This TbpA is from N. meningitidis.
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TbpB is a bilobed lipoprotein embedded in the outer membrane through its aminoterminal lipid moiety (Gray-Owen 1996). Most TbpB-deficient strains were able to grow on
Tf demonstrating that TbpA alone is able to acquire iron without TbpB in in vitro conditions
(Anderson 1994, Gray-Owen 1995, Luke 1999). TbpB is essential for the survival of the
pathogen in in vivo conditions (Baltes 2002).
The protein consists of two structurally equivalent lobes: the N-terminal “handle” domain
and the C-terminal barrel domain. The two lobes are associated in a perpendicular orientation
(Moraes 2009) (Figure 1.7). The distal part of the anchor peptide wraps around the C-lobe,
passes through the interface between these two lobes and leads to the N-lobe (Silva 2012)
remainder of the anchor peptide and allows the protein to extend from its lipid anchor Nterminus.
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Figure 1.7 The crystal structure of TbpB from Actinobacillus pleuropneumoniae.
There are two lobes: N lobe and C lobe. The N lobe is in blue and the C lobe is in green
(Calmettes 2011).
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TbpB binds preferentially to holo-Tf rather than apo-Tf (Yu 1993). It has been shown
that the C1 and C2 domains of Tf bind to the N-terminal lobe of TbpB (Silva 2012). Much of
the variation between different TbpBs comes from the N-terminal lobe where Tf binds (Noinaj
2012). Therefore, TbpB specifically binds to holo-Tf and delivers it to TbpA (Yang X 2011).
TbpB captures holo-Tf when the N-terminal anchor region is in a fully extended conformation
(Yang X 2011). The interaction of the N-terminal with holo-Tf displaces the anchor peptide
from interacting with the C-lobe and causes a conformational change, which brings TbpB-Tf
closer to TbpA. This is speculative, but the experimental evidence has shown that the anchor
peptide is required for the formation of a ternary complex with TbpA and Tf (Yang X 2011). To
get into the periplasm, TonB interacts with the TonB-box of the amino terminus of TbpA. This
induces a conformational change in the cork domain of TbpA forming a transient channel to
allow the iron into the periplasm (Noinaj 2012).

1.8 ABC transporters
The FbpABC complex is an ATP Binding Cassette (ABC) transporter that takes iron
from TbpA/B complex and transports it from the periplasm into the inner membrane of H.
influenzae (Figure 1.5).

ABC transporters are a group of integral membrane proteins that

transport a variety of substrates across the lipid bilayer (Holland IB 2003). ABC transporters can
be categorized into three main classes: importer, exporter, and other (Dassa 2001). Class 1
consists of the nucleotide binding domains (NBDs) fused with transmembrane domains (TMDs)
and vice versa. They form either a homodimer or a heterodimer. They are usually exporters;
exporters acquire the substrate directly from the cytoplasm or the inner leaflet membrane. Class
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II consists of two tandemly repeated NBDs, but does not contain TMDs; this class is unlikely to
function as a transporter. Class III consists of each individual TMDs and NBDs and each of
these components is a separate polypeptide chain. Many PBP-dependent importers fall into this
class. The importers are only found in prokaryotes and they require a binding protein to present
the substrate to the ABC transporter (Hollenstein 2007).

Bacterial ABC transporters are

characterized by four structural domains: 2 TMDs which allow the substrate through and 2
cytoplasmic NBDs that hydrolyze ATP to provide the necessary energy to actively transport the
substrate into the cytoplasm (Hollenstein 2007).

1.8.1 Mechanism of ABC transporters
ABC importers have the main features: 2 TMDs and 2 NBDs. Many of the ABC
importers may function in a very similar manner.
The NBDs are quite conserved (Hollenstein 2007) The NBDs contain two sub-domains:
the RecA like sub-domain and the helical sub-domain. There are a number of conserved motif
sequences but the most important ones are the P-loops (Walker-A motifs) located in the RecA
like sub-domain and the LSGGQ motif located in the helical sub-domain (Jones 2004). The Ploops bind the ATP by forming a loop that wraps around the negatively charged phosphates of
ATP or ADP, while the LSGGQ interacts with the bound ATP (Figure 1.8). There are also a
number of other motifs found in the ATPases (Figure 1.8).

25

Figure 1.8 Sequence alignments of three different ATPase: FepC, FhuC, and BtuD.
Highlighted in the blue are the common motifs found in each one. These motifs are found in
every ATPase.
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The Q-loop is involved in detection of the γ-phosphate of ATP and interaction with the
TMD. The Gln residue of Q-loop also coordinates a Mg2+, which in turn is coordinated by ATP
(Krewulak 2008). The Walker B motif is involved in the nucleophilic attack on ATP via water
by contributing a Glu residue (Hollenstein 2007). The Glu residue polarizes the water to attack
the γ-phosphate of ATP. The Walker B motif forms a β-strand (Krewulak 2008). The D-loop is
involved in the interface between two NBDs. The switch motif provides a histidine, which is
believed to either sense a bound γ-phosphate or polarizes water to help with ATP hydrolysis
(Krewulak 2008). The A loop provides an aromatic residue, which interacts with the adenine of
a bound nucleotide (Ambudkar SV 2006).
The TMDs vary with one another primarily in sequence, length, architecture, and the
number of transmembrane helices (Hollenstein 2007). The TMDs of ABC importers vary from
10-20 transmembrane helices.
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Figure 1.9 ATPase Mechanism.
When two ATP molecules bind to the two sites, the NBD couple to one another. The P-loop
interacts with the LSGGQ domain. This causes a shift in the coupling helices, exposing the
outward facing conformation in the TMD. This allows the substrate into TMD and eventually
into the cytoplasm.
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The two NBDs interact in such a way that the P-loop from one sub-domain interacts with
the LSGGQ motif from another domain (Fig 1.9). This interaction generates two sites for ATP
to bind. The TMD interacts with the NBDs via coupling helices, which interact with the grooves
found in the NBD. These coupling helices are architecturally conserved, but the sequence is not
(Locher 2009).

When the ATP binds at the two sites, this causes the coupling helices to shift

closer together, which in turn causes the TMD to flip to an outward conformation (Locher 2009).
This outward conformation then interacts with the periplasmic binding protein containing the
substrate. This model is also called the two state, alternating access model (Lewinson 2010). In
the outer conformation, in the absence of substrate the NBDs are in an open conformation and
the TMDs are open to the cytoplasm. The substrate bound PBP associates with the TMDs, and
ATP closes the nucleotide binding sites and stabilizes the outward conformation. This allows
both the TMD and PBP to open allowing the substrate to bind inside the TMD. In the inward
facing conformation, the ATP hydrolysis and phosphate release stabilize this conformation and
the substrate is released. The substrate moves across the bilayer unidirectionally. The whole
ABC complex dissociates (Lewinson 2010). Many other bacterial ABC transporters also follow
this mechanism.
There are three major models of how ATP is hydrolyzed by the ATPase (Jones 2009).
The first model is the switch model, which is the most subscribed to model. The NBDs are in an
open conformation and the ATP binds cooperatively at the two active sites. The two ATP
molecules help bring the NBDs together to form a closed conformation. Some ABC transporters
have the ATP bind randomly at either active site. Other ABC transporters may contain a site,
which is favoured over another site.

The ATPs are then hydrolyzed sequentially and the

hydrolysis products remain bound to the protein. Eventually, the phosphate and ADP dissociate
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to restore the protein in its open conformation. The next model is the alternating sites model
(Senior 1996). Initially, both ATPs bind loosely to the active site in the NBDs. Only one ATP is
committed for hydrolysis, while the other one stays in the active site. This results in the closed
conformation. The one ATP is hydrolyzed to ADP and phosphate. Eventually, the phosphate
and ADP are released and the NBDs return to the open conformation.

One ATP being

hydrolysed is sufficient for the NBDs to return to the open conformation and another ATP starts
to bind the site. This model also implies that one site retains the memory of which site last
hydrolyzed the ATP so that the opposite site can start hydrolyzing the other ATP. The third
model is the Constant-contact model, which contains elements from the previous mentioned
models (Jones 2007). Each of the NBD active sites has two distinct substates: closed or open for
a nucleotide. The two active sites function 180o out of phase. For example, one site will be
undergoing hydrolysis while the other site is preparing for hydrolysis once the other ATP is
hydrolyzed.

The sites also change their affinity for either accepting or not accepting the

nucleotide.

The first model is more widely accepted in literature based on structural and

biochemical studies of the maltose transporter and other transporters. The other models were
based on classic biochemical studies or simulations (Jones 2009).

1.8.2. E. coli Mal EFGK2
The studies with E. coli MalEFGK2 and Salmonella typhimurium His JQMP2 systems
have demonstrated the “two state, alternating access model” (Davidson 1992, Liu 1997). In
particular, the Mal EFGK2 will be discussed. For MalEFGK2, MalE functions as the periplasmic
binding protein, MalF and MalG function as the TMDs, while MalK functions as the NBDs
(Figure 1.10). The TMDs form a heterodimer: MalG (6 helices) and MalF (8 helices). Each has
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a conserved core of 6 helices related by a pseudo-two fold symmetry (Figure 1.10). The
asymmetry between the TMDs causes MalE to bind to MalF with no contact to MalG (Oldman
2007). The role of this asymmetry is currently unknown. How the ATPase transmits signals to
two different TMDs is also currently unknown.

The ground state for this mechanism is

MalFGK2 without the bound MalE and this complex has low basal ATPase activity (Figure
1.11). The ATP binds to MalK, which contains the P-loop and the LSGGQ domain. The
coupling helices shift closer together favouring an outward conformation for MalFG, which
reveals a transient binding pocket within the translocation pathway for the substrate. There are
ten residues that bind to maltose in the substrate binding pocket creating stability and specificity
(Jones 2009). MalE-maltose comes and docks onto the outward conformation of MalFG. The
whole MalE-MalFGK2 complex is stabilized by ATP binding (Lewinson 2010). Both the MalE
and ATP stabilize this outward conformation. The transporter has a similar affinity towards apoMalE and holo-MalE. The lobes of MalE start to spread out releasing the substrate into the
translocation pathway and the substrate binds in the transient binding pocket. When the ATP
starts to hydrolyze, the ADP and P starts to dissociate from these binding pockets, this causes the
TMDs to move towards an inward conformation and the substrate moves unidirectionally across
the lipid bilayer. This destabilizes the entire complex and MalE detaches itself from MalFGK2.
The transporter returns to its ground state (Figure 1.11).
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Figure 1.10 The ribbon diagram maltose transporter MalFGK2 (Khare 2009).
The TMDs are MalF and MalG, which are respectively represented by magenta and green. The
NBDs is MalK and that is represented by red. The MalF and MalG are different. MalE binds
only to MalF. The function of this asymmetry is currently unknown.
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Studies have shown that the formation of MalE-MalFGK2 requires ATP and vanadate.
Vanadate acts as a γ-phosphate analog of ATP. Vanadate forms a complex with Mg2+ and
phosphate, which mimics the ATP in its transition state as it hydrolyzes (Urbatsch 1995, Sharma
2000). When MalE docks onto MalFGK2, maltose is no longer bound to MalE, indicating that
the transport of maltose has occurred and the MalE is still bound to MalFGK2. ATP hydrolysis
drives this entire transport process (Urbatsch 1995, Sharma 2000).
A new model for the MalEFGK2 has been proposed (Bao 2012). In this model, ATP
binds to MalK to trigger the outward conformation. MalE then docks onto MalF; maltose then
binds to the MalE-MalFGK2. The ATP hydrolysis triggers the inward conformation and the
substrate is released into the cytoplasm. If ATP hydrolysis does not occur rapidly, maltose-MalE
may dissociate from MalFGK2. The difference between this model and the previous one is that
ATP alone triggers the change in conformation. This model is more likely than the previous one
in that other studies have shown that ATP alone triggers the outward conformation.
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Figure 1.11 Mechanism between MalFGK and BtuCDF.
This shows the difference between the two transporters. They have different energy states for
different structures. Many ABC transporters follow the MalFGK model. However, some may
follow the BtuCDF model
Reprinted by permission from Macmillan Publishers Ltd: [Nat. Struct. Mol. Biol.] Lewinson, O.,
Lee, A.T., Locher, K.P., Rees, D.C. (2010). "A distinct mechanism for the ABC transporter
BtuCD– BtuF revealed by the dynamics of complex formation." Nat. Struct. Mol. Biol. 17(3):
332-338, copyright (2010)
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1.8.3 Vitamin b12 transporter
There are a few ABC transporters that follow a different mechanism than MalEFGK2.
One example is the BtuFCD transporter (Figure 1.11). It has different energy hurdles and
different transition states (Lewinson 2010).

The most stable ground state is the BtuCDF

complex and if either the substrate or ATP attaches to this complex, the complex dissociates
(Lewinson 2010). This complex has high basal ATP hydrolysis activity. These energy states are
quite different from MalEFGK2 (Figure 1.11). If the substrate binds to the BtuF-BtuCD complex
it drives dissociation. When ATP binds BtuCD, it destabilizes the entire complex (Lewinson
2010). When the ATP hydrolyzes, ADP and phosphate are expelled and the BtuF-BtuCD
complex can form again.
To visualize this in a structural manner, the individual subunits of BtuC and BtuD need to
be described. The conformation of BtuC in BtuCD or BtuF-BtuCD is different. This results in
an asymmetric TMD interaction between the two BtuC subunits and no cavity or pore in the
TMDs. On the other hand, BtuD has almost the same conformation in either BtuCD or BtuFBtuCD. Changing from the inward facing channel to the outward facing channel is primarily due
to the shift in a helix termed TM helix 5 (Pinkett 2007). Initially in BtuCD, TM helix 5 shifts in
such a way to create an opening in the extracellular side, but closes the cytoplasmic side. When
BtuF with a substrate binds to BtuCD, the TM helix 5 shifts and opens to the cytoplasmic side
and closes the extracellular side. The substrate gets released and the BtuFCD is the most stable
state. The ATP binds at BtuD and causes the BtuD subunits to couple. This destabilizes the
whole complex and BtuF is released from the complex. Other ABC transporters may have a
different mechanism than either BtuFCD and MalEFGK2. Even though both models have a
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different mechanism, the PBP still docks onto the TMD with its cleft containing the substrate
facing the TMDs.

1.8.4 Periplasmic binding proteins
There are many different types of periplasmic binding proteins (PBPs), but based on their
amino acid sequences they can be grouped into 9 distinct clusters (Tam 1993). For example,
cluster 1 includes PBPs that bind oligosaccharides, while cluster 8 includes PBPs that bind
organic metal ion complexes and ferric-siderophore complexes. The PBPs share very little
sequence identity (less than 10%), but many have domains that are connected by 2 or 3 β-strands
(clusters 1-7) or by a long α-helix (clusters 8 and 9) (Krewulak 2008). The folds for each of the
domains are made up of a mixture of α and β structures.
One well-studied PBP is FhuD. FhuD has two domains: N terminal domain (32-145)
and a C terminal domain (169-293). Each domain consists of a twisted five-stranded mix β-sheet
sandwiched between layers of α-helices. The domains are connected by a 23 residue α-helix,
which has a kink caused by Pro167 (Krewulak 2008). FhuD recognizes the iron-ferrichrome
complex and transports this complex to the inner membrane receptors (Figure 1.12). The PBPs
are not as specific as the outer membrane siderophore receptors and can bind to a variety of
different siderophores of the same type, which is determined by the functional group. For
example, FhuD can bind to many other hydroxamate siderophores, such as ferrichrome,
coprogen, ferrioxamine B, and rhodoturilic acid (Krewulak 2008).

There are two highly

conserved residues that are involved in hydrogen bonding with the hydroxamic acid functional
group of all of the members of this class of siderophores. The two residues are: Tyr106
hydrogen bonds with a carbonyl oxygen and Arg84 hydrogen bonds with a carbonyl oxygen
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and/or a nitroxyl oxygen.
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Figure 1.12 A ribbon diagram of FhuD.
The iron is bound in the cleft between the two lobes. The green circle indicates where the cleft
is. There is an inflexible alpha helix that connects the two domains.
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Once the FhuD shuttles the ferrichrome-Fe across the periplasm, an ABC transporter,
FhuBC, actively transports this complex into the cytoplasm. FhuB is the TMD, which forms a
channel allowing the sideophore complex into the cytoplasm. FhuC contains the NBDs and ATP
hydrolysis occurs to provide the energy necessary to actively transport the siderophore complex
into the cytoplasm (Krewulak 2008).
The domains of FhuD are linked by an alpha helix, which prevents the two domains from
undergoing significant movement. The PBPs, which have two domains linked by β-strands
move in a mechanism similar to a “Venus-fly trap” upon binding and release of the substrate.
FbpA is a classic example of a PBP that follows the “Venus-fly trap” mechanism.
1.9 FbpABC transporter
The FbpABC complex consists of FbpA and two proteins that comprise the inner
membrane transport complex: FbpB and FbpC. These proteins are encoded by the fbpABC
operon.
FbpA is a PBP, which binds ferric iron and delivers it to the FbpBC complex. FbpA has
308 amino acids and is a structural homolog of a monolobed Tf (Nowalk 1994). There are six
ligands that coordinate Fe3+, forming an octahedral geometry (Figure 1.13). The amino acids
that bind Fe3+ are H9, E57, Y195, and Y196. The phosphate anion and water complete the
octahedral arrangement.
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Figure 1.13 Ribbon diagram of FbpA from H. influenzae.
α-helices are displayed in purple, while β-strands are shown in cyan. The phosphate anion (green
and red), iron atom (orange sphere) and side chains of ligating amino acids (CPK coloring) are
also shown. Taken from Dr. Anthony Schryvers proposal. It functions in a “Venus-fly trap”
mechanism.
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The FbpA from M. haemolytica (Shouldice 2004) and C. jejuni (Tom-Yew 2005) have a
different iron coordination than H. influenzae FbpA (Figure 1.14). Both the FbpAs from M.
hameolytica and C. jejuni have the same iron coordination, but a few of the ligands are different.
For M. haemolyticia FbpA, the carbonate anion is bidentate and in C. jejuni FbpA, there are no
synergistic anions to complete the coordination.

The FbpA from N. gonorrhoeae and Y.

enterocolitica have the same octahedral arrangement, except that YfuA does not have a
synergistic anion (Figure 1.14). All these Fbp homologues are similar to H. influenzae FbpA in
that there are two tyrosines in the iron coordination that are found next to each other, which is a
conserved motif found in all bacterial periplasmic binding proteins (Krewulak 2011) (Figure
1.14).
The mechanism for iron transport may be similar i.e. Tf-mediated iron acquisition, but in
terms of the binding of iron by specific residues and anions, it is quite different.
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(A)

(C)

(B)

(D)

Figure 1.14 The iron coordination of different periplasmic binding proteins.
(A) Haemophilus influenzae FbpA (PDB 1MRP); (B) Yersinia enterocolitica YfuA (PDB
1XVX); (C) Mannheimia haemolytica MhFbpA (PDB 1SI0); (D) Camylobacter jejuni CjFbpA
(PDB 1Y4T). All of these PBPs have the twin tyrosine motif, which is located next to each other
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The FbpA homologues all have three common motifs: TGIKV, PADVF, and the twin
tyrosines (Figure 1.15). The TGIKV and PADVF are not found in other periplasmic binding
proteins, such as FhuD. It is believed that these two motifs may interact with the TbpAB
complex, however, currently it is not entirely known (Khambati 2010).
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Figure 1.15 The sequences of FbpA homologues from N. gonorrhoeae, H, influenzae, Y.
enterocolitica, C. jejuni, and M. haemolytica.
The three common motifs are circled red, blue, and green, which are respectively TGIKV,
PADVF, and the twin tyrosines.
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The phosphate ion and water molecule provide two additional oxygen ligands. The cleft
region where the ferric ion binds is located between two domains. The two domains are
connected by a hinge region consisting of two anti-parallel β-strands (Figure 1.13). The two
globular domains rotate by 21o about the hinge axis when the protein closes (Bruns 1997, Bruns
2001). The phosphate ion reminds bound to iron after this rotation. FbpA can assume two
distinct conformations: holo and apo. These two forms are proposed to have different affinities
for FbpB. The holo form is more stable and closed, while the apo form is less stable and open.
The iron is delivered in a clamping motion to the FbpBC complex (Figure 1.13). It functions
mechanistically like a “Venus-fly trap” as described above.
Other periplasmic binding proteins have a very similar structure to FbpA. They all have
two independent domains connected by β-strands.
The crystal structures of the holo and apo form have helped suggest possible models of
how iron is bound and released. FbpA has also been shown to bind to other metal ions and metal
clusters (Siburt 2012).
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1.9.1 Synergistic anion
The environment where Gram-negative bacteria live directly has an effect on the
composition of the periplasm, because low molecular weight molecules and ions are able to
passively diffuse into the periplasm (Ferguson 2004). For example, Neisseria gonorrhoeae (N.
gonorrhoeae) colonizes biological fluids, which have a high concentration of sulphate and
phosphate anions, in turn making these prevalent in the periplasm (Politi 1989). FbpA can bind
to a variety of synergistic anions. The synergistic anion site is beside the iron binding site of
FbpA, and there are a number of positively charged residues that stabilize the anion (Bruns 1997,
Bruns 2001, Dhungana 2003, Heymann 2007, Crumbliss 2012).
In the apo form Ser139, Gly140 amide N, Ala141 amide N, Tyr196, and Asn193 are
involved in stabilizing the phosphate ion (Heymann 2007). In the holo form Ala141, Ser139,
and Q58 are involved in coordinating the phosphate ion (Heymann 2007). In the apo form Q58
is too far from the phosphate to coordinate it, which is due to the C and N terminal separation.
The anion binding site is located on the N-terminus on the α-helix, adjacent to the iron binding
site, and the anion interacts with the amide of Ala141 and the hydroxyl of Ser139 via hydrogen
bonds in both the apo and holo form. Both the Ala141 and Ser139 are from the C-terminal
domain of FbpA. The anion binds at the binding pocket to help orient the two iron binding
tyrosines (Y195 and Y196) via hydrogen bonding and for tight iron sequestration.
A model has been proposed of how the Fe-anion complex binds to apo-FbpA (Weaver
2010). The first step is the binding of the synergistic anion (either citrate or phosphate) in the
anion binding site so that the anion can orient Y195 and Y196 via hydrogen bonds (Bruns 1997,
Gabricevic 2003, Gabricevic 2004, Weaver 2010). The Fe-chelator binds at the N-terminal
domain (contains His9 and Glu57) forming a ternary complex with the protein (Fe-chelator,
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FbpA, synergistic anion). Both the protein and chelator serve as ligands to the first coordination
shell of the ferric ion. After the chelator leaves, the synergistic anion completes the iron
coordination, and the protein enters the closed conformation (Weaver 2010).
Another model has been proposed that does not require the synergistic anion (Khambati
2010). The initial anchoring of iron is due to the twin tyrosines in the absence of the synergistic
anion. The subsequent binding of phosphate will help complete the coordination by closure of
the two lobes, which involves successive coordination by glutamate and histidine ligands and the
involvement of glutamine and phosphate in the coordination (Khambati 2010)

1.9.2. Anion exchange between the one synergistic anion with another in the FeFbpA-X complex
Anion exchange can occur between one synergistic anion and another bound to the
FbpA-Fe complex. This exchange occurs via a pre-association mechanism whereby both the
entering and leaving anion have a significant effect on this process. The site where the entering
anion pre-associates is located near a channel leading to the active site of FbpA and this site
contains several positive residues (Bruns 2001, Heymann 2007, Heymann 2010). If the entering
anion is a stronger chelator than FbpA, it will just take the iron from FbpA (Dhungana 2005).
The ionic composition and aqueous environment also plays a role in influencing the kinetics of
anion exchange and could be another example of the Hofmeister effect (Omta 2003, Kunz 2004,
Zhang 2006, Ciferri 2010). All these factors will influence if an anionic exchange occurs. The
equation for this reaction is:

FeFbpA-X + Ym- ⇆ FeFbpA-Y+ Xnwhere the anion, Y, is exchanging with another synergistic anion, X.
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Since FbpA can interact with so many different types of synergistic anions there could be more
roles for FbpA. It has been suggested that FbpA-Fe-X may function as a pseudo-phosphatase by
interacting with polyphosphates (Dhungana 2004).

1.9.3 Synergistic anion affects the thermodynamic properties
The iron affinity constant, protein folding, and redox potential are affected by a change in
the synergistic anion (Dhungana 2003, Roulhac 2004, Heymann 2007). The release of iron from
FbpA maybe coupled to the reduction of Fe3+ to Fe2+. The type of synergistic anion can either
increase or reduce the potential. For example, FeFbpA-X (X=SO42-, HPO42-, HAsO42-, citrate3-,
NTA3-, HP2O73-, and oxalate2-) has been respectively measured as -300mV to -158mV
(Dhungana 2003, Heymann 2007). The synergistic anion affects the iron binding affinity. The
interaction between the anion and the apo-FbpA rather than the interaction between iron and
FbpA or between iron and the anion, is the major determinant over the stability of the FeFbpA-X
complex (Heymann 2007). The interaction of the anion with apo-FbpA is affected by anion
shape, protonation state, hydration enthalpy, and the molecular charge/electrostatic properties of
the anion. When the electrostatic interactions are factored out, a Linear Free Energy Relationshp
(LFER) relationship (Figure 1.16) is observed. Therefore, the van der Waals and hydrogen
bonds between the synergistic anion and apo-FbpA determine the stability of the FeFbpA-X
complex (Heymann 2007) (Figure 1.16)
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Figure 1.16 The free energy of the ternary complex plotted against the binding constant of
apo-FbpA with the synergistic anion relative to that of sulphate and corrected electrostatic
properties of the anion.
The most stable and strongest interaction is with phosphate, while sulphate is the least stable and
weakest of the interactions.
Reprinted (adapted) with permission from Heymann, J. J., Weaver, K.D., Mietzner, T.A.,
Crumbliss, A.L. (2007). "Sulfate as a Synergistic Anion Facilitating Iron Binding by the
Bacterial Transferrin FbpA: The Origins and Effects of Anion Promiscuity." J. AM. CHEM.
SOC 129: 9704-9712. Copyright 2007 American Chemical Society
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The phosphate ion provides the most stable interaction with apo-FbpA as compared with
the other anions. Another thermodynamic property affected by synergistic anion is the protein
folding stability. One of the most stable complexes with respect to denaturing is the Fe-FbpAPO4 (Roulhac 2004). Therefore, depending on the anion can either enhance stability or increase
denaturation.
Our group (Schryvers group) has shown that FbpA can transport iron without a
synergistic anion (Khan 2007). In that study, the anion binding pocket was mutated so that it
would not bind to any synergistic anion. These in vivo experiments were able to show that FbpA
was able to transport iron. This shows that FbpA can bind iron in a variety of different
coordination environments without a synergistic anion. Finally, the observation that FbpA could
be crystalized in an open formation with bound iron in the absence of bound anion (Khambati
2010) provides compelling evidence that the tyrosines can readily co-ordinate iron in the absence
of the synergistic anion.
There are different states of FbpA that can bind to iron. FbpA can bind iron without
binding a synergistic anion, FbpA can bind iron with a synergistic anion, or FbpA can bind ironchelator complex with a synergistic anion.

1.9.4 Summary of the current knowledge of FbpA
Tf releases Fe3+ to FbpA in a non-reductive mechanism. TbpA interacts with FbpA, but
once bound to iron, FbpA leaves as the Fe-FbpA-X complex (Siburt 2009). The binding of iron
to FbpA occurs with a synergistic anion, usually a phosphate ion in vivo (Siburt 2009). The
FeFbpA-X complex diffuses across the periplasm and is recognized by FbpB (Mietzner 1998).
When ferric iron is released from FbpA, it is quite probable that it gets reduced to ferrous ion,
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but this might occur after the transport process across the inner membrane has been
accomplished (Taboy 2001, Dhungana 2003, Heymann 2007).

1.10 FbpB and FbpC complex
FbpB and FbpC are found in the inner membrane, and are involved in the transport of
iron from the periplasm into the inner membrane. The structures of both FbpB and FbpC are not
known.
FbpB consists of 511 amino acids, and functions as the permease where the iron passes
through (Sebastian and Genco, 1999). It contains the transmembrane domain (TMD). It is
predicted to have 11 membrane α-helices and two permease signature sequences (coupling
helices), which will interact with the NBDs.
FbpC consists of 352 amino acids and contains an ATP-binding region. FbpC is involved
in the hydrolysis of ATP (ATPase), providing the energy necessary for iron transport. The
interaction between FbpA and the FbpBC complex is unknown.

1.11 Fur Regulation
The fbpABC operon gets turned on in iron limiting conditions. Many iron-regulated
promoters are under the control of the FUR promoter, such as feoABCDE. It also controls many
other processes, such as acid shock response (Hall 1996), defense against oxygen radicals
(Niederhoffer E.C. 1990, Karjalainin 1991, Tardat 1993), and some metabolic pathways (Hantke
1987, de Lorenzo 1988b, Stojiljkovic 1994).

FUR is a regulatory protein that is conserved

among many bacterial species (Carpenter 2009). It is around 15-17kDa and is a dimer, with each
of the monomers binding to ferrous iron. The biologically relevant form of iron is Fe2+. It is not
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known how ferric ion is reduced to the ferrous ion for the bacteria to use in its biological
processes (Krewulak 2008).

The FUR protein binds to a 19bp consensus sequence

GATAATGATAATCATTATC (de Lorenzo 1987). When iron enters the bacterial cell, the iron
binds to each monomer of FUR. The dimer then binds to the consensus sequence found in the
target promoters. This prevents RNA polymerase from binding to the promoter, and hence
transcription is prevented.

Therefore, under iron rich conditions, FUR functions as a

transcriptional repressor. However, it has also been shown to repress or activate genes under
iron low conditions.

1.12 The goal of this study
The main goal of my thesis is to study the interaction between FbpA and FbpBC i.e. to
identify the residues that are important in the interaction with FbpBC. The basic approach I have
adopted for studying this interaction is to evaluate the function of the FbpABC pathway in intact
cells that are expressing foreign or mutant FbpAs. These mutant FbpAs were altered at sites
where I hypothesized the interaction with FbpBC would take place. There are two main
requirements for this approach: a system for monitoring the function of the FbpABC pathway
and the production of an appropriate set of mutant proteins to probe this interaction.
Hypotheses
1) A new novel reporter system will help indirectly measure levels of iron inside the cell,
and help determine if iron is being transported into the cell. This will be shown to have a
number of advantages. The system can be adapted to study different iron transport
systems in different hosts.
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2) The FbpABC transporter will have a similar mechanism to other ABC transporters, by
docking onto the FbpBC component with the surface at the top of the iron binding cleft of
FbpA interacting with FbpB.
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CHAPTER 2: THE DEVELOPMENT OF A LUX REPORTER SYSTEM FOR
MEASURING IRON UPTAKE

2.0 Background
One of the challenges in monitoring the functionality and activity of iron transport
systems in Gram-negative bacteria that mediate transport from the periplasm to the cytoplasm is
the difficulty to directly measure the transport and accumulation of iron by this system,
independent from the process of iron transport across the outer membrane. One early approach
used an E. coli strain deficient in siderophore production (Braun 1983) and addition of the outer
membrane permeable iron chelator dipyridyl to the growth medium (Angerer 1990). In this
system, a periplasmic protein would be capable of competing with dipyridyl for iron and
transport iron to the cytoplasm with its cognate inner membrane iron transport complex. Using
this approach, the authors cloned the sfuABC operon from S. marcescens. The operon, sfuABC,
was proposed to be an ABC transporter consisting of the periplasmic iron binding protein
encoded by sfuA, an inner membrane transport protein encoded by sfuB, and an ATPase
component encoded by sfuC.
This approach was subsequently used to identify the periplasm to cytoplasm ferric
binding protein (Fbp) pathway from H. influenzae (Adhikari 1995). The authors were interested
in the pathway for utilizing iron from the host iron-binding protein transferrin and postulated that
this pathway mediated the transport of iron derived from host transferrin from the periplasm to
cytoplasm. In this study, the impact of expression of the periplasmic iron binding protein
(FbpA) or the intact pathway (FbpABC) was measured by the accumulation of radiolabelled iron
in the cell pellet or in a cell extract representing the periplasmic space. The results showed that
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expression of FbpA resulted in accumulation of radiolabelled iron in the periplasm or cell pellet
(which may be due to trapped periplasmic or cytoplasmic contents) and that the co-expression of
FbpBC altered the distribution of the label strongly, supporting a periplasm to cytoplasm
movement of iron. Thus the proportion of label in the cell pellet increased and the proportion of
label in the periplasm decreased. This indicated that FbpA was a periplasmic binding protein
and required FbpBC to transport iron into the cell.
Subsequently, a knockout of the fbpA gene in H. influenzae was evaluated in an anaerobic
growth assay in which iron availability was restricted by addition of the outer membrane
impermeable iron chelator, EDDHA, and the ability of the strain to use iron-loaded Tf or low
concentrations of ferric citrate (Kirby 1997). In this study FbpA was shown to be essential for
the acquisition of iron from Tf and from low concentrations of ferric citrate. The assay was
performed under anaerobic growth conditions in order to overcome the requirement of H.
influenzae for heme under aerobic conditions. Although H. influenzae is supposed to be able to
use protoporphyrin to meet its heme requirement, thus avoiding a supply of iron that would
compromise the ability of iron limited growth, the strain of H. influenzae used in this study was
unable to use porphyrin. It was shown that the mutant was unable to grow on iron-loaded Tf and
low amounts of ferric citrate. When the strain was complemented with a plasmid that helped
restore FbpABC pathway, it was able to grow on both iron loaded Tf and ferric citrate. With Tf
and ferric citrate, the iron may get into the periplasm but FbpABC is needed to transport the iron
into the cytoplasm.
In an alternative approach, the intracellular iron levels can be monitored using a
chromosomal fhuF-lacZ operon fusion (Wyckoff 2006) in a strain developed by Hantke et al
(Hantke 1987). The H1771 strain has a knockout of the feoB gene that encodes a GTP-binding
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membrane protein responsible for ferrous iron uptake (Hantke 1987). It also has a knockout of
the aroB gene thus is lacking an enzyme involved in the synthesis of the siderophore,
enterochelin. The intracellular levels of iron can be monitored with the β-galactosidase reporter
system. The lacZ gene is fused with the Fur-regulated promoter region of fhuF. When iron
enters the cell, it will bind to Fur, and the Fur-Fe complex will bind to the Fur box on fhuF,
preventing transcription of β-gal. However, when intracellular iron levels are low, the apo form
of Fur does not bind to the Fur box, and the production of β-gal increases (Hantke 1987).
Wyckoff et al. used this system to identify and characterize the ferric binding protein ABC
transport systems and Feo pathways from Vibrio cholerae (Wyckoff 2006). This system was
used to monitor iron transport by the H. influenzae FbpABC pathway and the impact of mutating
the iron coordination of the FbpA protein (Khambati 2010). That study created a series of iron
coordination mutants to be studied using H1771. They also crystallized the iron coordination
mutants and determined the structure. To evaluate iron uptake they grew H1771, containing an
iron transporter, in iron rich conditions and determined the β-gal activity using colorimetric
assays. In that study it was shown that the Y195A/Y196A mutant FbpA protein was defective in
binding iron and was impaired in the transport of iron into the cytoplasm (Figure 2.1). The
activities of Y195A and Y196A are much lower than the wildtype. The errors bars overlap with
the the activity of the wildtype. This could indicate that the activities between Y195A, Y196A,
and the wildtype are the same. Therefore, it is hard to conclude that Y195A or Y196A produces
an impairment in iron transport. When both these mutations are incorporated, the activity of the
protein is almost zero.
Overall, these methods were succesfull in identifying important basic characteristics and
function of the H. influenzae FbpA. However, the desire to have more sensitive and robust
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methods for monitoring iron uptake prompted us to develop a new reporter system.
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Figure 2.1 The H1771 reporter system.
H1771 was transformed with the wildtype FbpA, Y195 mutant, Y196 mutant, Y195A/Y196A
double mutant, the stop codon in place of the tyrosines double mutant, and a plasmid that does
not contain an iron up take pathway. The β-galactosidase activities were measured in Miller
units, used to calculate the inverse and expressed as a percentage of the control values. Results
are means ±S.D. from three independent experiments.
Reproduced with permission, from Khambati, H.K., Moraes, T.F., Singh, J., Shouldice, S.R., Yu,
R.H., Schryvers, A.B., 2010, The role of vicinal tyrosine residues in the function of Hameophilus
influenzae ferric binding protein A, (432), (57-64). © the Biochemical Society.
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2.1 Materials and Methods
2.1.1. Growth and Transformation of Bacterial strains
The bacterial strains and plasmids that were used in this study are described in Tables 2.1
and 2.2.

E.coli Top10, ER2566, and BW25113 are previously described strains and the

entA/feoB double knockout strain was derived from BW25113. All the strains were cultured in
Luria broth (LB) or LB agar. The strains were stored in 25% glycerol at -80oC. The antibiotics
kanamycin, gentamicin, and ampicillin were filter sterilized with a 0.2µm filter and were added
to LB at the following concentrations: ampicillin 300 µg µL-1 kanamycin 50 µg µL-1, gentamicin
25 µg µL-1 and chloramphenicol 30 µg µL-1
For the production of chemically competent cells, frozen stocks of each strain were
inoculated in 5mL of LB and were grown overnight at 37oC in a shaking incubator. One mL of
this culture was used to inoculate 200mL of LB. This was grown to an OD of 0.5 and then
allowed to sit on ice for 10 minutes. They were then centrifuged for 10 minutes, 4oC, 4000rpm
(Eppendorf 5810-R). The pellet was resuspended in 40mL of 0.1M CaCl2 and placed on ice for
10 minutes. They were centrifuged again for 10 minutes at 4oC, 4000rpm (Eppendorf 5810-R).
The pellet was resuspended in 20 mL of 0.1M CaCl2, and then placed on ice for 10 minutes.
They were centrifuged again for 10 minutes at 4oC, 4000rpm (Eppendorf, 5810-R). The cells
were resuspended in 2mL of 0.1M CaCl2, 15% glycerol. One hundred µL of this solution were
transferred to 1.5mL eppendorf tubes. These were then flash frozen by placing the tubes on dry
ice and stored at -80oC.
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Table 2.1 The E.coli strains that were used in the study
E.#coli!strain!
One Shot Top10

Genotype-Plasmid!type!
F- mcrA Δ(mrr-hsdRMSmcrBC) φ80lacZΔM15
ΔlacX74
nupG recA1 araD139 Δ(araleu)7697 galE15 galK16
rpsL(StrR) endA1 λF- λ- fhuA2 [lon] ompT
lacZ::T7 gene 1 gal sulA11
Δ(mcrC-mrr)114::IS10 R(mcr73::miniTn10-TetS)2 R(zgb210::Tn10)(TetS) endA1 [dcm]
rmB3 ΔlacZ4787 hsdR514
Δ(araBAD)567 Δ(rhaBAD)568
rph-1

Source!
Invitrogen

entA/feoB strain

rmB3 ΔlacZ4787 hsdR514
Δ(araBAD)567 Δ(rhaBAD)568
rph-1 ΔentA ΔfeoB

From this study

One!Shot!ccdB!survival!

F-mcrA Δ(mrr-hsdRMSmcrBC) Φ80lacZΔM15
ΔlacX74 recA1 araΔ139
Δ(ara-leu)7697galU galK rpsL
(StrR) endA1 nupG fhuA::IS2

Invitrogen!

ER2566

BW25113
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New England Biolab

(Datsenko 2000)

Table 2.2 Plasmids used in this study
Plasmid

Description

Source

pCV15aTT-T7HiP-ccdBhifbpBC

Contains ccdB where the
mutant fbpA genes can be
cloned via Gateway

This study

pCV15aTT-T7HiP-ccdByfuBC

Contains ccdB where the
mutant fbpA genes can be
cloned via Gateway

This study

pUC6T7HiP-ccdB-hifbpBC!

Contains ccdB where the
mutant fbpA genes can be
cloned via Gateway!

This!study!

pDONR221

The Gateway vector where
amplified genes can be
cloned into

Invitrogen

pe2212

A plasmid that contains the
rfa cassette to help convert
other
plasmids
into
Gateway vectors

(Lam 2002)

pCS26-Furσ70-luxCDEAB

Iron regulated promoter
containing the lux operon

This study
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For the production of electrocompetent cells the strains were grown overnight in 5 mL of
media with the appropriate antibiotics, if it is antibiotic resistant, at 37oC in a shaking incubator.
From this culture, 1 mL was transferred to 200 mL of Luria broth (LB). This was placed in a
37oC shaking incubator for approximately 2.5 hours. The cells were placed on ice when the A600
was between 0.3 and 0.5 and then centrifuged at 4000rpm at 4oC. The supernatant was removed
and the pellet was resuspended in 50mL of ddH2O. This was repeated 2 more times. Finally, the
pellet was resuspended in 10% glycerol. Aliquots of 50µL were place in the tubes. The tubes
were flash frozen by placing them in dry ice and stored at -80oC
Two methods of transformation were used; heat shock and electroporation. For the heat
shock method, chemically competent cells were thawed on ice. Approximately 3 µL of plasmid
DNA preparation was used to for transformation of 100 µL of cells. Five µL was used for
Gateway cloning reactions and 20 µL was used for conventional ligations. The cells were
incubated on ice for 30 minutes and then placed in a 42oC bath for 45s. The cells were
immediately placed on ice for 2 minutes after which, 400 µL of LB was added the cell mixture
was incubated at 37oC with shaking for 1 hr. The cells were then centrifuged at 13,000 rpm for 1
minute, and the pellet was resuspended in 200 µL of LB. The cells were then plated on a plate
with the antibiotic of choice.
For electroporation 10-100ng of DNA in < 5 µL of water was added to 50 µL of thawed
electrocompetent cells.

The cells were then placed in a 1-mm gap electrocuvette and

electroporated with an electroporator from BioRad. The settings were 25 mF, 200 Ω, 2.5 kV (the
time constant should be less than 5 ms). These were then placed in a shaking incubator at 37oC
for 1 h and then plated on LB agar with the appropriate antibiotics.
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2.1.2. Plasmid isolation and quantification
Plasmid DNA was extracted from 1-10mL of culture. For high copy number plasmids, a
smaller volume of culture was used. For low copy number plasmids, a higher volume of culture
was used.

A kit from Omega Bio-Tek was used to isolate the DNA, following the

manufacturer’s instructions. The procedure involved alkaline lysis of the cells, followed by
absorption of the plasmid DNA onto a silica membrane in the presence of high salt. Following an
ethanol wash to remove contaminants, the plasmid was eluted with 50 µL – 100 µL of sterile
H2O.

The concentration was measured using the NanoDrop spectrophotometer (Thermo

Scientific)
2.1.3. Restriction enzyme digest
For the restriction digest reaction, 10 µL of DNA (plasmid, PCR products), with a
concentration ranging from 30 ng/µL to 1000 ng/µL, was used for the digest. The amount of
buffer added to the reaction was 2 µL (FastDigest, Thermo Scientific) and 1µL of the FastDigest
(Thermo Scientific) restriction enzyme was added to the reaction. The total reaction volume is 20
µL. These were incubated for 1h at 37oC, and then loaded into an agarose gel.

2.1.4. Ligation using T4 DNA ligase
The composition of the ligation reactions are listed in Table 2.3. The DNA concentrations
of the insert and vector were determined by the NanoDrop spectrophotometer. A ratio of vector
to insert of 1:3 was used for all ligations with quantities of approximately 30 fmol (vector):90
fmol (insert) and 60 fmol (vector):180 fmol (insert) for compatible end and blunt end ligations,
respectively. The entire 20 µL ligation mixture was used to transform competent E. coli Top10
cells.
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Table 2.3 The components needed in a ligation
Component!

Volume!(μL)!

10x!T4!DNA!ligase!buffer!

2!

Insert!(30!fmol!or!60!fmol)!

1618!

Vector!backbone!(60!fmol!or!180!fmol)!

1618!

ddH2O!

Bring!it!up!to!20!

2.1.5. Agarose gel electrophoresis
The standard 1% agarose gel was made by dissolving 1 g of agarose power (Invitrogen)
in 100 mL of 1x TAE buffer (40 mM Tris-acetate, 1 mM EDTA, pH 8.0). DNA samples in
ddH2O were applied to the agarose gel and electrophoresed at 100V for 1 h. To visualize the
gel, 0.5 µg / mL of ethidium bromide was used. For isolation of DNA from the gel, the region of
the gel containing the DNA fragment, detected on a UV box, was removed with a scalpel. A kit
from Omega Bio-Tek was used to isolate the DNA from the gel fragment, following the
manufacturer’s instructions.
2.1.6. PCR amplification
Three types of PCRs were done in this study: simple PCR amplification of the gene, the
splicing by overlap extension PCR approach (SOE-PCR) and inverse PCR. The three types of
PCR are described in the following subsections.
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2.1.6.1 Basic PCR
The thermocycling program that was used for most of the PCR protocols is listed in
Table 2.4. The components of the basic PCR are shown in Table 2.5. The Pfu DNA polymerase
was used for templates that were less than 3kb. For templates greater than 3kb, Phusion (Thermo
Scientific) was used. The thermocycling program for the Phusion PCR is shown in Table 2.6
and the components of the Phusion PCR are shown in Table 2.7.

2.1.6.2 SOE-PCR
The SOE-PCR was used to generate the mutants for the study. It consisted of two
reactions. The first reaction was to generate PCR half products and the second reaction joins
these half PCR products to form the full PCR product. The rationale and overall scheme of the
SOE-PCR approach is described in Figure 2.2.

The first part of the SOE-PCR reaction was

performed using a template derived from a custom vector (pCV15aTT-T7pHipHiFbpABC). This
vector is a low copy number plasmid containing H. influenzae fbpABC.

The vector also

contained a hybrid T7 and an iron regulated H. influenzae promoter. Table 2.9 contains the list
of primers that were used in this study.

The primers were designed with software from

Invitrogen. The software incorporated the sites in the external primers needed for the Gateway
reaction (Primers 1, 4 in Figure 2.2). The internal primers were designed (Primers 2, 3 in Figure
2.2) so that the two partial SOE products can anneal to one another. The first reaction contained
the outer forward primer (4223) and the internal reverse primer. The second reaction contained
the internal forward primer and the outer reverse primer (4224). The components for each of
these reactions are listed in Table 2.5. The products from the two separate PCR reactions were
gel extracted and purified using gel extraction kits from Sigma-Aldrich. The final PCR reaction
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joined the two fragments that were generated in the previous PCRs (Table 2.8). The two
fragments are the templates for the second part of the SOE-PCR reaction. The thermocycling
program for both parts of the SOE-PCR is listed in Table 2.4.
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Figure 2.2 The mechanism of SOE-PCR.
Primers 1, 4 flank the gene of interest. Primers 2, 3 produce the mutation of interest. Primers 1
and 2 are part of one reaction, and 3, 4 are part of another reaction. After a couple rounds of
PCR, two half products are produced
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2.1.6.3. Inverse PCR
To amplify whole plasmids that were around 6-7kb, Phusion High-Fidelity DNA
polymerase (New England Biolab) was used. The components of the PCR mixture are listed in
Table 2.7. The thermocycling program is slightly different from PCR reactions with pfu. The
initial denaturation is at 98oC as opposed to 94oC. At lower denaturation temperatures, the
enzyme did not function as well and sometimes the PCR reaction did not work. Therefore, 98oC
was used as the denaturation temperature according to the manufacturer’s instructions. The
annealing temperature was 2-3oC higher than the melting temperature of the primers. The
extension temperature depended on the size of the template. So for a 6-7kb template, the
extension was around 6-7 minutes. I tried lower extension times of 0.5 minutes/kb of template
and this worked fine, but with a slightly lower yield. The concentration of Phusion (NEB) can
be reduced to 0.25 µL per reaction.
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Table 2.4. Thermocycling Program for the Basic PCR
Step

Temperature

Time

1

94oC

30s

2

94oC

30s

3

50oC

30s

4

72oC

1 min

5

72oC

10 min

5

4 oC

infinity

Cycles back to step 2-4 x29

Table 2.5. Components of the first part of SOE-PCR
Template DNA

2 µL

Forward Primer (2.5µM)

2.5 µL

Reverse Primer (2.5 µM)

2.5 µL

10x (Pfu DNA pol buffer)

2.5 µL

dNTPs (2.5mM)

2.5 µL

ddH2O

12 µL

Pfu DNA pol

1 µL

Total Volume: 25 µL
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Table 2.6. Thermocycling Program for the Phusion PCR
Step

Temperature

Time

1

98oC

30s

2

98oC

30s

3

60-70oC

30s

4

72oC

1 min/kb of template

5

72oC

10 min

6

4 oC

infinity

Cycles back to step 2-4 x29

Table 2.7. Components for the Phusion PCR
Template DNA

2 µL

Forward Primer (2.5µM)

2.5 µL

Reverse Primer (2.5 µM)

2.5 µL

5x HF (Phusion buffer)

5.0 µL

dNTPs (2.5mM)

2.5 µL

ddH2O

10 µL

Phusion DNA pol

0.5 µL (1 unit)

Total Volume: 25 µL
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Table 2.8. The table shows the components of the second part of the SOE-PCR.
Half PCR DNA

1 µL

Other half PCR DNA

1 µL

Forward Primer (2.5µM)

2.5 µL

Reverse Primer (2.5 µM)

2.5 µL

10x (Pfu DNA pol buffer)

2.5 µL

dNTPs (2.5mM)

2.5 µL

ddH2O

12 µL

Pfu DNA pol

1 µL

Total Volume: 25 µL
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2.1.7. Gateway cloning
Gateway cloning is based on site-specific recombination enzymes from the
bacteriophage lambda and primarily consists of two reactions. The two reactions are
termed the Bacteriophage (BP) and left/right (LR) reactions. The BP reaction is used to
clone the gene of interest into a donor vector such as pDONR221 (Figure 2.3). The BP
clonase contains the bacteriophage lambda recombination protein Integrase (Int) and the
E. coli-encoded protein Integration Host Factor (IHF) (Landy 1989, Ptashne 1992). The
Int and IHF bind to attP to form an intasome, a DNA-protein complex, so that site
specific recombination can occur. The ccdB gene allows negative selection of our gene
of interest. The ccdB gene codes for a toxin that inhibits DNA gyrase (Bernard 1992).
Without DNA gyrase, DNA replication cannot occur resulting in cell death (Invitrogen).
The gene of interest must swap with the ccdB gene when the plasmid is introduced into
standard cloning strains. Plasmids carrying the ccdB gene can be carried in strains
carrying a mutation in the DNA gyrase. The strain is the One Shot ccdB survival strain
(Table 2.1). The second reaction is to excise the gene of interest from pDONR221 and
incorporate it into a destination vector, pDEST, which can be generated from any
customized vector (Figure 2.4). The pDEST also contains the ccdB gene as a counter
selectable marker.
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Figure 2.3 The vector map of pDONR221.
The counter selectable cassette is flanked by attP1 and attP2. The cassette contains ccdB
and a chloramphenicol resistant determinant. It is a high copy number plasmid and
confers kanamycin resistance (Invitrogen 2010).
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Figure 2.4 The LR reaction.
The LR helps facilitate the entry of the insert (gene of interest) into the pDEST. LR
clonase contains Xis, IHF, and Int. Xis excises the gene of interest from the entry clone.
IHF and Int promote site-specific recombination with the destination vector. The ccdB
gene allows negative selection of our gene of interest. (Invitrogen 2010). The LR
reaction generates the attB sites that were used in the BP reaction. The reverse of the LR
reaction is the BP reaction.
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PCR products were generated from the gene of interest (i.e. fbpA) to introduce
flanking attB1 and attB2 sites, these were cloned into pDONR221 (Invitrogen). The PCR
products were gel extracted, purified (Omega Tek Bio) and the concentration was
measured using the NanoDrop spectrophotometer (Thermo Scientific). According to the
manufacturer’s instructions, the quantity of the inserts should range from 15-150 ng. We
routinely used 150 ng in this study. A 10 uL BP reaction was set up as outlined in Table
2.10.

Table 2.10 BP reaction
Component(

Volume(

Insert'(15+150ng)'

1+7'µL'

pDONR221'(150ng'μL+1)'

1'µL'

TE'(Tris+EDTA)'buffer'pH'8.0'

Bring'up'to'8'µL'

BP'clonase'II'

2'μL'

Total Volume: 10 µL

The BP reaction was incubated at room temperature (25oC) for at least one 1 hour.
This resulted in more than a hundred colonies. Overnight incubation was used in case the
1 h incubation was not enough to generate enough colonies. Usually 1 h was sufficient to
generate enough colonies. After incubation, 1 µL of Proteinase K is placed in the
reaction and incubated for 10 minutes at 37oC to terminate the reaction. After the
incubation, 5 µL of the reaction mixture was used to transform E. coli Top10 cells.
Once the pDONR221 was been confirmed to contain the insert, now designated as
pENTRY, it was added to a 10 ul LR reaction (Table 2.11) to transfer the insert from
81

pDONR221 to a custom pDEST (Figure 2.11 and 2.12). The amount of pENTRY vector
used for the reaction was between 50-150 ng.

Table 2.11 LR reaction
Component(

Volume(

pENTRY'(50+150ng)'

1+7'µL'

pDEST'(150ng)'

1+7'uL'

TE'(Tris+EDTA)'buffer'pH'8.0'

Bring'up'to'8'µL'

LR'clonase'II'

2'μL'

Total Volume: 10 µL

The LR reaction is incubated at room temperature (25oC) for 4 hour. In case the 4
h incubation was not sufficient to generate enough colonies, the LR reaction was left
overnight. After 4 hour or overnight incubation, 1 µL of Proteinase K was placed in the
reaction and incubated for 10 minutes at 37oC to terminate the reaction. After the
incubation, 5 µL of the reaction mixture was used to transform Top10 E. coli cells.

2.1.8 Construction of the lux plasmid
The pCS26 vector containing the lux operon (Bjarnason 2003) was used to create
the lux plasmid for the reporter system. An inverse PCR was done with primers (3991,
3999, Table 2.9), which contained the Fur-σ70 sequence for the synthetic promoter to
amplify the entire plasmid. This PCR product was then self ligated.
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2.1.9. Strain construction using the lambda red system
The lambda red system was used to construct knockouts in the feoB gene and the
entA gene in E. coli BW25113 (rmB3 ΔlacZ4787 hsdR514 Δ(araBAD)567
Δ(rhaBAD)568 rph-1) strain to provide a more stable and transformable host cell for the
lux reporter system (Datsenko 2000). In this system short segments from the targeted
gene were introduced into the insertional KanR gene by PCR and the resulting product
was introduced into the genome through the activity of the Red recombinase that was
introduced on a separate temperature sensitive plasmid that was subsequently cured by
raising the temperature. The KanR gene contains the flippase recognition targets (FRT)
so that flippase can subsequently remove the antibiotic cassette.

Table 2.12 A list of plasmids used in the lambda red system
Plasmids((
pKD46'
pKD3'
pCP20'

Function(

Source(

Red' recombinase' expression' plasmid,' ampicillin' (Datsenko'
resistant.''Temperature'sensitive'at'43oC'
2000)'
Contains'the'kanamycin'cassette.'''
(Datsenko'
2000)'
Contains' the' flippase.' ' Temperature' sensitive' at' (Datsenko'
43oC'
2000)'

The kanamycin cassette in pKD3 was amplified with primers ECK0589a and ECK0589b,
or ECK3376a and ECK3376b (Table 2.9) to introduce segments of the feoB and entA
gene, respectively. The PCR products were introduced into electrocompetent E. coli
BW25113 (rmB3 ΔlacZ4787 hsdR514 Δ(araBAD)567 Δ(rhaBAD)568 rph-1) cells
containing the plasmid pKD46. The PCR products were used to knockout entA and feoB.
About 10-100ng of entA product was electroporated into E. coli containing pKD46.
These were then plated on kanamycin (Kan) plates to select for Kan mutants. After this
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primary selection, they were maintained on a medium without any antibiotics and
incubated at 37oC overnight. These colonies were then tested for ampicillin sensitivity to
test for the loss of pKD46. The procedure was repeated until the pKD46 was lost. The
positive colonies were PCR verified to see if the Kan antibiotic cassette was inserted at
the gene of interest.

Once this is verified, pCP20 was electroporated into the

electrocompetent positive mutant. The ampicillin colonies were selected out at 30oC. A
few of these colonies were non-selectively grown at 43oC and tested to see if they lost all
antibiotic resistance. Both the pKD46 and pCP20 should be cured at 43oC. The whole
process was repeated again with feoB, but the step with pCP20 was disregarded so that
eventually the E. coli can be selected for with kanamycin.
2.1.10 The lux reporter assay
The entA/feoB double knockout strain was electroporated with two plasmids: one
containing the lux operon and another containing the genes encoding the proteins of the
FbpABC pathway (or the fbpABC operon). The resulting transformants were grown on
ampicillin 300 ug/uL, kanamycin 50 ug/uL, and gentamicin 25 ug/uL).

The

transformants resulted in a lawn of growth on the plates. A swab of the lawn culture was
taken from the plate and inoculated in LB (Ampicillin 300 ug/uL, Kanamycin 50 ug/uL,
and Gentamicin 25 ug/uL). The liquid culture was incubated over night at 37oC with
agitation. The overnight culture was diluted 1:100000 with LB and 1 mg/mL of apohTf.. The diluted culture was transferred as 200uL aliquots to a 96 well plate. The wells
were overlayed with 2-3mL of mineral oil. The plate was placed in the VICTOR Light
(Luminescence counter) (Perkins Elmer) and the temperature was set to 37oC. The
program for the VICTOR instrument was selected to take absorbance and luminescence
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readings every 30 minutes. The assay takes approximately 16 hours. Afterwards, the
data were plotted as lux/OD vs time.
2.1.11 Comparing the different mutant structures
The Y195A and Y196A structures were obtained from www.pdb.org (Khambati
2010). The Swiss PDB viewer was used to study the structures and to generate protein
structures
2.2 Results
2.2.1.1 Construction of an iron deficient E. coli strain
Preliminary efforts developing the lux reporter system were attempted with the
H1771 strain that had been used previously (Kammler 1993). During these efforts we
discovered that H1771 was slow growing and it was very difficult if not impossible to
obtain stable colonies after electroporation with plasmids encoding an fbpABC pathway.
Since the main features of H1771 that would be useful for the lux reporter system was the
lack of siderophore production and the absence of the feoB transport system, we decided
to construct a new strain for the lux reporter system. The feoB gene codes for a ferrous
iron uptake GTP-binding membrane protein (Hantke 1987). The entA gene codes for an
enzyme in the biosynthetic pathway for the production of enterobactin, the siderophore
secreted by most strains of E. coli.
We selected E. coli strain BW25113 (rmB3 ΔlacZ4787 hsdR514 Δ(araBAD)567
Δ(rhaBAD)568 rph-1) (Baba 2006) as the parent strain for the lux reporter system
because it has a well defined pedigree and was used by both the Datsenko group
(Datsenko 2000) and Baba group (Baba 2006).
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The system we chose to generate the feoB and entA knockouts is the lambda red
system (Datsenko 2000), a very efficient and successful system that has been widely
used. A summary of the lambda red system is illustrated in Figure 2.5. A critical feature
of the lambda red system is the introduction of the Red recombinase, which facilitates the
recombination into the chromosome. The red recombinase is encoded by γ, β, and exo,
which respectively codes for Gam, Bet, and Exo (Murphy 1998). The Gam inhibits the
RecBCD exonuclease preventing it from degrading the linear DNA, so that the Bet and
Exo are able to get into DNA ends to promote site-specific recombination (Murphy
1998). Most bacterial strains are not naturally transformable with linear DNA due to
exonuclease activity, mainly from the RecBCD complex (Lorenz 1994). E. coli strains
that have a mutation in the exonuclease V (RecBCD complex) can be transformed with
linear DNA and the lambda Red system accomplishes this through inhibition by Gam
protein.
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Figure 2.5 The Lambda Red System.
The PCR product is electroporated into E. coli. The primers contain sites of homology
(H1, H2) for the gene of interest. The Red recombinase mediates integration of the
antibiotic cassette into the chromosome through recombination at homologous sites.
Increasing the length of the H1 and H2 sites leads to a more efficient integration into the
chromosome. To eliminate the cassette, flippase recognizes the flippase recognition
targets (FRT) and removes the cassette from the chromosome.
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As can be seen in Figure 2.5, in the lambda Red system primers are designed to
amplify an antibiotic cassette that also contained homologous sites to the target gene.
These PCR products were electroporated into the E. coli strain, and are incorporated into
the gene of interest with the help of the Red recombinase, which helps facilitate the entry
of the antibiotic cassette into the target gene.
Another useful feature of the lambda Red system is the use of the yeast flippase
(Cherepanov P.P 1995) to remove the insertional antibiotic cassette so that a series of
successive gene knockouts can be prepared with the same antibiotic resistance cassette.
The KanR gene is flanked by FRT sites that are recognized by the yeast flippase and the
activity of the flippase results in removal of the antibiotic removed from the
chromosome. The yeast flippase gene is introduced into the strain on a temperature
sensitive plasmid (pCP20) that can subsequently be cured by incubation at 43oC
(Cherepanov P.P 1995).

2.2.1.2 Construction of an iron deficient E. coli strain
The kanamycin cassette was PCR amplified with primers ECK3376a, ECK3376B
ECK0589a and ECK0589b (Table 2.9) containing the homologous sites for feoB and
entA, respectively (Figure 2.6 and 2.7).
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Figure 2.6 A gradient PCR to amplify the Kan cassette to knockout feoB
The cassette contains homologous sites to feoB with primers ECK3376a and ECK3376b
(Table 2.9). The gradient/annealing temperatures for the PCR were 50-60oC. The
temperatures increase from left to right i.e. 50oC on the left and 60oC on the furthest
right. Lane 1 contains the DNA ladder. Lanes 2-9 contain Kan cassette to knockout
feoB. The size of the product should be around 1 kb. This was done on a 1% agarose gel
and we ran the gel at 100V for 1 hour. The PCR products were electroporated into E. coli
to knockout feoB.

89

Figure 2.7 A gradient PCR to amplify the Kan cassette to knockout entA.
The cassette contains homologous sites to entA with primers ECK0589a and ECK0589b
(Table 2.9). The gradient/annealing temperatures for the PCR were 50-60oC. The
temperatures increase from left to right i.e. 50oC on the left and 60oC on the furthest
right. Lanes 2-9 contain the Kan cassette to knockout entA. The size of the product
should be around 1 kb. This is for the kanamycin cassette. This was done on a 1%
agarose gel and we ran the gel at 100V for 1 hour. The PCR products were
electroporated into E. coli to knockout entA.
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The PCR products to knockout feoB (Figure 2.6) were electroporated into E. coli
(containing the plasmid encoding the Red recombinase).

These were plated on

kanamycin plates and a few colonies were screened to determine if the antibiotic cassette
was inserted. We then used colony PCR to verify if the feoB had been incorporated into
the genome. The PCR indicated that the cassette was incorporated into the genome. To
remove the kanamycin cassette from the feoB, pCP20 was used. Once the cassette was
removed, we electroporated the kanamycin cassette containing the entA homologous sites
(Figure 2.7).

We plated these on kanamycin plates, and selected a few colonies to

screen. A colony PCR was done to determine if entA was successfully knocked out. The
colony PCR indicated that entA was successfully knocked out. The kanamycin cassette
was not removed from entA since we wanted to use antibiotics to select for the double
knockout strain in subsequent experiments. To further test if the double knockout strain
is iron impaired, the strain was electroporated with pCS26-Furσ70-luxCDEAB. The strain
should bioluminesce under iron limiting conditions (Figure 2.8). The double knockout
strain without pCS26-Furσ70-luxCDEAB did not demonstrate any bioluminescence.
Top10 E. coli was also electroporated with pCS26-Furσ70-luxCDEAB and it did not
luminescence (results not shown). This has demonstrated that the double knockout strain
is quite impaired in iron transport.
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Figure 2.8 The entA/feoB double knockout strain.
The strain was electroporated with the iron regulated Fur-σ70 luxCDEAB plasmid. All
the colonies are black because they are luminescing, indicating that the cells are iron
starved whereas the parent strain did not have detectable luminescence under these
conditions.
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The strain could now be used to test the functionality of different FbpABC
pathways to see if they are able to transport iron from the periplasm and into the
cytoplasm.
2.2.2 Vectors containing the FbpABC pathways
Vectors for expressing the FbpABC pathway were made with either a high copy
or low copy origin of replication. The latter was included due to potential problems with
overexpression of FbpBC or with having high levels of Fur binding sites that might
disrupt regulator networks within the cell. The fbpABC operon has a single iron regulated
promoter with a fairly large intergenic region between the fbpA and fbpB genes that is
thought to be largely responsible for the relatively low expression levels of the fbpB and
fbpC genes relative to fbpA.
The origin of replication for the low copy plasmid (Figure 2.9) is 15a and is
normally found at 10 copies per cell (Cozzarelli 1968).

This plasmid, p15a, is

homologous to 1kb region of ColE1, which includes the origin of replication (Bird 1981).
The initiation of replication and regulation is for the most part similar to ColE1
(Tomizawa 1981).

An inverse PCR was done on p15a to amplify the origin of

replication. An rfA cassette carrying the ccdB and chloramphenicol resistance genes
were ligated to this inverse PCR product. The fbpABC operon were cloned into this
vector via Gateway. Another inverse PCR was done to amplify out fbpA and the rfa
cassette was ligated to the PCR product. To ensure that the orientation of the fbpBC and
ccdB was correct, the construct was sequenced.
The high copy number plasmid was derived from the Gateway vector pDEST R4R3 (Invitrogen 2010) and contains the pUC origin of replication, which is normally found
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at approximately 500 copies per cell (Figure 2.10). The H. influenzae fbpABC operon
was cloned into the vector via Gateway. An inverse PCR was done on the vector to
remove H. influenzae fbpA. The rfa cassette was ligated into this position. The mutant
fbpA genes can be easily cloned into the high copy number vector via Gateway cloning.
Both these plasmids contained the hybrid T7/H. influenzae promoter. The reason for this
promoter fusion is to express FbpA under IPTG induction (T7) so that good quantities
and yields could be obtained for biochemical studies and to express the FbpABC
transporter pathway under iron limiting conditions (H. influenzae promoter) for growth
experiments with the reporter.
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Figure 2.9 The low copy number plasmid.
It contains hifbpBC and ccdB for Gateway cloning. The vector also contains a hybrid T7
and an iron regulated H. influenzae promoter. The plasmid is ampicillin resistant and if it
contains ccdB, it will also be chloramphenicol resistant. The origin of replication for this
vector is 15a.
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Figure 2.10 The high copy number plasmid.
It contains hifbpBC and ccdB for Gateway cloning. This plasmid contains the pUC origin
or replication. It also contains the T7 and iron regulated H. influenzae promoter. The
plasmid is ampicillin resistant and if it contains ccdB, it will also be chloramphenicol
resistant
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2.2.3.1 lux reporter system- A novel method to measure the functionality of iron uptake
pathways
The lux reporter system was developed to monitor the functionality of the
FbpABC pathway. It is an indirect measure of how much iron enters the iron deficient E.
coli. Since the strain is iron deficient due to an entA and feoB knockout, the strain will
acquire most of the iron from the periplasm via the FbpABC transporter. When iron
enters the cytoplasm from the periplasm, it binds to Ferric Up Regulator (FUR) protein.
The Fe-Fur complex then binds at the Fur box. Once this complex binds, the RNA
polymerase is unable to bind at the promoter, preventing the transcription of the lux
operon, and there is no bioluminescence (Figure 2.11).
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Figure 2.11 The lux reporter system.
The iron (red) is shuttled in the periplasm by FbpA, which interacts with FbpBC.
Currently, there are no structures for FbpBC. Once the iron is transported into the
cytoplasm, iron binds to each monomer of Fur. The Fur-Fe2+ complex binds to the Furbox. This prevents the transcription of luxCDEAB and there will no bioluminescence. If
iron is not present, then Fur cannot bind to the Fur box, allowing the transcription of
luxCDEAB and there will be bioluminescence.
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The lux operon (luxCDABE) codes for five enzymes that are responsible for
bioluminescence (Kelly 2003). The luxA and luxB code for the bacterial luciferase, the α
and β subunit. The luxC, luxD, and luxE encode the fatty acid reductase complex
(synthetase, transferase, and reductase, respectively) for aldehyde synthesis (Kelly 2003).
The reaction requires fatty acyl groups, which are intermediates or end products of fatty
acid biosynthesis. The cell naturally contains a lot of acyl groups, so there is no need to
increase this substrate in the cell. The activated fatty acyl groups (RCOX) react with
water to produce fatty acids and this reaction is catalyzed by the transferase (luxD).
These fatty acyl groups can also react with thiols and other molecules. The fatty acids
(RCOOH) produced by the previous reaction are then reduced by the fatty acid reductase
complex to produce aldehydes. To produce light, the luciferase catalyzes the oxidation of
reduced riboflavin phosphate (FMNH2) and a long-chain fatty aldehyde (produced by the
fatty acid reductase complex), and the reduction of molecular oxygen. The overall
reaction is:
FMNH2 + RCHO + O2 ! FMN + H2O + RCOOH + hν (490nm)
The light produced from this reaction has a wavelength of 490nm.
There are a number of advantages of using the lux reporter system as compared to
using the prior methods listed above. The iron uptake can be measured temporally. The

99

system uses low copy number plasmids, which is more indicative of what occurs in
nature and the iron will not be saturated with an abundance of Fur.

2.2.3.2 The iron regulated promoters
To measure the levels of iron inside the cytoplasm, the lux operon was put under
the control of the iron regulated fhuF promoter. The fhuF promoter contains a short
stretch of sequence termed the Fur box where the Fur repressor binds if iron is present.
The sequence is 5’-GATAATGATAATCATTATC-3’. If more GATAAT repeats are
present, there will be more binding sites for Fur to occupy cooperatively with other Fur
proteins (Escolar et al, 1998). The fhuF promoter is approximately 1kb, however it is
only this short sequence that binds to Fur-Fe2+.
There could be other elements within the fhuF promoter that may interfere with
the Fur repressor. A synthetic promoter was designed to ensure that there would be no
other elements that may interfere with the Fur repressor.

This synthetic promoter

contains the Fur box and a σ70 promoter. A splicing overlap extension (SOE) PCR was
used to join the Fur box and σ70 promoter together. This was successfully incorporated
into our plasmid containing luxCDEAB and was sequence verified.

This was

transformed into the double knockout strain. The colonies are luminescing at low iron
concentrations (Figure 2.8). The apo form of Fur does not bind to the synthetic promoter
and this allows for transcription of luxCDEAB. Both the natural and synthetic promoters
were compared to see which provided a stronger lux signal.
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2.2.3.3. Monitoring transport with the iron coordination mutants using the lux reporter
Both the natural promoter, fhuF, and the synthetic promoter were tested with a
series of iron coordination point mutants. In the series tested with the synthetic promoter
(Figure 2.12), relatively high levels of luminescence were observed with the negative
controls: one lacking a plasmid encoding the fbpABC pathway (FurSigma) and another
control with a stop codon in the fbpA gene (Stop). The lack of the FbpABC pathway or
of a functional FbpA protein should abrogate iron transport thus impair the repression of
the synthetic promoter resulting in high luminescence levels. Similarly, high levels of
luminescence were observed with the Y196A/Y195A mutant FbpA and with the Y195A
mutant FbpA indicating that the impairment of iron binding in these proteins resulted in
failure to transport iron. In contrast, the results with the Y196A mutant FbpA were
comparable to those obtained with the wild-type protein, the relatively low levels of
luminescence indicating that effective iron transport was occurring.

Experiments

performed with the fhuF promoter had similar results with the Y195A and Y196A mutant
FbpAs, in that there was substantial impairment of transport with the Y195A mutant but
nearly wild-type levels of transport with the Y196A mutant. The experiments with the
FbpAs that had other mutations in the iron or anion co-ordinating amino acids showed
relatively little impairment of iron transport compared to the Y195A mutant. Both of the
graphs show that there is a time window where the assay reflects the ability of the FbpA
to transport iron and outside this time window, it is difficult to attribute the results to
relative ability to transport iron. This time window is usually between 4-10h into the
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assay. After this time window, the cells eventually deplete all their iron stores and the lux
activity increases. There is a decrease from the maximum peak in all the mutants before
it starts to increase again. This increase could indicate that hTf is providing a source of
iron. The cell may be able to pull iron from Tf causing the luminescence to decrease.
Another explanation is that the iron, stored in ferritin or bacterioferritin, in E. coli
(Andrews 1998) are being used since the iron transporter is impaired. This may result in
decrease in luminescence from the peak. Once the iron is depleted, the luminescence
starts to increase again. However, this decrease is still not fully understood.
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Figure 2.12 The doubleknock out strain transformed with Fur-σ70 luxCDEAB and
the low copy number plasmid containing the FbpABC pathway.
The graph contains the wildtype FbpA as the positive control. The negative control is the
stop mutation, in which Y195 and Y196 are converted to stop codons. The other
negative control is the Fur-sigma, which contains only the lux plasmid but not the
FbpABC pathway. The mutants are Y195A, Y196A, and a double Y195A/Y196 mutant.
The lux output is measured as counts per second over optical density. The lux output was
read every 30 minutes. Each experiment was done with 3 replicates on the same 96-well
plate.
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Figure 2.13 The doubleknock out strain transformed with fhuF luxCDEAB and the
low copy number plasmid containing H. influenzae fbpABC.
The positive control was the wildtype FbpA (ABC). The mutants were H9A, H9Q,
E57A, Q58L, N175L, N193L, Y195A, and Y196A. The lux output was measured as
counts per second over optical density. It was read every 30 mins. Each experiment was
done with 3 replicates on the same 96-well plate.

104

The most dramatic observation from both these graphs is that Y195A has a
greater impact on iron transport than Y196A. Previously, it has been shown that either
the Y195A or Y196A mutant had a similar impairment in iron transport (Khambati
2010). The lux reporter has shown that Y195A impaired iron transport, but Y196A was
comparable to the wildtype. It is also interesting to note that the other iron coordination
mutants do not have as obvious an impact on iron transport.

2.2.3.4. The use of high or low copy numbers plasmids for the FbpABC pathway
The use of low or high copy number plasmid for the FbpABC pathway was tested
to see if there would be any differences in the lux results. In the past, some methods used
a high copy number plasmids for their iron uptake pathways.
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Figure 2.14 The doubleknock out strain transformed with fhuF luxCDEAB and the
high copy number plasmid containing H. influenzae fbpABC.
The positive control was the wildtype FbpA. The mutants were H9A, H9Q, E57A,
Q58L, N175L, N193L, Y195A, and Y196A. The lux output was measured as counts per
second over optical density. Each experiment was done with 3 replicates on the same 96well plate.
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Figure 2.14 depicts experiments with the high copy number plasmid, while Figure
2.13 depicts experiments with the low copy number of plasmid. The most apparent
difference between these two experiments is the overall pattern, which is perhaps best
evaluated by observing the results with the wild-type ABC pathway. In the low copy
number plasmid (ABC, Figure 2.13), early growth is likely occurring with readily
available iron stores in the medium (not complexed by apo Tf) or from accessing
available iron stores. As these are used up, the intracellular iron levels drop and result in
enhanced expression from the Fur-regulated genes, and leads to a modest increase of
luminescence due to de-repression of the lux pathway. This includes the Fur-regulated
FbpABC operon on the low copy number plasmid. The expression of the ABC pathway
results in the ability to access additional iron sources in the medium (perhaps even
gradually accessing iron complexed by Tf), which increases the intracellular iron levels
thus returning the luminescence to near baseline levels. The luminescence remains near
baseline levels until near the end of the experiment where they gradually begin to rise,
likely due to gradual depletion of the available iron stores.
The pattern observed with the ABC pathway expressed from the high copy
number plasmid (ABC, Figure 2.14) is substantially different, likely due to the fact that
the expression of the ABC pathway is not fully repressed. Thus even if the Fur-repression
is > 98% effective, there would be the equivalent of ‘constitutive’ expression from 10
ABC pathways (with 500 plasmids per cell). Thus there is no delay in accessing the iron
sources available to the ABC pathway and no drop in intracellular iron levels in the 4 - 6
hour window of experiment. The gradual climb in luminescence starting at 8 hours likely
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reflects gradual depletion of iron sources in the media (perhaps including the iron
complexed by Tf).
The use of a low copy number plasmid would more closely represent the natural
situation where a single copy of the ABC pathway is on the chromosome. The regulation
of expression and the number of functional FbpBC complexes in the cytoplasmic
membrane would be closer to the natural situation than with the high copy number where
there is likely ‘constitutive’ expression of an abnormal number of pathways throughout
the experiment. This may account for why the Y195A mutant protein resulted in a more
marked luminescence in the 4 – 6 hr window with the low copy number plasmid, as the
requirement for efficient iron transport by the pathway may have been greater. The
results also indicate that under these conditions, none of the other mutant FbpAs resulted
in dramatic impairments in the iron acquisition process with the exception of the unusual
pattern observed for the N175L anion binding mutant.
The results from the experiments with the high copy number plasmid are more
difficult to interpret but the modest increases in luminescence with the Y195A, Y196A,
N175L and N193L mutant FbpAs would suggest that they are less efficient in mediating
iron transport under these conditions than the E57A, H9A, H9Q or Q58L mutants. Why
these differences were not evident with the low copy number plasmid is difficult to
explain. Although there might be some interesting observations obtained with the high
copy number plasmids, their physiological relevance is questionable, the advantages with
the low copy number plasmid prompted us to use them in all subsequent experiments.
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2.2.3.5 The use of different chelators
The small molecular weight chelators desferal and dipyridyl were compared to
hTf in preliminary experiments. Dipyridyl and the Fe-dipyridyl complex is thought to be
capable of crossing the outer membrane thus may actually facilitate the use of iron from
the media by FbpA, as the early cloning experiments illustrate (Angerer 1990). The
preliminary results showed relatively low luminescence in experiments with the small
iron chelators relative to experments with added apo Tf. Thus the addition of apo Tf was
used in all subsequent experiments and was used for all of the figures illustrated in this
thesis.

2.3 Discussion
2.3.1 lux reporter system: The sensitivity as compared to other techniques
A number of methods have previously been used to evaluate iron uptake: the
H1771 β-gal assays, the anaerobic disc method, and labeling radioactive iron. These
methods were effective in identifying different iron uptake pathways and providing crude
comparisons between pathways. However, they were not designed to optimally measure
and compare the transport of iron or follow the kinetics if iron transport.
The use of an E. coli strain defective in iron transport (H-1443) in conjunction
with growth assays (Angerer 1990) is an ideal system for cloning ABC pathways capable
of transporting iron and providing preliminary evidence for its function. It is not designed
for quantitating or monitoring the iron transport process. The original studies used high
copy number plasmids, which had the disadvantage of not representing physiological
conditions and may limit the ability to clone some pathways due to toxicities associated
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with overexpression. The iron uptake system was also expressed in a foreign host, which
may not reflect the native properties of the transport system.
Measuring the accumulation of radiolabeled iron by the ABC pathway in strain H1443 (Adhikari 1995) provided evidence for accumulation of iron in the periplasm
dependent upon the periplasmic iron binding protein and evidence for transport of the
iron into the cytoplasm dependent upon the cytoplasmic membrane complex. However,
this system is not ideally suited for monitoring and comparing iron transport by various
mutants due to the labor intensive nature of the work. In addition, these experiments were
performed with an ABC pathway expressed from a high copy number plasmid in a
foreign host which may not be the most representative of the natural situation and it is not
certain how sensitive it would be with transport systems on low copy number plasmids.
The development of a lacZ-based reporter system in a strain defective in iron
transport (H-1771) provided the opportunity to indirectly monitor iron uptake with
something potentially more sensitivity than growth (Wyckoff 2006). The authors also
used low copy number plasmids for cloning and expressing iron uptake pathways,
demonstrating its utility in identifying and characterizing iron uptake pathways.
Subsequently this system was used for monitoring iron uptake with β-galactosidase
activity (Khambati 2010) but this required sampling at various time points and resulted in
considerable variability in the results. Thus the comparison of many different mutants
would be very cumbersome with the risk of having substantial variation in results that
could compromise the ability to derive conclusions.
The prospect of monitoring and comparing many different mutants in the ABC
pathway prompted us to develop a reporter system based on the lux pathway. The lux
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output (CPS/OD) can be measured over time without disrupting the growth of the culture
and can readily be performed in a high-throughput mode so that multiple mutants with
multiple replicates can be performed at one time. The system is very sensitive thus should
be able measure relatively small changes in iron levels due to iron transport. At each
time point the level of iron transport can be compared with the wildtype. There is a
disadvantage of using this system. The disadvantage of the current system is that the
FbpABC pathway is expressed in a foreign organism (E. coli) and is in a copy number
higher than in the native organism. However, the system should be readily adaptable to
use in other organisms with the reporter being integrated into the chromosome. Thus
these deficiencies should readily be addressable.

2.3.2 The Y195A and Y196A mutants
The lux reporter system was able to differentiate between different point
mutations. The point mutants Y195A and Y196A were shown in the literature to have a
similar effect on iron transport (Khambati 2010). Both these mutations impaired iron
transport to some degree. In our lux reporter system, we were able to demonstrate major
differences between Y195A and Y196A. The lux reporter system demonstrated that
Y196A had a negligible effect on the transport of iron in the system using the low copy
number plasmid. The ability of Y196A to transport iron was almost the same as the
wildtype under these conditions. Y195A was very impaired in iron uptake and had
comparable iron uptake to the Y195A, Y196A mutant.

This is very interesting

observation due to the fact that both Y195 and Y196 are right beside each other. It was
anticipated that mutating either residue should inhibit the binding of iron. It is currently
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unknown why changing Y195 has a greater effect on iron binding than Y196. To try
answering this question, the crystal structures of Y195A and Y196A were examined.
The structures were overlaid on one another to compare the iron coordination (Figure
2.15).
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Figure 2.15 The iron coordination of mutants Y195A and Y196A.
The orange ribbon diagram represents Y195A and the brown ribbon diagram represents
Y196A. The residues that are involved in the coordination of iron are circled: H9, E57,
Y195, Y196 and the phosphate. If Y195 was changed to an alanine, only Y196 can bind
iron and this residue moves the iron away from the other residues. If Y196 was changed
to an alanine, Y195 would bind to the iron bringing it closer to the other residues. Y196
is further away from these residues than Y195.
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In the Y195A mutant, Y196 coordinates the iron and moves it away from the
other residues. Y196 is relatively further away from the other residues that coordinate
iron than Y195. Since the other residues are unable to coordinate iron due to Y196
moving the iron from these residues, iron will be unable to bind to the protein. In the
Y196A mutant, Y195 is able to bind to the iron. Y195 is closer to the other amino acids
that normally coordinate iron. It is able to bring the iron closer to these residues to help
the iron bind to the protein. This is just a proposed mechanism and more studies are
needed to understand the roles of Y195 and Y196.

2.3.3 The use of high and low copy plasmids
The use of either a low or high copy number plasmid had a significant effect on
the assay. Some of the previous methods used high copy number plasmids that code for
the ABC transporter for their assays. Using a high copy number plasmid would result in
non-physiological numbers of iron transport systems and constitutive expression of the
ABC pathway. The use of a low copy number plasmid may have partially overcome
these limitations and revealed some differences that had previously not been apparent.
The sensitivity of the lux reporter system provides the opportunity to potentially integrate
the reporter and expression loci into the chromosome or on lower copy number plasmids
which would be even more physiologically relevant. For example integrating the reporter
locus into the chromosome of the host species and use of a very low copy number
conjugatable plasmid could provide a sensitive and robust system that would closely
emulate physiological conditions
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2.4 Conclusion
The lux reporter system with a lower copy number plasmid for expressing the
FbpABC complex revealed a difference between the Y195A and Y196A mutants that had
heretofore never been recognized. This suggests that this system is more sensitive and
discriminating than previously used methods
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CHAPTER 3: CREATING RECOMBINANT PROTEINS TO STUDY THE
INTERACTION BETWEEN FBPA AND FBPBC

3.1 Background
In an early attempt to evaluate the interaction between FbpA and the FbpBC
complex genetic exchange experiments were performed to determine whether foreign
FbpAs would be capable of functionally interacting with the FbpBC complex (Lam
2002). In this study the fbpA gene of the fbpABC operon of H. influenzae was replaced
with the fbpA gene from N. gonorrhoeae or the yfuA gene from Y. enterocolitica. The
foreign fbpA genes were cloned into a gene replacement vector and were subsequently
transformed into H. influenzae. For H. influenzae to grow effectively on iron-deficient
media with exogenous iron in the form of Tf or ferric citrate, the FbpA has to
functionally interact with the H. influenzae FbpBC (HiFbpBC) complex to transport the
iron into the cytoplasm. H. influenzae was able to grow when the cells were expressing
the FbpA from N. gonorrhoeae but not the with cells expressing YfuA from Y.
enterocolitica (Figure 3.1).
The interpretation of these results was that residues that are critical for interacting
with the HiFbpBC are present in the two FbpAs, but not found in YfuA. The authors also
proposed that the residues would be present on the surfaces at the ‘top’ of the iron
binding cleft as it was anticipated that separation of the two domains that form the iron
binding cleft would be required for iron removal and transport (Figure 3.1). Structural
studies with bacterial ABC transporters have since confirmed the preferred docking
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orientation of the periplasmic binding protein on the inner membrane complex (Jones
2004, Jones 2007, Jones 2009).
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Figure 3.1 The interaction of the various FbpAs with the HiFbpBC.
NgFbpA was able to interact with the HiFbpBC and transport iron. YfuA was unable to
interact with HiFbpBC.

118

3.2 Materials and Methods
3.2.1 Generating the mutants
A SOE-PCR was done to generate the mutants. The protocol is given in Chapter
2 with the list of primers. The cloning procedure is provided in Chapter 2.
3.2.2 Creating a low copy number plasmid (pDEST) with ccdB-yfuBC
A low copy plasmid pCV15aTT-ccdB-yfuBC was created to study the interaction
between FbpA and YfuBC. The parent plasmid pCV15 is a custom vector that contains
the p15a origin of replication, which produces approximately 10 copies of plasmid per
cell (Cozzarelli 1968). As described in Chapter 2, this vector was used to generate a
plasmid carrying the H. influenzae fbpBC genes preceded by a Gateway counterselectable
cassette, for introducing mutant and foreign fbpA genes. This vector is named pCv15 att ccdB-hiBC.
The yfuABC operon was amplified using primers 3986 and 3987 (Chapter 2,
Table 2.9) and cloned into a HindIII digested pCv15aTT-ccdB-hiBC replacing the H.
influenzae fbpBC region, generating pCv15aTT–yfuABC (Figure 3.2). Inverse PCR using
primers 3994 and 3965 (Chapter 2, Table 2.9) was performed to remove the yfuA gene
and the Gateway rfa counterselectable cassette containing the ccdB gene obtained from
an EcoRV digest of plasmid e2212 was ligated with the inverse PCR product. The
ligation mixture was transformed into E. coli Top10. There are two orientations in which
ccdB can have once ligated with the PCR product. A SpeI digest was done to determine
the orientation of ccdB. The positive colonies were sent for sequencing. All the mutant
H. influenzae fbpA genes were cloned into this vector using the Gateway approach
(Invitrogen)
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Figure 3.2 The yfuABC operon was cloned into the ccdB region.
An inverse PCR was done to remove the yfuA gene and the Gateway rfa
counterselectable cassette containing the ccdB gene obtained from an EcoRV digest of
plasmid e2212 was ligated with the inverse PCR product. The HiBC component was
removed by a HindIII digest.
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3.2.3 Cloning the mutant fbpA in a high copy number plasmid
All the mutant fbpA genes were cloned into a high copy number plasmid for
protein expression. The pCV15aTT vector had poor expression levels.
The mutants were amplified with primers 4148 and 4224 (Chapter 2, Table 2.9).
These primers were designed to incorporate the attB1 and attB2 site along with the T7
promoter. The PCR products were then cloned into the pDONR221 plasmid using the
Gateway approach and transformed into strain ER2566.

3.2.4. Protein Expression
For expression, plasmids containing the fbpA gene were transformed into strain
ER2566, which is a derivative of BL21 (Chapter 2, Table 2.1). ER2566 is a Lambda
DE3 lysogen, which carries the T7 polymerase gene under the control of the lacUV5
promoter.

3.2.4.1 Preparation of Auto-induction media
A simple approach for optimized expression of proteins from the T7 promoter
takes advantage of the natural properties of the lac promoter controlling expression of the
T7 RNA polymerase. By including an optimized content of glucose in the medium, the
expression of the T7 RNA polymerase is repressed (through catabolite repression) until
the glucose is depleted at which time the promoter is induced by the lactose remaining in
the medium. There are four components to the auto induction media: 50x5052, 20x NPS,
ZY and 1M MgSO4. The 5052 component contained 250 g of glycerol, 25 g of glucose
and 100 g of α-lactose dissolved in 1L of water. The E. coli uses the glucose as an early
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energy source and the glycerol as a later energy source. Once these are depleted, the
lactose will start the induction. The NPS component contained 66g (NH4)2SO4, 136g of
KH2PO4, and 142g of Na2HPO4 dissolved in 1L of water. The ZY component contained
10g of N-Z amine or any tryptic digest of casein eg. tryptone, and 5 g of yeast extract
dissolved in 1L of water. For 1M MgSO4, dissolve 24.31g of MgSO4.7H2O in 100mL of
water. These four components are mixed together: 928mL of ZY media, 50mL of 20x
NPS, 20mL of 50x 5052, and 1mL of MgSO4. The final volume was brought up to 1L
and then autoclaved. To express the protein of interest, ER2566 transformed with the
high copy number plasmid was inoculated in the media and grown overnight 37 oC with
agitation.
3.2.4.2 Osmotic shock
The osmotic shock procedure helps extract the proteins from the periplasm. After
being expressed over night in auto-induction media, the liquid culture was centrifuged at
4oC, 4000rpm (Eppendorf, 5810-R) for 10 minutes and the supernatant was removed.
The pellet was resuspended in 40% volumes (relative to the original culture) buffer
solution (30mM Tris, 20 % sucrose, 1mM EDTA). The resuspended cells were incubated
at room temperature for 20 minutes and then centrifuged at 4oC, in an Eppendorf 5810-R
centrifuge (4000 rpm) for 20 minutes and the supernatant was removed. Ten mL of 5mM
of ice cold MgSO4 was used to resuspend the pellet and the solution was placed on ice for
30 minutes. The solution was centrifuged at 4oC, 4000rpm (Eppendorf, 5810-R) for 30
minutes. The supernatant which constitutes the osmotic shock fluid was retained and
either stored in the refrigerator for immediate use or at -80oC for longer periods of time.
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3.2.4.3 Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE)
The protein samples were subjected to a SDS-PAGE using a Tris-HCl/glycine
buffer discontinuous gel electrophoresis (Laemmli 1970). Approximately, 20µL osmotic
shock fluid was mixed with an equal volume of 2X SDS buffer (4% SDS, 20% glycerol,
and 0.002% bromophenol blue in 100 mM Tris/HCl buffer, pH 6.8). The gel was made
in the BioRad Mini-Protean II cell apparatus. These samples were heated in a boiling
water bath for 5 mins and loaded onto the gel along with molecular ladder and the gel
was run at 180V for 1 hour.
3.2.4.4 Coomassie blue staining
To visualize the bands on the gel, the gel was stained in coomassie blue (0.5%
Coomassie Brilliant Blue R250, 50% methanol, and 5% acetic acid) for 30 minutes. The
excess dye is washed off the gel and placed in destain solution (50% methanol and 5%
acetic acid) and allowed to shake overnight. The tray is lined with kim wipes so that the
kim wipes can help absorb the dye from the gel. A picture of the gel was taken with the
gel documentation machine (Gel doc) (Biorad).
3.2.4.5 Dialysis of FbpA
The dialysis was done to remove any impurities in the osmotic shock fluid and to
chelate all the iron. The osmotic shock fluid was placed inside a dialysis bag with a 10kDa cutoff. The dialysis bags were placed in a buffer containing 10mM HEPES, 10mM
EDTA, and 10 mM sodium citrate, at pH 8.0. The samples were dialyzed in a beaker
with a stir bar at 4oC for several hours through three successive buffer changes and a final
buffer change being left overnight. The inclusion of EDTA was designed to chelate iron
and facilitate the production of the apo form of FbpA. After this process, dialysis bags
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were placed in a 10mM HEPES, pH 8.0 buffer at 4oC. This was repeated three times and
by the third time, it was left overnight.

3.2.4.6 Concentrating the protein
The osmotic shock fluid from the dialysis tube is placed in an Amicon
concentrator with a 10-kDa cutoff. The concentrator was centrifuged at 4000rpm, 4oC,
for 20 minutes. The concentrator was filled with 10mM HEPES, pH 8.0 until it reached
the top. The entire process is repeated 3-4 times. The protein is collected from the
concentrator and brought up to the correct volume with 10mM HEPES, pH 8.0.

3.2.4.7 Determining the concentration of the protein
The absorbance of the protein was measured at 280nm using quartz cuvettes. The
molar extinction coefficient was calculated using ProtParam from www.expasy.org. If
the absorbance was greater than 1, this was diluted until the absorbance was between 0-1.

3.2.5 Isothermal Titration Calorimetry (ITC)
The VP-ITC calorimeter (General Electric) was used for all the ITC studies. The
calorimeter requires at least 2 mL of protein at a concentration of 0.01mM. The ferric ion
solution (1mM FeCl3.6H2O, 100mM sodium bicarbonate/100mM sodium citrate) is the
ligand used to saturate the FbpA. The reference and the sample cell were washed with
methanol 3-4 times, then washed with water 3-4 times, and then finally washed with 10
mM HEPES pH 8.0 3-4 times. The injector is also washed with the same solutions 3-4
times. The sample cell was filled with 2.5 mL of 0.01mM protein. The injector is filled
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with 200 µL of 0.25mM ferric ion solution. Afterwards, the injector is moved so that it is
above the sample cell. The injector is locked in and the parameters for the ITC are
adjusted by the software. The time to completed one trial is approximately 1 hour. Once
the experiment was completed, the Origin software (General Electric) was used to
generate a binding curve and calculate the physical constants.

3.2.6 The lux reporter assay
Refer to the previous chapter.

3.3 Results
3.3.1 Mapping the residues for site-directed mutagenesis
The purpose of this analysis was to identify residues on the appropriate surface of
FbpA that may be involved in interacting with FbpB. The rationale for this approach is
that residues that are important for binding should be conserved between Haemophilus
influenzae and Neisseria meningtidis FbpAs since the latter can functionally replace the
H. influenzae FbpA where as the residues in YfuA would differ due to its inability in
functional complementation. To accomplish this it was necessary to compare the
structures of the periplasmic ferric binding protein from H. influenzae (Khambati 2010),
N. gonorrhoeae (McRee 1999), and Y. enterocolitica (Shouldice 2005), and identify
residues that were similar or identical on proteins from H. influenzae and N. meningitidis
but substantially different on the YfuA proten from Y. entercolitica.
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The structure of FbpA from three bacterial species, H. influenzae (Khambati 2010), N.
gonorrhoeae (McRee 1999), and Y. enterocolitica (Shouldice 2005) were compared. The
three PBPs are almost superimposable onto one another (Figure 3.3 and 3.4).
The three structures have the iron binding site located in a cleft between the two
domains (Figure 3.3).

The iron coordination between the three proteins is almost

identical. In other words, the peptide backbone is virtually identical among the three
proteins thus the amino acid side chains of the individual proteins will be largely
responsible for determining its surface properties. This makes the strategy of mutating
individual amino acids by site directed mutagenesis a reasonable approach for probing
differences in the binding properties of these proteins.
All three of periplasmic binding proteins have an octahedral coordination with
iron. The iron coordination of the FbpA between H. influenzae and N. gonorrhoeae is
identical. The iron coordination between HiFbpA and YfuA is also almost identical
except for the phosphate ion, which in YfuA is replaced by Asp (Figure 3.5).
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Figure 3.3 The X-ray crystal structures of three PBPs.
A) FbpA from H. influenzae (HiFbpA) (Khambati 2010) B) FbpA from N. gonorrhoeae
(NgFbpA) (McRee 1999) C) FbpA homologue from Y. enterocolitica (YfuA) (Shouldice
2005). All three structures are in a closed conformation (iron not shown) and they follow
a “Venus-fly trap” mechanism for binding iron. Each of these structures contains two
domains connected by β-strands. The iron is found in the cleft between the domains.
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Figure 3.4 The X-ray structures of the three PBPs overlapped.
The green is YfuA. The orange is NgFbpA. The purple is HiFbpA.
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Figure 3.5. The iron coordination of FbpA from H. influenzae, N. gonorrhoeae, and
Y. enterocolitica.
All of the FbpAs have an octahedral arrangement with iron. The differences lie in one of
the ligands. The HiFbpA and NgFbpA contain a phosphate as one of the ligands, while
for YfuA it is replaced by Asp.
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The amino acid sequences of FbpA of both Y. enterocolitica and N. gonorrhoeae
were compared with the sequence of the FbpA in H. influenzae. The sequence identity
between NgFbpA and HiFbpA was 70%, while the between Y. enterocolitica YfuA and
H. influenzae FbpA was 37% (Figure 3.6). A site directed mutagenesis strategy was
developed to modify residues on the surface of FbpA, proposed amino acids that are
involved in the interaction with HiFbpBC, to equivalent residues found on the surface of
YfuA. This was done to create a FbpA/YfuA hybrid protein to undergo genetic swap
experiments with HiFbpBC and YfuBC. This hybrid protein should not interact with
HiFbpBC since the surface residues were changed to equivalent ones of YfuA. The
reciprocal genetic exchange experiment will also be done to determine if the hybrid
protein can interact with YfuBC. The rationale for this approach is that acquisition of
function is much more compelling evidence than loss of function evidence. This has the
potential to demonstrate that the residues chosen for mutation are important for the
interaction with the BC component and that FbpA interacts with the BC component on
that face.
Putative binding residues were identified on the appropriate face of FbpA by
comparing amino acids that were identical or have similar atomic properties between
HiFbpA and NgFbpA, but were substantially different in YfuA, were targeted for
mutagenesis (Figure 3.6). The selected amino acids were observed to be exposed on the
upper surface of FbpA and not in internal folding domains or involved in the coordination
of iron (Figure 3.7). Only one or two amino acids were mutated in each of the surface
helix regions (Figure 3.7).
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Figure 3.6. The sequence alignment of FbpA from H. influenzae, N. gonorrhoeae,
and Y. enterocolitica.
There is 70 % sequence identity between the FbpA from H. influenzae and N.
gonorrhoeae, but only 37 % between H. influenzae and YfuA. The colored circles
represent the point mutants that were made. These individual amino acids were changed
into the ones found in Y. enterocolitica.
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Figure 3.7 The X-ray crystal structure of HiFbpA.
The regions in yellow are the point mutants. We changed these yellow regions into
equivalent residues found in YfuA. The residues in were the same in both HiFbpA and
NgFbpA.
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A more comprehensive set of mutants was also considered for mutagenesis, with
a focus on helices that had a number of variant amino acids that seemed likely to interact
with FbpBC but would not affect the stability of the protein (Figure 3.8).
The two helices that were chosen in the site directed mutagenesis were T138M152 and K174-Q185. These were changed into corresponding helices in YfuA: S141L155 and G177-G188 respectively. The three mutants were: T138S-M152 to S141L155, K174-Q185 to G177-G188, and a mutant containing both helix mutations.
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Figure 3.8 The X-ray crystal structure of HiFbpA.
The helices highlighted in green are the regions that were mutated. The helices
highlighted in green are T138-M152 and K174-Q185. These helices were mutated into
corresponding ones found in YfuA: S141-L155 and G177-G188 respectively.
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The helix mutants were also cloned into a low copy number vector containing
yfuBC to study the interaction of FbpA with YfuBC. This plasmid was created from
pCV15aTT-hifbpABC.

3.3.2 Splicing Overlap Extension (SOE) PCR
Splicing by overlap extension (SOE) PCR was used to generate the mutant FbpAs
(Heckman 2007), This approach is described in Chapter 2. The first PCR reaction was
performed successfully for all of the mutants. Figure 3.9 illustrates the PCR reactions for
the point mutants K10E, K34G, T138S, and R262N. The second (SOEing) PCR was also
successfully performed for all the mutant proteins. Representative PCR reactions are
illustrated in Figure 3.10.
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Figure 3.9 Agarose gel of the partial SOE-PCR products for the point mutants.
Lane 1 contains the DNA ladder. Lanes 2 and 3 contain the partial SOE-PCR products of
K10E. Lanes 4 and 5 contain the half SOE-PCR products of K34G. Lanes 6,7 contain
the half SOE-PCR products of T138S. Lanes 8 and 9 contain the half SOE-PCR products
of R262N. All the products are between 100-650bp. This was done on a 1% agarose gel
at 100V for 1 hour. The annealing temperature for the PCR was 50oC.
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Figure 3.10 The second part of the SOE-PCR to join the partial PCR products to
produce the full PCR product.
Lane 1 contains the DNA ladder. Lane 2 contains the full SOE-PCR product K10E.
Lane 3 contains the full SOE-PCR product K34G. Lane 4 contains the full SOE-PCR
product R262N. The size of fbpA should be approximately 1 kb. The samples were
analyzed on a 1% agarose gel at 100V for 1 hour. The annealing temperature for the
PCR was 50oC.

137

SOE-PCR was also used to replace complete segments in lieu of mutating single
amino acids. The helix mutants included: K174-Q185 to S141-L155 (K helix), T138M152 to G177-G188 (T helix), and both of the helices replacements together. The
figures below show the SOE-PCR of the mutant with both helix mutations. Not shown
are the PCRs for the individual helix mutations. Figure 3.11 shows the results from the
first PCR reaction and 3.12 shows the full PCR product when the two partial products are
joined together.
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Figure 3.11 The gradient PCR of the partial SOE-PCR products containing
mutations: K174-Q185 to S141-L155 (K helix) and T138-M152 to G177-G188 (T
helix).
Lane 1 contains the DNA ladder. Lane 2-9 contains the partial SOE-PCR products. Lane
11-18 contains the other partial SOE-PCR products. The gradient/annealing temperatures
for the PCR were 70-80oC. The temperatures increase from left to right i.e. 70oC on the
left and 80oC on the furthest right. The products are between 500bp and 750bp. These
products were joined to form the full PCR product. The samples were loaded onto a 1%
agarose gel and at 100V for 1 hour.
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Figure 3.12 The gradient PCR of the full SOE-PCR product containing the 2 helix
mutations: K174-Q185 to S141-L155 (K helix), T138-M152 to G177-G188 (T helix).
The gradient/annealing temperatures for the PCR were 70-80oC. The temperatures
increase from left to right i.e. 70oC on the left and 80oC on the furthest right. The two
partial PCR products were joined to produce the 1kb product. The samples were
analyzed on a 1% agarose gel at 100V for 1 hour.
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3.3.3 Cloning the mutant fbpA genes into pDEST containing YfuBC
Gateway cloning was used to clone the mutant fbpA genes generated by SOEPCR into vectors containing the H. influenzae fbpB and fbpC genes (HiFbpBC) or vectors
containing the Y. enterocolitica yfuB and yfuC genes (YfuBC). For the H. influenzae fbpB
and fbpC genes, the mutants were cloned into both high and low copy number vectors
(Chapter 2, Figures 2.9 and 2.10). The high copy number vector contains the pUC origin
of replication. The low copy number vector contains the p15a origin of replication
(Cozzarelli 1968).
To create a low copy number vector containing the Y. enterocolitica yfuB and
yfuC genes, the yfuABC operon was cloned into the low copy number plasmid carrying
the the H. influenzae fbpB and fbpC genes using Gateway. The H. influenzae fbpBC
component was removed by restriction enzyme digest and then religated. To study the
different FbpA mutants, we converted this low copy number plasmid into a pDEST so the
mutant fbpA could be swapped in using the Gateway approach. An inverse-PCR was
performed to amplify the whole plasmid, except the fbpA, because in its place was ccdB
so that Gateway could be used to swap in different fbpA mutants. The ccdB gene was
ligated to the inverse PCR product. The pDEST vector had been sequenced and verified,
and it contained ccdB alongside yfuBC.
To create this low copy number vector, the yfuABC operon was cloned into a low
copy number plasmid using Gateway (Figure 3.13).

The hifbpBC component was

removed by restriction enzyme digest and then religated. To study the different FbpA
mutants, we converted this low copy number plasmid into a pDEST (Figure 3.13) so the
mutant fbpA could be swapped in very easily via Gateway. An inverse-PCR was done to
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amplify the whole plasmid, except the yfuA, because in its place was the rfa cassette so
that Gateway could be used to swap in different fbpA mutants (Figure 3.13). The rfa
casette was ligated to the inverse PCR product. The pDEST vector had been sequenced
and verified, and it contained the rfa cassette alongside yfuBC.
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Figure 3.13 The cloning strategy to create pCV15aTT(EV)-ccdB-yfuBC.
The yfuABC operon was cloned into pCV15aTT(EV)-ccdB-hifbpBC (left) The HindIII
digest was used to remove the hifbpBC component to produce the resulting vector on the
right, pCV15aTT(EV)-yfuABC An inverse PCR was done to remove the yfuA component
so that the rfa cassette from e2212 could be ligated into this position. The resulting
vector was pCV15aTT(EV)-ccdB-yfuBC.
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3.3.4 Protein expression of the recombinant proteins
The genes encoding single site-directed mutant FbpAs or the surface helix
replacement FbpAs were cloned into the low copy number vectors.

For protein

expression, it is better to express proteins in a high copy number plasmid. All the genes
encoding the mutant FbpA proteins were also cloned into a high copy number plasmid.
To do this, the mutants were PCR amplified and the primers (4148 and 4224) contained
the T7 promoter sequence (Chapter 2, Table 2.9).

These T7p-fbpABC genes were

subsequently cloned into the high copy number plasmid, pDONR221, via Gateway. The
proteins were able to be expressed in high copy number plasmids. Figure 3.14 contains
the PCR product of T7p-fbpABC.
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Figure 3.14 PCR amplification of fbpABC operon to include the T7 promoter.
The PCR products also contain the T7 promoter sequence. The top half of the gel is
grouped into two’s and three’s. Lane 1 contains the ladder. Lane 2-3 contain K10E.
Lane 5-7 contain T138S. Lane 9-11 contain K174G, V177T, Q180K. Lanes 13-15
contain R262N
The bottom half of the gel contains the other point mutants. Lane 1 contains the ladder.
Lane 2-4 contain K10E, K34G, T138S, K174G, V177T, Q180K, R162N. Lane 6-8
contain K174G. Lane 10-12 contain V177T. Lane 14, 15 contain Q180K.
The operon is around 4kb. The samples were analyzed on a 1% agarose gel at 100V for 1
hour. The annealing temperature was 60oC.
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An inspection of the expression levels of the wildtype and mutant proteins was
pursued to gain a preliminary impression of the stability of the proteins. Thus if the
mutant proteins are observed to be at comparable levels, it suggests that they are
reasonably stable, whereas dramatically lower levels suggest that the mutant proteins are
unstable. To accomplish this the expression of the various FbpAs in the low and high
copy number plasmids was compared. The isolation of the proteins released by the
osmotic shock procedure provides a preparation with relatively few other bands so
detection of the FbpA is quite apparent. A representation of the results from these
experiments is illustrated in Figure 3.15 and Figure 3.16.
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Figure 3.15 SDS-PAGE osmotic shock fluid of the surface helix point mutants in
either a high copy or low copy number plasmid.
Lane 1 contains the Protein ladder. Lane 2 contains the low copy number wildtype. Lane
3 contains the high copy number wildtype. Lane 4 contains the low copy number K10E.
Lane 5 contains the high copy number K10E. Lane 6 contains the low copy number
K34G. Lane 7 contains the high copy number K34G. Lane 8 contains the low copy
number T138S. Lane 9 contains the high copy number T138S. The protein should be
around 33kDa. This was done on a 12% SDS-PAGE at 180V for 1 hour.
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Figure 3.16 The continuation of the SDS-PAGE osmotic shock fluid of the surface
helix point mutants in either a high copy or low copy number plasmid.
SDS-PAGE osmotic shock of the surface helix point mutants in either a high copy or low
copy number plasmid. Lane 1 contains the ladder. Lane 2 contains the low copy number
K174G, V177T, Q180K. Lane 3 contains the high copy number K174G, V177T, Q180K.
Lane 4 contains the low copy number R262N. Lane 5 contains the high copy number
R262N. Lane 6 contains low copy number K10E, K34G, T138S, K174G, V177T,
Q180K, R262N. Lane 7 contains high copy number K10E, K34G, T138S, K174G,
V177T, Q180K, R262N. Lane 8 contains the low copy number K174G. Lane 9 contains
the high copy number K174G. Lane 10 contains the low copy number V177T. Lane 11
contains the high copy number V177T. Lane 12 contains high copy number Q180K.
Lane 13 contains the low copy number Q180K. The protein is around 33kDa. This was
done on a 12% SDS-PAGE at 180V for 1 hour.
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The expression of the proteins was much higher with the high copy number
plasmid than with the low copy number plasmid (Figure 3.15 and 3.16). In the strain
containing the high copy number plasmid, there are far greater copies of fbpA resulting in
greater protein expression.

For all the subsequent protein expression, the high copy

number plasmids were used. Most of the mutants were produced at comparable levels to
the wildtype FbpA. The primary exception was the mutant, Q180K, which produced a
very faint band (Figure 3.17). The faintness of the band could indicate that the Q180K
mutant FbpA is unstable and is lost by aggregation or digestion by proteases.
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Figure 3.17 SDS-PAGE on the osmotic shock fluid of the wildtype and mutant
Q180K.
Lane 1 contains the ladder. Lane 2 contains the wildtype. Lane 3 contains mutant
Q180K. The proteins are around 33kDa. This was done on a 12% SDS-PAGE at 180V
for 1 hour.
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The recombinant proteins where entire helices were mutated were also expressed
to determine if the proteins were stable (Figure 3.18). For the expression, the helix
mutations were also placed in a high copy number plasmid.
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Figure 3.18 SDS-PAGE osmotic shock fluid containing the mutant helix proteins.
Lane 1 contains the ladder. Lane 2 contains the wildtype. Lane 3 contains the K helix.
Lane 4 contains the T helix. Lane 5 contains the two helix mutations together. This was
done on a 12% SDS-PAGE at 180V for 1 hour.
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The SDS-PAGE may indicate that the helix mutants were not as stable as the
wildtype. The mutant proteins had a different size as compared to the wildtype. The
helix mutations may have made the structure of FbpA unstable.

3.3.5 Measuring iron binding in FbpA: Spectroscopic techniques
The amino acids selected for mutagenesis were not directly involved in ironcoordination but we could not exclude indirect effects on iron binding. Since we planned
to evaluate the ability of the proteins to participate in iron transport it was considered
important to evaluate the ability of the mutant proteins to bind iron. The point mutations
may make the protein unstable preventing it from binding iron. If this happens, then the
impaired iron transport could be due FbpA’s inability to bind iron rather than the inability
to interact with the BC component.

To determine if FbpA was able to bind iron,

spectroscopic techniques were employed in the past (Khan 2007, Khambati 2010). When
FbpA binds iron, the Tyr(O)-Fe interaction produces the characteristic pink color. If the
spectra are measured between 400-500nm, there is an absorption peak, which
corresponds to the Tyr(O)-Fe interaction. The λmax of this absorption peak is inversely
proportional to the energy of the charge transfer band for the iron protein complex
(Khambati 2010). The stronger the interaction between Tyr and Fe, there will be a
greater blue shift in the spectra. This method does not measure the actual binding
constants of FbpA-Fe. It gives a qualitative measure of whether or not FbpA is able to
bind iron, but not the strength of the interaction. The citrate-competition assay is able to
determine the affinity constant for binding iron (Chen 1993). Iron loaded FbpA is
subjected to a range of citrate concentrations. The citrate will compete with the FbpA for
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iron and eventually chelate all the iron from FbpA. By determining the citrate-Fe binding
constant, the binding constant of FbpA-Fe can also be determined. The constant for
FeFbpA-PO4 is approximately 1018 M-1 (Taboy 2001) using the competitive citrate
method. The disadvantage of this system is that it does not determine the binding
constant of FbpA directly and the addition of high concentration of citrate may have other
effects on the binding interaction by complexing with FbpA.

3.3.6 Isothermal Titration Calorimetry
Isothermal Titration Calorimetry (ITC) is a calorimetric method that can
thermodynamically quantify the interaction between a metal ion and the protein (Wilcox
2008) (Figure 3.19). The technique can help quantify the binding stoichiometry (n), the
binding constant (K), entropy (ΔSo) from the equation ΔG° = ΔH° - TΔS°. The change in
heat capacity associated with the binding (ΔCop) can also be determined.

Most

isothermal titration calorimeters are based on a cell feedback network that measures the
difference of the amount of heat released between the reference and sample cells, which
is known as differential power compensation (Bou-Abdallah 2011). When there is a
reaction, there is a temperature difference between the reference and sample cell, and this
is detected by the calorimeter. For an exothermic reaction, there is a decreased feedback
power, but an increased feedback power for endothermic reactions. The integration of
these power fluctuations with respect to the baseline will give the enthalpy changes for
heat absorbed or released.
In these experiments, the protein is placed inside the sample cell, while the buffer
or water containing no protein is placed inside the reference cell. The ligand is placed
155

inside an injector, which continually injects the ligand into the sample cell.

156

Figure 3.19. Isothermal Titration Calorimetry.
The injector is filled with the ligand (ferric ions). These are injected into the sample cell,
which contains the protein (FbpA). The stirrer helps mix the solutions together. Every
time the ligand binds to FbpA, heat is released and this is measured by the calorimeter.
The ligand is added until the protein is fully saturated. Once the protein is fully saturated,
the thermodynamic values can be calculated.
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The ligand will eventually saturate the protein and a binding curve is generated
from the plot of the heat from each injection against the ratio of the ligand to the protein.
This curve can be used to calculate all the thermodynamic values.
There are a number of advantages of using ITC in studying binding kinetics.
Modern microcalorimeters can measure very small heat exchanges (<0.2µJ) when the
ligand is added to the protein (Bou-Abdallah 2011). This technique has been used on hTf
(Lin 1993). They were able to calculate a range of thermodynamic values for the C and
N lobes (Lin 1993, Lin 1993). These microcalorimeters use very small volumes (about 2
µL) for the experiment. The experiments are also done in solution that requires no
chemical tagging or the immobilization of one of binding components. The technique is
also direct as compared with surface plasmon resonance (SPR), since each heat effect is a
direct indication of binding.

Due to these considerations, it is considered the gold

standard of measuring biomolecular interactions.
There are a few limitations of using ITC. The proteins have to be soluble in
solution and cannot form aggregates. Once that happens, the thermodynamic parameters
cannot be measured. Another limitation is the heat produced upon the addition of the
ligand is from the contribution from other heat effects other than the heat produced upon
binding to the ligand. For example, the heat of dilution, displacement of hydrogen ions
by metal ions, complex formation of metals reacting with the buffer and etc. These other
effects will contribute to the heat measured by the calorimeter, so control experiments are
needed to overcome these other effects. The technique requires a large amount purified
protein as compared with other techniques.

158

Even with these limitations, this technique helped me determine that the
recombinant proteins were able to bind iron.

3.3.6.1 The binding profile of the wildtype, Y195A/Y196A, and Q180K
We determined the binding curve for the wildtype, Y195A/Y196A mutant, and
the Q180K mutant.
The binding curve for wildtype FbpA indicates that adding iron to FbpA is an
exothermic reaction (Figure 3.20). The constants calculated are enthalpy change (ΔH),
entropy change (ΔS), and the bindng constant (K) (Figure 3.21). The enthalpy change
was calculated to be -4265±324.1 cal mol-1.

This value indicates the reaction is

exothermic, which means interactions are being formed between ferric ion and the
protein. The entropy change was 17.3 cal mol-1 deg-1. This indicates that there were
more conformations for the protein to assume when it was bound to ferric ion, increasing
the degrees of freedom. Using these values to calculate Gibbs free energy (ΔG), results
in a negative value indicating that the binding event is favorable. The binding constant
(K) was calculated to be 6.24x106±4.06x106 M-1. This indicates a very strong and
favorable binding event.
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Figure 3.20 The heating curves for the wildtype HiFbpA.
The curve above is a heat curve generated when iron is added to FbpA. The bottom
curve is the integration of the above curve to produce a binding curve where the physical
constants can be calculated.
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Figure 3.21 The binding curve for the wildtype HiFbpA.
The physical constants are calculated from the curve using computer software supplied
with the microcalorimeter. The constants calculated are the enthalpy change (ΔH),
entropy change (ΔS), and the bindng constant (K).
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A calorimetric study was also done on the mutant, Y195A/Y196A. According to
Figure 3.22, negligible amounts of heat were given off. This means that there was almost
no binding with iron. Y195 and Y196 are involved in the coordination of iron, so it was
expected that this mutant would not be able to bind iron.
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Figure 3.22 The heating curves for the mutant Y195A/Y196A.
The curve above is a heating curve generated when iron is added to FbpA. The bottom
curve is the integration of the above curve to produce a binding curve where the physical
constants can be calculated.
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The binding profile for the mutant Q180K was also determined (Figure 3.23).
Negligible amounts of heat were given off indicating that there was almost no binding to
iron. The mutation does not involve residues directly involved in iron co-ordination, thus
an alternate explanation for the lack of binding needs to be considered. The Q180K
mutation may have made the protein unstable. This instability may have prevented FbpA
from binding iron.
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Figure 3.23 The heating curves for the mutant Q180K.
The curve above is a heating curve generated when iron is added to FbpA. The bottom
curve is the integration of the above curve to produce a binding curve where the physical
constants can be calculated.
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The table below summarizes the stability and binding of each mutant
Table 3.1 A list of the completed surface helix mutants cloned into a high or low
copy number plasmid

Stability of protein
based on SDSPAGE (crude
osmotic shock)

ITC (binding iron)

K10E

✔

N/A

K34G

✔

N/A

T138S

✔

N/A

K174G, V177T,
Q180K

✔

N/A

R262N

✔

N/A

K10E, K34G, T138S,
K174G, V177T,
Q180K, R162N

✔

N/A

K174G

✔

N/A

V177T

✔

N/A

Q180K

✕

✕

wildtype

✔

✔

Negative control
(Y195, Y196 both
stop codons)

✕

N/A

H9A

✔

N/A

H9Q

✔

N/A

E57A

✔

N/A

N175L

✔

N/A

N193L

✔

N/A

Q58L

✔

N/A

Y195A

✔

N/A

Y196A

✔

N/A

Y195A, Y196A

✔

✕

Mutant
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For the stability of the protein, the check mark indicates it is stable and X
represents that it is not stable.
For the ITC, we have only attempted to measure the binding for wildtype, Q180K
and Y195A/Y196A. The check mark indicates that the protein was able to bind iron.
The X represents that the protein is unable to bind iron.

3.3.7 Function of the surface helix mutants assessed by the lux reporter system
In the lux reporter assays the various strains were grown in 96 well plates
containing medium in which the availability of iron was limited by the addition of the
apo form of human transferrin. In this system the luminescence of all the strains can be
monitored continuously while the plates were incubated in the instrument (VICTOR
Light). The strain lacking a functional FbpABC pathway (Fur-Sigma, Figure 3.24) had a
peak of luminescence at approximately 7.5 hours that was greater than any of the other
strains, which is consistent with low intracellular iron levels that were incapable of
repressing the Fur-sigma promoter. In this experiment, the wildtype strain had a much
lower and earlier peak that likely indicates an initial lowering of iron levels that would
induce the expression of the fbpABC genes (which are also Fur-regulated) that then
results in a lowering of the luminescence, suggesting that iron transport by this system is
occurring. The two mutants with the highest luminescence, suggesting the greatest
impairment in iron transport, were Q180K and R262N. The observed instability of
Q180K may explain the failure of this protein to mediate iron transport, but the R262N
protein was relatively stable, similar to the K34G, V177T and K174G mutants, which
appear to be similar to the wild-type FbpA in this assay.
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Figure 3.24 The lux output results of HiFbpA surface helix point mutants
interacting with HiFbpBC.
The promoter for the lux plasmid was Fur-σ70. The lux output was measured in counts
per second over the optical density of the cells. The positive control was the wildtype
(HiABC) and the negative control (Fursigma) was the strain containing just the Fur-σ70
lux plasmid, without an ABC transporter.
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Figure 3.25 The lux output results of mutant FbpAs interacting with HiFbpBC.
The positive control was the wildtype. The lux operon was under the control of the
natural fhuF promoter. The lux output was measured in counts per second over optical
density of the cell. The (A) represents FbpA and the corresponding point mutants. The
(all) mutant is K10E, K34G, T138S, K174G, V177T, Q180K, and R262N. The positive
control is labelled wildtype.
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When the fhuF promoter was used, the mutant with the most impaired iron uptake
was the mutant with all seven point mutations: K10E, K34G, T138S, R162N, K174G,
V177T, and Q180K (Figure 3.25). This was not the case with the Fur-σ promoter. The
mutants with the most impaired iron uptake were T138S, R262N, and Q180K. The
reason for this discrepancy is likely due to the difference in promoters.

The fhuF

promoter is approximately 1kb, and it may contain other sequences besides the Fur
consensus sequence. These other sequences within the fhuF promoter may have had an
effect on the lux output. However, the effect those other sequences have is not known.
For the Fur-σ promoter, it only contains the Fur consensus sequence and the σ sequence.
We still do not understand why the results were different between the two promoters.
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Figure 3.26 The lux output results of HiFbpA surface helix point mutants
interacting with YfuBC.
The promoter for the lux operon was Fur-σ. The lux output was measured as counts per
second over optical density. The positive control is the wildtype and the negative control
was the strain containing only the Fur-σ regulated lux operon. HiABC the entire ABC
pathway from H. influenzae used as a positive control. There is no control with the entire
YfuABC pathway or with wild-type H. influenzae FbpA with YfuBC.

172

173

The experiment outlined in Figure 3.26 is incomplete making it difficult to make any
definitive conclusions. The intact ABC pathway from H. influenzae was used as a positive
control and the Fur-Sigma reporter without any pathway serves as a negative control. However
there is no positive control with the entire YfuABC pathway or with YfuA cloned into the vector
with the YfuBC. There is also no control with HiFbpA cloned into a vector containing YfuBC.
In hindsight, I should have done these controls and by the time I realized that these were needed,
I did not have enough time to complete them. The fact that the Q180K mutant had luminescence
levels nearly comparable to the HiABC control, is particularly surprising considering its apparent
instability when expressed from the high copy number plasmid. If this suggests that Q180K is a
particularly critical residue, it is difficult to explain how the other mutants carrying this mutation
were inferior. The other mutants had a luminescence that was approximately 5 times greater
than the HiABC control indicating that the transport may be impaired.
Based on the results with the mutant FbpAs interacting with HiFbpBC, T138S, R262N,
and Q180K had a significant effect on iron transport (Figure 3.24). The three point mutants were
looked at individually (Figure 3.27, 3.28, 3.29).

3.3.7.1 The individual mutants: T138S, R262N, and Q180K
The individual mutants:T138S, R262N, and Q180K were studied individually.
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Figure 3.27 The lux results of the T138S surface helix point mutant interacting with
HiFbpBC or YfuBC.
The promoter for the lux operon was Fur-σ70. The positive control was HiFbpABC. The lux
output was measured as counts per second over the optical density.
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The T138S mutant was impaired in its interaction with either the HiBC and YfuBC
(Figure 3.27). There is increased luminescence as compared with the wildtype. T138S YfuBC
had a greater lux output than T138S HiBC. The point mutation may have caused a change in the
structure preventing it from interacting with either YfuBC and HiBC. This is still speculation
and more studies are needed to see why luminescence is increased by this mutation.
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Figure 3.28 The lux results of the R262N surface helix point mutant interacting with either
HiFbpBC and YfuBC.
The lux operon was under the control of the Fur-σ70 promoter. The wildtype control is
HiFbpABC. The lux output was measured as counts per second over the optical density.
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The point mutant R262N produced a similar result to T138S in that the lux activity was
the highest for the interaction with YfuBC (Figure 3.28). When R262N interacted with HiBC,
the lux output was greater than the wildtype, but less than that of the interaction with YfuBC.
But both indicate that iron transport is impaired as compared with the wildtype control. The
reason for this is still not understood.
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Figure 3.29 The lux results of the Q180K surface helix point mutant interacting with either
HiFbpBC and YfuBC.
The lux operon was under the control of the Fur-σ70 promoter. The wildtype control is
HiFbpABC. The lux output was measured as counts per second over the optical density.
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The results with the Q180K mutant are perhaps the most interesting, this mutant results in
a substantial increase in luminescence relative to the native H. influenzae ABC pathway,
suggesting impairment in iron transport, but relatively low luminescence when expressed with
YfuBC, suggesting relatively effective iron transport. Repeating this experiment with the
appropriate HiFbpA and YfuA controls, plus a corresponding mutant of YfuA (K to Q) would
potentially provide additional support for the importance of this residue. It would seem unlikely
that a single residue to have such an impact on the docking of FbpA or YfuA to the inner
membrane complex, so alternate explanations such as impacting the iron removal process may
need to be considered. The residue may be important for the release of iron with YfuBC and
changing this residue may have enabled iron release to YfuBC.
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3.4 Discussion
3.4.1 Molecular cloning and Protein expression
The mutant fbpA genes were expressed in a high copy number plasmid in order to
evaluate the yield of protein in crude osmotic shock fluid as a correlate of protein stability. The
levels of expression from the low copy number plasmid were virtually undetectable in crude
osmotic fluid. Most of the mutant proteins had a comparable yield as the wild-type FbpA except
for the Q180K mutant and the mutants with entire surface helices mutated. The relatively low
amount of protein obtained for these mutants is likely an indication of relative instability.
Another reason is that the transcriptional efficiency for these mutants me be low as compared
with the wildtype.

3.4.2. ITC
ITC has some advantages over previous methods for measuring binding kinetics of FbpA.
It was demonstrated to be more effective than the previous mentioned methods. It can measure
physical constants such as (n), ΔH, ΔS, and ΔG.

The previous methods were unable to

determine all these parameters. It should be a suitable method for measuring those proteins that
are relatively stable.

The spectroscopic methods rely on the spectral changes when twin

tyrosines bind iron, where the Tyr(O)-Fe interaction produces absorbance at A450 (pink color).
Thus this approach is limited to iron binding proteins that use tyrosine as they key binding
ligand. The ITC does not require these twin tyrosines and can measure the binding kinetics
based on differential themography.
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3.4.2.1 The binding properties of the wildtype and mutants
The binding constant of the wildtype was measured to be K=6.24x106±4.06x106 M-1.
The estimated binding constant of FbpA with coordination from the synergistic anion is K=1018
M-1 (Siburt 2012). This value is approximately 1012 bigger than the binding constant with
wildtype and iron. The reason for this discrepancy is highly likely due to the synergistic anion.
However, it could also be due to the techniques that were used in the past to measuring the
binding kinetics of FbpA with iron. The method that was used was the citrate competition assay.
This method may not be as accurate as ITC.

The binding constant of FbpA without the

synergistic anion is similar to the lobes of hTf. Each lobe of hTf has a binding affinity of K=106
or 107 M-1 as measured by ITC (Lin 1991, Lin 1993). The synergistic anion is involved in tight
binding with iron and without it, FbpA can still bind iron but with a lower affinity. So, if the
synergistic anion was added to the FbpA, the binding constant should increase. The mutants
with intact iron coordination should have a similar binding profile as the wildtype since they
have the same iron coordination.
The ITC demonstrated that changing these two tyrosines completely knocks out the
ability for FbpA to bind iron in the ITC assay. The results of the lux assay suggest that Y195 is
more important than Y196 in coordinating with iron. The Y195A mutant was defective in
transport, thus presumed to be unable to bind iron. In contrast the Y196A mutant was capable of
mediating iron transport, thus presumably able to bind iron. These individual mutants should be
tested with the ITC to see if there are any differences in binding between the two.
The binding profile of Q180K was determined. According to the ITC, Q180K was
unable to bind iron. This may be a consequence of protein instability rather than iron binding.
The SDS-PAGE of Q180K (osmotic shock) demonstrated that the mutant was very faint when
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compared with the wildtype. This may be a consequence of protein instability rather than iron
binding. More studies will be needed to determine the importance of this residue.

3.4.2. The use of a synthetic iron regulated promoter vs a natural iron regulated promoter
The lux operon was under the control of fhuF, which is a natural iron regulated promoter.
This use of this promoter was compared with a synthetic promoter. The synthetic promoter
contains the Fur-box and the σ70 sequence. The iron coordination mutants were used to test out
the differences between the promoters. The lux results for both these promoters were quite
similar the data produced the same trends. When the surface helix mutants were used for the
assay, both the promoters produced very different results. The fhuF promoter results indicated
that the mutant containing point mutations: K10E, K34G, T138S, K174G, V177T, Q180K, and
R262N produced the greatest impairment in iron transport. The Fur-σ promoter indicated that
mutants T138S, R262N, and Q180K produced the great impairment in the transport of iron. The
reason for this discrepancy is still not understood. The promoters likely have an effect on the lux
output. The fhuF promoter contains more sequences than just the Fur box. There could be other
sequences within the promoter that are modifying the lux output. However, this still does not
explain why different point mutants are giving off different lux signals depending on the
promoter. More studies are needed to investigate using different promoters produced different
results. We decided to rely on the data that used the synthetic promoter since we knew that the
only sequence this promoter contained was the Fur box and the σ70 sequence.
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3.4.3 Mutations that produced the greatest impact on iron transport
The results have shown that the surface mutations that had the greatest impact on iron
transport were T138S, R262N, and Q180K. These point mutants had the most impaired iron
uptake. Initially, the mutant with all the point mutations incorporated was hypothesized to be the
most impaired in iron uptake. The results have shown that this mutant had almost the same level
of iron transport as compared with the wildtype. The point mutants T138S, R262, and Q180K
were examined individually.
The T138S mutant was expressed and was relatively stable as compared with the
wildtype based on an osmotic shock of the protein visualized on an SDS-PAGE. GROMOS96 is
a forcefield for molecular dynamics simulation (van Gunsteren 1996). It is part of the Swiss
PDB software and helps determine if mutations are favorable. It was predicted that changing T to
an S would be quite stable.
The R262N mutant was expressed and was relatively stable as compared with the
wildtype based on an osmotic shock of the protein visualized on an SDS-PAGE. Using the
GROMOS96 modeling, R is more stable than N. N is still quite stable in that position, but R is
slightly more stable.
The Q180K mutant was expressed and the SDS-PAGE of the osmotic shock
demonstrated that it was not stable. Using GROMO96, it indicated that changing the residue
from Q to K much less favorable than compared to the other two point mutants. The ITC had
shown that this mutant cannot bind iron. The SDS-PAGE had shown that the mutant was
unstable.
For the T138S and R262N mutant, the impaired iron could be due to a structural change
in the protein, which prevented it from interacting with HiFbpBC.
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3.4.4 Conclusion
The lux reporter system was able to evaluate the interaction between FbpA and FbpBC.
The system was able to measure iron uptake temporally. The system was able to differentiate the
iron uptake between different mutants. Further improvements can be made to the system so that
other iron uptake systems can be studied.

3.4.5 Future Directions
More controls are needed for the lux assay. One control is the lux operon under the
control of a constitutively expressed promoter. I want to see how the cells behave i.e. do the
cells start dying or does the luminescence continue to increase. It would also be informative to
see the luminescence of the cells with an ABC transporter as compared with this control.
In future experiments, additional controls should be incorporated in the lux assay. They
are HiFbpA interacting with YfuBC and YfuA interacting with HiFbpBC. For the assay where
the mutant FbpAs were interacting with YfuBC, the positive control was HiFbpABC. A better
control would have been YfuABC and HiFbpA interacting with YfuBC (Figure 3.26). This
would help verify if HiFbpA can interact with YfuBC. The effect that the mutations have with
the interaction of YfuBC can be compared with this control to make stronger conclusions about
this interaction. In hindsight, these should have been done, but I realized too late that these are
required to definitively make conclusions about the interaction between FbpA and YfuBC.
These controls have been successfully created and I will begin to incorporate them into the
assays.
More studies need to be done on the importance of the Q180K mutant. This residue gave
interesting results in that it was unstable, but was able to transport iron with YfuBC, but not
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HiFbpBC. A reciprocal experiment should be done with a mutant YfuA (K to Q) to see if it is
able to interact with either HiFbpBC and YfuBC.

With the appropriate controls and the

reciprocal experiment, stronger conclusions can be made about the importance of Q180.
We would also want to test the synthetic promoter as compared with the natural fhuF
promoter. In theory, they should give similar results, but this was not demonstrated in the data.
Different segments of the fhuF promoter should be cloned into the lux plasmid to see if it will
modify the expression of luxCDEAB. We would also like to compare the synthetic promoter
with other natural Fur regulated promoters to see if they give similar results to fhuF.
The lux assay should be performed on the mutants where whole helix regions were
mutated to see if these proteins are able to interact with either HiFbpBC or YfuBC. Since the
proteins may be unstable, the ITC can be used to assess the ability of these proteins to bind iron.
They may be similar to Q180K, which was shown not to bind iron.
The ITC should be used on the remaining mutants to determine if they are able to bind
iron. The ITC is a powerful technique and can help measure the binding constants of each of the
mutants and see how these constants compare to the wildtype. For the surface helix and surface
helix point mutants, the ability to bind iron should be the same as the wildtype since the
coordination is the same. Once the ITC has been done on the remaining mutants, it will help
better indicate if defective iron uptake is due to either the binding of iron or the interaction with
FbpBC/YfuBC
It could be very instructive to introduce the lux reporter system into H. influenzae. If the
lux assays can be done in the native organism than the results will be more indicative of what
actually occurs with FbpABC. The reconstitution of the entire pathway is also another goal. If
the entire pathway from the TbpAB receptors to the FbpABC transporter was reconstituted, we
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could study each one of these components with the lux reporter system and determine the effects
on iron transport. We could study other iron transport systems in Gram-negative bacteria. This
system can be put into TonB dependent or independent systems to evaluate different iron
transport systems.
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