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Abstract

Pathogenic bacteria can sense the temperature of the host body to provoke
the production of required virulence factors that allow them to defend
themselves from the host immune system. The molecular mechanism of
such temperature-sensitive regulation might be at the transcriptional or
translational level involving DNA, RNA or protein. In one example, when
Yersinia pestis, (the plague causative bacterium) infects the flea where the
temperature = 25°C it does not produce the Capsular Antigen F1 (Cafl).
However, the bacterium can sense the change in temperature when it
invades the human body and produces the Cafl polymer as a coat to avoid
the phagocytosis. The gene transcription of the cafl operon is increased in

response to body temperature (37°C).

Although CaflR is thought to be the responsible factor for such
transcriptional upregulation, there are no clear results explaining the mode
of action of CaflR. In this study it was shown that caf1R gene deletion stops
the secretion of Cafl polymer. CaflR is the transcription factor responsible
for the immediate thermal upregulation of cafl operon genes. Using
molecular biology techniques, it was found that the cafl operon genes
cafiM, caflA and cafl are transcribed as a single long mRNA. The deletion
of one of three predicted promoter regions upstream of this region
(between caflR and cafiM) was seen to have a significant effect on the

transcription of caf1 operon genes and protein production.

Finally, CaflR was exploited to generate a novel thermal responsive
expression system, which can be induced by switching the temperature from
25°C to 35°C instead of using a chemical inducer like IPTG or L-arabinose.
Although this expression system needs more development to be usable in
biotechnology applications, gfp expression from this system was shown to

be highly temperature dependent.
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Chapter One: Introduction



1. Chapter One: Introduction

1.1. The plague causing bacterium Yersinia pestis

1.1.1. Y. pestis biology

Y. pestis is a Gram-negative, facultative aerobe, rod-shaped and capsule
forming bacterium (Madigan, 2015). It is a plague causing bacterium which
infects rodents as disease reservoirs and fleas can transfer the infection from
infected animals to humans by biting. Bubonic, pneumonic and septicaemic
are the most common severe forms of human plague. Plague was spread to
Europe from Asia in the thirteenth century causing what is known as the
Black Death, approximately a quarter of the European population

succumbed to this epidemic infection (Greenwood, 2012).

Y. pestis can grow as single cells, in pairs and in chains in liquid culture as well
as, it appears, in different morphologies like pear-shaped or globular cells
especially in old cultures. When it is stained with Giemsa stain or methylene
blue the smears will show characteristic bipolar staining (safety pin
appearance). The optimum temperature for the bacteria to grow is 27°C. The
colonies that develop on blood agar within 24 hours will be small, slightly
sticky, translucent and non-hemolytic. Additionally, it is sensitive to drying
but could remain viable for many months especially at low temperatures.
Heating to 55°C for 5 minutes or using 0.5% phenol for 15 minutes is enough
to kill the bacteria. Y. pestis is sensitive to many types of antibiotic including
aminoglycosides, fluoroquinolones, chloramphenicol, co-trimoxazole and

tetracyclines (Greenwood, 2012).



1.1.2. Y. pestis in the flea body

Y. pestis, the plague causative bacterium undergoes two phases in their
pathogenicity. In the first phase, the bacteria infect the flea as a vector
before passing into the human body. Therefore, bacteria have two kinds of
factors used in each phase, the transmission factors which are important in
flea vector and the virulence factors are crucial in the mammalian host. The
ability of Y. pestis to form a biofilm is considered as one of the important
transmission factors (Vadyvaloo et al., 2007). The midgut of infected fleas is
the place where Y. pestis multiplies to create a thick biofilm between the
spines of the proventricular valve (Darby et al., 2002; Jarrett et al., 2004). In
normal situations, the proventriculus closes and opens in a synchronised way
during feeding, in order to push the blood into the midgut and to prevent it

from returning back (Vadyvaloo et al., 2007).

Y. pestis biofilm in the infected flea prevents the blood from reaching the
midgut and consequently the contaminated blood will be returned into a
mammalian host causing an infection (Vadyvaloo et al., 2007). The main
essential operon involved in biofilm formation in Y. pestis is hmsHFRS, the
strain containing this operon can bind to Congo red (CR) or hemin and
produce biofilm in vitro at 26°C but not at 37°C (Perry et al., 1990;
Hinnebusch et al.,, 1996; Darby et al., 2002; Jarrett et al., 2004). The
temperature range of 21°C to 28°C is the preferred temperature for biofilm
formation in vitro which matches the body temperature in the flea, while the
biofilm production is prevented at human body temperature 37°C (Perry et
al., 1990; Jones et al., 1999). Therefore, the biofilm formation by Y. pestis is
not significant in the development of bubonic plague in the mammalian body

(Kutyrev et al., 1992; Lillard et al., 1999).



The other known factors that Y. pestis uses during flea infection are the
hemin storage genes (hms), this locus is responsible for the foregut blockage
of the flea and then it is crucial for infection transmission, so the hms locus
is required for biofilm formation (Hinnebusch et al., 1996). The
phosphoheptoisomerase is another transmission factor which is involved in
synthesis of LPS and then in the formation of Y. pestis biofilm (Darby et al.,
2005). In addition, the intracellular phospholipase (murine toxin), which is
produced by Y. pestis to survive in the flea midgut, encoded by ymt gene.
The mechanism of action of this toxin is not known but it is necessary for

bacteria to initiate the infection (Hinnebusch et al., 2002).

1.1.3. Y. pestis in the mammalian host

The wild rodent species are considered as the main reservoir of the Y. pestis
epidemics throughout the world (Vadyvaloo et al., 2007). Y. pestis as
pathogenic bacteria have many virulence factors used by them during their
pathogenicity in the mammalian host. For example, lipopolysaccharides are
a component of the Y. pestis outer membrane like other Gram-negative
bacteria which are considered as one of the important virulence factors
released as endotoxins after bacterial death (Brooks et al., 2013). The type
lll secretion system is also used by Y. pestis to inject their virulence proteins
(YopB and YopD) into the cytoplasm of the host cells directly. These proteins
have the ability to disrupt the actin cytoskeleton and subsequently will help
the bacteria to kill phagocytic cells and avoid triggering an inflammatory

response in a host body (Slonczewski, 2011).

LerV is a translocator protein which assists in the delivery of the effectors

(YopB and YopD) across the target cell membrane (Cornelis and Wolf-Watz,



1997; Marenne et al., 2003; Broz et al., 2007), since it is essential for the
correct assembly of the translocation pore (Goure et al., 2005). Using Type
lll secretion systems, Yersinia can inject six other effector proteins YopH,
YopE, YopJ, YopM, YopO and YopP and all these proteins have a role in
deactivating the antibacterial activities of the host cells including signalling
cascades, proinflammatory cytokines and the innate immune system

(Cornelis, 2002).

The type Il secretion system and effectors are encoded by about 50 genes
located in the pCD1 plasmid. Y. pestis can produce the Pla surface protease
which is a multipurpose virulence factor encoded by the pPCP1 plasmid. Pla
can activate the plasminogen (the distributing human zymogen) to protease
plasmin and inactivate the plasmin inhibitor, az-antiplasmin. Plasmin is able
to degrade laminin, the major component of the basement membranes in
mammals. In addition, complement proteins are proteolyzed by the Pla
protease and by such proteolysis processes Pla mediates the invasion of Y.
pestis through the human endothelial cell lines. In vivo studies showed that

Pla is needed to establish bubonic plague (Suomalainen et al., 2007).

As this study is investigating the regulation of the F1 capsule biogenesis,
which is an important extracellular structure for the plague causing
bacterium Y. pestis to defend itself from phagocytosis, it is useful here to
understand the structural differences between Gram-negative and Gram-
positive bacteria and to give a brief introduction about the pathogenicity,
biotechnological uses and the outer membrane structure of Gram-negative

bacteria.



1.2. Gram-negative bacteria

1.2.1. Gram-negative vs. Gram-positive bacteria

Based on the Gram stain method, which was developed in 1884 by Christian
Gram, most bacteria can be divided into two major groups, Gram-positive
bacteria which look purple under microscope and Gram-negative bacteria
which are stained pink to red. The development of transmission electron
microscope clarified the differing in cell wall structure between these two
groups (Beveridge, 2001). One of the main different features is the
peptidoglycan layer (Figure 1-1), the cell wall of Gram-negative bacteria is
composed of a thin peptidoglycan layer (2 to 7 nm) coated by the outer
membrane. Whereas, the Gram-positive bacterial cell wall contains a thick
peptidoglycan layer (20 to 80 nm) which is located outside of the plasma

membrane.
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Figure 1-1. The structure of cell envelope in Gram-positive bacteria (A) and Gram-
negative bacteria (B). Showing the multiple layer of peptidoglycan with teichoic acids
threads in the thick cell wall of Gram-positive bacteria and thin cell wall with only one
layer of peptidoglycan in Gram-negative bacteria. Adapted from (Slonczewski, 2011).



The greater thickness of peptidoglycan layer in Gram-positive bacteria as
compared with Gram-negative bacteria make them more resistance to the
osmotic pressure (Stock et al., 1977; Willey et al., 2008). Although the
greater part of the cell wall in Gram-positive bacteria is peptidoglycan, it also
contains a large quantity of teichoic acids which are attached covalently to
either plasma membrane lipids or to the peptidoglycan surface (Heptinstall
et al., 1970). Therefore, the negative charge of the cell wall in Gram-positive
bacteria comes from charged of teichoic acids. Although the presence of
teichoic acids is crucial for conserving of cell wall structure, the molecular

function of teichoic acids is unclear.

In terms of complexity, the Gram-negative cell wall structure is more
complicated than the cell walls in Gram-positive bacteria. The periplasm of
Gram-negative bacteria, which lies between the plasma membrane and the
outer membrane (Figure 1-1 A) is unique to this group. However, the
periplasm in E. coli, as an example for Gram-negative bacteria, contains only
one or two peptidoglycan sheets of about 2 nm thick. The
lipopolysaccharides are the most usual components of the Gram-negative
bacterial outer membrane. They are large complicated molecules composed
of three main parts: lipid A, the core oligosaccharides and the O-antigen. The
lipid A is composed of two linked derivatives of the glucosamine sugar each
one attached normally to three fatty acids and a phosphate or
pyrophosphate group. The core polysaccharides are connected to the lipid A
from one side and O side chain from other side which in turn extend to the
outside (Willey et al., 2008). The Gram-negative family of bacteria includes a

number of bacteria species such as Haemophilus, Salmonella, Shigella,



Pseudomonas, Proteus, Escherichia and Yersinia (Willey et al., 2008;

Slonczewski, 2011).

1.2.2. Pathogenicity of Gram-negative

Pathogenicity is the ability of microorganism to create pathologic changes or
disease in the host body and a pathogen is any disease-producing
microorganism (Willey et al., 2008; Foster, 2017). The magnitude of
pathogenicity (virulence) is determined by the level of damage caused by a
particular microorganism including invasiveness and infectivity. The
pathogens, including Gram-negative bacterial pathogens, have often special
structural or soluble products which increase bacterial pathogenicity and
these bacterial tools are called virulence factors (Willey, 2014). Bacterial
virulence factors include endotoxins, exotoxins, attachment proteins,
capsules and other mechanisms used by bacteria to resist the host immune

system (Willey et al., 2008; Slonczewski, 2011).

Endotoxins are the structural components of the Gram-negative outer
membrane otherwise known as lipopolysaccharides (LPS). As mentioned
above LPS are composed of three structural components which are the
membrane-distal O-specific polysaccharides, membrane-proximal core
polysaccharides and lipid A. The toxicity of LPS originates from the lipid A
portion, whereas, the water-soluble polysaccharide subunits are responsible
for the activation of protective immunogenic reactions in the host body
(Madigan, 2015). Lipid A causes endotoxic shock by binding to specific
proteins called Toll like receptors or TLRs, on the surfaces of host cells
promoting the production of cytokines (such as interleukins, tumor necrosis

factor and platelet-activating factor) and nitric oxide leading to cell death

8



(Wilson and Salyers, 2011). A range of physiological effects can result from
different types of Gram-negative bacteria due to endotoxin effects including
fever, shock, blood coagulation, weakness, diarrhea, inflammation,

fibrinolysis and death (Willey et al., 2008; Foster, 2017).

Most Gram-negative pathogens also have the ability to produce specific
types of proteins to kill the host cells such as cytolytic enzymes and receptor-
binding proteins which are known as exotoxins (Murray, 2015). Many
bacterial exotoxins, but not all, are composed of two subunits which are
termed A and B. The A part is responsible for toxic properties, while B subunit
binds to host cell receptors (Slonczewski, 2011). The exotoxins play an
important role as a virulence factors in many Gram-negative bacteria. For
example, the gastroenteritis-causing E. coli produces an enterotoxin called
Shiga-like toxin which has an ability to inhibit protein synthesis in the host
cells, Salmonella spp. produces cytotoxin (CT) which induces fluid loss from
intestinal cells (Madigan, 2015). This is similar to heat labile enterotoxin of
E. coli and cholera toxin from Vibrio cholerae (Spangler, 1992). In addition,
Yersinia pestis, the plague-causing factor uses Yop proteins to disrupt the
actin cytoskeleton of the host phagocytic cells to protect itself from

phagocytosis (Slonczewski, 2011).

Other Gram-negative bacteria produce pore-forming toxins which
permeabilise target cells such as aerolysin produced by Aeromonas sp.
(Degiacomi et al., 2013). Mimicking the host is another mechanism used by
Gram-negative bacteria as a virulence factor, since such bacteria have the
ability to produce capsules which resemble host polysaccharides. For
example, Neisseria meningitidis has capsules consisting of sialic acid which is

a common part of host cell glycoproteins and this type of capsule is not



immunogenic. The host immune cells do not produce antibodies to opsonize
the surface of this capsule (Wilson and Salyers, 2011). Some other Gram-
negative bacteria such as Salmonella can protect themselves from the
hazardous effects of lysosomal enzymes by preventing lysosomal fusion with

the phagosome (Slonczewski, 2011).

1.2.3. Uses of Gram-negative bacteria in biotechnology

Although Gram-positive bacteria are the most common bacteria used to
produce numerous useful products for many different applications, Gram-
negative bacteria can also be used for such applications. For example,
organic acids and solvents, amino acids, exopolysaccharides, commercial
and food processing enzymes, pharmaceuticals, biosurfactant,
bioremediation and biofuels. The organic acids and solvents could be
produced from genetically engineered E. coli in high levels such as succinic
acid, polyhydroxyalkanoic acid (Rogers et al., 2013), acetone, isopropanol
(Chen et al., 2013), glycerol and ethanol (Chen et al., 2013). Furthermore,
amino acid production was achieved using immobilized E. coli on special
resin (for example, acrylamide gel) like L-aspartate, L-proline and L-
threonine (Kumagai, 2013). Gram-negative bacteria (like Klebsiella spp. and
E. coli) were also utilised in the production of commercial

lipopolysaccharides with relatively simple structure (Sutherland, 2001).

Moreover, bacterial enzymes can be utilised for different purposes including
commercial uses, detergents, food processing and textiles. For example, E.
coli bacteria were used to manufacture bovine chymosin. Bovine chymosin
is a protease used in the clotting initiation of the milk to make a cheese

(Mohanty et al., 1999). The production of cellulases has been performed

10



using different kinds of Gram-negative bacteria as expression hosts like E.
coli, Proteus vulgaris, Klebsiella pneumonia, Serratia liquefaciens,
Pseudomonas fluorescens. Briefly, the main applications of cellulases are in
food processing, textiles manufacture and the production of cheap sugars
for fermentation processes (Juturu and Wu, 2014). Additionally, numerous
pharmaceutical products have been produced by recombinant Gram-
negative bacteria including insulin, antibiotics, enzymes inhibitors,

antitumor agents and immunomodulators (Lancini and Demain, 2013).

The microorganism can be employed in detoxification of different chemical
compounds which contaminate waters and soils in process known as
bioremediation. Both Pseudomonas indigofera and E. coli were used to
detoxify the Cr®* through reduction reactions which greatly decreases the
toxicity this metal. As well, natural and artificial polymers can be
enzymatically degraded using different types of microorganisms including
Pseudomonas syringae (Gu and Mitchell, 2013). There are many other
applications of Gram-negatives in biotechnology not mentioned above, one
of them is the production of natural polymers for synthetic biology
applications. For example, cellulose produced by Gram-negative bacteria
was used in paper industry, biofuels, textiles and fibre industry (Kukoyi,

2016).

1.2.4. The outer membrane of Gram-negative bacteria

The outer membrane of Gram-negative bacteria gives protective abilities
and toxigenic properties for many pathogens of this family such as
Salmonella species and E. coli. The outer membrane of Gram-negative

bacteria consists of bilayers with inward-facing and outward-facing leaflets.
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The inward-facing sheet of the outer membrane contains phospholipids and
lipoproteins that link the outer membrane to the cell wall peptidoglycan,
while, the outward-facing sheet of the outer membrane is composed of a
distinctive type of phospholipid called lipopolysaccharides (LPS) which also
function as “endotoxin” that has additional medical significance, due to their

ability to induce potentially lethal shock (Slonczewski, 2011).

Additionally, the outer membrane also includes other proteins not found in
the inner membrane called porins (Willey et al., 2008; Foster, 2017), which
creates channels that allow nutrients such as sugars and peptides to enter.
Depending on environmental conditions, cells produce different types of
porins, for example in a poor environment cells express porins with a large
pore size to increase the amount of nutrients uptake, whereas, in a fertile
condition the cells downregulate the production of such porins to avoid the
uptake of toxins (Willey et al., 2008; Slonczewski, 2011; Foster, 2017). Most
ions and small organic molecules are allowed to pass through the outer
membrane selectively, since there is a cut off for soluble molecules of = 600
Da. On the other hand, lipophilic toxins such as bile acids, proteins and other
macromolecules are not permitted to enter (Nikaido and Vaara, 1985;

Foster, 2017).

Furthermore, the outer membrane blocks proteins whose activities take
place in the periplasm from spreading away from the cell (Madigan, 2015).
The periplasm is about 15 nm wide (Leduc et al., 1989), between the outer
surface of the cytoplasmic membrane and the inner surface of the outer
membrane. The periplasm could include several different sets of proteins
according to the type of microorganism giving it a gel-like conformation.

These involve hydrolytic enzymes, periplasmic binding proteins and

12



chemoreceptors (Nikaido and Vaara, 1985) and most of these proteins are
transferred from the cytoplasm by a protein-exporting system, the general
secretion system, which are two types in Gram-negative bacteria, type Il and

type V secretion pathways (Willey et al., 2008; Foster, 2017).

1.3. Surface structures of Gram-negative bacteria

Depending on their changing environment bacteria sometimes need to
attach to surfaces. At other times it is better to move toward or away from
something to protect itself from hazards. Subsequently, many bacteria need
to have specific structures that extend from the outer membrane to mediate
the attachment of bacteria to the host cell (Willey, 2014) such as Type 1 pili
in enterotoxigenic and uropathogenic E. coli (Lindberg et al., 1987; Gong and
Makowski, 1992; Jones et al., 1995), since the attachment process is
considered as the first step in the infectious disease (Willey et al., 2008).
While others need to have specific types of surface structures to use them in
advantageous movements during their infectivity such as Vibrio cholerae
flagella (Willey et al., 2008). Other surface structures are considered as
important virulence factors for Gram-negative pathogenic bacteria to resist
the immune response in human body such as toxins, attachment proteins

and capsules (Foster, 2017).

Pili or fimbriae are rod-shaped filamentous protein surface structures which
bacteria use in adherence. Most Gram-negative bacteria have proteinaceous
pili or fimbriae which vary in thickness and length. The most well-known pili
in Gram-negative bacteria are Type 1 and P pili (Figure 1-2) in E. coli. The
operons which express these pili are fim and pap respectively. The distinct

feature of Type 1 pili is to induce hemagglutination. Type 2 and 3 fimbriae

13



are commonly found in Enterobacteriaceae including E. coli, Klebsiella
pneumoniae and Salmonella species. Strikingly, type 1, 2 and 3 pili in Gram-
negative bacteria are all assembled by the chaperone-usher pathway, while
type 4 fimbriae are assembled by the type Il secretion system (Wilson and

Salyers, 2011).

—PapG (1)
PapF (1)
PapE (5 to 10) —FimH (1)
FimG (1)
PapK (1) FimF (1)
PapA (= 1,000) FimA (= 1,000)
Quter £33 ) 355538 Outer
membrane e 3 Aul 2%%% membrane
PapD PapH (1) FimC (1)

Figure 1-2. Schematic illustration of Pap and Fim systems as examples of P pilus and
type | pilli in E. coli. For P pilli (A), PapD represents chaperone protein, PapC is usher
outer membrane protein. Whereas, PapA, PapK, PapE, PapF and PapG are all different
subunits (the building blocks) of the pili. For type I pilli (B), FimC represents chaperone
protein, FimD is usher outer membrane protein. Whereas, FimA, FimF, FimG and FimH
are all different subunits (the building blocks). Adapted from (Waksman and Hultgren,
2009).

As mentioned above some pathogenic Gram-negative bacteria have other
types of structures which they use in swimming toward food and away from
poisons, such structures are called flagella. Flagella are long and thin
appendages attached to the cell surface at one end (Madigan, 2015) and
they are composed of helically coiled subunits of a protein called flagellin
(Murray, 2015). Flagella have the ability to rotate like a propeller on a boat
generating rapid cell movement. For example, E. coli flagella can rotate at a
rate of 270 revolutions per second (rps), the Vibrio alginolyticus motor can

rotate at up to 1100 rps (Willey et al., 2008). The movement of the cells
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depends on the flagellar rotation. For example, when bacteria sense a
chemical attractant, the flagellar motor will rotate counter-clockwise
causing the bacteria to swim forward. If the bacteria need to move away
from the attractant, the flagella will rotate clockwise against the twist of the

helix causing the cell to turn (Foster, 2017).

Additionally, some Gram-negative bacteria can produce well organized
layers of polysaccharides and protein called capsules. Even though capsules
are not essential for cell growth and reproduction (Willey, 2014), they are
considered as important virulence factors, for example, encapsulated
Enterobacteriaceae have the ability to repel the hydrophobic surface of the
phagocytic cells by the hydrophilic capsular antigens thus protecting itself
from phagocytosis process (Foster, 2017). In one example, Y. pestis can
produce the F1 capsule which has antiphagocytic activity (Du et al., 2002).
As the biogenesis of most pili, fimbriae and other non-plus structures are
assembled by chaperone-usher secretion system, then, it is important to

comprehend this secretion system.

1.4. Chaperone-usher secretion system

Many of the surface structures in different Gram-negative pathogens are
made by chaperone-usher secretion system (Hung et al., 1996). The
chaperone-usher pathway consists of two main proteins, the chaperone
protein which is responsible for transport of subunits through the periplasm
to the outer membrane usher (Knight et al., 2000), which in turn has a crucial
role in assembling and exporting the growing polymers to the surface of the
bacterium by forming a large pore in the outer membrane for both adhesive

and non-adhesive surface organelles (Dodson et al., 1993). The outer

15



membrane usher protein is thus the second main component of the
chaperone-usher system, which binds to chaperone-subunit complexes
encouraging both dissociation (Dodson et al., 1993; Jones et al., 1995) and
polymerization of the structural subunits into a linear fibre. The growing
polymer is then translocated extracellularly through the usher pore
(Dubnovitsky et al., 2010). The regulation of usher permeability is achieved
by the middle plug domain, which has similar structure to fimbrial subunits

(Yu et al., 2009).

Pap pili in uropathogenic E. coli are assembled by the chaperone-usher
pathway with the assistance of the PapD protein as a chaperone and PapC
as a membrane usher protein. The assembly process of this pilus is regulated
by 2 genes papB and papE in the pap operon which also encodes for PapD
chaperone, PapC usher, PapA the major pilus subunit, PapF and PapG the
initiator and terminator subunits and PapH the mannose-binding adhesin
(Slonczewski, 2011). Furthermore, the atypical fimbriae Saf in Salmonella
typhi the causative agent of enteric typhoid fever is another example of a
chaperone-usher protein. The assembly of this pilus is mediated by the SafB
chaperone and SafC usher which are encoded by the saf operon. This operon
also encodes the subunit and the alternative subunit of the Salmonella
atypical pili SafA and SafD respectively (Folkesson et al., 1999). Recently, it
was shown that S. typhi possesses 12 chaperone-usher gene clusters

(Dufresne et al., 2018).

Chaperone-usher pathways are divided into two subfamilies, FGS and FGL,
according to the primary structure of the chaperone subunits (Hung et al.,
1996). FGS subfamily chaperones are responsible for the assembly of the

rod-like adhesive organelles such as P and type-1 pili in E. coli (Knight et al.,
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2000). These types of chaperones have short F1-G1 loops (Figure 1-3) which
can reach to 10 - 20 residues in length and their name is derived from the
loop length (F1-G1 Short). In the FGS subfamily, there are two invariant
residues Tryptophan 36 and Asparagine 89 and the residue number 110 is
always a positively charged amino acid (Hung et al., 1996). In addition, the
B-zipper motif in FGS chaperones is characterized by having three features:
(i) a conserved configuration of alternating hydrophobic residues at
positions 4, 6 and 8 from the carboxyl terminal; (ii) a penultimate tyrosine;
(iii) a glycine at position 14 from carboxyl terminus (Kuehn et al., 1993). The
B-zipper is the extended B-sheet between PapD (chaperon) and the
anchoring peptide of PapG (subunit) which is formed as a result of
subsequent positioning of the PapG peptide along the G1 B-strand of the
PapD (Kuehn et al., 1993).

On the other hand, the FGL chaperone subfamily (Figure 1-4) is responsible
for assembly of non-pilus, amorphous or capsule-like structures such as the
F1 capsulein Y. pestis (Hung et al., 1996; Zavialov et al., 2003). As a result of
having a long sequence between F1 and G1 strands which ranges from 21-
29 residues, this chaperone subfamily is called FGL (F1-G1 long) (Zav'yalova
etal., 1995; Hung et al., 1996). In the FGL subfamily chaperones, position 39
is occupied by either a polar or charged amino acid but not tryptophan as in
FGS chaperones. Additionally, positions 89 and 110 are invariantly cysteine
residues which are predicted to make a disulphide bond with each other
(Hungetal., 1996). The B-zipper motif in most FGL chaperones has a tyrosine
3 residues away from the carboxyl terminus and each FGL subunit has at
least two alternating hydrophobic residues, most being at positions 6 and 8

residues from the carboxyl end (Hung et al., 1996). Moreover, there are no
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specific differences between the usher proteins involved in FGS chaperone-
assembled adhesive pili and FGL chaperone-assembled fimbriae (Zavialov et

al., 2007).

Figure 1-3. Crystal structure of PapD (chaperone) in complex with a pilus biogenesis
inhibitor, pilicide 2c (PDB ID: 2J7L). Showing the F1 and G1 strands and the F1-G1 loop
in green colour, which is short in this chaperon family (FGS) (Pinkner et al., 2006). The
structure was visualised using CCP4mg molecular-graphics software.

1.4.1. CafiM (chaperone) from Y. pestis as an example of FGL subfamily

The chaperone protein, CaflM, is one of the FGL-chaperone family which
possess a long loop between F1 and G1 B-strands (Figure 1-4). It is encoded
by the caf1M gene in the cafl operon with a molecular weight of 26.5 kDa
(Chapman et al., 1999). The main functions of the CaflM protein are to
protect Cafl subunits from protease digestion, prevent subunit aggregation
and transport Cafl subunits to the usher protein where polymerization and
secretion are achieved (Galyov et al., 1991a; Zavyalov et al., 1997; Chapman

etal., 1999). Caf1M chaperone like other FGL chaperones are responsible for
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the assembly of simple surface structures which are formed from the
polymerization of a single type of subunit (Zav'yalova et al., 1995). CaflM is
composed of two Ig-like domains connected at approximately right angles to
create a profound hydrophobic cleft between the domains (Figure 1-4)

(Zavialov et al., 2003).

C-terminus—(
of CafiM

N-terminus
of CaflM

O
C-terminus ﬁ(

of Cafl “’ \\,//’ u

P ﬁ AN
N-terminus— —
— \

of Cafl &

F1-G1
loop

/

Figure 1-4. Crystal structure of CaflM-Cafl complex (PDB code: 4AZ8). Showing the
two Ig-like domains connected at right angles with a large cleft between them (where
the subunit C-terminus in red is anchored into) and G1 strand is inserted in the
acceptor cleft of the Cafl. N and C-terminus of both CaflM and Cafl, G1, F1, Al, C1,
D1 B-strands, F1-G1 loop of CaflM and Gd strand of Cafl (Di Yu et al., 2012). The
structure was visualised using CCP4mg molecular-graphics software.

The immunoglobulin-like domain (which is B-sandwich structure that occurs
widely in biology and is named after the example found in immunoglobulins,
the blood serum glycoproteins produced by plasma cells as antibodies in
human immune system. It consists of two layers of 7-9 B-sheets with a Greek
key topology and is found in many cell surface proteins) is constructed by

linking two protein subunit chains. Although the seventh G strand of the Ig-
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like bend is provided by the N-terminal (donor strand) of the anterior subunit
in the fibre, all the first six strands originate from a single chain (Di Yu et al.,
2012). Since the donor strand of the anterior subunit takes the place of the
missing lg domain G strand to complete the Ig-like fold, the name of this
interaction is donor strand complementation (Choudhury et al., 1999; Sauer
et al., 1999). The CaflM protein has two cysteine residues close to the
subunit binding pocket and these cysteine residues can make disulphide
bond. The disulphide bond is crucial for Caf1M-Cafl complex formation. The
Caf1M-Cafl dissociation constant increases when the disulphide bond is
either reduced or alkylated. The dissociation constant of the wild type
complex was 4.77 x 10° M, whereas, the dissociation constant of the Cafl-
CaflM complex using modified CaflM protein with either reduced or
alkylated disulphide bond was 3.68 x 10® M (Zavyalov et al., 1997). Though
the disulphide bond is not important to maintain the CaflM overall
structure, it seems to affect the fine properties of the subunit-binding pocket
structure. (Zav'yalov et al., 1997). The G13-strand of CaflM is also significant
for the subunit binding, as the hydrophobic side chains of the G1 B-strand is
inserted into the hydrophobic cleft of the subunits to be at the heart of the
hydrophobic core by two positively charged amino acids (Zavialov et al.,

2003).

1.4.2. CaflA outer membrane protein (usher) from Y. pestis as an example
of FGL subfamily

CaflAis the outer membrane protein (usher) which plays a crucial role in the

polymerization of Cafl subunits and secretion of the growing polymers from

the bacterial cell surface. The usher monomer is composed of 811 residues
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with a molecular weight of 90.5 kDa (Dubnovitsky et al., 2010). The main
structural components of Caf1A are: The N-terminal periplasmic domain, the
central B-barrel domain which contains the transmembrane usher region,
the carboxyl terminal periplasmic domain and the usher middle domain
(Figure 1-5) (Remaut et al., 2008; Yu et al., 2009). The functions of each
component have been clarified by several studies. The N-terminal domain
has the ability to bind Cafl-loaded CaflM during capsule assembly but not
free Caf1lM (Yu et al., 2009). Even though the middle domain is not necessary

for binding the Caf1M-subunit, it is required for the assembly process.
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Figure 1-5. Structural modelling of the Caf1lA usher outer membrane protein. Based
on the crystal structure of FimD usher (PDB code: 3RFZ) (Phan et al., 2011). Showing
the structural components. The structure was visualised using CCP4mg molecular-
graphics software.
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Due to the similarity which the middle domain structure shows with the
subunit to be exported, it seems that the usher middle domain is acting as a
dummy subunit which plugs the secretion pore. While in the presence of
Caf1M-subunit complex, the middle domain will be released from the pore
to initiate the assembly and secretion processes (Yu et al., 2009). The central
B-barrel forms a suitable secretion channel to export the growing fibre to the
cell surface (Remaut et al., 2008; Yu et al., 2009). The C-terminal periplasmic
domain of CaflA is composed of seven B-barrel strands. Although the C-
terminal domain is not important for initial binding of CaflM-subunit
complex to the usher, the F1 capsule assembly process requires this domain
to be achieved. The surface of the C-terminal domain contains clusters of
hydrophobic residues which are responsible for its function (Dubnovitsky et

al., 2010).

1.5. Capsular Antigen Fraction 1 (Cafl) in Y. pestis

1.5.1. F1 capsule biogenesis

Y. pestis expresses large quantities of Cafl subunits to form a thick gel-like
capsule, which is deemed to be a distinctive feature of this bacteria (Du et
al., 2002). The F1 capsule as a non-pilus (atypical) adhesin is assembled by
the FGL chaperone-usher system (Hung et al., 1996) to form an amorphous
structure composed of the Cafl subunit protein as a building block (Galyov
et al., 1990; Vorontsov et al., 1990). Capsule biogenesis is encoded by the
cafl operon (Figure 1-6), which contains four structural genes (cafl R,
cafiM, caflA and cafl) (Runco et al., 2008). The F1 capsule is expressed
efficiently at 35-37°C to form a gelatinous surface covering the bacteria

(Knight, 2007) through polymerization of Cafl subunits on the cell surface to
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make a mass of thin linear Cafl fibres approximately 2 nm in diameter

(Zavialov et al., 2002; Zavialov et al., 2003).

After the expression of cafl in the cytoplasm, the Cafl subunits with their N-
terminal signal sequence will be translocated across the plasma membrane
to the periplasm by the general secretion pathway. The signal sequence is
cleaved off and the subunits are then protected from aggregation and
proteolytic action by the chaperone CaflM during the transportation
process across the periplasm (Knight, 2007). The Cafl protein uses its C-
terminal carboxyl group to bind in the subunit-binding cleft between two
Caf1lM domains specifically to Arg 20 and Lys 139 at the bottom of the
binding cleft. These two residues are critical for the chaperone’s function, as
these two residues are highly conserved across all periplasmic chaperones.
In Caf1M-Cafl complexes, a super-barrel of B-strands in both subunit and
chaperone are generated through the formation of hydrogen bonding
interactions between the A and F edge strands of Cafl subunit and the Al

and G1 strands of the chaperone (Zavialov et al., 2003).

=

Intergenic Intergenic
region 2 region 3

Figure 1-6. A diagram of cafl1 operon. It is present naturally in the pFra plasmid from
Y. pestis. caf1R encodes the transcriptional regulator in the opposite direction, cafiM
encodes the chaperone, caflA encodes the usher outer membrane protein and caf1
encodes the Cafl subunit (the building block of the capsule). These genes are
separated by three intergenic regions shown in different colours, yellow for intergenic
region 1, black for intergenic region 2 and purple for intergenic region 3.
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Consequently, the polymerization cleft will be coated to prevent both
premature assembly and undefined subunit aggregation, as well as to
protect the Cafl subunit from proteolytic degradation. In the super-barrel,
the five large residues of chaperone G1 donor strand are implanted between
the two B-strands of the Cafl subunit and become an integral portion of the
hydrophobic core in the subunit (Knight, 2007). The folded Cafl subunits will
be then transported to the CaflA usher in the outer membrane by CaflM
(Knight et al., 2000; Sauer et al., 2000a; Sauer et al., 2000b) and chaperone-
subunit interaction will then be replaced by subunit-subunit interaction. The
exchange process is achieved by donor strand complementation (Figure 1-
7), since the chaperone’s Al and G1 strands, which cover the subunit, need
to be released, allowing the N-terminal sequence of the next subunit to be
interleaved into the polymerization cleft of the growing Cafl polymer on the
periplasmic side of the usher (Choudhury et al., 1999; Sauer et al., 1999;
Zavialov et al., 2003). The subunit-free CaflM predominantly occurs as a
tetramer, each Caf1M molecule uses its subunit binding residues (the A1 and
G1 strands) to form this tetramer (Zavialov and Knight, 2007). The
tetramerization of CaflM provides a protection from protease digestion

(Zavialov and Knight, 2007).

Zavialov et al. (2003) proposed two models to clarify the process of donor
strand exchange. In the first model, the N-terminal Gd donor strand of a
chaperone-subunit complex is ordered and inserted into the unoccupied
polymerization cleft after the liberation of chaperone-bound Cafl subunit at
the root of the growing fibre. The second model includes the tandem release
of chaperone G1 donor strand and insertion of the subunit G1 donor strand

in a zip-out-zip-in mechanism. The polymerization and secretion of Cafl
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polymers to the surface is performed by CaflA usher (Zavialov et al., 2003;
Remaut et al., 2008). The growing fibres then extend through the secretion
pore forming an amorphous structure on the cell surface (gel-like capsule)
as in Figure 1-8 (Vorontsov et al., 1990; Galyov et al., 1991b). The subunit-
binding loop of the free CaflM (chaperone) contains a pair of proline
residues at its beginning called a proline lock (Di Yu et al., 2012). This proline
lock blocks the binding of chaperone to usher by occluding the usher-binding
surface of the chaperone (Di Yu et al., 2012). When the chaperone binds to
the subunit, the proline lock will rotate away from the usher-binding surface
to allow the subunit-chaperone complex to bind usher (Di Yu et al., 2012).
The protein material of the capsule is water soluble and has an ability to
separate from the bacterium during in vitro cultivation and enter the culture

medium (Du et al., 2002).
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Figure 1-7. Schematic illustration of the donor strand complementation. (A) The Ig-like
structure of subunit missing the seventh strand (G) to create the hydrophobic cleft
between A and F strands. (B) The insertion of G1 B-strand from chaperone into the
hydrophobic cleft during chaperone-subunit interaction. (C) The N-terminal donor
strand of the subunit from the chaperone-subunit complex is inserted in the acceptor
cleft of the second subunit. Adapted from (Zavialov et al., 2002).
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Figure 1-8. The schematic illustration of F1 capsule biogenesis. The main steps: (1)
CaflM binds to Cafl subunits by donor strand complementation; (2) CafilM:Cafl
complex bind to the activated Caf1A; (3) Caf1M release and the elongation of growing
Cafl polymer through the secretion channel of CaflA. N, the N-terminal domain of the
CaflA; M, the middle domain of the CaflA; C1 and C2, the C-terminal domains of
CaflA. Adapted from (Di Yu et al., 2012).

1.5.2. The role of F1 capsule in virulence and immunity

The F1 capsule is often claimed to be essential for full bacterial virulence
(Welkos et al., 2004). Du et al. (2002) stated that the loss of F1 capsule
caused a six-fold increase in bacterial uptake by macrophages and suggested
that the F1 capsule has the ability to prevent this uptake by interfering with

receptor interactions in the phagocytosis process. Friedlander et al. (1995)
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assumed that the F1 capsule protein has a significant role in phagocytosis
resistance. Furthermore, the expression of F1 capsule plays a part in the
resistance of phagocytosis without any major effect on macrophage
function, since the ability of macrophages (J774 cells) to digest yeast
particles was not affected by the expression of F1 (Du et al., 2002). This
capsule also prevented the interaction between Y. pestis and macrophage-

like cells (J774) (Du et al., 2002).

Additionally, in a separate study, Cowan et al. (2000) observed that the
invasion of Y. pestis into Hela cells was restrained in a temperature-induced
manner. Therefore, the F1 capsule might be responsible for this influence.
Consequently, the F1 capsule is likely to have a general antiphagocytic
impact not only against phagocytes. These observations could be evidence
for a mechanism in which the F1 protein prevents the interaction between
Y. pestis and phagocytes by covering the adhesion receptors and this could
possibly lead to the reduced uptake of bacteria by phagocytes (Du et al.,
2002). Another study conducted by Liu et al. (2006) showed the ability of the
F1 capsule to inhibit phagocytosis by three different types of human
respiratory tract epithelial cells by inhibiting both adhesion and

internalization of bacteria.

The significance of the F1 capsule in immunity was confirmed by several
studies. The first isolation and characterization of F1 capsule as a protective
immunogen was by Baker et al. (1952). Simpson et al. (1990) used F1 capsule
expressed by recombinant E. coli to induce a protective immune response
and showed that the high titres of F1 antibody enable immunized mice to
resist infection by the plague. Therefore, it was assumed that recombinant

F1 produced in E. coli is appropriate for vaccine development and
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serodiagnostics of the plague (Simpson et al.,, 1990). The protective
immunogenicity of the F1 capsule was confirmed when mice were
immunized against plague using both Y. pestis F1 antigen and recombinant
F1 capsule from E. coli (Friedlander et al., 1995). A next generation vaccine
for plague has been developed by Williamson and Oyston (2013) by
combination of both F1 capsular- and V-antigens. The circularly permuted

monomeric vaccine was found to be less protective (Chalton et al., 2006).

1.6. The CaflR protein and its role in Cafl expression

Karlyshev et al. (1992b) proposed that the CaflR protein is a positive
regulator of DNA transcription involved in F1 capsule biogenesis, due to the
homology of CaflR with the AraC proteins family, which are well-known
DNA-binding proteins. The Caf1R protein is composed of 301 residues with a
molecular weight 36 kDa. The calculated isoelectric point of CaflR is 9.5,
therefore, it is predicted to be highly basic protein, like other DNA-binding
proteins (Karlyshev et al., 1992b). The intergenic region between cafiIM and
caf1A genes could be the most likely regulatory region for Caf1R, since this
sequence has conserved repeated elements ATGCTAA and TAGCTTT, which
are repeated five times in this region and spread at equal distances from
each other. The distances between elements are constant, 33 bp, between
the 1-2, 2-3 and 3-4 repeats and 36 bp between the 4-5 repeats and the
orientation of these sequences is on the same DNA side (Karlyshev et al.,

1992b).

Although Caf1R protein was required for cafl operon expression, using only
the 81 N-terminal amino acids of Caf1R (truncated Caf1R) led to an increase

the F1 capsule production (Karlyshev et al., 1992b). Furthermore, it has been

28



suggested that the positive regulatory function could be achieved by the
Caf1R N-terminus (Karlyshev et al., 1992b), whereas, the C-terminus of Caf1R
is responsible for another unknown regulatory role. The gene expression of
both cafIM and caflA is induced by CaflR in response to a signal
transduction which could be temperature and / or other environmental
factors like the concentrations of Mg?* or Ca®* ions (Karlyshev et al., 1992b).
Finally, the Caf1R N-terminus shows high homology with the non-canonical
transcriptional regulators (Rob, MarA and SoxS) from the AraC family and the
prediction of 3D structure of Caf1R by SWISS-MODEL Workspace based on
MarA and Rob structures (PDB code: 1D5Y and PDB code: 1BLO, respectively)
displayed two potential helix-turn-helix motifs which could be the DNA-
binding domains of CaflR. The crystal structures of both MarA Rob are
shown in Figure 1-9. It should be noted, however, that the exact molecular
details of the Cafl1R protein’s role in the control and facilitation of F1 capsule

biogenesis remain poorly understood.

q 2, \‘Y
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Figure 1-9. The crystal structures of CaflR homologues. (A) The crystal structure of
MarA (PDB code: 1BL0O) (Rhee et al., 1998). (B) The crystal structure of Rob (PDB code:
1D5Y) (Hyock Joo et al., 2000). Showing the positioning of N-terminal helix-turn-helix
domains (the DNA-binding domains) of both the MarA and Rob proteins close to the
major grooves and backbones of DNA. The structure was visualised using CCP4mg
molecular-graphics software.
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1.7. AraC family transcriptional regulators

The AraC transcription factors is one of the most well studied family of the
positive transcriptional regulators. The AraC family members show a
significant homology especially in the N-terminal DNA-binding domain which
can bind to specific promoters to trigger the transcription process of the
target gene. The distinct feature of AraC family transcription factors is having
the helix-turn-helix DNA-binding motifs. For example, MarA has two helix-
turn-helix motifs which are involved in the regulation of many genes related
to Multiple Antibiotic Resistance in E. coliincluding the activation of 25 genes
(Martin and Rosner, 2002) and the repression of 3 promoters (Schneiders et
al., 2004; Schneiders and Levy, 2006). The position and orientation of the
MarA-binding site (marbox) determines the kind of regulation achieved by
MarA protein. When the marbox sequence is overlapped the promoter it
acts as a repressor for the transcriptional activator protein, Rob (McMurry
and Levy, 2010), on the other hand, the transcriptional activation (Dangi et
al., 2004) and repression (McMurry and Levy, 2010) by MarA protein can be

also achieved by direct interaction with RNA polymerase.

The Rob protein homologue of MarA is another example of an AraC family
transcriptional regulator in E. coli which is responsible for the activation of
gene expression necessary for resistance to antibiotics, organic solvents and
heavy metals (Hyock Joo et al., 2000). In addition, the SoxS protein is also a
MarA homologue which is involved in the transcriptional activation of the
soxRS locus in response to the stress of nitric oxide or superoxide (Li and
Demple, 1994). Another transcriptional activator from the AraC family is

RhaSs, which is responsible for the activation of L-rhamnose transport (Tate
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et al., 1992) and catabolism as an alternative carbon source in the presence
of L-rhamnose in E. coli (Power, 1967; Moralejo et al., 1993) by the
transcription activation of both rhaBAD (Egan and Schleif, 1993) and rhaT
(Via et al., 1996) operons. The rhaBAD involves three structural genes: rhaA
coding for rhamnose isomerase, rhaB coding for rhamnulose kinase and
rhaD coding for rhamnulose-1-phosphate aldolase (Power, 1967). Whereas,
rhaT is coding for the transport system of the rhamnose (Garciamartin et al.,

1992; Via et al., 1996)

The most common and well-known transcriptional regulator in the AraC
family is the AraC protein, which gives its name to the family. AraC regulates
the uptake of L-arabinose as a carbon source when it is available in the
growth medium. The AraC protein is functional in a homodimer form, the
monomer is composed of a dimerization domain which is also the L-
arabinose-binding and DNA-binding domain (Figure 1-10 A). In the absence
of L-arabinose, the DNA loop will be created to prevent RNA polymerase
from binding to Psap regulatory site (Figure 1-10 B). The DNA loop is formed
as a result of the orientation of DNA-binding domains of the AraC dimer to
bind to the /; and O; half-sites (the regulatory sites of the araCBAD genes) in
the absence of L-arabinose. Since, it is energetically favoured for the N-
terminal arm and the linker of AraC protein to be in combination with each
other, this in turn will hold both DNA-binding domains moderately rigidly to

their dimerization domains (Schleif, 2000).

In the presence of L-arabinose and due to its binding to the dimerization
domains, the N-terminal arms will bind to the dimerization domains.
Consequently, the DNA binding domains will be released to be free for

reorientation relatively. The overall energy state for AraC protein dimer in
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the presence of L-arabinose is in favour with binding of the DNA-binding
domains to the adjacent /;and /7 half-sites (Figure 1-10 C) rather than looping

the DNA (Schleif, 2000).
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Figure 1-10. Schematic illustration of the regulation by AraC transcriptional regulator
as an example for AraC family. (A) The composition of AraC protein as a monomer. (B)
The repression effect of AraC on the PBAD promoter in the absence of L-arabinose. The
overall energy state of the AraC dimer encourage both DNA-binding domains to contact
02 and /1 half-sites to form DNA loop and prevent RNA polymerase from binding. (C)
The activation of transcription in the presence of L-arabinose. One DNA-binding
domain L-arabinose-bound AraC protein release from O2 regulatory site and bind to /2
to recruit RNA polymerase and activate the transcription. PC is the promoter of cyclic
AMP receptor protein. Adapted from (Schleif, 2010).

Psap

1.8. The F1 capsule (Cafl) protein and its special properties
Cafl polymer is composed of 15.5 kDa subunits chain and can reach to 1.5
um and up to 250 monomers in length (Figure 1-11) (Soliakov et al., 2010)

which are linked with each other through strong non-covalent interactions
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(Zavialov et al., 2005; Remaut and Waksman, 2006). Cafl polymer is encoded
by cafl operon which contains four structural genes encoding for four
proteins. CaflR the transcriptional regulator, Caf1M the chaperone, CaflA
the usher outer membrane protein and the Cafl subunit (the building block
of the capsule) (Runco et al., 2008). Vitagliano et al. (2008) suggested that
Cafl can form a linear polymer of Ig-like structure with significant stability
according to the structure models they obtained from MD simulations. The
study of the conformational states of Cafl monomer showed that the
unbound forms of protein tend to be more compact than the folded
subunits. Therefore, this structural feature could hinder the subunit-subunit
association, preserving the high reactivity of the subunit which is important
for firm association through the donor strand complementation process

(Vitagliano et al., 2008).

Figure 1-11. The structure of Cafl polymer. (A) TEM of Cafl polymer shows a long linear
polymer. The black scale bar implies 100 nm in all cases. (B) The model of the linear
Cafl polymer based on (PDB code: 129S). Taken from (Soliakov et al., 2010).
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Cafl has several features which make it suitable to be utilized for
biotechnological purposes. Cafl has Ig-subunit-like structure which is similar
to that of human fibronectin Ill and other cell surface proteins (Leahy et al.,
1996; Ozkan et al., 2013), which makes it useful in three-dimensional cell
culture matrices. In addition, Cafl can be produced (Miller et al., 1998),
engineered and modified proficiently in recombinant E. coli (Roque et al.,
2014). Additionally, Cafl subunits are very robust and non-adhesive for cells
(Roque et al., 2014). Cafl polymer is highly thermostable even in extreme
chemical conditions like different pH ranges and the presence of detergents
and high salt concentrations (Ulusu et al., 2017). Zavialov et al. (2005) also
stated that Cafl polymer is able to resist degradation by proteolysis in
addition to its high thermostability. These properties suggest Cafl as a

promising biomaterial to produce a synthetic hydrogel for cell culture.

1.9. The aim of this study

The aim of this study is to illustrate the function of Caf1R in more detail, show
how the cafl operon gene expression is activated in response to thermal
change and the role of CaflR in such regulation to determine the molecular
mechanism of regulation by which Caf1R caninduce the transcription of caf1
operon at 35°C not at 25°C. Using molecular biology techniques such as RT-
PCR and western blot, the number of mRNA transcript units produced from
transcription of the cafl operon will be examined in order to estimate the
number and positions of responsible promoters and/or Caf1R-binding sites
for the transcription of caf1 operon. The structural modelling of Caf1R will
be achieved based on the crystal structures of Rob and MarA the CaflR

homologues to predict the structural details of CaflR especially the helix-
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turn-helix DNA-binding domains. The significance of CaflR C-terminus in
cafl expression will be investigated as well. The purification of Caf1R protein
will be performed to characterise the pure CaflR in vitro by biophysics and
molecular biology techniques. Finally, the ability of CaflR to activate the
transcription in response to temperature change will be exploited to

generate a novel thermal inducible expression system.
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Chapter Two: Materials and

Methods

36



2. Chapter Two: Materials and Methods

2.1. Introduction

The procedures used in experiments performed in chapters 3, 4 and 5 are
described in this chapter. Particular features or procedures unique to certain

experiments may be described in the relevant chapter.

2.2. Suppliers

All chemicals and reagents were supplied either from Sigma-Aldrich or
Melford Laboratories, unless otherwise noted. Q5 Site-directed
mutagenesis, Phusion DNA polymerase, terminal transferase, Monarch
plasmid miniprep and Monarch DNA gel extraction kits were supplied from
New England Biolabs. In-Fusion HD cloning kit was supplied from Clontech.
QuantiTect Reverse Transcription Kit was supplied from Qiagen. EZ-10 Total
RNA Mini-Preps Kit was supplied from Bio Basic Inc. GoTaqg Flexi DNA
Polymerase and PCR nucleotide mix were supplied from Promega. HisTrap
HP His-tag purification column was supplied from GE Healthcare and Proteo
SEC 3 - 70 kDa HR size exclusion column was supplied from Generon. Anti-

Cafl and anti-DnaK antibodies were supplied from Abcam.
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2.3.

Bacterial strains

Different E. coli strains were used in this study as listed in Table 2-1.

Table 2-1. The different E. coli strains used in this study

E. coli strain | Genotype Supplier Function
BL21 (DE3) fhuA2 [lon] ompT gal (A DE3) | New Protein
[dem] AhsdS A DE3 = A England expression
sBamHlIo AEcoRI-B Biolabs
int::(lacl::PlacUV5::T7 genel)
i21 Anin5
Mach1™ F- @80(lacZ)AM15 AlacX74 Invitrogen Cloning
hsdR (rK-mK+) ArecA1398
endAl tonA
Turbo F" proA+B+ laclq A lacZ M15/ | New Cloning
fhuA2 A(lac-proAB) ginV gal England
R(zgb-210::Tn10)TetS endA1 Biolabs
thi-1 A(hsdS-mcrB)5
Tuner™ F- ompT hsdSB (rB- mB-) gal Novagen Protein
(DE3) dcm lacY1(DE3) expression
BL21(DE3) F- ompT hsdSB (rB-mB-) gal Invitrogen Protein
pLysE dcm (DE3) pLysE (CamR) expression
BL21(DE3) F- ompT hsdSB (rB-mB-) gal Invitrogen Protein
pLysS dcm (DE3) pLysS (CamR) expression
BL21 AI™ F- ompT hsdSB(rB- mB -) gal Invitrogen Protein
dcm araB::T7RNAP-tetA expression
C41 (DE3) F- ompT hsdSB (rB- mB-) gal Lucigen Protein
dcm (DE3) Corporation | expression
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2.4. Plasmids construction

Plasmid constructs (Table 2-2) were derived from either pGEM-T Cafl,

pBad33SD Cafl, described previously (Roque et al., 2014), pTolT described

by (Anderluh et al., 2003) or pET28a vectors. pCOP was constructed by

substitution of the T7 promoter with a random sequence of the same length

in pGEM-T Cafl using a Q5 Site-directed mutagenesis kit from New England

Biolabs as stated in (2.8). All other plasmids were constructed using an In-

Fusion HD cloning kit (Clontech) as stated in (2.9). Primers sequences are

shown in Table 2-3.

Table 2-2. The plasmid constructs used in this study

Plasmid
Backbone Genotype Description
Name
pCOP PGEM-T | AT7, cafl1R, cafiM, caflA, | T7 promoter was
cafl, Amp®, f1 ori substituted with
randomly selected
sequence using
pT7-COP
pCOPAR PGEM-T | AT7 Acaf1R, cafiM, caflR gene was
caflA, cafl, Amp®, f1ori | deleted from pCOP
pT7-COP PGEM-T | T7, cafiR, cafiM, cafliA, | Taken from (Roque
cafl, Amp®, f1 ori etal., 2014)
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pT7-COPAR | pGEM-T | T7, AcaflR, cafliM, caflA, | caf1R gene was
cafl, Amp®, f1 ori deleted from pT7-
CcoP
pT7- pPGEM-T | T7, A start codon of caf1R | The start codon of
COPARSC with three stop codons caf1R was
inserted, caf1M, caflA, substituted with
cafl, Amp®, f1 ori randomly selected
3 bp and 3 stop
codons were
inserted using pT7-
Ccop
pCOPF PGEM-T | AT7, caf1R™4¢, cafiM™¢, | FLAG-tag sequence
caflA™4C, cafl, Amp®, f1 | was added to the
ori CT of caf1R, cafiM
and caf1A using
pCOP
pCOPFAR PGEM-T | AT7, Acaf1R, cafiM™AC, FLAG-tag sequence
caflA™4C, cafl, Amp®, f1 | was added to the
ori CT of cafiIM and
caflA using
pCOPAR
pCOPFAM- | pGEM-T | AT7, cafl1R, cafiM, caflA, | The predicted RBS
RBS cafl, ARBS of caf1M, of cafiIM was
AmpF, f1 ori substituted with a
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randomly selected

sequence using

pCOPF
pCOPFAA- PGEM-T | AT7, caflR, cafiM, caflA, | The predicted RBS
RBS cafl, ARBS of caflA, of caf1A was
AmpF, f1 ori substituted with a
randomly selected
sequence using
pCOPF
pCOPFAF- | pGEM-T | AT7, cafiR, cafiM, caf1A, | The predicted RBS
RBS cafl, ARBS of cafl, Amp®, | of cafl was
f1 ori substituted with a
randomly selected
sequence using
pCOPF
pCOPFAP1 PGEM-T | AT7, caflR, cafiM, caflA, | The predicted
cafl, Apredicted Promoter (P1) was
promoter 1, AmpF, f1 ori | deleted from
pCOPF
pCOPFAP2 PGEM-T | AT7, caf1R, caf1M, caflA, | The predicted

cafl, Apredicted

promoter 2, AmpF, f1 ori

Promoter (P2) was
deleted from

pCOPF
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pCOPFAP3 PGEM-T | AT7, caflR, cafiM, caf1A, | The predicted
cafl, Apredicted Promoter (P3) was
promoter 3, Amp®, f1 ori | deleted from
pCOPF
pR-GFP PGEM-T | AT7, intergenic region 1, | The sequences of
caflR, gfp, Amp®, f1 ori intergenic 1, caf1R
and gfp gene were
inserted using
PGEM-TAT7
pR-T7 GFP PGEM-T | T7, intergenic region 1, The sequences of
caflR, gfp, Amp®, f1 ori intergenic 1, caf1R
and gfp gene were
inserted using
pGEM-T
pRC1-GFP PGEM-T | AT7, intergenic region 1, | Insulated
insulated constitutive constitutive
promoter, cafl1R, gfp, promoter was
Amp®, f1 ori inserted to pR-GFP
pRC2-GFP PGEM-T | AT7, intergenic region 1, | Insulated

insulated constitutive
promoter, cafl1R, gfp,
Amp®, f1 ori

constitutive
promoter was

inserted to pR-GFP
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pRC3-GFP pGEM-T | AT7, intergenic region 1, | Intergenic region 3
insulated constitutive was inserted to
promoter, intergenic 3, pRC2-GFP
caflR, gfp, Amp®, f1 ori

pRC3-GFPAR | pGEM-T | AT7, intergenic region 1, | caflR gene was
insulated constitutive deleted from
promoter, intergenic 3, pRC3-GFP
Acaf1R, gfp, Amp®, f1 ori

pBad CaflR | pBad33 caflR, Cam®, p15A ori caf1R gene was

inserted in
pBAD33

pBad Caf1RF | pBad33 | caf1R™fA¢, Cam®, p15A ori | FLAG-tag sequence

was added to the
CT of caf1R using
pBad CaflR

pBad CaflM | pBad33 cafiM, Cam®, p15A ori caf1M gene was

inserted in
pBAD33

pBad CaflA | pBad33 caflA, Cam®, p15A ori caflA gene was

inserted in

pBAD33
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pBad Cafl | pBad33 | cafl, Cam® p15A ori cafl gene was
inserted in
pBAD33
pET28A pET28a caf1R™s, Kan®, Pbr322 | His-tagged caf1R
Caf1R"’s ori was inserted in
pET28A
pTolT CafiR | pET8c tolAIINTHS, caf1R, Amp®, | caf1R gene was
Pbr322 ori added to pTolT
(Anderluh et al.,
2003)
pTolT pET8c tolAIIIN™HS, codon Codon optimized
CaflRCO optimized cafiR, Amp®, caflR gene were
Pbr322 ori added to pTolT
(Anderluh et al.,
2003)

Table 2-3. The sequences of primers used in this study

Name

Sequence (5’ -3’)

Function

Forward AT7

TCTAGCCGTTCGAATTGGGCCC
GACGTC

Substitution of T7 promoter

Reverse AT7

AGAACAAGAACAATTCACTGG
CC GTCGTTTTAC

Substitution of T7 promoter
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Forward

TAATCCTAATGTTACAGAATATA

Deletion of cafiR

Acafl1R ACCCAAATCAAAATAATAG
Reverse AcafiIR | GTAACATTAGGATTACCAAAGA | Deletion of cafiR

G
Forward TCATCATCATCTTTATAATCACTC | Addition of C-terminal FLAG tag
caf1RftAG TTTGGTAATCCTAATGTTACTGA | to caf1R in pCOP

C
Reverse AAAGATGATGATGATAAATAAA | Addition of C-terminal FLAG tag
caf1RAG ATTCCCGCGGCCGCCATG to caf1R in pCOP
Forward AAAGATGATGATGATAAATAAT | Addition of C-terminal FLAG tag
cafiMrtAe GATGTTTAAAGGGGACGGG to caf1M in pCOP
Reverse ATCATCATCATCTTTATAATCT Addition of C-terminal FLAG tag
cafiMmrtAe AAAGTCACATTTTTGGAATACA | to cafiM in pCOP

AAC
Forward AAAGATGATGATGATAAATAAA | Addition of C-terminal FLAG tag
caf1AfAG ACGGATGTTTATTTCAAACAGG | to CaflAin pCOP

ACAC
Reverse ATCATCATCATCTTTATAATCGTT | Addition of C-terminal FLAG tag
caf1AftAe ATTTAAGATGCAGGTTGTGGAT | to caflA in pCOP

AAC
Forward GACGTACTAAGCTCATGATTTT | Substitution of RBS of caf1IM in
Acaf1M-RBS AAATAGATTAAGTACG pCOP
Reverse TGAGCTTAGTACGTCTACGGA | Substitution of RBS of caf1M in
Acaf1M-RBS ATGGTGACAACACCTTC pCOP
Forward GCAATCAGGGAATAATGAGGT | Substitution of RBS of caf1A in
Acaf1A-RBS ATTCAAAGC pCOP
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Reverse TTATTCCCTGATTGCTTAAACA | Substitution of RBS of caf1A in
Acaf1A-RBS TCATCATAAAGTCACATTTTTG pCOP

Forward Acafl- | GCTGTACAATATATGAAAAAA | Substitution of RBS of caf1 in
RBS ATCAGTTCCGTTATCGC pCOP

Reverse Acaf1-

CATATATTGTACAGCTCGAATA

Substitution of RBS of caf1 in

RBS ATCCAATCCACGAACAAATTC pCOP

Forward TAGTGATAATAGTAGACTGTA | Substitution of caf1R start codon
Acaf1R start AATTCAATTATTCAATATATAG | and addition of 3 stop codons
codon AAGAG

Reverse AcaflR | CTACTATTATCACTAAGAATAT | Substitution of caf1R start codon

start codon

AACCCAAATCAAAATAATAGC

and addition of 3 stop codons

ATTC
Forward ATCATCATCATCTTTATAATCA Addition of C-terminal FLAG tag
caf1Af4C in CTCTTTGGTAATCCTAATGTTA to caf1R in pBAD33
pBAD33 CTGAC
Reverse AAAGATGATGATGATAAATAA | Addition of C-terminal FLAG tag
caf1AfAG in AATTCCCGCGGCCGCCATG to caf1R in pBAD33
pBAD33
Forward pTolT GGATCCGCGCGGAACCAGAG Amplification of pTolT vector for

amplification

ATCCCCCACCCGGTTTGAAGTC
CAA

pTolT cafiR cloning

Reverse
pTolT

amplification

GGTACCTGATGAACGCGTGAG
GAATTTTGAAGATCC

Amplification of pTolT vector for

pTolT cafiR cloning

Forward caf1R

amplification

CATGCATCACCATCACCATCAC

Amplification of caf1R for pTolT
caflR cloning
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Reverse cafiR CTTATTAGCTTTTCGGCAGACC | Amplification of caf1R for pTolT
amplification C Caf1R cloning
Forward pTolT GGATCCGCGCGGAACCAGAG Amplification of pTolT vector for

amplification

ATCCCCCACCCGGTTTGAAGTC
CAA

pTolT Caf1RCO cloning

Reverse pTolT

amplification

GGTACCTGATGAACGCGTGAG
GAATTTTGAAGATCC

Amplification of pTolT vector for

pTolT Caf1RCO cloning

Forward codon

GTTCCGCGCGGATCCATGCTG

Amplification of caf1R for pTolT

optimised AAACAAATGACCGTGAATAG Caf1RCO cloning

cafiR

amplification

Reverse CGTTCATCAGGTACCTTATTAG | Amplification of caf1R for pTolT
Forward codon | CTTTTCGGCAGACCCAG Caf1RCO cloning

optimised
cafiR

amplification

Forward AATCCCCTTCATTTGTTACCCA Deletion of predicted promoter 1
APromoterl CcC
Reverse CAAATGAAGGGGATTCAATTT | Deletion of predicted promoter 1
APromoterl TATTTAAAAATGCACACAAAGT

TTAGC
Forward GAAATGATGGGGAGGGGGTG | Deletion of predicted promoter 2
APromoter2 G
Reverse CCTCCCCATCATTTCGGATTTTT | Deletion of predicted promoter 2
APromoter2 ATATCCGTAGCACAGCC
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Forward GGGGTGGGAAGGTGTTGTCA Deletion of predicted promoter 3
APromoter3 C from pCOP
Reverse ACACCTTCCCACCCCGTAACAA | Deletion of predicted promoter 3
APromoter3 ATGAAGGGGATTTTTATATCC from pCOP
G
Reverse CCATAATTG (5" RACE) Reverse transcription
transcription reaction
RACE
Gene-specific GTAATTGGAGCGCCTTCCTTAT | (5’ RACE)
primer RACE ATGTAAG
(dT)17-adaptor | GACTCGAGTCGACATCGATTTT | (5’ RACE)
RACE FTTrrrrrrrrtl
Adaptor RACE GACTCGAGTCGACATCG (5" RACE)

Forward
pGEM-T caf1

amplification

TCCATATAGATAATAGATAAA
GGAGGG

Amplification of pGEM-T vector
including caf1R and intergenic

region 1 for pR-GFP

Reverse pGEM-

GAGCTTAACCTCCTTACGGAAT

Amplification of pGEM-T vector

T cafi G including caf1R and intergenic
amplification region 1 for pR-GFP

Forward gfp AAGGAGGTTAAGCTCATGAGT | Amplification of gfp for pR-GFP
amplification AAAGGAGAAGAACTTTTCAC

Reverse gfp

amplification

TATTATCTATATGGACTATTTG
TATAGTTCATCCATGCCATG

Amplification of gfp for pR-GFP

Forward

GCATTTTTAAATAAAATTGTTC
TCAGTGAG

Amplification of pR-GFP for
pRC1-GFP cloning
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pR-GFP

amplification

Reverse ACACAAAGTTTAGCTTTTCGCG | Amplification of pR-GFP for
pR-GFP C pRC1-GFP cloning

amplification

Forward AGCTAAACTTTGTGTTTCTAGA | Amplification of the insulated
amplification of | GCACAGCTAACACCAC constitutive promoter for pRC1-
insulated GFP cloning

promoter

Reverse TTTATTTAAAAATGCCTCTAGT | Amplification of the insulated

amplification of

AAAAGTTAAACAAAATTATTTG

constitutive promoter for pRC1-

insulated TAG GFP cloning

promoter

Forward GGGAGGGGGTGGGAAGG Amplification of pR-GFP for
pR-GFP pRC2-GFP cloning

amplification

Reverse CATCATTTCATATCGACGATAT | Amplification of pR-GFP for
pR-GFP GC pRC2-GFP cloning

amplification

Forward CGATATGAAATGATGTTCTAG Amplification of the insulated
amplification of | AGCACAGCTAACACCAC constitutive promoter for pRC2-
insulated GFP cloning

promoter

Reverse TTCCCACCCCCTCCCCTCTAGT Amplification of the insulated

amplification of
insulated

promoter

AAAAGTTAAACAAAATTATTTG
TAG

constitutive promoter for pRC2-

GFP cloning
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Forward pRC2-
GFP

amplification

ATGAGTAAAGGAGAAGAACTT
TTCAC

Amplification of pRC2-GFP for
pRC3-GFP cloning

Reverse pRC2-
GFP

amplification

CTCTAGTAAAAGTTAAACAAA
ATTATTTGTAG

Amplification of pRC2-GFP for
pRC3-GFP cloning

Forward TAACTTTTACTAGAGAACGGAT | Amplification of intergenic
intergenic 3 GTTTATTTCAAACAGGAC region 3 for pRC3-GFP cloning
amplification
Reverse TTCTCCTTTACTCATATATTACC | Amplification of intergenic
intergenic 3 TCTATCGAATAATCCAATC region 3 for pRC3-GFP cloning
amplification

2.5. TB medium preparation

The TB medium was prepared by mixing 24 g of yeast extract, 12 g of
tryptone and 4 ml glycerol. The mix was dissolved in deionised water up to
900 ml and autoclaved. 100 ml of sterile phosphate buffer pH 7.4 (0.17 M
KH2POsand 0.72 M K;HPO4) was added prior to use directly.

2.6. LB medium preparation
The LB medium was prepared by adding 10 g of tryptone, 5 g of yeast extract
and 5 g of NaCl, dissolved in deionised water up to 1 litre and autoclaved to

be used in the experiments.
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2.7. LB medium for agar plate

The medium was prepared by adding 10 g of tryptone, 5 g of yeast extract, 5
g of NaCl and 20 g of agar, dissolved in deionised water up to 1 litre and
autoclaved. The required antibiotics were added to the media prior to
pouring the plates. The final concentrations of antibiotics were as follows:

ampicillin 100 pg/ml, chloramphenicol 20 pg/ml and kanamycin 30 pug/ml.

2.8. Qb5-site directed mutagenesis

According to New England Biolabs protocol, the exponential amplification
was performed by mixing of 12.5 ul Q5 hot start high-fidelity 2X master mix,
1.25 pl of 10 uM forward primer, 1.25 pl of 10 uM reverse primer, 1 ul of 10
ng/ul template DNA (pT7-COP) and 9 ul of nuclease-free water. The mix was
placed in T100 Thermal cycler from BIO-RAD to perform the PCR reaction
with the cycling conditions stated in Table 2-4. KLD (Kinase, Ligase and Dpnl
enzymes) reaction was achieved by mixing 1 pl of PCR product, 5ul of 2X KLD
reaction buffer, 1 pul of 10 X KLD enzyme mix and 3 pl of nuclease-free water.
The reaction mix was incubated for 5 min at room temperature. The
transformation was performed by adding 5 pl of KLD reaction mix to 50 ul of
chemically-competent cells. The cells plus mix were incubated on ice for 30
min, heat shocked at 42°C for 1 min and then incubated on ice for 5 min. 950
ul of SOC medium was added to the mix and incubated at 37°C with shaking
for 1 h. 100 pl of the mix was spread onto LB agar medium in a petri Dish
with appropriate antibiotics and incubated at 37°C overnight. Three single
colonies were grown in separate LB liquid medium with appropriate
antibiotics at 37°C overnight. The plasmids were purified from these cultures

as stated in (2.11) to be sequenced by Eurofins Genomics as in (2.23).
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Table 2-4. The cycling conditions of Q5 Site-directed mutagenesis

Step Temperature Time

Initial denaturation 98°C 30s
98°C 10s

25 Cycles 50-72°C 30s
72°C 25 s/kb

Final extension 72°C 2 min

Hold 4-10°C

2.9. In-Fusion HD cloning

In-Fusion cloning technique from Clontech offers a quick mutagenesis of
DNAincluding insertion, deletion and substitution. First of all, for each vector
we identified the site of insertion, deletion or substitution. For insertion
cloning, PCR primers were designed for the target gene with 15-bp (5’) tail
complementary to the linearized vector’s ends. As shown in Figure 2-1 the
target gene was amplified by PCR and purified from agarose gel using a
Monarch kit as stated (2.12). Deletions were made by omitting the relevant
region of the plasmid from the amplified region by using two primers
designed to flank the target gene with 15-bp in one primer complementary
to the other end of the linearized vector, then ligating the amplified region
back together. Substitution reaction was performed as in deletion, but in

substitution, one of the two primers contains the sequence to be inserted
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and the other contains 15-bp complementary to the other end of the
linearized vector. The PCR reaction was performed as mentioned in (2.10).
The PCR product in each case was analysed by agarose gel electrophoresis.
The target DNA band was extracted from the gel using Monarch Kit New
England Biolabs as stated in (2.12). The In-Fusion HD cloning reaction mix
was prepared by adding 2 ul of In-Fusion HD Enzyme Premix from Clontech,
X ul of the linearized vector, X ul of the insert (the volume and concentration
of both linearized vector and insert are calculated using In-Fusion HD cloning
calculator) from Clontech and Nuclease-free water up to 10 ul as a final
reaction volume. The cloning reaction mix was incubated at 50°C for 15 min.
The reaction mix was diluted 5 times prior to use in transformation of

chemically competent cells as in (2.13).

@ @ @

Linearized vector by PCR Purification of linearized Transformation of
vector and target gene competent E. coli with
separately by spin- the diluted reaction
column as in (2.12) mixture
In-Fusion cloning Screening of clones

reaction set up

@ *+ 2plIn-Fusion \

Enzyme Premix

Design of gene-specific primers * X pl Linearized
with 15 bp extensions v

Vector
homologous to vector ends * Xl Insert

* X ul Nuclease-

@ free Water @

Amplification of the target @
gene by PCR using the
primers from step 2

* Liquid culture of the
obtained colonies

Incubation of cloning separately
- | reaction at 50°C for 15 min = Plasmid purification as in
N (2.11)

=
l ¢ + Sending the plasmid DNA to
- the sequencing as (2.23)
PCR product - New construct
[ ]

Figure 2-1. The workflow of the In-Fusion HD cloning technique.
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2.10. Polymerase Chain Reaction (PCR) using Phusion DNA Polymerase

The PCR mixture was prepared by adding 10 ul of 5X Phusion GC buffer
supplied with the kit from New England Biolabs, 1 pl of 10 mM dNTPs, 2.5 pl
of 10 uM forward primer, 2.5 pl of 10 uM reverse primer, 1.5 pl of DMSO, 2
ul of template DNA (10 ng/ul), 0.5 ul of Phusion DNA polymerase enzyme
and 30 pl of nuclease-free water. The cycling conditions are shown in Table

2-5.

Table 2-5. The cycling conditions of the PCR using Phusion DNA polymerase

Step Temperature Time

Initial denaturation 98°C 30s
98°C 10s

25 Cycles 50-72°C 30s
72°C 25 s/kb

Final extension 72°C 10 min

Hold 4-10°C

2.11. Plasmid DNA purification from liquid culture medium

This was performed according to the manufacturer’s protocol which is New
England Biolabs. Briefly, 4 ml of a liquid culture of the required transformed
E. coli cells were pelleted in a 5 ml Eppendorf tube by centrifugation for 1
min at 16000 x g and supernatant discarded. The cell pellet was resuspended

completely in 200 pl of plasmid resuspension buffer (B1) by pipetting up and
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down several times. Cells were lysed by adding 200 ul of lysis buffer (B2) and
the tube was inverted gently 5-6 times until the solution become dark pink,
clear and viscous. The solution was incubated for 1 min at room
temperature. Next, 400 ul of Plasmid Neutralization Buffer (B3) was added
to the mixture to neutralize the solution and the tube was inverted gently

until the formation of precipitate and the solution colour change to yellow.

The solution was incubated at room temperature for 2 min and then
centrifuged at 16000 x g for 5 min to clarify the lysate. The supernatant was
transferred to the spin column supplied in the kit, centrifuged at 16000 x g
for 1 min and flow-through was discarded. 200 pl of Plasmid Wash Buffer 1
was added to the spin column and centrifuged at 16000 x g for 1 min to
remove RNA, protein and endotoxin and flow-through was discarded. 400 pl
of Plasmid Wash Buffer 2 was added to the spin column and centrifuged at
16000 x g for 1 min. The column was transferred to a clean 1.5 ml tube and
40 pul of nuclease-free water was added to column in order to elute the

plasmid DNA.

2.12. Plasmid DNA purification from agarose gel

According to the manufacturer’s protocol (New England Biolabs), the DNA
fragment was excised from the gel using a scalpel, dissolved in 4 volumes
dissolving buffer and incubated at 50°C for 10 min with vortexing periodically
to dissolve the gel completely. The solution was transferred to a spin column
to be centrifuged at 16000 x g for 1 min and the flow-through was discarded.
The bound DNA was washed by adding 200 ul of DNA Wash Buffer and

centrifugation at 16000 x g for 1 min (this step was repeated two times). The
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column was transferred to a clean 1.5 ml tube and 12 ul of Nuclease-free

water was added to column in order to elute the plasmid DNA.

2.13. Transformation of bacterial cells

According to the manufacturer’s protocol (New England Biolabs), the
competent E. coli cells were thawed on ice for 10 min, 2 ul of the plasmid
DNA (100 ng/ul) were added to the thawed competent cells with a gentle
flicking to mix DNA and cells. The mixture was placed on ice for 10 min and
then heat shocked for 1 min at 42°C. The mixture was placed on ice again for
5 min, 950 ul of SOC medium was added to the mix and incubated at 37°C
with shaking for 1 h. 100 ul of the mix was spread onto LB agar Petri Dish

with appropriate antibiotics and incubated at 37°C overnight.

2.14. The analysis of flocculent layer production

The TB liquid medium containing appropriate antibiotics was inoculated with
the required transformant, grown at 35°C for 16 h. The flocculent layer
heights were measured using a ruler after the centrifugation of glass
capillary tubes containing 50 ul of cafl expression cultures sealed at the
bottom using plasticine as in Figure 2.2. The centrifugation was performed

at 2367 x g, 22°C for 15 min.

2.15. CafiR purification
E. coli C41 (DE3) cells were transformed with pTolT Caf1RCO shown in Table
2.2. The starter liquid culture was prepared by inoculating 50 ml of TB

medium containing 100 pg/ml ampicillin and 0.2% D-glucose to reduce the
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basal expression of the target gene. The starter culture was grown at 37°C,
shaking at 180 rpm overnight and then used to inoculate the expression
cultures. The expression cultures were prepared using 2 x 2 litre shake flasks
each one containing 1 litre of TB medium with 100 pug/ml ampicillin and 0.2%
D-glucose. The expression cultures were inoculated, grown at 37°C, 180 rpm
for = 3 h until ODego = 0.8. The cultures were induced with 1 mM Isopropyl B-

D-1-thiogalactopyranoside (IPTG) and grown for additional 3 h.

Supernatant

Flocculent
layer

Cell pellet

Plasticine

Figure 2-2. The separation of the flocculent layer in glass capillary tubes. Showing 9
glass capillary tubes sealed at the bottom using plasticine (red color) containing 9
different cultures of E. coli BL21 (DE3) transformed with pT7-COP and centrifuged at
2367 x g, 22°C for 15 min. The cell pellet is shown at the bottom of capillary tubes
above the plasticine, the flocculent layer at the middle and the supernatant at the
top.
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The expression cultures were centrifuged at 7000 x g for 30 min using a JA-
10, fixed angle rotor from Beckman. The cell pellet was resuspended in 50
mM phosphate buffer containing 25 mM imidazole pH 8 (5 ml buffer per1g
of cell pellet). The cell disruption was achieved using a high pressure
homogenises (Constant Systems LTD) at 23 Kpsi. The cell lysate was
centrifuged at 30000 x g for 30 min using a JA-25.50, fixed angle rotor from
Beckman. The supernatant was applied to a 5 ml HisTrap HP column (His-tag
purification column) on an AKTA™ Pure system (the fully automated protein
purification system from GE healthcare) as recommended by manufacturer.
The HisTrap HP column was washed with 5 column volumes of Nanopure
water (with 5 ml/min flow rate in all steps), then equilibrated with 5 column

volumes 50 mM phosphate buffer containing 25 mM imidazole pH 8.

80 ml of filtered cell lysate was injected in the system to be loaded on the
column automatically. The column was washed with 10 column volumes of
50 mM phosphate buffer containing 25 mM imidazole pH 8 and eluted with
5 column volumes of 50 mM phosphate buffer containing 350 mM imidazole
pH 8. The fractions were collected automatically. The protein concentrations
were estimated for the collected fractions from both wash and elution steps
by the UV monitor in the system and then selected fractions were analysed
by SDS-PAGE. The eluted fractions with high protein concentration and
producing protein bands close to the expected size were mixed and
concentrated using 30 kDa molecular weight cut-off Vivaspin centrifugal

concentrators from Sartorius by centrifugation at 2360 x g for 1 h.

The concentrated sample 1 ml of 3.3.mg/ml protein was used to perform size
exclusion chromatography. The sample was injected in AKTA pure system to

be loaded automatically on the Proteo SEC 3 - 70 kDa HR column after
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equilibration. The equilibration was performed with 2 column volumes of
phosphate buffered saline pH 7.4 (PBS). The elution was achieved using 1
column volume PBS with flow rate 1 ml/min for all steps. The eluted fractions
were collected automatically according to their absorbance at 280nm. All

collected fractions were analysed by SDS-PAGE.

2.16. Bacterial culture preparation for RT-PCR and western blot

Transformations were performed using E. coli BL21 (DE3) from New England
Biolabs. Three different colonies were selected from each plate and grown
in LB medium overnight at 37°C, 180 rpm. Glycerol stocks were prepared for
all transformed bacteria using 500 ul of bacterial culture and 500 ul of 60%
(v/v) glycerol solution. Expression cultures were prepared using 5 ml TB
medium containing 100 pg/ml ampicillin and/or 20 pg/ml chloramphenicol
and were inoculated using a stab from one of the glycerol stocks. To induce
expression from pBad plasmids, L-arabinose was added at the
concentrations described in the text at the same time as the cultures were

inoculated.

For analysis of cafl operon transcript levels, bacterial cells were cultured in
triplicate from glycerol stocks of E. coli BL21 (DE3) cells transformed with
pCOPF stated in Table 2.2 and grown at 25°C overnight. The ODsoonm Was
measured for all cultures and then 2 ml were taken from each culture to be
analysed by RT-PCR and western blot. In order to analyse the thermal
responsive regulation of caf1 operon, the remaining cultures were diluted to
an ODeoonm Of 0.5 and then each culture was split into two cultures: one to

be incubated at 25°C and the other simultaneously at 35°C. After one-hour
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incubation the ODsoonm Was measured and 2 ml samples taken from each

culture for RT-PCR and western blot analysis.

2.17. SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE)

Bacterial cultures (1 ml of each) were centrifuged at 20,000 x g for 5 min.
Supernatants and flocculent layers were discarded and cell pellets
resuspended in 100 pl per ODgoo of 100 mM DTT, 2% w/v SDS. The samples
were heated at 95°C for 10 min and centrifuged at 20,000 x g for 10 min. 50
ul of this supernatant was mixed with 50 pl SDS loading buffer (2% w/v SDS,
0.1% w/v Bromophenol blue, 5 mM EDTA, 125 mM Tris pH 6.8, 15% v/v
Glycerol and 1% v/v B-mercaptoethanol), heated at 95°C for 5 min and
centrifuged at 20,000 x g for 5 min. The samples (10 ul) were resolved on
SDS-PAGE. For the flocculent layer samples analysis, 20 ul of the flocculent
layer was mixed with 100 ul SDS loading buffer (2% w/v SDS, 0.1% w/v
Bromophenol blue, 5 mM EDTA, 125 mM Tris pH 6.8, 15% v/v Glycerol and
1% v/v B-mercaptoethanol), boiled for 10 min and centrifuged at 20,000 x g
for 5 min. The samples (10 ul) were resolved on SDS-PAGE at 200 V for 60
min and then the SDS-PAGE gel either stained with Coomassie Brilliant Blue

to show the protein bands or used in western blot (Lambin et al., 1976).

2.18. Western blot

The SDS-PAGE was performed as stated in (2.17) without staining.
Nitrocellulose membranes and blotting papers were soaked in 10 mM N-
cyclohexyl-3-aminopropanesulfonic acid buffer (10mM CAPS buffer pH 11)
containing 20% methanol for 10 min. SDS-PAGE gels were soaked in the

same buffer for 2 min. The blotting paper, nitrocellulose membrane and gel
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were assembled in a semi-dry blotter (Trans-Blot SD semi-dry transfer cell,
Biorad) and 18V applied for 30 min. Blots were stained with Ponceau S
solution (Sigma) for 10 min to view the efficiency of protein transfer and then
rinsed with PBS buffer pH 7.4. The blots were blocked with TBS buffer (2.7
mM KCl, 38 mM Tris-HCIl and 140 mM NaCl pH 8) containing 5% w/v milk
(from powder) at room temperature for 2 h and then rinsed with (1x) Tris
Buffered Saline pH 8 (TBS buffer). The membranes were incubated for 4 h at
room temperature or overnight at 4°C with 2 ml 5% w/v milk solution, 1
ug/ml mouse anti-FLAG antibody (Sigma) in order to detect the FLAG-tagged
proteins and 6.9 pg/ml mouse anti-Cafl antibody (Abcam) for Cafl protein
detection. The blots were washed with (1x) TBS buffer pH 8 two times for 5
min at room temperature then incubated for 4 h at room temperature or
overnight at 4°C with 2 ml TBS buffer pH 8 containing 2.5-5 pug/mL rabbit
anti-mouse antibody conjugated with horseradish peroxidase (Sigma). The
blots were washed twice for 15 min with TBS buffer pH 8 at room
temperature, covered with developing solution and incubated at room
temperature for a few min with shaking. Developing solution was prepared
by dissolving 50 mg 4-chloronaphthol in 10 mL methanol mixed with 50 ml
developing buffer (20 mM Tris-HCl, 140 mM NaCl and 1 mM NaxHPO4 pH 7.2)
containing 60 pl hydrogen peroxide. The blots were dried in air and the
images were taken using a gel documentation system (Gel DocTM XR+,

Biorad).

2.19. RNA extraction
RNA was isolated using an EZ-10 Total RNA Mini-Preps Kit (Bio Basic Inc.),

according to the manufacturer’s protocol, by transferring 1 ml from each
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culture (= 2 x 10° cells) separately to be centrifuged at 10,000 x g for 1 min.
Supernatants were discarded and 100 pl of lysozyme solution (400 pug mi-1
lysozyme in RNase-free water) added to each sample pellet. The mixtures
were suspended thoroughly and incubated at 37°C for 5 min. 300 pl buffer
RLT lysis buffer supplied with the kit was added to each sample, mixed
thoroughly by vortexing and incubated at room temperature for 5 min. 250
ul of ethanol was added to each sample and mixed by inverting the tubes.
EZ-10 spin columns were placed in 2ml collection tubes and then the
mixtures were transferred to the spin columns, centrifuged at 12,000 x g for
2 min at room temperature and the flow-through was discarded. The EZ-10
Columns were placed in the collection tubes, 350 ul of DW Solution supplied
with the kit was added to each sample, centrifuged at 12,000 x g for 1 min at
room temperature and the flow-through were discarded. Preparation of
DNase | solution was performed by mixing 10 pul RNase-free water, 40 pl
buffer RDD and 30 pl DNase | (30 U), this mix (80 pl) is enough for one
sample. Thus, 80 pl of DNase | solution was added to each EZ-10 spin column
to the centre of the membrane and incubated at 37°C for 30 min. 350 pl of
DW solution was added to each spin column, kept at room temperature for
3 min, centrifuged at 12,000 x g for 1 min at room temperature and the flow-
through were discarded. 500 ul of RPE solution supplied with the kit was
added to each column, centrifuged at 12,000 x g for 1 min at room
temperature and the flow-through was discarded (addition of RPE solution
was repeated two times). The spin columns were centrifuged at 12,000 x g
for 2 min at room temperature and the open columns were incubated at
room temperature for 5 min until the ethanol evaporated. The columns were

placed in a new RNase-free 1.5ml centrifuge tubes, 50 ul of RNase-free water
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was added in each column, incubated at room temperature for 5 min and
centrifuged at 12,000 x g for 1 min at room temperature. The concentration
of RNA was measured at OD2so using Nanodrop UV spectrophotometer from
Labtech. RNA samples were placed on ice to be used in cDNA synthesis or

stored at -80°C.

2.20. cDNA synthesis by reverse transcription reaction

The cDNA synthesis was performed using a QuantiTect Reverse Transcription
Kit from QIAGEN. According to the manufacturer’s protocol, the genomic
DNA elimination reaction was prepared by mixing 12 ul from each RNA
sample with final concentration of 1 pg with 2 pl of gDNA Wipeout Buffer,
incubated for 2 min at 42°C and then placed on ice immediately. The reverse
transcription master mix was prepared by mixing 1 ul Quantiscript Reverse
Transcriptase, 4 pl Quantiscript RT Buffer and 1 pl RT Primer mix (per one
sample). The genomic DNA elimination reaction product was added to the
reverse transcription master mix, incubated at 42°C for 30 min and then at
95°C for 3 min to inactivate Quantiscript Reverse Transcriptase. The
concentration of cDNA was measured at ODso using Nanodrop UV
spectrophotometer (Labtech). The cDNA samples were kept at -20°C for later

use in RT-PCR experiment.

2.21. Real-Time Polymerase Chain Reaction (RT-PCR)

The master reaction mix for RT-PCR experiments was prepared using GoTaq
Flexi DNA Polymerase from Promega by adding 4 ul nuclease-free water, 4
ul 5X Colorless GoTaq Flexi Buffer, 3 pul of 2 mM dNTPs, 3.2 ul of 25 mM
MgCl;, 0.2 ul SYBR Green (Sigma, S9430) (diluted 200 times with 100%
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DMSO0), 0.2 pl GoTaq Flexi DNA Polymerase, 0.8 pl 10 uM primer mix and 5
ul of 50 ng/ul cDNA per reaction. Samples were loaded in a Rotor-Gene Q
instrument (Qiagen) and critical threshold cycle values (Ct values) were
collected to measure the fold change in gene expression for each target
gene, relative to B-lactamase transcription from the plasmid, with a
threshold level of 0.5. Primer sequences are shown in Table 2.3. Thermal
cycling conditions are stated in Table 2.6. The expression fold change was
calculated as in (Livak and Schmittgen, 2001; Dheda et al., 2004), the fold
change in expression = (222) and ACt = (Ct value of target gene — Ct value
of B-lactamase gene). The Ct value is the required cycles number for the

fluorescence signal to cross the threshold which is 0.5.

Table 2-6. The cycling conditions of the RT-PCR

Step Temperature | Time Number of Cycles
Initial Denaturation | 95°C 10 min 1 cycle
Denaturation 95°C 30s

Annealing 60°C 30s 40 cycles
Extension 72°C 30s

2.22. Rapid amplification of 5’ cDNA ends (5’ RACE)
5’ RACE experiments were performed as described previously (Frohman et
al., 1988; Schaefer, 1995; Zhang and Frohman, 1997) with minor

modifications. Briefly, cDNA was prepared by performing the reverse
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transcriptase reaction using a 9 bp long gene specific primer stated in Table
2.3 complementary to a 3’ region of the cafl gene. cDNA samples were
diluted two times with nuclease-free water and purified using 10 kDa
molecular weight cut-off Vivaspin centrifugal concentrators (Sartorius) spun
at 1000 x g for 30 min. This step was repeated to prepare the samples for
poly-adenine tailing. Poly-adenine tailing was performed by mixing 0.5 pl
terminal transferase enzyme (20 Units/ul, New England Biolabs), 5 pl 10 x
terminal transferase buffer, 5 pl of 2.5 mM CoCl;, 0.5 pl of 10 mM dATP for
tailing, 5 pmol of cDNA to be tailed and nuclease-free water up to 50 ul. The
mixture was incubated at 37°C for 30 min and then heated at 70°C for 10 min

to inactivate the reaction.

Tailed cDNA was then amplified by PCR. The PCR reaction was prepared by
mixing 0.5 ul of 2 U/ul Phusion DNA polymerase (New England Biolabs), 10
ul 5 x GC Phusion buffer, 1 ul of 10 mM dNTP mix, 1.2 ul of 10 uM (dT)17-
adapter primer (Table 2.3), 2.5 pl of 10 uM adapter primer (Table 2.3), 2.5
ul of 10 uM gene specific primer (Table 2.3) and 3% DMSO with 2 ul of tailed
cDNA and nuclease-free water up to 50 ul. Cycling conditions are stated in
Table 2.5. The PCR product was analysed by agarose gel electrophoresis. The
target DNA bands were extracted from the gel using a Monarch gel
extraction kit (New England Biolabs) according to the manufacturer’s
protocol. The concentration of pure DNA was measured using a Nanodrop
UV spectrophotometer (Labtech) and sequenced by Eurofins Genomics as in

(2.23).
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2.23. The preparation of DNA samples for sequencing

The DNA samples were prepared by adding 5 ul of template DNA with either
of the purified plasmid DNA of (80 - 100 ng/ul) or purified PCR product of (20
- 80 ng/ul) to 5 ul of the sequencing primer of 5 uM. The characteristics of

primers used for sequencing are as follows:

e The melting temperature (Twm) of the primer should be between 52°C and
58°C and the length should be between 17 - 19 bp. Ideally, the GC content
of a 17 mer should be 10 GC.

e G or Cshould be at the 3’ end, but not more than 3 Gs or Cs.

e The primer sequence should be a good mix of all 4 nucleotides with no

more than 4 identical bases in a row (AAAA or GGGG).

2.24. Bioinformatics
Promoter sequences were predicted using the BPROM (Softberry Inc.,

Mount Kisco, NY, USA, http://www.softberry.com) (Solovyev and Salamov,

2011) and Neural Network Promoter Prediction 2.2 (NNPP2.2) (Reese, 2001)
webservers. Sequence alignments were generated using the Clustal Omega
(Sievers et al., 2011) webserver and visualised using the ESPript (Robert and

Gouet, 2014) webserver (http://espript.ibcp.fr). All protein structures and

structural models were generated using SWISS-MODEL Workspace
webserver (Waterhouse et al., 2018). The 3D structures were visualised

using CCP4mg software (McNicholas et al., 2011).
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2.25. Plate reader assays

A Labtech plate reader model was used to determine both ODeoonm and
fluorescence at 485 nm of the GFP producing cultures. The plate wells were
filled with 200 pl TB medium containing appropriate antibiotics (100 pg/ml
ampicillin for all pGEM-T derived plasmids) and (30 pug/ml kanamycin for all
pET28a derived plasmids). The liquid cultures (n=9, biological and technical
triplicates) were incubated at either 25°C or 35°C for 16 h. Both ODsgo and
fluorescence at 485 nm were measured using a FLUOstar OPTIMA plate
reader (BMG Labtech), every 10 min in order to calculate the GFP synthesis
rate per cell per two hours according to the following equation (Davis et al.,
2011). The mean values of the GFP synthesis rate per cell of all cultures were
subtracted from the GFP synthesis rate per cell of the negative control (E.

coli BL21 (DE3) cells transformed with pGEM-T vector).

GFP synthesis rate x = GFP(x)s2 - GFP(X)tp1 / ODéoo (X)average

2.26. Statistics

All figures and statistical analysis were generated by Sigmaplot software. The
type of statistics method was chosen depending on the number of the
compared groups. T-test was used to compare between two groups.
Whereas, the comparisons among three groups or more were performed

using either One- or Two-Way ANOVA tests.
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3. Chapter Three: CaflR control of the Cafl polymer secretion by
recombinant Escherichia coli

3.1. Introduction

The Gram-negative bacterium Yersinia pestis is the causative agent of plague
and responsible for approximately 200 million deaths around the world
throughout history (Perry and Fetherston, 1997). Y. pestis has many
virulence factors including lipopolysaccharides (endotoxins) (Carroll, 2015),
virulence proteins (YopB and YopD) which are injected into the cytoplasm of
the host cells to disrupt the actin cytoskeleton (Slonczewski, 2011) and other
effector proteins YopH, YopE, YopJ, YopM, YopO and YopP (Cornelis, 2002).
In addition, the Capsular Antigen Fraction 1 (Cafl) is one of the important
virulence factors, its apparent function is to avoid being phagocytosed by

macrophages.

Cafl subunits are produced in large quantities to form a polymer which
creates a thick gel-like capsule, which is considered to be a distinctive feature
of this bacterium (Du et al., 2002), the Cafl polymer is formed by a group of
proteins encoded by the caf1 operon, which contains four structural genes,
caflR, cafiIM , caflA and cafl (Runco et al., 2008). These encode for the
putative transcription regulator CaflR (Karlyshev et al.,, 1992a), the
chaperone CaflM, the usher CaflA (Karlyshev et al., 1992c) and the Cafl
monomers which is the building block of the capsule polymer, respectively.
The F1 polymer is assembled by chaperone-usher pathway as a non-pilus

(atypical) adhesin (Thanassi et al., 1998; Sauer et al., 2004).

In brief, nascent Cafl subunits are secreted from cytoplasm to the periplasm
by the general secretion pathway, CaflM (chaperones) bind to the Cafl
subunits to partially stabilise the Ig-like fold of the Cafl. The folded Cafl
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subunits are then transported to the Caf1A usher in the outer membrane by
CaflM and the chaperone-subunit interaction will then be replaced by
subunit-subunit interactions. The exchange process is achieved by a donor
strand complementation process, since the chaperone’s Al and G1 B-
strands, which cover the subunit, need to be released, allowing the N-
terminal B-strand of the next subunit to be interleaved into the
polymerization cleft of the growing Cafl polymer on the periplasmic side of

the usher.

The CaflA (usher) outer membrane protein forms a dedicated secretion
channel to assemble the Cafl subunits into a polymer and secrete the
growing polymer on the cell surface (Zavialov et al., 2002). The production
of Cafl is regulated by Caf1R, considered to be a positive transcription factor
(Karlyshev et al., 1992a) and the expression is induced in response to
temperature at = 37°C (Perry and Fetherston, 1997; Du et al., 2002; Han et
al., 2004). However, the evidence for CaflR’s role as a positive

transcriptional regulator is limited (Karlyshev et al., 1992a).

In this chapter, a new method was developed using capillary tubes filled with
cafl expressing culture to measure the flocculant layer amount which is the
accumulated capsule material after centrifugation. The amount of flocculent
layer is considered as an indication for Cafl secretion, the higher the amount
of flocculent layer obtained, the more Cafl polymer is produced. Two
advantages were attained from the new developed method (using capillary
tubes) as compared to the old method (using 5 ml Eppendorf tube), the high
accuracy and low culture consumption. In addition, the effect of caf1 operon
genes overexpression on the Cafl polymer production was investigated for

each gene separately.
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The caflR overexpression has a negative effect on the Cafl polymer
production, while caf1M, caf1A and cafl overexpression has no significant
effect on its secretion. Moreover, the effect of caf1R knock-out on the caf1
expression was examined in the presence and absence of T7 promoter in E.
coliBL21 (DE3). The caf1R gene deletion in the absence of T7 promoter leads
to stop the secretion of Cafl polymer. Whereas, the amount of Cafl polymer
significantly increased when the cafIR was deleted in the presence of T7
promoter as an artificial promoter. CaflR affects the T7 RNA polymerase

performance negatively at both low (30°C) and high (35°C) temperature.

The purification of CaflR was achieved using different host cells including
BL21 (DE3), BL21 (DE3) pLYSE, BL21 Al, Tuner (DE3) and C41 (DE3) and
different vectors including pBAD CaflR, pET28A Caf1R"s, pTolT CaflR (the
derivative of pET8c which contains TolA protein with N-terminal 6 Histidine
tag as fusion partner attached to Caf1R N-terminus) (Anderluh et al., 2003)
and pTolT Caf1RCO (contains TolA protein as fusion partner and codon
optimised CaflR) in order to produce a pure CaflR for biophysical

examinations, but at the end no pure CaflR was obtained.
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3.2. Results

3.2.1. Developing a new method for flocculent layer measurement

The main indicator of Cafl polymer production is the presence of a flocculent
layer after centrifugation of the bacterial culture. The centrifugation process
leads to the accumulation of capsular materials from the cells to form the
fluffy flocculent layer above the pellet of intact cells. The old method of
flocculent layer measurement in our laboratory used 5 ml Eppendorf tube
filled with 2 ml of bacterial culture to be centrifuged at 2367 x g for 15
minutes. The flocculent layer will form and could be measured in mm using
a ruler (Roque et al., 2014). In order to improve the method of flocculent
layer separation and measurement 50 pl calibrated glass capillary tubes
were used instead of 5 ml Eppendorf tubes, filled with 50 ul bacterial culture,
closed with Plasticine from one end and centrifuged at 2367 x g for 15
minutes as stated in methodology to again measure the flocculent layer in

mm using a ruler.

The differentiation between samples in the old method was not as accurate
as in the new one (Figure 3-1), whilst the flocculent layer height
measurements in the capillary tubes method were as follows: 32 mm, 31
mm, 30 mm for samples 1, 2 and 3 and 41 mm, 39 mm and 40 mm for
samples 4, 5 and 6, respectively (Figure 3-1 A), the samples 1, 2 and 3 are
three cultures of E. coli BL21 (DE3) transformed with pT7-COP and the
samples 4, 5 and 6 are three cultures of BL21 (DE3) transformed with pT7-
COPAR which produce more flocculent layer than pT7-COP cultures as a

result of caf1R deletion (the reason will be explained later ).
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Figure 3-1. The flocculent layer height measurement methods. (A) The new method
using capillary tubes filled with F1 capsule producing bacterial culture which are E. coli
BL21 (DE3) transformed either with pT7-COP in sample 1, 2 and 3 (biological
triplicates) or with pT7-COPAR in sample 4, 5 and 6 (biological triplicate), grown at
35°C for 16 hours, centrifuged at 2367 x g, 22°C for 15 minutes showing the flocculent
layer separation. (B) The old method using 5ml Eppendorff tubes filled with the same
bacterial cultures as in (A) in the same order, centrifuged at 2367 x g, 22°C for 15 min
showing the separation of flocculent layer

The measurement of flocculent layer height in the old method were the
same, 11 mm for sample 1,2 and 3 and 14 mm for sample 4, 5 and 6 (Figure
3-1 B). There was no clear difference between samples 1, 2 and 3 and
samples 4, 5 and 6 when the Eppendorf tubes were used in the separation.
In many cases the comparison between 2 samples containing a similar
amount of flocculent layer is difficult in the old method especially with high
production of Cafl as in Figure 3-1. The main advantages of this developed
method are to minimize the bacterial culture volume used and enhance the

accuracy of separation and measurement. Therefore, the capillary tubes
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method was chosen to be used in further measurement of the flocculent
layer heights due to its higher senitivity and ease of use as compared with

the old method.

3.2.2. Cafl content in the flocculent layer

The flocculent layer appearance after the centrifugation of Cafl producing
bacterial culture is thus an indicator of Cafl polymer production in the
culture (Machado Roque, 2013). The Cafl polymer is the major protein
component of this flocculated layer (Miller et al., 1998). This experiment was
done to assess the ratio of Cafl in the flocculated material after bacterial
culture centrifugation. E. coli BL21 (DE3) cells were transformed with pT7-
COP which contains the four structural genes encoding for Cafl, grown at
35°C for 24 h, the flocculent layer heights were measured every 2 h for 6
time points (Figure 3-2). Each sample of same volume flocculent layer was
taken from each time point, analysed by SDS-PAGE as stated in methodolgy
section and then, the intensities of Cafl bands were evaluated using a gel

documentation system (Gel DocTM XR+, Biorad).

The mean values of flocculent layer heights were rising gradually (Figures 3-
2 and 3-3 A) as follows: 11.6 mm at 14 h, 16.3 mm at 16 h, 20.3 mm at 18 h,
25.6 mm at 20 h, 28 mm at 22 h and 30.6 mm at 24 h, the statistical analysis
shows significant differences in the layer heights between either 14 and 16
h, 16 and 18 h, 18 and 20 h and 20 and 22 h, the difference between 22 and
24 h is not significant. On the other hand, the estimation of Cafl band
intensities on SDS-PAGE was done (Figures 3-3 B and 3-3 C) using flocculent
layer samples mentioned above and the averages were measured in

arbitrary units 13.2, 14.9, 15.9, 13.9, 15.8 and 14 x 10°. The statistical analysis
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using One-Way ANOVA test shows no significant differences between the
intensities of Cafl bands of these different time points. These results suggest
that Cafl amount is constant per unit volume of flocculent layer even if these
flocculated materials are obtained from different time points and have

different total volumes.
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Figure 3-2. Flocculant layer production curve of the cultures of E. coli BL21 (DE3)
transformed with pT7-COP. Grown at 35°C from different amount of times as stated
and centrifuged in capillary tubes to visualise the flocculent layer height in each sample
for comparison. Biological replicates = 3. Statistical analysis was performed using One-
Way ANOVA test.
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Figure 3-3. Analysis of Cafl content in the flocculent layer. (A) Image of E. coli BL21
(DE3) cultures containing the pT7-COP plasmid grown at 35°C for different amounts of
time as stated, and centrifuged in capillary tubes to visualise the flocculent layer
height. (B) SDS-PAGE analysis of the flocculent layers of the cultures from (A). (C)
Graph of Cafl band intensities in arbitrary units, obtained by densitometry of the gel
shown in (B). Biological replicates = 3. Statistical analysis was performed using One-
Way ANOVA test.

3.2.3. The overexpression of cafl operon structural genes

As preliminary experiment and to clarify the effect of each caf1 operon gene
on the Cafl polymer production, the overexpression of genes was achieved
using E. coli BL21 (DE3) co-transformed with pT7-COP and pBAD CaflR for
caf1R overexpression, pT7-COP and pBAD CaflM for caf1M overexpression,
pT7-COP and pBAD CaflA for caf1A overexpression and in the case of caf1
overexpression, pT7-COP and pBAD Cafl were used. The expression of cafl
was derived by the leaky expression of T7 RNA polymerase in pT7-COP which
is composed of pGEM-T easy vector and cafl operon (Machado Roque,

2013), whereas, the overexpression of either caf1R, caf1M, caflA or cafl
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was induced by adding L-arabinose when using pBAD vector with L-arabinose
inducible promoter. The expression cultures were grown at 35°C for 16 h
with different L-arabinose concentrations (0%, 0.05%, 0.1%, 0.2%, 0.4% and
1%) and the flocculent layer production was assayed in each case. Different
L-arabinose concentrations were used in the cultures of E. coli BL21 (DE3)
transformed with pCOP only to evaluate the effect L-arabinose on Cafl
production by the natural cafl operon and the mean values of flocculent

layer thickness were shown in Table 3-1.

Table 3-1. The overexpression of cafl operon genes (cafliR, cafiM, caflA and caf1).
Using different amounts of L-arabinose for induction. Showing the mean values of the
flocculent layer thickness for each culture. * value is the standard error of the mean.

The mean values of flocculent layer thickness of the cultures of
L-arabinose
concentration pCOP pCOP + pCOP + pCOP + pCOP +
only pBADCaflR | pBADCaflM | pBADCaflA | pBADCafl
17 mm £ 18 mm
0% 12 mm+2 13 mmz+2 11.6 mmz+1
6 1.5
18.6 mm 8.3 mm+z 9.6 mm+
0.05% 1006 mmz+1 20mmzt1
+7 0.3 0.8
17.3 mm 18.3 mm
0.1% 6 mm=+0.5 8mmizt?2 1I0mm+0
+3 0.3
21.6 mm 2.6 mm+ 20mm %
0.2% 11.3mm+4 | 93 mm+4
+3 0.8 0.5
22.3 mm 1.3 mmz 153 mm 24 mm %
0.4% 14mm+1
+2 0.3 4.2 1.5
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Figure 3-4. cafl operon genes overexpression effect on flocculent layer thickness.
Graphs of flocculent height obtained with different concentrations of arabinose are
shown for cultures of E. coli transformed with pCOP (caf1 operon) only (A), and when
co-transformed with arabinose inducible pBad CafiR (B) CafiM (C), CaflA (D), and
Cafl (E). Cultures were grown for 16 hrs at 35°C. Bar heights correspond to mean
flocculent layer height obtained from three separate cultures, where error bars
represent the standard error of the mean (S.E.M). Biological replicates = 3. Statistical
analysis was performed using One-Way ANOVA test.

The statistical analysis using One-Way ANOVA test revealed no significant
differences (Table 3-2) among the treatments in either negative control
which contains the pCOP only, caf1M, caf1A or cafl overexpression cultures
(Figure 3-4 A, C, D and E). Alternatively, caf1R overexpression resulted in a
distinct stepwise decline in the Cafl amount produced (Figure 3-4 B), there

is significant differences between the different L-arabinose concentrations.
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The SDS-PAGE results (Figure 3-5) displayed apparent Cafl bands at =~ 15.5
kDa in all heated flocculent layer samples due to dissociation of Cafl polymer
to monomers, at the same time, the unheated flocculent layer samples do
not show such bands in SDS-PAGE results. Therefore, the overexpression of
caflR affected the production Cafl polymer negatively. Whereas, the
overexpression of other cafl operon genes (caf1M, caf1A and caf1) did not
have a significant effect on the caf1 expression. For further investigation of
caf1R overexpression effect, we constructed pBAD CaflR with a C-terminal

FLAG tag to be tested in additional experiments.
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Figure 3-5. SDS-PAGE analysis of cultures of E. coli transformed with pCOP (cafl
operon) only (A), and when co-transformed with arabinose inducible pBad Caf1M (B)
CafilR (C), CaflA (D), and Cafl (E). Cultures were grown for 16 hrs at 35°C, the heated
C.P. is cell pellet heated at 100°C for 10 minutes, the heated F.L. is the flocculant layer
heated at 100°C for 10 minutes and the unheated F.L. is unheated flocculant layer. Cafl

bands (15.5 kDa) are clear in all heated flocculant layer samples. Biological replicates =
3.
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Table 3-2. The statistical analysis of the cafl operon gene overexpression. Showing the
significance of differences represented by P-values among the groups of cultures
induced with different concentrations of L-arabinose using One-Way ANOVA test.

The overexpressed gene
L-arabinose
No cafir cafiMm cafliA cafl
concentrations
P-values
0% vs. 0.05% 0.87 0.1 0.49 0.38 0.40
0.05% vs. 0.1% 0.87 0.2 0.39 0.72 0.34
0.1% vs. 0.2% 0.40 0.1 0.53 0.88 0.06
0.2% vs. 0.4% 0.87 0.5 0.54 0.35 0.07
0.4% vs. 1% 0.64 0.3 0.11 0.01 0.15

3.2.4. The effect of caf1R overexpression on the Cafl production

In order to elucidate the effect of caf1R overexpression in more details, E.
coli BL21 (DE3) were either transformed with pT7-COPFAR (with Caf1M™AS,
Caf1A™4%) only, pBAD Caf1RF (Caf1R™A%) only or co-transformed with pT7-
COPFAR and pBAD CaflRF to be induced with different concentrations of L-
arabinose (Figure 3-6 A) using 0%, 0.05%, 0.1%, 0.2% and 0.4%. The
measurements of the flocculent layer thickness of these samples
demonstrated that there is a graduated loss in caf1 expression from 0% to
0.4% L-arabinose (Figure 3-6 A) as shown in the previous experiment. the
height averages were: 15.6 mm, 0 mm, 4 mm, 3 mm, 0.83 mm, 0 mm and O
mm for cultures of E. coli BL21 (DE3) transformed with pT7-COPFAR only,
transformed with pBAD Caf1RF only, co-transformed with pT7-COPFAR and
pBAD Caf1RF with 0%, 0.05%, 0.1%, 0.2% and 0.4% L-arabinose in that order.

The statistical analysis revealed that the differences among these treatments

are significant. The western blotting results of the cell pellets (Figure 3-6 B)
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prove the overexpression of caflR in culture of E. coli BL21 (DE3) co-
transformed with pT7-COPFAR and pBAD CaflRF induced with 0.1%, 0.2%
and 0.4% L-arabinose, these mentioned samples produced clear bands for
CaflR at = 36 kDa with stepwise increase in their intensity. In contrast, there
were no CaflR bands in the cultures of either E. coli BL21 (DE3) transformed
with pT7-COPFAR only, transformed with pBAD CaflRF only or co-

transformed with the both plasmids without L-arabinose induction.
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Figure 3-6. The caflR overexpression inhibits flocculent formation. (A) Graphs of
flocculent height obtained for cultures of E. coli BL21 (DE3) etheir transformed with
pCOPFAR (cafl operon, cafiM-FLAG and caflA-FLAG) only (1), transformed with
arabinose inducible pBad Caf1RF only as a negative control (2) or co-transformed with
pCOPFAR and pBAD CaflRF. Grown at 35°C for 16 hours with the addition of different
amounts of L-arabinose in (3), (4), (5), (6) and (7). Bar heights correspond to mean
flocculent layer height obtained from three separate cultures, where error bars
represent the standard error of the mean (S.E.M). (B) Western blot of the same
cultures mentioned in (A) using anti-FLAG and anti-Cafl antibodies, shows stepwise
increase in CaflR bands intensity at = 36 kDa in samples (4), (5), (6) and (7), Caf1M
bands at = 28 kDa in samples (1), (3), (4), (5), (6) and (7), and Cafl bands in +C (pure
Cafl), (1), (3), (4), (5), (6) and (7). Images formed from 4 separate blots. NS means that
the difference is statistically not significant (when P-value > 0.05), * means that there
is a statistically significant difference (when P-value ranges from 0.05 to 0.001) and **
means that there is a statistically significant difference (when P-value <0.001).
Biological replicates = 3. Statistical analysis was performed using One-Way ANOVA
test.
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It seems that the required CaflR amount for cafl operon expression is not
detectable by western blotting. On the other hand, the production of Caf1M
(chaperone) and Cafl (subunit) was obvious for all samples (Figure 3-6 B),
with the exception of the negative control mentioned above which is the
culture of E. coli BL21 (DE3) transformed with pBAD Caf1RF only. Therefore,
the negative effect of the caflR overexpression was confirmed by this
experiment and the bands of Caf1R was shown by western blot results from
caf1R overexpressing cultures. The inhibitory effect of caf1R overexpression
on the Cafl production driven by T7 RNA polymerase was an encouraging
finding to examine the role of CafliR in the Cafl polymer secretion in the

natural system by deletion of caf1R gene from caf1 operon.

3.2.5. caf1R is required for cafl operon expression in the absence of a T7
promoter
CaflR has been referred to as a positive transcriptional regulator for caf1
operon gene expression (Karlyshev et al., 1992b), but there was no clear
evidence shown for this function. Therefore, caf1R gene was knocked- out
from pCOP to create pCOPAR and examine its effect on the Cafl polymer
production. E. coli BL21 (DE3) were transformed with either pCOP, pCOPAR,
co-transformed with both pCOPAR and pBAD CaflR with and without L-
arabinose induction or transformed with pBAD CaflR only as a negative
control. These were grown at 35°C for 16 h, the flocculent layer thickness
was measured and all samples were analysed by western blot using anti-

DnaK antibody (loading control) and anti-Cafl antibody.

The average values of flocculent layer heights for cultures of E. coli BL21

(DE3) transformant for either pCOP, pCOPAR, co-transformant for both
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pCOPAR and pBAD CaflR with and without L-arabinose induction or
transformed with pBAD CaflR only (Figure 3-7 A) were: 3.5 mm, 0 mm, 1.8
mm, 0.8 mm and 0 mm, respectively. Western blotting of the same samples
mentioned above (Figure 3-7 B) confirmed the presence of Cafl bands in
both pCOP transformants, pCOPAR and pBAD CaflR co-transformants with
0% L-arabinose and with 0.005% L-arabinose. On the other hand,
transformant for either pCOPAR or pBAD CaflR only (negative control) did
not produce Cafl bands, demonstrating that CaflR is required for Cafl
secretion in the natural operon and the co-transformation of pCOPAR and
pBAD CaflR rescued the production of Cafl without induction and based on

the leaky expression of caf1R from pBAD CaflR.

The induction using 0.005% produced a decreased amount of flocculent
layer related to non-induced culture as a consequence for caflR
overexpression which is fitting with previous results of caf1R overexpression.
In addition, the fold change in expression were measured for all caf1 operon
genes using RT-PCR analysis (Figure 3-7 C) for cultures of E. coli BL21 (DE3)
transformed with either pCOPF or pCOPFAR relative to B-lactamase (as a
house keeping gene), the fold-change in expression is equal to (27-ACt),
where ACt = (Ct value of target gene - Ct value of B-lactamase gene) (Livak

and Schmittgen, 2001; Dheda et al., 2004).

The means of expression fold change of pCOPF transformants are shown in
Table 3-3. The statistics using T-test indicated that there are significant
differences among the transcriptional levels of all cafl operon genes caf1R,
cafiIM, caflA and cafl between the cultures of pCOPF and pCOPFAR

transformants (Table 3-4).
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Figure 3-7. Rescue of Cafl protein production in ACaflR cells. (A) Graph of the
flocculent layer height obtained from E. coli cultures containing either pCOP (full caf1
operon, 1), pCOPAR (caf1 operon lacking caf1R, 2), a co-transformation of pCOPAR and
pBad Caf1R (arabinose inducible caf1R) with (3) and without (4) 0.005% w/v arabinose
added to the culture, and pBad Cafl1R only control (-C). Cultures were grown for 16 h
at 35°C. Bar heights correspond to the mean flocculent layer height obtained from
three separate cultures where error bars represent the standard error of the mean
(S.E.M). (B) Western blot of three separate cell pellets from the above cultures,
probed with an anti-Cafl antibody. DnaK was used as a loading control, probed with
an anti-DnaK antibody. (C) Transcript levels, determined by RT-PCR, of each gene are
shown for cultures of E. coli transformed with pCOPF and pCOPFAR, grown at 35°C for
16 hours. Three cultures of each transformant were grown, with RT-PCR reactions run
in duplicate for each culture. Bar heights correspond to mean fold-change in
expression relative to B-lactamase. Error bars represent standard error of the mean
(S.E.M). NS means that the difference is statistically not significant (when P-value >
0.05), * means that there is a statistically significant difference (when P-value ranges
from 0.05 to 0.001) and ** means that there is a statistically significant difference
(when P-value <0.001). Biological replicates = 3. Statistical analysis was performed
using T-test.
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Therefore, CaflR is required for cafl transcription and consequently its
expression and Cafl polymer secretion outside the bacterial cells. However,
the overexpression of caf1R resulted in a clear decrease in Cafl production
which confirmed the negative effect of caf1R overexpression again. These
interesting effects of CaflR on the production of Cafl polymer opened the
door for further investigation of the caf1R deletion in the presence of T7 as
an artificial promoter to produce more Cafl polymer by eliminating such

potential inhibition for production optimisation.

Table 3-3. The effect of caf1R deletion on the gene transcripts by RT-PCR. Showing the
mean values of the expression fold-change of the cafl operon gene transcripts. * value
is the standard error of the mean.

The mean values of the expression fold-change of the gene
Transformant transcripts
cultures
cafiR cafiM caflA cafl
pCOPF 0.02 £ 0.002 2.49+0.3 1.58£0.2 4.02 £ 0.5
pCOPFAR 0 0.25+0.01 0.11 + 0.007 0.76 £ 0.08

Table 3-4. The statistical analysis of the caf1R deletion effect on the cafl operon gene
transcripts by RT-PCR. Showing the P-values calculated for comparisons made between

pCOPF and pCOPFAR cultures using T-test.

Gene The P-values of the comparison between pCOPF vs. pCOPFAR
transcript cultures
cafiR <0.001
cafiM <0.001
caflA <0.001
cafl <0.001
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3.2.6. A caf1R knock-out increases the caf1 operon expression driven by T7
RNA polymerase
Due to the inhibition effect of CaflR on T7 transcription system which was
seen in the caflR overexpression experiment, an additional investigation
was needed to examine the effect of CaflR on the Cafl polymer production
driven by T7 RNA polymerase. The plasmid pT7-COPAR was constructed
using In-Fusion HD cloning technique as stated in methods by deleting caf1R
from cafl operon from pT7-COP plasmid. E. coli BL21 (DE3) were
transformed with either pT7-COP or pT7-COPAR, 3 single colonies from each
culture were grown separately for 16 h at 35°C, centrifuged in capillary tubes
to measure the flocculent layer height for each sample and these samples

were analysed in western blotting using the anti-Cafl antibody.

The levels of cafl1R, caf1M, caf1A and caf1 transcripts were assessed by RT-
PCR relative to B-lactamase (as a house keeping gene) using specific primers
for each gene as stated. The averages of thicknesses of flocculent layer
produced from pT7-COP and pT7-COPAR were: 8.3 mm and 18 mm,
respectively (Figure 3-8 A) and the statistical analysis proved there is a
significant difference between them with P-value (0.0001). The western
blotting results (figure 3-8 C) using anti-Cafl antibody showed the presence
of Cafl bands in both cultures. The mean values of transcriptional levels (fold
change in expression) of cafl operon genes obtained by RT-PCR are shown

in Table 3-5.
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Figure 3-8. The effect of cafiR knock-out on the caf1 operon expression. (A) Graph of
flocculent height obtained for cultures of E. coli BL21 (DE3) transformed with either
pT7-COP or pT7-COPAR. Bar heights correspond to mean flocculent layer height
obtained from three separate cultures, where error bars represent the standard error
of the mean (S.E.M). (B) Transcript levels, determined by RT-PCR, of each caf1 operon
genes are shown for cultures of E. coli transformed with pT7-COPF (full caf1l operon)
and pT7-COPFAR (cafl operon, cafiR deleted), grown at 35°C for 16 hours. Three
cultures of each transformant were grown, with RT-PCR reactions run in duplicate for
each culture. Bar heights correspond to mean fold-change in expression relative to B-
lactamase gene. Error bars represent standard error of the mean (S.E.M). (C) Western
blot showing Cafl bands in both cultures (detected using anti-Cafl antibodies). +C is
pure Cafl. NS means that the difference is statistically not significant (when P-value >
0.05), * means that there is a statistically significant difference (when P-value ranges
from 0.05 to 0.001) and ** means that there is a statistically significant difference
(when P-value <0.001). Biological replicates = 3. Statistical analysis was performed
using T-test.
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Table 3-5. The effect of caf1R deletion on the levels of the caf1 operon gene transcripts
in the presence of T7 promoter by RT-PCR. Showing the mean values of the expression
fold-change of the cafl operon gene transcripts. * value is the standard error of the
mean.

The mean values of the expression fold-change of the gene
Transformant transcripts
cultures
cafir cafim cafiA cafl
pT7-COPF 3.1+1 53109 6.5+0.9 22312
pT7-COPFAR 0 16.7+5 1363 194+3

The statistics using T-test revealed a significant difference between cafiM
transcript for pT7-COP and pT7-COPAR (p-value 0.009), despite cafl1A being
much lower, the difference in caf1A and caf1 levels were not significant. This
means that the presence of CaflR might inhibit the transcription of cafiM
driven by T7 RNA polymerase rather than caflA and cafl genes.
Consequently, caf1R deletion led to a significant increase in the production
of Cafl polymer driven by T7 RNA polymerase which indicates that CaflR
binding to DNA affects the performance of T7 RNA polymerase by hindering
it from moving forward during transcription process. One potential
explanation of increased Cafl production by caflR knock-out, is the length
of DNA between T7 promoter and cafl1 operon, in other words the deletion
of 900 nt (caflR gene length) could ease the transcription of other caf1
operon genes by T7 RNA polymerase. For that reason, the start codon was
substituted by a random sequence and three stop codons were inserted
instead of complete knock-out of caf1R. This construct was further examined

for Cafl production.
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3.2.7. The lack of Caf1R is responsible for increased Cafl expression by T7
system
In order to investigate the actual reason for such expansion in the flocculent
layer production, pT7-COPARSC was constructed by In-Fusion HD cloning.
This contains the cafl operon with the cafl1R start codon substituted by a
random 3 nt and three stop codons inserted at the beginning of CaflR N-
terminus rather than complete deletion of caf1R. E. coli BL21 (DE3) were
transformed either with pT7-COP, pT7-COPAR or pT7-COPARSC, grown for
16 h at 35°C, the cultures were centrifuged in capillary tubes to measure the
thickness of flocculent layer for each culture and then all samples were

analysed by SDS-PAGE.

The caf1R start codon substitution with a random three nt in pT7-COPARSC
results in increase in Cafl production as in pT7-COPAR construct, since the
means of flocculent layer thickness from cultures of E. coli BL21 (DE3)
transformed with either pT7-COP, pT7-COPAR or pT7-COPARSC were: 31.3
mm, 41.3 mm and 42.3 mm, respectively (Figure 3-9 A). The statistics using
One-Way ANOVA test revealed significant differences between pT7-COP and
pT7-COPAR cultures as expected with p-value (0.002) and between pT7-COP
pT7-COPARSC cultures with p-value (0.0005), while, there was no significant
difference between pT7-COPAR and pT7-COPARSC cultures, the p-value
(0.5).

The SDS-PAGE results (Figure 3-9 B) presented that there are obvious Cafl
bands at 15.5 kDa in heated flocculent layer samples (at 100°C for 10
minutes) taken from all three cultures and no Cafl band in unheated

samples, by reason of the monomerization of Cafl polymer after heating.
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Figure 3-9. The effect of caf1R start codon substitution on Cafl production. (A) Graph
of flocculent height obtained for cultures of E. coli BL21 (DE3) transformed with either
pT7-COP, pT7-COPAR or pT7-COPARSC, all cultures grown at 35°C for 16 hours. Bar
heights correspond to mean flocculent layer height obtained from three separate
cultures from each transformant, where error bars represent the standard error of the
mean (S.E.M). (B) SDS-PAGE of the same cultures in (A) showing two samples from
each culture, heated flocculent (at 100 °C for 10 minutes) and unheated flocculant
layer, the Cafl bands are obvious at 15.5 kDa in all heated samples as a result of Cafl
monomerization, while all unheated samples had no monomeric Cafl bands. NS
means that the difference is statistically not significant (when P-value > 0.05), * means
that there is a statistically significant difference (when P-value ranges from 0.05 to
0.001) and ** means that there is a statistically significant difference (when P-value
<0.001). Biological replicates = 3. Statistical analysis was performed using One-Way
ANOVA test.
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Therefore, the rise in Cafl production driven by T7 RNA polymerase in pT7-
COPAR was not due to the curtailing in the DNA length between the T7
promoter and cafl operon genes, but more likely the caf1R gene knock-out.
Consequently, we propose that the presence of caf1R inhibits the function
of the T7 system and this inhibition effect could be owing to CaflR binding
to the intergenic region between caf1R and caf1M genes obstructing the T7

RNA polymerase.

This phenomeneon was seen at 35°C at which the CaflR protein is in an
active form to trigger the transcription of cafl operon genes in response to
such high temperature (Perry and Fetherston, 1997; Han et al., 2004; Motin
et al., 2004). The low temperature at which the Caf1R induced expression is
assumed to be inoperative was needed to be tested to examine the effect of

CaflR on the T7 RNA polymerase function at low temperature.

3.2.8. CafiR reduces the T7 RNA polymerase performance at low and high
temperatures
Although, CaflR, the positive transcriptional regulator is responsible for
upregulation of cafl operon genes at high temperature close to 37°C (Motin
et al., 2004), the levels of cafl operon gene products (CaflM, CaflA and
Cafl) are much less at low tempreture (26°C) (Han et al., 2004), in other
words, CaflR is likely to be a thermoresponsive transcription factor. So the
main aim of this experiment is to assess the inhibition effect of CaflR on T7
system at two different temperatures low 30°C and high 35°C, 30°C was
chosen as a low temperature to produce a considerable amount of Cafl from

the leaky expression of T7 RNA polymerase.
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E. coli BL21 (DE3) were transformed with either pCOP (contains caf1 operon
genes without T7 promoter), pT7-COP (contains T7 promoter and cafl
operon genes) or pT7-COPAR (contains T7 promoter and cafl operon genes
lacking caf1R), each culture was grown at two temperatures 30°C and 35°C
for 16 h, the height of flocculent layer was meassured after the
centrifugation of mentioned cultures in capillary tubes (Figure 3-10 A). The
mean values of flocculent layer thickness are shown in Table 3-6. There was
no Cafl production by pCOP transformant cultures at 30°C, small amounts
of flocculent layer produced by pCOP cultures at 35°C based on the
expression by natural cafl operon. Although both pT7-COP and pT7-COPAR
transformants cultures produced considerable amounts of flocculent layer
at 30°C, the amounts of flocculent layer were higher at 35°C. The statistics

were performed using One-Way ANOVA test as shown in Table 3-7.

Additionally, all stated cultures were analysed by SDS-PAGE (Figure 3-10 B),
sample (1) which is E. coli BL21 (DE3) transformed with pCOP grown at 30°C
did not show a Cafl band from the cell pellet, whereas, all other samples
produced obvious Cafl bands at 15.5 kDa. These results indicates that Cafl
production is temperature-sensitive in pCOP transformant culture, Cafl is

secreted at 35°C but not at 30°C based on natural promoter.
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Figure 3-10. cafl expression at low and high temperatures. (A) Graph of flocculent
height obtained for cultures of E. coli BL21 (DE3) transformed with either pCOP (1)
grown at 30°C and (2) at 35°C, pT7-COP (3) grown at 30°C and (4) at 35°C or pT7-COPAR
(5) grown at 30°C and (6) at 35°C all for 16 hours. Bar heights correspond to mean
flocculent layer height obtained from three separate cultures from each individual
sample, where error bars represent the standard error of the mean (S.E.M). (B) SDS-
PAGE analysis of heated flocculant layer (at 100 °C for 10 minutes) of the same samples
mentioned in (A), showing Cafl bands in all cultures except sample (1) which is the
natural operon at low temperature did not produce Cafl band. NS means that the
difference is statistically not significant (when P-value > 0.05), * means that there is a
statistically significant difference (when P-value ranges from 0.05 to 0.001) and **
means that there is a statistically significant difference (when P-value <0.001).
Biological replicates = 3. Statistical analysis was performed using One-Way ANOVA
test.
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Table 3-6. Reduction of T7 RNA polymerase performance by CafiR at low and high
temperature. Showing the mean values of flocculent layer thickness of pCOP, pT7-COP
and pT7-COPAR cultures. * value is the standard error of the mean.

The mean values of flocculent layer thickness produced by
Incubation the cultures of
temperature
pCOP pT7-COP pT7-COPAR
30°C 0mm 18mmzt1 27 mm 0.8
35°C 1mmz=0.1 31mmz2 41 mm*2

Table 3-7. The statistical analysis of the T7 RNA polymerase performance reduction by
CafiR at high and low temperatures. Showing the P-values calculated for the
comparisons among the mean values of flocculent layer thickness produced by different
cultures as in the table using One-Way ANOVA test.

The P-values of comparisons among different culture groups

pCOP at 30°C vs. pCOP pT7-COP at 30°C vs. pT7- pT7-COPAR at 30°C vs. pT7-
at 35°C COP at 35°C COPAR at 35°C

0.5 <0.001 <0.001

However, the quantity of flocculent layer at both low and high temperature
increased when caflR was deleted in the presence of the T7 promoter,
implying that CaflR binds DNA at both temperatures to reduce the
transcription achieved by T7 RNA polymerase. All these interesting results
were an encouraging to do further studies including molecular biology and
biophysics technique to examine CaflR function in more details, but most of
these techniques need pure CaflR, hence, CaflR purification was the next

step for our study.
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3.2.9. CaflR purification

In order to further study the behaviour and structure of CaflR in vitro, the
purification of CaflR was a crucial achievement. pBAD CaflR, pET28A
Caf1R", pTolT CaflR (the derivative of pET8c which contains the TolAlll
protein with N-terminal 6 Histidine tag as fusion partner attached to CaflR
N-terminus) (Anderluh et al., 2003) and pTolT Caf1RCO (contains the TolAlll
protein as fusion partner and codon optimised CaflR) were cloned using the
In-Fusion HD cloning technique. Different strains of E. coli were used for
CaflR purification BL21 (DE3), BL21 (DE3) pLYSE, BL21 Al, Tuner (DE3) and
C41 (DE3) cells. The results showed that there was no obvious
overexpression of CaflR, even when the TolAlll protein was used as fusion
partner after codon optimisation using different amounts of inducer in each
experiment, different temperatures, different amounts of time after

induction as shown in Table 3-8.

Table 3-8. The conditions of caflR overexpression performed for the purification
process.

Incubation
Inducer and its Incubation
E. coli strain Plasmid time after
concentration | temperatures
induction
BL21 (DE3) pET28A 1 mM IPTG 16°C Overnight
Caf1RHis
BL21 (DE3) pET28A 1 mMIPTG 16°C Overnight
pLYSE Caf1RHis
BL21 Al pPET28A 2% L-arabinose | 37°C 1h,2h,3h,4
Caf1RMis h
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BL21 Al pBAD CaflR 2% L-arabinose | 37°C 1h,2h,3h,4
h
BL21 Al pTolT CaflR 2% L-arabinose | 25°C, 37°C 1h,2h,3h,4
+ 1 mM IPTG h, overnight
BL21 Al pPET28A 0.2 L-arabinose | 25°C, 30°C, 3h
Caf1R"s +1mM IPTG 37°C
BL21 Al pTolT CaflR 0.2 L-arabinose | 22°C overnight
+1mM IPTG
BL21 Al pTolT Caf1lRCO | 0.2 L-arabinose | 37°C 3h
+1mM IPTG
Tuner (DE3) pET28A 1 uM IPTG 16°C, 20°C, Overnight
Caf1R"s 25°C
Tuner (DE3) pET28A 10 M IPTG 16°C , 20°C, Overnight
Caf1RMis 25°C
Tuner (DE3) pPET28A 50 uM IPTG 16°C, 20°C, Overnight
Caf1R"s 25°C
Tuner (DE3) PET28A 100 1 uM IPTG | 16°C, 20°C, Overnight
Caf1R"s 25°C
Tuner (DE3) pET28A 1 mM IPTG 16°C, 20°C, Overnight
Caf1R"Mis 25°C
Tuner (DE3) pET28A 2 mM IPTG 16°C, 20°C, Overnight
Caf1R"s 25°C
Tuner (DE3) pTolT CaflR 1 uM IPTG 16°C, 20°C, Overnight
25°C
Tuner (DE3) pTolT CaflR 10 uM IPTG 16°C, 20°C, Overnight
25°C
Tuner (DE3) pTolT CaflR 100 puM IPTG 16°C, 20°C, Overnight
25°C
C41 (DE3) pET28A 1 mM IPTG 37°C Overnight
Caf1RMs
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C41 (DE3) pTolT CaflR 1 mM IPTG 37°C Overnight
C41 (DE3) pTolT CaflRCO | 1 mM IPTG 37°C 3h
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Figure 3-11. SDS-PAGE analysis of CaflR purification process. Extracted from culture
of E. coli Tuner (DE3) transformed with pET28A Caf1R"¥, the starter culture was grown
at 37°C overnight, the expression culture was inoculated and grown at 20°C overnight.
(A) Lanes 1: protein ladder, 2: the culture before induction, 3: induced culture, 4: crude
protein extract before loading on Ni Separose column (1ml HisTrap HP from GE
Healthcare), 5: flow-through, 6: wash-through and 7, 8, 9, 10 and 11 are samples
eluted from Ni Separose column, respectively. (B) Elution fractions collected after size
exclusion chromatography using (Proteo SEC 3-70 kDa HR), showing no bands at 38
kDa (Caf1R CT-His molecular weight).
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Nevertheless, several transformants were elected to be used in CaflR
purification based on SDS-PAGE results (Figure 3-11). Many attempts of
CaflR purification experiments were performed, three examples will be
mentioned here, E. coli Tuner (DE3) cells transformed with pET28A Caf1R"s
were used to overexpress caflR, the starter culture were grown at 37°C
overnight using 50 ml TB medium (30 pg/ml) kanamycin. Four flasks of 750
ml TB (30 pg/ml) kanamycin were innoculated from starter culture as
expression culture, grown to ODego (0.6-0.8), then induced with 10 uM IPTG
and then incubated at 20°C overnight. Crude proteins were extracted as
stated in methodology section, the protein solution loaded on Ni Sepharose
High Performance column (1 ml HisTrap HP from GE Healthcare), the column
was washed with 10 column volumes wash buffer and then the bound
proteins eluted with 5 column volumes elution buffer containing 250 mM
imidazol. All fractions collected from flow-through, wash-through and

elution were analysed by SDS-PAGE (Figure 3-11 A).

All eluted fractions which produced bands at =~ 38 kDa (the molecular weight
of Cafl1R CT-His as measured in ProtParam software (Gasteiger et al., 2005))
were collected and mixed to be dialysed at 4°C overnight, the concentration
of protein was (4.29 mg/ml) after dialysis and concentration. Size exclusion
chromatography was performed as a second purification step using Proteo
SEC 3-70 kDa HR (high performance rigid resin derived from a copolymer of
Dextran and Agarose), the eluted samples were analysed in SDS-PAGE
(Figure 3-11 B), SDS-PAGE results showed that the potential Caf1R band at =
38 kDa disappeared after dialysis and size exclusion chromatography and no

CaflR was obtained.
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Furthermore, E. coli BL21 Al cells were transformed with pTolT CaflR (the
derivative of pET8c which contains TolAlll protein with N-terminal 6
Histidine tag as fusion partner attached to Caf1R N-terminus), the expression
culture was grown at 37°C until OD600 (0.6-0.8) to be induced then by
adding 0.2% L-arabinose to induce the expression of T7 RNA polymerase in
BL21 Al cells and 1mM IPTG to induce the expression from pTolT CaflR (T7-
based expression vector), the crude protein extract was loaded on Ni
Sepharose column (1 ml HisTrap HP from GE Healthcare) and both wash-
through and elution-through fractions were collected to be analysed in SDS-
PAGE (Figure 3-12). The N-terminal His-tagged TolA-CaflR protein
parameters were calculated by ProtParam software (Gasteiger et al., 2005),

the expected molecular weight is = 47.8 kDa.

However, the results from SDS-PAGE indicate that there is an obvious band
at = 48 kDa in the sample taken from induced culture which is not in found
in the uninduced sample. This band is not visible in elution fractions after
His-tag purification step using Ni Sepharose cloumn (1 ml HisTrap HP from
GE Healthcare), indicating that the protein has degraded or did not bind to
the column. The analysis of these bands by mass spectrometry PMF (peptide
mass fingerprinting) technique shows that the massive band at the top of
elution fractions lanes is DnaK protein (70 kDa molecular chaperone), the
second band is groEL protein (60 kDa chaperonine) from E. coli and the third
one is a combination of TolAlll and CaflR (the target band) which was faint
in elution fractions at = 48 kDa (Figure 3-12), thus the TolAlll-Caf1R protein
was a tiny portion of elution fractions as compared with non-specific
proteins bound to Ni Sepharose column (1 ml HisTrap HP from GE

Healthcare).
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Figure 3-12. SDS-PAGE analysis of CaflR purification process. Extracted from culture
of E. coli BL21 Al transformed with pTolT Caf1R, the starter culture was grown at 37°C
overnight, the expression culture was inoculated and grown at 25°C overnight. (A)
Lanes 1: protein ladder, 2: the culture before induction, 3: induced culture with 0.2%
L-arabinose showing a potential TolA-Caf1R band at = 48 kDa, 4: crude protein extract
before loading on Ni Sepharose column, 5: flow-through, 6, 7, 8, 9 and 10: wash-
through samples 1, 2, 3, 4 and 5 respectively. Lanes 11, 12, 13 and 14 are samples
eluted from Ni Sepharose column. As detected by PMF (peptide mass fingerprinting),
the DnaK band at = 70 kDa, groEL at = 60 kDa and TolAlll-Caf1R at = 48 kDa.

This low level of expression may be a result of CaflR toxicity to the E. coli
cells, hence E. coli C41 (DE3) cells were selected due to their ability to provide
a reliable overexpression of toxic proteins (Miroux and Walker, 1996;
Dumon-Seignovert et al., 2004), the C41 (DE3) cells were transformed with
pTolT Caf1RCO (the derivative of pET8c which contains TolA protein with N-

terminal 6 Histidine tag as fusion partner attached to codon-optimised
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CaflR), grown as starter culture at 37°C overnight, the expression cultures
were grown until ODesgo (0.6-0.8) and then induced with 1 mM IPTG, the
induced cultures were re-incubated at 37°C for 3 h. The bacterial cells were
broken with high pressure (23Kpsi) using a Constant Systems cell disrupter,
loaded on Ni Sepharose column (1 ml HisTrap HP from GE Healthcare), the
wash and elution was performed using phosphate buffer with 20 mM

imidazole for wash and 350 mM imidazole for elution.

The size exclusion chromatography was achieved after His-tag purification
step using Proteo SEC 3-70 kDa HR (high performance rigid resin derived
from a copolymer of Dextran and Agarose) following the recommended
protocol from the supplier company. Three peaks were obtained after these
two step purification process (Figure 3-13 A), according to SDS-PAGE results
(Figure 3-13 B) the first peak produced two faint bands at = 90 kDa and 75
kDa, the second one comprises a large band at = 65 kDa and the third peak
covers several bands ranging from 30 kDa and 20 kDa. The 65 kDa band was
cut and identified by mass spectrometry PMF (peptide mass finger printing)
to be glmS (glutamine-fructose-6-phosphate aminotransferase), once again
no CaflR was gained from the last purification attempt. The purification
process of CaflR was not successful after these attempts. Therefore, the
unproductive purification of CaflR protein was a turning point to move
toward molecular biology techniques to investigate the function of CaflR in

more details.
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Figure 3-13. CaflR purification process. Using E. coli C41 (DE3) cells transformed with
pTolT Caf1RCO (the derivative of pET8c which contains TolA protein with N-terminal 6
Histidine tag as fusion partner attached to codon-optimised caf1R). (A) Graphs of two
purification steps, His-tag purification using Ni Separose column (1ml HisTrap HP from
GE Healthcare) and size exclusion using Proteo SEC 3-70 kDa HR column showing the
peaks of proteins after each step. (B) SDS-PAGE analysis of the samples obtained after
each purification steps.

102




3.3. Discussion

It was observed in this study that the presence of flocculated materials which
were separated from bacterial cells by centrifugation indicates the
production of Cafl polymer. In addition, it was proved that the amounts of
Cafl polymer produced corresponds to the flocculent layer volume in the
Cafl producing cultures as in (3.2.2). Based on this phenomenon, the levels
of Cafl polymer was estimated by measuring the flocculent layer in each
culture. The recombinant Cafl polymer was the main protein component of
the flocculent layer produced by E. coli JIM101 transformed with pAH34L
after the centrifugation process (Miller et al., 1998). Miller et al. (1998) also
identified that the centrifugation of Cafl producing cultures led to
separation of the capsule material to form the flocculent layer above the
layer of the sedimented bacterial cells. Friedman et al. (1969) stated that
several capsule producing Gram-negative bacteria produce a flocculated
material which is composed of extracellular polymer along with

polysaccharide components.

Although the CaflR is the positive transcriptional regulator of the cafl
operon as shown in this study and also reported by Karlyshev et al. (1992b),
the overexpression of caf1R as shown in (3.2.3) and (3.2.4) has a negative
effect on the Cafl production. Whereas, the overexpression of the positive
transcription factors from AraC family led to an increase in the transcription
of the operons which they are responsible for. Gambino et al. (1993)
described that the ability of resistance to multiple antibiotics was shown by
E. coli when the MarA transcription activator was overexpressed. Asako et
al. (1997) indicated that the overexpression of MarA results in an increase in

antibiotic resistance and organic solvents tolerance in E. coli. Similarly, the

103



overexpression of the Rob transcription activator led to an increase in the

resistance to multiple antibiotics in E. coli (Ariza et al., 1995).

The overexpression of other AraC positive transcription regulator SoxS also
conferred multiple antibiotics resistance in E. coli (Nakajima et al., 1995).
SoxS is responsible for activation of 17 genes in response to superoxide
stress conditions in E. coli (Liochev and Fridovich, 1992; Fawcett and Wolf,
1995; Liochev et al., 1999). Therefore, it was expected to observe anincrease
in Cafl production as a result of caflR overexpression which was not the
case. The negative impact of caf1R overexpression on the cafl expression
implied that the CaflR transcription activator could have different
mechanism of regulation as compared with its homologs, MarA, Rob and

SoxS.

The presence of caf1R gene is required for cafl operon expression as shown
in this study (3.2.5) which agrees with what was reported by Karlyshev et al.
(1992b), since, CaflR acts to activate the transcription of cafl operon in
response to temperature and without CaflR no expression will be obtained.
Hachler et al. (1991) stated that the mutation of marA locus led to revert E.
coli cells to being susceptible after being resistant to low concentrations of

tetracycline and chloramphenicol.

The resistance to these antibiotics was rescued again after being
transformed with a plasmid containing an intact marA locus (Hachler et al.,
1991). Kabir and Shimizu (2006) showed that the deletion of the soxS gene
caused glucose uptake and growth reduction in E. coli. At the same time, the
production of acetate was increased considerably as compared to the wild
type strain as a result of tricarboxylic acid cycle downregulation (Kabir and

Shimizu, 2006). This effect of soxS gene deletion was attributed to the loss
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of upregulation of cyoA, nuoE and ndh genes which are involved in the chain

of electron transport and respiratory system (Kabir and Shimizu, 2006).

It was confirmed by this study (3.2.8) that the presence of caf1R gene affects
the performance of gene expression driven by T7 RNA polymerase
negatively. The deletion of the caflR gene in pT7-COP caused a large
increase in Cafl production as in (3.2.6). The silencing of the caf1R gene by
substitution of start codon with a random three nitrogen bases and insertion
of three stop codons at the beginning of the gene led to the production of
higher amounts of Cafl polymer (3.2.7) which is another evidence of the
negative impact of CaflR on the T7 RNA polymerase function. The reason for
such effect was thought due to the binding of CafliR in the way of T7 RNA

polymerase during the transcription process.

Guajardo et al. (1998) showed that the binding of lac repressor downstream
to the T7 promoter leads to create a roadblock to hinder the T7 RNA
polymerase from moving forward during transcription process. The
obstruction of T7 RNA polymerase from performing the transcription by the
bound /ac repressor is a consequence of either the physical conflicts
between T7 RNA polymerase and the DNA-bound protein or the structural
changes in DNA as a result of the transcription bubble formation which
compete with the retaining of bound protein interaction with the DNA
(Guajardo et al., 1998). Lopez et al. (1998) also stated that the transcription
extension by T7 RNA polymerase was thwarted by binding of lac repressor
downstream to the T7 promoter. Madan Babu and Teichmann (2003)
reported that the majority of the transcription repressors bind downstream

to the promoters to hinder the processing of the RNA polymerases.
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The purification of Caf1R was performed using different strains of E. coli and
different expression vectors. At the end of this study, no pure CaflR was
obtained. The analysis of protein parameters by ProtParam webserver
(Gasteiger et al., 2005) predicted that CaflR is unstable protein. It was
reported by Kolodrubetz and Schleif (1981) that both activators and
repressors of AraC family transcription factors are unstable in vivo with half-
lives around 60 minutes. The instability and insolubility were clearly verified
for AraC family members and their homologs which contain helix-turn-helix
DNA-binding domains (Schleif, 2000). Therefore, the biochemical
examinations of this family were affected negatively (Schleif, 2000). It was
reported that the MelR transcription activator from the AraC family is as

unstable and insoluble as other members in the family (Michan et al., 1995).

Even though, several other transcription factors from the same family were
purified and characterised successfully such as XyIR (Ni et al., 2013), MarA
(Jairet al., 1995) and Rob (Hyock Joo et al., 2000) which are Caf1R homologs.
Kumar (2016) reported that seven different plasmid constructs were used to
optimise the purification of CaflR including both codons optimised and
native caflR gene. After a long optimisation process, the MBP protein
expression tag was used as a fusion partner with CaflR to enhance its
solubility (Kumar, 2016). The total amount of CaflR obtained from this
method was 300-350 pg and the protein was obviously suboptimal (Kumar,
2016). It was recommended that further optimisation studies are required
to obtain a soluble, functional and sufficiently abundant sample of CaflR to

be used for characterisation (Kumar, 2016).
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4. Chapter Four: CaflR regulates transcription of the plague Capsular
Antigen F1 (caf1) operon in response to temperature

4.1. Introduction

Pathogenic bacteria can sense the temperature of the host body to provoke
the production of required virulence factors to defend themselves from the
host immune system. The molecular mechanism of such temperature-
sensitive regulation might be at the transcriptional or translational level
involving DNA, RNA or protein (Shapiro and Cowen, 2012). For example, a
DNA thermosensor can be an efficient way to regulate transcription in
response to temperature alteration by making changes in DNA supercoiling

(L6pez-Garcia and Forterre, 2000).

In E. coli, negatively supercoiled DNA is loosened transiently as a response
to heat stress which can result in plasmid relaxation and transcription
initiation. Whereas, the cold shock can induce the transient negative
supercoiling of DNA to obstruct the transcription (Kataoka et al., 1996;
Mizushima et al., 1997). RNA thermometers are also involved in the
temperature responsive regulation in some Gram-negative bacteria such as

E. coli and Salmonella species (Waldminghaus et al., 2005).

The mechanism by which the RNA thermometers regulate the translation
process is by forming hairpin structure when the ribosome-binding sequence
(Shine-Dalgarno sequence) base pairs with the AUG start codon in the 5’
untranslated region of mRNA, this hairpin structure can prevent the mRNA
from binding to the ribosome and halt the translation process. The hairpin
structure is destabilised in response to raised temperature to facilitate the
ribosome binding and translation initiation (Jens and Franz, 2012). In

addition, the regulation of gene expression could be achieved using protein
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temperature sensors including transcriptional regulators, kinases and

chaperones (Klinkert and Narberhaus, 2009).

The CaflR protein is a positive transcriptional regulator which shows high
homology with the non-canonical transcriptional activators, Rob, SoxS and
MarA of the AraC family which are involved in response to the superoxide
and resistance to antibiotics and heavy metals (Gallegos et al., 1997). When
Yersinia pestis infects the flea where the temperature = 25°C the bacteria do
not produce the Capsular Antigen F1 (Cafl), while, the bacteria can sense
the change in temperature when they invade the human body (Perry and
Fetherston, 1997) to produce Cafl polymer as a coat to avoid the
phagocytosis by macrophages (Du et al., 2002). The gene transcription of the
cafl operon is increased in response to high temperature (37°C) (Han et al.,
2004; Motin et al., 2004). Although CaflR is thought to be the responsible
factor for such upregulation (Karlyshev et al., 1992a), there are no clear
results showing the role of CaflR in this thermal responsive expression of

the cafl operon genes.

In this chapter, it was found that caf1 operon genes caf1M, caflA and caf1
are transcribed as a single long mRNA. Both intergenic sequence 2 (between
cafiIM and caflA) and 3 (between caflA and cafl) were detected in the
cDNA of E. coli BL21 (DE3) culture transformed with the plasmid pCOP
(contains cafl operon). Furthermore, the results obtained from a rapid
amplification of 5° cDNA ends experiment (RACE) showed that part of caf1,
intergenic region 3 and part of caf1A are present together in a single cDNA
which was synthesized using the total RNA extracted from pCOP

transformant cultures.
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The deletion of one predicted promoter region in the intergenic sequence 1
(between caflR and caflM) was seen to have a significant effect on the
transcription of caf1 operon genes and protein production when analysed by
RT-PCR and western blot. At the same time, the deletion of the other two
predicted promoters in the same intergenic region (1) did not have a
substantial effect on the both cafl operon transcripts and proteins levels.
Moreover, the analysis of ribosome-binding site function (RBS) using RT-PCR
and western blot revealed that the substitution of these predicted RBS led
to change the transcript levels of caf1 operon genes which is not supposed

to happen theoretically.

Nonetheless, the predicted RBS of cafl transcript (TAGAGGT) could be
confirmed, because though the levels all caf1 transcripts were similar in the
cultures of either pCOPFAM-RBS (where predicted caf1M-RBS is substituted
with a random sequence), pCOPFAA-RBS (where predicted caf1A-RBS is
substituted with a random sequence) or pCOPFAF-RBS (where predicted
caf1-RBS is substituted with a random sequence), the Cafl protein bands
were shown by western blot in both cultures of pCOPFAM-RBS and
pCOPFAA-RBS but not with pCOPFAF-RBS.

The investigation of cafl operon gene expression by RT-PCR and western
blot in the presence and absence of caflR gene at two different
temperatures illustrated that CaflR is responsible for the immediate
upregulation of the cafl operon gene expression in response to the thermal
change from 25°C to 35°C. The sequence alignment and structural modelling
demonstrated that there is a high similarity among Caf1R, Rob and MarA in
the two helix-turn-helix motifs in the N-terminus which are involved in DNA

binding. The DNA-binding residues are partially conserved in these three
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proteins with several mutations in CaflR suggesting that Caf1lR-binding site
could be slightly different. On the other hand, the C-terminus of CaflR is
quite different from Rob’s and MarA’s one and it has been identified as a
member of Gyrl-like small molecule binding domain family which contains
two strand-helix-strand-strand (SHS2) motifs (Anantharaman and Aravind,
2004) opposite to each other and that could indicate that small molecule
effectors might be involve in the function of CaflR’s C-terminus. Finally, the
deletion of CaflR’s C-terminus stopped the production of Cafl protein
implying that the C-terminus of CaflR is important for its function as a

transcriptional activator.
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4.2. Results

4.2.1. The caf1 operon genes, caflM, caflA and caf1 are transcribed as a
single polycistronic transcript
cafl operon consists of four structural genes which are caf1R, caf1M, caf1A
and caf1 in that order (Figure 4-1 A), they are separated by three intergenic
regions, the first intergenic region (intergenic region 1) is 328 nucleotides
(nt) long between caf1R and caf1M, intergenic region 2 is located between
cafiM and caflA and is only 24 nt long, finally the third intergenic region
which separates caf1A from caf1 that is 80 nt long. The caf1R gene, which
encodes for the putative transcriptional regulator, is transcribed in the
opposite direction to the rest of the operon. Here, | wished to characterise
the expression of the cafl operon genes using PCR analysis of RNA

transcripts.

E coli BL21 (DE3) cells transformed with either pCOP (contains caf1 operon)
or pT7-COP (contains cafl operon preceded by an upstream T7 promoter),
were grown at 35°C for 16 h to produce Cafl polymer and then total RNA
extraction was followed by cDNA synthesis. The cDNA was used as a
template for amplification (PCR) of intergenic regions 1, 2 and 3 using
primers complementary to the sequence either side of the intergenic regions
(Figure 4-1 A), in order to examine the size of the cafl operon multigenic
transcript. Therefore, the amplification of intergenic regions 2 and 3 in pCOP
transformant would indicate that caf1 operon genes are transcribed as a one
large transcription unit, whereas, the lack of amplification would mean that
these genes are transcribed as three small RNA transcripts (caf1M, caf1A and
cafl). In the culture of E. coli BL21 (DE3) transformed with pT7-COPT7 (with

T7 promoter upstream to caflR), the combined amplification of all three
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intergenic regions 1, 2 and 3 suggests that T7 RNA polymerase transcribes all

three genes together.
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Figure 4-1. Schematic of primer design. (A) A diagram of the caf1 operon present in
the plasmids used in this study is shown, with arrows corresponding to the forward
and reverse primers and placed in the approximate position where they bind. Forward
primers are shown on top of the genes and reverse primers shown beneath. Primers
used for detecting the presence of intergenic regions in cDNA are shown: orange for
intergenic region 1, black for intergenic region 2 and purple for intergenic region 3. (B)
Agarose gel showing the PCR amplification products corresponding to the three
intergenic regions of the cafl operon generated from either the pCOP plasmid, or
cDNA made using mRNA from cultures of E. coli transformed with pT7-COP or pCOP
plasmids and grown at 35°C for 16 h. Both plasmids contain the caf1 operon as shown
in (A).

The agarose gel of PCR products (Figure 4-1 B) demonstrates that when using
pCOP plasmid as a positive control, all intergenic regions 1, 2 and 3 were
amplified. This was same for pT7-COP cDNA implying that the transcription
was driven by T7 RNA polymerase starting from T7 promoter upstream of
caflR. However, the intergenic regions 2 and 3 were amplified when pCOP

cDNA used as a template suggesting that both cafIM and caf1A and caf1A
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and caf1 are co-transcribed together. Consequently, caf1M, caf1A and caf1
genes are most likely to be transcribed as a long, single, multigenic mRNA (of
approximately 3900 nt) in the natural system. Although intergenic region 2
is unlikely to contain a promoter due to its short length (only 24 nt),
intergenic region 1, being upstream of all three genes and relatively long, is

likely to contain both promoter and Caf1R-binding site.

4.2.2. Identification of caf1 operon promoter

The intergenic region 1 which is a 328 nt long DNA sequence located
between caflR and caflM was used to predict the cafl operon genes
promoter, three promoters were predicted using Neural Network Promoter
Prediction 2.2 (NNPP2.2) (Reese, 2001) webserver. The prediction process in
this webserver is based on two features: the recognition of the TATA-box
and the transcription start site. We hypothesized that one of the identified
promoters P1, P2 and P3 (Table 4-1) upstream of cafiM is likely to drive the
transcription of the caf1 operon genes as a one mRNA transcript. Therefore,
each one of these promoters was deleted separately from pCOPF (a pCOP
plasmid in which Caf1R, M and A have C-terminal FLAG tags) and E. coli BL21
(DE3) cells were transformed either with pCOPFAP1 (promoter 1 knocked-
out), pCOPFAP2 (promoter 2 knocked-out) or pCOPFAP3 (promoter 3

knocked-out) and grown at 35°C for 16 h.
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Table 4-1. The sequences and scores of the predicted promoters

Name Score Sequence of the predicted promoter

P1 0.94 aattgttctcagtgaggctgtgctacggatataaaaatccccttcatttg
P2 0.95 ccttcatttgttacccacctttttacgcatatcgtcgatatgaaatgatg
P3 0.84 ccacctttttacgcatatcgtcgatatgaaatgatggggagggggtggga

The fold-change in expression of cafl operon genes in each culture was
evaluated by RT-PCR relative to 3-lactamase (as a house keeping gene),
where the fold-change in expression = (22%) and ACt = (Ct value of target
gene — Ct value of B-lactamase gene) (Livak and Schmittgen, 2001; Dheda et
al., 2004) and the proteins levels were analysed by western blot using anti-
FLAG and anti-Cafl antibodies. The means of expression fold-change in the

cultures of pCOPF, pCOPFAP1, pCOPFAP2 and pCOPFAP3 transformants are

shown in Table 4-2 and statistical analysis is shown in Table 4-3.

Table 4-2. The RT-PCR analysis data of cafl operon predicted promoters. Showing the
means of expression fold-change of the caf1 operon genes relative to B-lactamase as a

house keeping gene. t value is the standard error of the mean.

Gene The mean values of the expression fold-change
transcript pCOPF pCOPFAP1 pCOPFAP2 pCOPFAP3
cafiM 1.2+0.08 0.84 +0.09 0.88 +0.04 1.18 £ 0.09
caflA 1.07+0.1 0.7 £0.06 0.13+0.01 0.99 +0.09
cafl 2.23+0.1 1.66+0.1 0.62 £0.02 2.15+0.1
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Figure 4-2. Determination of promoter site. (A) Transcript levels of the cafl operon
genes as determined by RT-PCR, from cultures grown for 16 h of E. coli transformed
with either pCOPF (full caf1 operon, caf1R, cafiM and caf1A have FLAG tags), or pCOPF
with the proposed promoter regions P1,2 or 3 deleted. Three cultures of each
condition were grown, with RT-PCR reactions run in duplicate for each culture. Bar
heights correspond to mean fold-change in expression relative to 3-lactamase. Error
bars represent standard error of the mean (S.E.M). A diagram detailing the positions
of the P1, 2 and 3 regions is shown in the top of the graph. (B) Western blot of the
above cultures showing the levels of CaflM and Cafl (detected by anti-FLAG tag and
anti-Cafl antibodies respectively), and using DnaK (detected by an anti-DnaK
antibody) as a loading control. NS means that the difference is statistically not
significant (when P-value > 0.05), * means that there is a statistically significant
difference (when P-value ranges from 0.05 to 0.001) and ** means that there is a
statistically significant difference (when P-value <0.001). Biological replicates = 3.
Statistics analysis was performed using One-Way ANOVA test.
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Table 4-3. The statistics of the RT-PCR analysis data of caf1 operon predicted promoters.
Showing the P-values of the comparisons among the different cultures using One-Way

ANOVA test.
The statistical differences among the mean values (P-values)
Gene transcript pCOPF vs. pCOPF vs. pCOPF vs.
pCOPFAP1 pCOPFAP2 pCOPFAP3
cafiM 0.01 0.004 0.786
caflA 0.009 <0.001 0.573
cafl 0.04 <0.001 0.732

Although the deletion of the P1 sequence resulted in a slight decrease in
expression of all the cafl genes (Figure 4-2 A), the P2 region knock-out
resulted in the largest decrease in the transcript levels, whereas, the levels
the caf1 operon transcripts obtained from P3 deletion were very close to the
levels of the pCOPF transformant (the natural system). On the other hand,
the western blot analysis (figure 4-2 B) revealed that although, both
pCOPFAP1 and pCOPFAP3 transformants produced CalM and Cafl bands of
similar intensity to the pCOPF transformant (the natural system), the P2
region deletion prevents CaflM and Cafl production. Therefore, the
predicted region 2 is most likely to contain the promoter responsible for caf1
gene transcription as a long single mRNA. The P2 region is 44 nt upstream

from the potential caf1M-RBS (ribosome-binding site).

4.2.3. Identification of the cafl operon Ribosome-Binding Sites

In order to comprehend the translation of such a multigenic mRNA of caf1
operon, the location of the ribosome-binding sites (which are required for
proteins synthesis) of the cafl operon were determined by manual sequence
analysis by comparing with known consensus sequences. Three RBS sites

were recognised close to the translational start codons of each gene (Figure
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4-3 A), the caf1M-RBS is a consensus Shine-Dalgarno sequence (AGGAGGT),
whereas both caflA-RBS and caf1-RBS are more likely to be the non-
consensus RBS sites (AGGGGAC) and (TAGAGGT) respectively. To investigate
these RBS sequences, they were substituted with random DNA sequences of

the same lengths.

E. coli BL21 (DE3) cells were transformed with either pCOPF, pCOPFAM-RBS
(where caf1M-RBS is substituted with a random sequence), pCOPFAA-RBS
(where caf1A-RBS is substituted with a random sequence) or pCOPFAF-RBS
(where caf1-RBS is substituted with a random sequence), three single
colonies from each transformant were used to inoculate 5 ml liquid cultures
and grown at 35°C for 16 h, total RNA was extracted and cDNA synthesized
to be analysed by RT-PCR, the western blot was performed to test the effect
of RBS sites substitution on protein production using samples from the same

cultures used for RT-PCR.

Although the deletion of the RBS sites is not supposed to affect the patterns
of RNA transcripts, interestingly, the transcripts levels were altered (Figure
4-3 A) as compared to the pCOPF transformant (which contains the natural
cafl operon), the deletion of caf1M-RBS leads to large decrease in all RNA
transcripts levels with statistically significant difference when comparing
with pCOPF cultures and similar reductions were obtained in pCOPFAA-RBS
cultures, whereas, the levels of transcripts in pCOPFAF-RBS culture were
similar to pCOPF transformant except for cafl transcript there was a clear

decline as well.
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Figure 4-3. Determination of caf1 operon ribosome-binding sites. (A) Transcript levels
of the cafl operon genes as determined by RT-PCR, from cultures grown for 16 h of E.
coli transformed with either pCOPF (full caf1 operon, cafiR, M and A have FLAG tags),
or pCOPF with the detected RBS of cafiM, caflA and cafl deleted separately. Three
cultures of each condition were grown, with RT-PCR reactions run in duplicate for each
culture. Bar heights correspond to mean fold-change in expression relative to B-
lactamase. Error bars represent standard error of the mean (S.E.M). A diagram
detailing the positions of the cafIM-RBS, caf1A-RBS and caf1-RBS is shown in the top
of the graph. (B) Western blot of the cultures mentioned in (A). E. coli BL21
transformed with either pCOPF (1), pCOPFAM-RBS (2), pCOPFAA-RBS (3) or pCOPFAF-
RBS (4) grown at 35°C for 16 h. Showing the levels of Caf1M and Cafl (detected by
anti-FLAG tag and anti-Cafl antibodies respectively), and using DnaK (detected by an
anti-DnaK antibody) as a loading control. NS means that the difference is statistically
not significant (when P-value > 0.05), * means that there is a statistically significant
difference (when P-value ranges from 0.05 to 0.001) and ** means that there is a
statistically significant difference (when P-value <0.001). Biological replicates = 3.
Statistics analysis was performed using One-Way ANOVA test.
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Table 4-4. The RT-PCR analysis data of the predicted ribosome binding-sites in cafl
operon. Showing the means of expression fold-change of the cafl1 operon genes relative
to B-lactamase as a house keeping gene. * value is the standard error of the mean.

Gene The means of the expression fold-change
transcript pCOPF pCOPFAM-RBS | pCOPFAA-RBS | pCOPFAF-RBS
cafir 0.02 £ 0.002 0.05 + 0.006 0.04 £ 0.003 0.07 £ 0.005
cafiMm 249+0.3 0.34+0.01 1.14 +0.06 3.46+0.3
caflA 1.58+0.2 0.13+0.01 0.26 £ 0.01 1.81+0.1
cafl 4.02+0.5 1.21+0.02 1.10+£0.05 1.58+0.1

The western blot results (Figure 4-3 B) showed that the Caf1M production
ceased in both pCOPFAM-RBS and pCOPFAA-RBS, whilst, the Cafl bands
were less intense in the caf1M-RBS deletion even when the cafl transcript
levels obtained by RT-PCR are similar for these two transformants. This
suggests that the absence of CaflM (chaperone) which protects the Cafl
subunits from aggregation and protease digestion during the periplasm
cause a decrease in Cafl levels (Galyov et al., 1991a; Zavyalov et al., 1997,
Chapman et al., 1999). Interestingly, the levels of cafl operon transcripts
decreased after RBS deletion implying that the stability of transcripts of the
cafl operon were reduced. This might actually be as a result of the deletion
of the RBS sites, since the binding of mRNA to ribosomes gives it more
stability. Although the levels of RNA transcripts of the cafl gene are similar
in cultures of pCOPFAM-RBS, pCOPFAA-RBS and pCOPFAF-RBS or even a
slightly more in pCOPFAF-RBS, the Cafl protein bands disappeared in the
caf1-RBS deletion indicating that the RBS site of caf1 identified here is more
likely the right Shine-Dalgarno sequence of cafl gene. Additional

investigations of promoters, RBS sites and Cafl1R-binding sites need to be

achieved to know their sequence exactly which is very important to
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determine the molecular mechanism of transcription and translation in this

system.

4.2.4. Analysing of caf1 transcripts size using rapid amplification of 5' cDNA
ends (5’ RACE)
The determining of RNA transcripts full sequence is an efficient way to
identify the transcription start site and the responsible promoter(s) for caf1
operon transcription. E. coli BL21 (DE3) cells were transformed with pCOPF,
grown at 35°C for 16 h, total RNA was extracted and the cDNA was
synthesized by reverse transcription (Figure 4-4 A) using a gene specific
primer of 9 nt (GSP-RT) (RT stands for reverse transcription) complementary
to a sequence in the cafl transcript. The cDNA was purified to remove the
primers and nucleotides to be used in terminal transferase reaction. This
reaction was done to add a poly adenine tail to the 3’ termini of cDNA which

will provide then a primer-binding site at cDNA 3’ end.

Next, the amplification of these cDNA was done using the poly A tailed-
cDNA, a gene specific primer (GSP1) which is complementary to a site on the
cafl gene in the antiparallel strand of cDNA upstream to the (GSP-RT)
primer, (dT)17-adapter primer which contains tail of 17 thymine at 3’ end and
other 18 nt and the adapter primer which resembles the (dT):7 -adapter
primer in the 18 nt without thymine tail and other PCR components. The PCR
products were analysed by agarose gel electrophoresis (Figure 4-4 B) and the

DNA bands were extracted and sent for sequencing.
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Figure 4-4. Rapid amplification of 5’ cDNA ends (5’ RACE). (A) A diagram showing the
workflow of 5° RACE. The main steps are: (1) Total RNA extraction from pCOP
transformants culture, (2) reverse transcription reaction using the extracted RNA as a
template and GSP-RT primer to synthesise cDNA, (3) adenine-tail addition to 3’ end of
the pure cDNA by terminal transferase reaction and finally (4) the amplification of the
adenine-tailed cDNA by PCR using GSP1 primer, (T)17-adapter and adapter primers.
The green arrow (GSP-RT) is the gene specific primer of 9 nt used in reverse
transcription reaction, the purple arrow (GSP1) is the gene specific primer used in PCR,
it is complementary to a small part of cafl gene on the antiparallel strand of cDNA,
the dark red arrow (dT)i7-adapter primer contains 17 thymine tail complementary to
the adenine tail in cDNA strand and the orange arrow refers to adapter primer which
resemble the (dT)i7-adapter primer without thymine tail. (B) Agarose gel
electrophoresis of 5 RACE PCR products using adenine tailed cDNA as a template DNA,
GSP1, (dT)i17-adapter and adapter primers mentioned in (A) the shown bands are the
amplified adenine-tailed cDNA from the cultures of E. coli BL21 (DE3) transformed with
pCOP grown at 35°C for 16 h.
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Figure 4-5. The sequence alignment of 5° RACE PCR products sequencing results and
cafl operon. The PCR products were purified from agarose gel shown in (Figure 4-4 B)
and sent to (Eurofins Genomics) using GSP1 primer which is complementary to a short
sequence in the cafl gene. The sequence 1 is a part of cafl operon includes a small
part of caf1A in blue colour and intergenic sequence 3 in pink colour and a part of caf1
in grey colour. The sequence 2 is the sequencing results of 5° RACE PCR products
obtained from Eurofins Genomics.
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cafl operon sequence 1 GAGATAAAAATCAATCATGTTCATCTAATGTAGTTCTACCAGAAAAAACGGATATTTCTG 60

FEEEEErrrrrereerrer
Sequencing results 1 e CCAGAAAAAACGGATATTT-TG 21

cafl operon sequence 61 GTGCTTATAGGTTATCCACAACCTGCATCTTAAATAACTAAAACGGATGTTTATTTCAAA 120

FEEREEERTERE e e e e e e e e e e e e e e e reer e e e el
Sequencing results 22 GTGCTTATAGGT TATCCACAACCTGCATCTTAAATAACTGAAACGGATGTTTATTTCARA 81

cafl operon sequence 121 CAGGACACAAGCCCTCTCTACGAATTTGT TCGTGGATTGGATTATTCGATAGAGGTAATA 180

FECEEEERTE R E e e e e e e b e e e e e e e e e e e e e e e e e e el
Sequencing results 82 CAGGACACAAGCCCTCTCTACGAATTTGT TCGTGGATTGGATTATTCGATAGAGGTAATA 141

cafl operon sequence 181 TATGAAAAAAATCAGTTCCGTTATCGCCATTGCATTATTTGGAACTATTGCAACTGCTAA 240

FECEEEEREEr e e e e e et e e e e v et e e e e e e e e e e e e eer e e el
Sequencing results 142 TATGAAAAAAATCAGTTCCGTTATCGCCATTGCATTATTTGGAACTATTGCAACTGCTAA 201

cafl operon sequence 241 TGCGGCAGATTTAACTGCAAGCACCACTGCAACGGCAACTCTTGTTGAACCAGCCCGCAT 300

FECEEEEETE e e e e e e e e e e e e e e e e e e e e e e e e e e el
Sequencing results 202  TGCGGCAGATTTAACTGCAAGCACCACTGCAACGGCAACTCTTGTTGAACCAGCCCGCAT 261

cafl operon sequence 301 CACTCTTACATATAAGGAAGGCGCTCCAATTACAATTATGGACAATGGAAACATCGATAC 360

FEEEETEEE e e e e e e b e e e e et e e e b e e e e e e e e e e e e e b e e e e el
Sequencing results 262  CACTCTTACATATAAGGAAGGCGCTCCAATTACAATTATGGACAATGGAAACATCGATAC 321

cafl operon sequence 361 AGAATTACTTGTTGGTACGCTTACTCTTGGCGGCTATAAAACAGGAACCACTAGCACATC 420

PEREEEEEREEE tee et e e e e et e e e e e e e e e e e e
Sequencing results 322 AGAATTACTTGTCGGTACGCTTACTCTTGGCGGCTATARAACAGGAACCACTAGCACATC 381

cafl operon sequence 421 TGTTAACTTTACAGATGCCGCGGGTGATCCCATGTACTTAACATTTACTTCTCAGGATGG 480

(R R R R AR RN R AR RN R R RN R RN REY
Sequencing results 382 TGTTAACTTTACAGATGCCGCGGGTGATCCCATGTACTTAACATTTACTTCTCAGGATGG 441

cafl operon sequence 481 AAATAACCACCAATTCACTACAAAAGTGATTGGCAAGGATTCTAGAGATTTTGATATCTC 540

FEEEEEREEEEEee e e e e e e e e e e b e e e b e e b e e e e e e e
Sequencing results 442  AAATAACCACCAATTCACTACAAAAGTGATTGGCAAGGATTCTAGAGATTTTGATATCTC 501

cafl operon sequence 541 TCCTAAGGTAAACGGTGAGAACCTTGTGGGGGATGACGTCGTCTTGGCTACGGGCAGCCA 600

FEEEEEEETEEE e e e e et e e e e e e e e e e e e e e e eeerr e
Sequencing results 502  TCCTAAGGTARACGGTGAGAACCTTGTGGGGGATGACGTCGTCT-GGCTACGGGCAGCCA 560

Figure 4-6. The sequence alighment of 5° RACE PCR products sequencing results and
cafl operon from different sample. The PCR products were purified from agarose gel
shown in (Figure 4-4 B) and sent to (Eurofins Genomics) using GSP1 primer which is
complementary to a short sequence in the caf1 gene. The sequence 1 is a part of caf1
operon includes a small part of caf1A in blue colour and intergenic sequence 3 in pink
colour and a part of cafl in grey colour. The sequence 2 is the sequencing results of 5’
RACE PCR products obtained from Eurofins Genomics.
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The obtained DNA sequencing results (Figures 4-5 and 4-6) confirm the
presence of polycistronic transcript, since the sequence of PCR products
from using poly adenine-tailed cDNA as a template DNA were
complementary to a part of cafl operon started from cafl gene to caflA
gene including intergenic region 3 (Figure 4-4 A ) and because the intergenic
region 2 is very short sequence only 24 nt, it would be unlikely to contain a
promoter, at least 8 different 5° RACE samples from different pCOPF
transformants cultures were sequenced and showed similar results.
Therefore, these results provide another evidence to verify the polycistronic

transcription of cafl operon genes.

Even though the 5° RACE gave an additional proof of the presence of
polycistronic mRNA transcript of cafl genes, the exact promoter(s) or
transcription starting site could not be identified due to lack of sufficient
time in this project to carry out the long optimisation process required to
obtain successful results from 5° RACE technique. The transcription of caf1
genes is thermo-responsive (Perry and Fetherston, 1997; Han et al., 2004;
Motin et al., 2004) and we next sought to clarify if CaflR is likely to be the

responsible factor for such temperature-sensitive transcription.

4.2.5. CaflR is a thermo-responsive transcriptional regulator

The production of Cafl polymer in Y. pestis is a temperature responsive
process, the bacteria do not produce the capsule in the flea where the
ambient temperature is around 25°C (Anisimov et al., 2005), but when the
bacteria infect the human body the capsule secretion is induced in response
to human body temperature 37°C (Perry and Fetherston, 1997; Han et al.,

2004) in order to resist the phagocytosis by immune cells (Du, 2002). To
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investigate the role of CaflR in such a temperature-sensitive regulation
mechanism at molecular level, E. coli BL21 (DE3) cells were transformed with
either pCOPF or pCOPFAR, three different colonies from each transformants
grown in 5 ml liquid medium at two different temperatures 25°C and 35°C
for 16 h, the total RNA was extracted and cDNA was synthesized for all
cultures. RT-PCR technique was used to assess the levels of cafl gene’s
transcripts in each separate case and the protein synthesis was analysed by
western blot, the means of expression-fold change were calculated relative
to PB-lactamase (as a house keeping gene) (Figure 4-7) for pCOPF
transformants cultures grown at 25°C, 35°C, together with pCOPFAR

transformants cultures grown at 25°C and 35°C as shown in Table 4-5.

Table 4-5. The RT-PCR data of the thermal-responsive regulation by Caf1R. Showing the
means of expression fold-change of the pCOPF and pCOPFAR cultures grown either at
25°C or 35°C relative to 3-lactamase as a house keeping gene. * value is the standard
error of the mean.

G The mean values of the expression fold-change
ene
. pCOPF at pCOPF at pCOPFAR at pCOPFAR at
transcript
25°C 35°C 25°C 35°C
cafiR 0.15 £ 0.006 0.02 £ 0.002 0.0001+0 0.0007 £ 0
cafim 0.81 +£0.05 2.49+0.3 0.21+0.01 0.25+0.01
caflA 0.29 £ 0.03 1.58+0.2 0.07 £ 0.004 0.11 £ 0.007
cafl 3.86+0.2 4.02+0.5 1.32+0.1 0.76 £ 0.08

The deletion of caf1R resulted in large decrease in all RNA transcripts with
statistically significant differences as compared to intact caf1 operon. The P-
values of the statistical analysis are shown in Table 4-6. Although the cafi1M
and caf1A transcripts levels increased significantly by higher temperature in

the natural cafl operon. Neither of the transcript levels (cafIM and caf1A)
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were influenced by temperature change in the absence of caf1R in pCOPFAR
transformant. Surprisingly, there were no differences in caf1 RNA transcript
levels in response to thermal change for both pCOPF and pCOPFAR

transformant.

Table 4-6. The statistics of the RT-PCR analysis data of the thermal responsive
transcriptional regulation by CaflR. Showing the P-values of the comparisons among
the pCOPF and pCOPFAR cultures grown at 25°C and 35°C using One-Way ANOVA test.

. The statistical differences among the mean values (P-values)
Gene transcript
pCOPF at 25°C vs. at 35°C pCOPFAR at 25°C vs. at 35°C
cafiM <0.001 0.88
caflA <0.001 0.83
cafl 0.72 0.40

In addition, western blot analysis (Figure 4-7 C) of the same samples used in
RT-PCR experiment confirm the production of both Caf1M and Cafl in pCOPF
culture at 35°C, while, pCOPFAR transformants grown at 35°C produce very
low amount of Cafl which might be the outcome of leaky expression by non-
specific binding of T7 RNA polymerase (Smeekens and Romano, 1986).
Though the cafl gene transcript levels in pCOPF transformant culture were
similar at both 25°C and 35°C, the western blot revealed obvious Cafl band
at 35°C but not at 25°C suggesting the occurrence of post-transcriptional
downregulation at 25°C which could be by RNA thermometer (Krajewski and

Narberhaus, 2014; Righetti et al., 2016).

Therefore, these results indicated that CaflR is the responsible
transcriptional factor for upregulation of both caf1M and caf1A genes. To
investigate the role of CaflR in cafl operon gene expression in response to

immediate thermal change, a new experiment was performed to mimic the
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instant alteration in temperature in the nature when Y. pestis moves from
flea where the ambient temperature is around 25°C to the human body at =

37°C (Anisimov et al., 2005).
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Figure 4-7. Temperature-responsive regulation of cafl operon gene expression. (A) A
diagram of the cafl operon present in the plasmids used in this study is shown, with
arrows corresponding to the forward and reverse primers and placed in the
approximate position where they bind, forward primers are shown on top of the genes
and reverse primers shown beneath, primers used for RT-PCR are shown in red for
cafiR, green for cafiM, blue for caf1A and grey for cafl. (B) Graph of transcript levels,
determined by RT-PCR, of each cafl gene are shown for cultures of E. coli transformed
with pCOPF (full cafl operon) and pCOPFAR (cafl operon, cafiR deleted), grown at
different temperatures 25°C and 35 °C overnight (=16 h). Three cultures of each
condition were grown, with RT-PCR reactions run in duplicate for each culture. Bar
heights correspond to mean fold-change in expression relative to -lactamase. Error
bars represent standard error of the mean (S.E.M). (C) Western blot of the cultures
mentioned in (A), E. coli BL21 (DE3) transformed with either pCOPF grown at 25°C for
16 h (1) and at 35°C for 16 h (2) or pCOPFAR grown at 25°C for 16 h (3) and at 35°C for
16 h (4). Showing the levels of Caf1M and Cafl (detected by anti-FLAG tag and anti-
Cafl antibodies respectively) in the cell pellets of the expression cultures. NS means
that the difference is statistically not significant (when P-value > 0.05), * means that
there is a statistically significant difference (when P-value ranges from 0.05 to 0.001)
and ** means that there is a statistically significant difference (when P-value <0.001).
Biological replicates = 3. Statistical analysis was performed using One-Way ANOVA
test.
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4.2.6. The immediate thermo-responsive transcriptional regulation by
CafiR

The molecular mechanism of the prompt temperature-sensitive activation
of cafl operon has not been investigated. Therefore, the hypothesis that
CaflR is responsible for this instant thermoregulation was examined. E. coli
BL21 (DE3) cells were transformed with either pCOPF or pCOPFAR, grown at
the non-inducing temperature of 25°C for 16 h. The stationary phase cultures
were then diluted to 0.5 ODeoo and then grown for a further 1 h at either 25°C
or 35°C. The total RNA was then extracted and cDNA was synthesised for all
cultures to be analysed by RT-PCR (Figure 4-8 A). The mean values of the
expression fold-change of cafl operon genes were calculated relative to 3-
lactamase (as a house keeping gene) for pCOPF transformant cultures grown
at 25°C for 16 h, at 25°C for extra 1 h and at 35°C for extra 1 h and for
pPCOPFAR transformant cultures grown at 25°C for 16 h, at 25°C forextral h
and at 35°C for extra 1 h (Table 4-7).

The transcript levels caf1 genes were similar at 25°C and 35°C for pCOPFAR
transformants (in the absence of caf1R), the statistics using One-Way ANOVA
test (Table 4-8) revealed no significant differences at these two
temperatures for all cafl operon transcripts except caflR with P-values
0.821, 0.930 and 0.206 for caf1M, caf1A and caf1 respectively. Remarkably,
the presence of caf1R in wild type pCOPF transformant cultures caused a
substantial alteration in transcription in response to temperature, since the

mMRNA transcripts of all caf1 genes were increased significantly.
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Figure 4-8. Immediate temperature-responsive regulation of cafl operon gene
expression. (A) Transcript levels, determined by RT-PCR, of each cafl gene are shown
for cultures of E. coli BL21 (DE3) cells transformed with pCOPF (full cafl operon) and
pCOPFAR (caf1 operon, caflR deleted, grown at 25°C overnight (= 16 h), then either
25°C or 35°C for 1 further hour. Three cultures of each condition were grown, with RT-
PCR reactions run in duplicate for each culture. Bar heights correspond to mean fold-
change in expression relative to B-lactamase. Error bars represent standard error of
the mean (S.E.M). (B) Western blots showing the levels of Caf1M and Cafl (detected
by anti-FLAG tag and anti-Cafl antibodies respectively) in the cell pellets of the
expression cultures are displayed underneath each graph, using DnaK probed with an
anti-DnaK antibody as a loading control. +C and -C represent the pellets of E. coli
BL21(DE3) cells transformed with pCOPF and untransformed respectively, and grown
for 16 h at 35°C. NS means that the difference is statistically not significant (when P-
value > 0.05), * means that there is a statistically significant difference (when P-value
ranges from 0.05 to 0.001) and ** means that there is a statistically significant
difference (when P-value <0.001). Biological replicates = 3. Statistical analysis was
performed using One-Way ANOVA test.
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Table 4-7. The RT-PCR data of the immediate thermal-responsive regulation by CaflR.
Showing the means of expression fold-change of the pCOPF and pCOPFAR cultures
grown either at 25°C for 16 h, at 25°C for 1 h or at 35°C for 1 h relative to B-lactamase
as a house keeping gene. * value is the standard error of the mean.

The mean values of the expression fold-change
Gene pCOPF cultures pCOPFAR cultures
transcript At 25°C At 25°C At 35°C At 25°C At 25°C At 35°C
for16 h forlh forlh for16 h forlh forlh
0.06 £ 0.06 +
1R 0.53+0.3 0 0 0
caf 0.006 0.02
0.06 + 0.08 + 0.08 +
1M 43 +0.1 31+0.117.42+14
caf 0.43+011031£0 0.004 0.004 0.006
0.32 0.04 + 0.04 + 0.06 +
1A 0.5+0.1 10.84 + 3
caf 0.09 0.003 0.002 0.004
0.75 ¢ 1.04 +
1 741+1 424 +0. 113 +4 1.22+0.1
caf 0.9 | 113£45 0.08 0 0.08

Table 4-8. The statistics of the RT-PCR analysis data of the immediate thermal
responsive transcriptional regulation by Caf1R. Showing the P-values of the comparison
among the pCOPF and pCOPFAR cultures grown either at 250C for 16 h, at 25°C for 1 h
or at 35°C for 1 h using One-Way ANOVA test.

The statistical differences among the mean values (P-values)

Gene pCOPF cultures grown at pCOPFAR cultures grown at
transcript | 25°Cfor16 h | 25°Cfor1hvs. | 25°Cfor 16 hvs. | 25°C for 1 h vs.
vs. 25°Cfor1 h 35°Cfor1h 25°Cfor1h 35°Cfor1h
cafiR 1.00 0.12 1.00 1.00
cafiM 1.00 <0.001 0.99 1.00
caflA 1.00 <0.001 1.00 1.00
cafl 1.00 0.003 1.00 0.99

There are statistically significant differences using One-Way ANOVA test

between pCOPF cultures grown either at 25°C or at 35°C. The analysis of the
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same cultures used in RT-PCR investigation by western blot (Figure 4-8 B)
showed an obvious increase in CaflM and Cafl production at 35°C as
compared to 25°C for pCOPF transformant and undetectable production of
CafIM and Cafl was shown at both temperatures for pCOPFAR
transformants. The similarity in patterns of gene transcripts and protein
levels implying that this regulation happens at the transcription not
translation levels. Therefore, CaflR is a thermo-responsive transcription
factor which is responsible for the upregulation of cafl operon genes in

response to immediate change in temperature.

4.2.7. Structural modelling predicts a model of DNA binding by CafliR

Caf1R shows homology with the Rob, MarA and SoxS proteins which are non-
canonical transcriptional activators from AraC family involved in the
response to the superoxide and resistance to antibiotics and heavy metals
(Gallegos et al., 1997). The high sequence similarity of CaflR’s helix-turn-
helix motifs with the non-canonical AraC transcription regulators supports
the sequence alignment and structural modelling of CaflR based on the
crystal structure of the Rob protein (Hyock Joo et al., 2000) and the MarA
protein (Rhee et al., 1998). The sequence alignment of Caf1R was performed
using the Clustal Omega webserver (Sievers et al., 2011) and visualised using

the ESPript webserver (Robert and Gouet, 2014).

CaflR protein sequence was used as an input using SWISS-MODEL
Workspace webserver (Waterhouse et al., 2018) to generate two structural
models of CaflR based on either Rob or MarA crystal structures. The degree
of homology of the N-terminus in Caf1R model to the N-terminus of Rob and

MarA in their crystal structures are shown in Table 4-9. The alignment results
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(Figure 4-9 A) revealed that most of residues involved in DNA binding in both
Rob and MarA are conserved in CaflR’s HTH motifs which are located at the
N-terminus. 23 residues were fully conserved throughout these four proteins

in the N-terminal domain.

Table 4-9. The homology of CaflR N-terminus to Rob and MarA srystal structures.
Showing the identity % and GMQE score, which is a number between (0-1), reflects the
accuracy of the built model.

Protein PDB code Identity GMQE
Rob 1D5Y 52.05 0.48
MarA 1BLO 35.82 0.41

The N-terminal HTH motif in Rob protein binds to the major groove of DNA
(Figure 4-9 B) to form specific interactions with nitrogen bases, Trp-36 and
GIn-39 contact DNA bases through van der Waals interaction, at the same
time, Trp-36 is also hydrogen bonded to the DNA bases (Hyock Joo et al.,
2000). Arg-40 and Trp-36 in the N-terminal HTH motif of Rob is mutated to
lle-41 and Arg-37 in CaflR model respectively and GIn-39 is conserved in
CaflR (GIn-40). On the other hand, the C-terminal HTH motif in Rob protein
interacts with the DNA backbone using Arg-90 and Lys-94 which are
conserved in CaflR’s N-terminal HTH motif (Arg-91 and Lys-95), these
positively charged amino acids form non-specific hydrogen bonds with the

phosphate group at the backbone (Hyock Joo et al., 2000).

Additionally, the second model of CaflR based on MarA crystal structure
(Figure 4-10) demonstrated the homology of CaflR with MarA in both N-
terminal and C-terminal HTH motifs. The N-terminal HTH motif in MarA

interacts the DNA backbone (Figure 4-10 A) through Gly-57 and GIn-58 by
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forming hydrogen bonds with the phosphate group, whereas Trp-42, GIn-45
and Arg-46 can make contact with the nitrogen bases specifically, as Trp-42
and GIn-45 interact nitrogen bases through van der Waals forces and Arg-46

is hydrogen bonded to three DNA bases particularly (Rhee et al., 1998).

Although two residues are conserved in Caf1R’s N-terminal HTH motif which
are GIn-45 and Gly-57 at positions 40 and 52 in Caf1R sequence respectively,
the other MarA residues were substituted as follows: Trp-42 to Arg-37, Arg-
46 to lle-41 and GIn-58 to Thr-53. Unlike Rob’s C-terminal HTH motif, MarA’s
one lies in the DNA major groove and contacts the nitrogen bases specifically
(Figure 4-10 B) through GIn-91, GIn-92, Thr-93, Thr-95 and Arg-96 in helix 6.
While, Lys-99 at the end of helix 6 and His-107 and Lys-108 in helix 7 contact
the phosphate group of the DNA backbone. Interestingly, the C-terminal HTH
motif of CaflR has 6 conserved DNA-binding residues GIn-86, GIn-87, Thr-88,
Thr-90, Arg-91 and Lys-99. The substituted residues in CaflR HTH motif as
compared to Rob and MarA indicate that CaflR should have a different

binding site.

The CaflR C-terminus did not show any homology to the AraC family which
implies significant differences in the regulation mechanism. This domain has
been identified by InterPro webserver (Finn et al., 2017) as a member of
Gyrl-like small molecule binding domain family, InterPro accession number
is (IPR029442). The main feature of this superfamily is to have two strand-
helix-strand-strand (SHS2) motifs opposite to each other and these motifs
are involved in the binding of small molecule effectors (Anantharaman and
Aravind, 2004) which implies that CaflR function could be dependent on

small molecule binding. Therefore, the effect of the CaflR C-terminal domain
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deletion was examined to determine the importance of C-terminus in Cafl

production.
ol o2 o3
A Rob Q0Q0Q0QQQQQQ 0009 Q0Q0Q0QQQQQQ Q0009
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Figure 4-9. Sequence analysis and structural modelling of Caf1R based on Rob crystal
structure. (A) Sequence alignment of CaflR and homologous AraC family members.
Residues from Rob that interact with the backbone of the DNA are highlighted with
dark red triangles, while residues that make sequence specific contacts are highlighted
with dark red stars. Residues from MarA that interact with the backbone of the DNA
are highlighted green triangles, while residues that make sequence specific contacts
are highlighted with green stars. Regions of identity are highlighted in red, and regions
of similarity in yellow. The secondary structures of Rob are depicted above the
alignment. (B and C) Superposition of a Rob:DNA complex (gold:light blue, PDB code:
1D5Y) (Hyock Joo et al., 2000) with the homology model of CaflR’s 3D structure
obtained from SWISS-MODEL Workspace (red) are shown with focus on the helix-turn-
helix motif 1 (B) and 2 (C). Key DNA binding residues are shown as balls and sticks,
with the same colours of their models, the residues of Rob are shown in gold and Caf1R
in red.
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DNAstrand

Figure 4-10. Structural modelling of CaflR based on MarA crystal structure.
Superposition of a MarA:DNA complex (silver:light blue, PDB code: 1BL0O) (Rhee et al.,
1998) with the homology model of CafiR’s 3D structure obtained from SWISS-MODEL
Workspace (red) are shown with focus on the helix-turn-helix motif 1 (A) and 2 (B).
Key DNA binding residues are shown as balls and sticks, with the same colours of their
models, the residues of MarA are shown in silver and CafiR in red.

4.2.8. The CaflR C-terminus is required for Cafl polymer production

Karlyshev et al. (1992a) mentioned that C-terminus of Caf1R is not required
for cafl expression and when bacterial cells were transformed with a
plasmid containing only 81 residues from CaflR’s N-terminus with an
additional tail of 19 amino acids, very large amounts of Cafl could be
produced. According to the structural modelling of CaflR, it was found that
these 81 residues from N-terminus do not include the second HTH DNA-
binding motif which is important for DNA binding of both Rob and MarA as
mentioned above. Hence, we decided to delete the C-terminus of Caf1R from
pCOP plasmid (containing the whole cafl operon) by inserting three stop
codons upstream to the codon of tyrosine 132 to generate pCOPARCT

(containing the whole cafl operon with deleted Caf1R’s C-terminus).
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Figure 4-11. The CaflR’s C-terminus knock-out halts Cafl polymer production. (A)
Graph of flocculent height obtained for cultures of E. coli BL21 (DE3) transformed with
either pCOPAR (1) grown at 25°C and (2) at 35°C, pCOP (3) grown at 25°C and (4) at
35°C or pCOPARCT (5) grown at 25°C and (6) at 35°C all for 16 hours. Bar heights
correspond to mean flocculent layer height obtained from three separate cultures
from each individual sample, where error bars represent the standard error of the
mean (S.E.M). (B) Western blot of the samples mentioned in (A) using anti-Cafl and
anti-DnaK antibodies showing Cafl band at = 15.5 kDa in the sample 4 only and DnaK
bands at = 70 kDa in all samples.
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E. coli BL21 (DE3) were transformed with either pCOPAR, pCOP or
pCOPARCT, three single colonies from each transformant were grown in 5 ml
liquid media either at 25°C or 35°C for 16 h, centrifuged in capillary tubes to
measure the flocculent layer height for each culture and these cultures were
analysed in western blotting using anti-Cafl and anti-DnaK antibodies.
Although the culture of pCOP at 35°C produced Cafl polymer (Figure 4-11
A), all other cultures at both 25°C and 35°C including pCOPAR and pCOPARCT
cultures did not produce any Cafl. Western blot results (Figure 4-11 B) were
corresponding to the results stated above and shown in Figure 4-11 A, all
samples revealed the presence of DnaK band at = 70 kDa as a loading control,
whereas, the Cafl band was detected only in the culture of pCOP grown at
35°C. Therefore, the pCOPARCT transformants behaved exactly like pCOPAR
transformants demonstrating that the C-terminus of CaflR is required for
Cafl polymer production. There are two potential hypotheses could explain
this action as follows: The C-terminus of CaflR might be involved in its
function directly as a positive transcriptional activator or it could be crucial

for CaflR protein folding.
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4.3. Discussion

It was shown by this study that cafl operon is transcribed as a single long
polycistronic transcript (4.2.1) depending on the CaflR transcription factor.
The presence of regulatory regions, a putative promoter and a Shine-
Dalgarno sequence 7 bases upstream of the caflM start codon were
predicted by Galyov et al. (1991a). An independent software tools was used
to identify potential promoters which may be responsible for the
transcription of cafl operon as a single polycistronic transcript. The
responsible promoter for this transcription is located in P2 region as shown
in (4.2.2). The P2 region identified in this study overlaps with the putative
one which was predicted by Galyov et al. (1991a). Therefore, it was shown
that this region is responsible for cafl operon transcription through

prediction and experimental confirmation.

Although cafiM, caflA and cafl genes are transcribed as a single
polycistronic unit, it was surprising that the levels cafiM and caflA
transcripts were similar and caf1 transcript was much higher as shown by RT-
PCR results. This difference could be assigned to two potential reasons:
either the presence of a second promoter close to cafl gene under the
regulation of CaflR or the difference in the level of RNA stability of these
three units in the polycistronic transcript. 5° RACE (Rapid Amplification of
cDNA Ends) was used to search for any additional promoter upstream of the
cafl gene in intergenic region 3. If the majority of caf1 transcript sequences
terminate at the transcriptional start site inside intergenic region 3, this
means that there is a second promoter exists in this region. Corresponding
to the detected polycistronic transcript, 7 out of 8 sequences obtained

continued into caflA through the intergenic region 3 and stopped at
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different locations. This indicates that the dissociation of DNA polymerase
enzyme is the likely reason rather than a presence of a transcriptional start

site in the sequence of the caf1A gene.

Therefore, the P2 region contains the promoter responsible for polycistronic
transcription of cafl operon and its deletion abolished the cafl operon
expression. The presence of a second promoter upstream of the cafl gene
in intergenic region 3 was predicted by Galyov et al. (1990). However, this
region did not enable the expression of caf1 in isolation (Galyov et al., 1990)
implying that it does not contain a functional promoter which agrees with
the results of this study. So, the more convenient explanation for such
difference in transcripts levels caf1M and caf1A and caf1 observed in RT-PCR
results is the variance in stability of translational units within the
polycistronic mMRNA which has been reported previously (Hui et al., 2014). In
other words, the individual RNA of the caf1 operon genes in the polycistronic
unit might have different levels of stability, for example, the half-life of the
caf1A RNA seems to be less than that of the caf1 RNA, so, the caf1A RNA will
be degraded faster. Such a system would allow bacterial cells to produce
optimal levels of each protein, CaflM, CaflA and Cafl, since, the
polycistronic transcription of cafl operon is activated by CaflR in response
to temperature at 35°C. Thus, the difference in stability of caf1M, caf1A and
cafl mRNA leads to differential degradation of these transcripts to produce
different amounts of translational units. Cafl polymer production requires

fewer amounts of chaperones and ushers as compared with Cafl subunits.

When Y. pestis infects mainly two hosts with different body temperatures, =
25°C for flea (Perry and Fetherston, 1997) and = 37°C for mammals, it is

important for it to have a thermo responsive transcription system. Such a
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system will enable the bacterium to produce the required virulence factors
for each environment. The rapid upregulation of caf1M, caf1A and caf1 gene
expression in response to temperature increase was clearly shown in the
temperature switching experiment (4.2.6) which correlates well with the
results of Han et al. (2004). Crucially, this kind of regulation occurs at the
transcriptional level and completely depends on the CaflR transcription

activator.

Two other lines of evidence indicated that the temperature-sensitive
regulation of cafl operon expression occurs at the transcriptional level. The
first one is that the levels of the CaflM and Cafl proteins observed by
western blot correlates with the levels of their transcripts detected by RT-
PCR. Whereas, the introduction of a T7 promoter in order to bypass the
thermo regulation permitted the cafl expression at 30°C, which did not
happen with the native caf1 operon. Therefore, these could imply that either
the translational and post-transcriptional regulation (e.g. RNA
thermometers) are not present at all, having a very weak effect or this
translational and post-transcriptional regulation could only be effective at

very low temperatures (25°C) as will be mentioned later in (5.3).

As shown in (4.2.7), Caf1R N-terminus showed a high sequence similarity to
the DNA binding domains of both MarA and Rob (Rhee et al., 1998; Hyock
Joo et al., 2000) suggesting that Cafl R can bind DNA as a monomer like MarA
and Rob with some differences in DNA binding mode as a result of W40R,
R44l and H/A105R substitutions. The transcription factor of AraC family
often contains another non-conserved domain involved in their function.
This domain is not well-known in this family apart from AraC and XyIS which

use this domain in effector binding to modulate their function in response to
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the presence of such effectors (Gallegos et al., 1997; Soisson et al., 1997;
Kaldalu et al., 2000). The CaflR homolog, Rob uses its non-conserved C-
terminal domain to be sequestered in distinct foci where it cannot induce
transcription (Griffith et al., 2009). When the Rob C-terminus binds to
dipyridyl or decanoate the sequestration will be reversed to induce the

transcriptional activator (Griffith et al., 2009).

The deletion of the Gyrl domain from Rob led it to lose the ability to
sequester in the absence of dipyridyl or decanoate and activate the
transcription without inducers (Ariza et al., 1995; Griffith et al., 2009). In this
study, a truncated CaflR protein containing only the first 132 amino acids
which include both predicted helix-turn-helix DNA binding domains
according to the model shown in (4.2.7) was seen to abolish the production
of Cafl implying the importance of the C-terminus in CaflR function. The
explanation of this negative effect could be attributed either to the direct
involvement of C-terminus in Caf1R function or to the misfolding of Caf1R as
a result of this deletion. On the contrary, Karlyshev et al. (1992b) reported
that the using of N-terminus of Caf1R which contains only 82 amino acids led
to increase the expression of cafl operon. As the CaflR C-terminus was
identified as a member of Gyrl-like small molecule binding domain family
using InterPro webserver (Finn et al., 2017), this could then outweigh the

hypothesis of the C-terminus significance in Caf1R function.

The role of CaflR in the immunoevasive ability of such highly dangerous
bacteria make it of interest. It was revealed by PSI-BLAST searches that many
unannotated sequences from various Gram-negative were similar proteins
to CaflR. One annotated example is LdaA, the putative regulatory protein

which is part of the /da locus (locus of diffuse adherence) in
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enteropathogenic E. coli (EPEC) which functions to attenuate the adherence
of E. coli to HEp-2 cells (Scaletsky et al., 2005). In addition, Cantey et al.
(1999) identified that AfrR, a putative transcriptional regulator in the AF/R1
operon showed high degree of homology with CaflR. The AF/R1 operon
codes for a pilus in a rabbit diarrheagenic E. coli (RDEC) which is responsible
for its adhesion and pathogenicity (Cantey et al., 1999). If these proteins
certainly regulate the transcription in a similar way to CaflR, it may hint to
the new conserved thermo responsive transcriptional activation system in

Gram-negative bacteria.
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Chapter Five: Using the
CaflR transcription factor to
create a novel thermo-
responsive expression

system
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5. Chapter Five: Using the CaflR transcription factor to create a novel
thermo-responsive expression system

5.1. Introduction

The natural biological systems have been exploited to generate useful
products in biotechnology. For example, the lac regulation system which
regulates the lactose metabolism in E. coli (Kennell and Riezman, 1977) is
one of the most common systems used in synthetic expression vectors, the
expression in this system can be induced using lactose or its chemical analog,
Isopropyl B-D-1-thiogalactopyranoside (IPTG) (Kennell and Riezman, 1977;
Donovan et al., 1996; Mads Kaern et al., 2003; Marbach and Bettenbrock,
2012). The araBAD operon in E. coli, which is responsible for L-arabinose
uptake by the bacterium as an alternative carbon and energy source (Schleif,
2000) was utilized as an artificial inducible expression system (Guzman et al.,
1995; Siegele and Hu, 1997). The gene expression by araBAD promoter-
based vectors can be induced by adding L-arabinose to the culture media

(Guzman et al., 1995; Siegele and Hu, 1997).

Recently, a new temperature-sensitive expression system has been
developed to produce a distinct protein in response to different temperature
ranges selectively (Lermant et al., 2018). This system was built up based on
the E. coli Cold Shock Protein A (CspA) as a cold-responsive system (Gualerzi
et al., 2003; Lermant et al., 2018) and the Acl repressor from lambda phage
and its regulator site (pL) as a heat-responsive system (Dodd and Egan, 2002;
Lermant et al., 2018). Thermo-responsive regulation occurs at different
levels which might be transcriptional or translational (Shapiro and Cowen,
2012) and regulation of this expression system happens at both

transcriptional and translational levels (Lermant et al., 2018). Generally,
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temperature-sensitive regulation can be mediated by DNA thermosensors
(LOpez-Garcia and Forterre, 2000), RNA thermometers (Jens and Franz,
2012) or by thermo-responsive transcription activators. The temperature-
sensitive transcriptional activation of caf1 operon gene expression mediated

by the CaflR transcription factor has already been observed in this study.

In this chapter, the temperature-sensitive CaflR transcription activator was
exploited to create a novel thermo-responsive expression system to be used
in biotechnology. The plasmid pR-GFP (which is composed of pGEM-T vector
backbone (without T7 promoter), caf1R gene, intergenic region 1 from caf1
operon, ribosome binding site of cafiM and gfp gene) was constructed to
examine the thermo-responsive expression of gfp under the regulation of
CaflR. The GFP synthesis rate per cell was zero at 25°C and small amounts
of GFP were produced at 35°C. Several development steps were achieved in
order to enhance the expression levels at 35°C. Interestingly, the insertion
of a strong constitutive promoter downstream to the P2 (the promoter of
cafl operon) in the intergenic region 1 (pRC2-GFP) did not increase the GFP
production at 25°C which might indicate that there is a post-transcriptional
regulation element such as RNA thermometers. Whereas, the presence of
this constitutive promoter resulted in an obvious increase in GFP production

at 35°C.

The gfp expression was further improved at 35°C by insertion of intergenic
region 3 from the caf1 operon (the region which separates caf1A and caf1
genes) downstream of intergenic region 1 containing the mentioned
constitutive promoter (pRC3-GFP vector). The expression at 25°C was still
low but higher than that obtained from pRC2-GFP cultures. The

temperature-sensitive induction of gfp expression by pRC3-GFP vector was
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confirmed again at four different time points. caf1IR knock-out from pRC3-
GFP vector led to large reduction in GFP production. In addition, some issues
in this study were addressed in this chapter including the effect of CT-FLAG-
tags on the Cafl polymer production. It was found that the CT-FLAG-tag in
CaflA has a significant negative effect on Cafl production and it was not
detected by western blot using an anti-FLAG antibody. The replacement of
FLAG-tag position to a flexible loop in B-barrel in Caf1A restored the amounts
of produced Cafl polymer to wild type construct levels and the new FLAG-

tagged CaflA has been detected by western blot.
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5.2. Results

5.2.1. The thermal induction of green fluorescence protein (gfp) gene
expression
The previous results shown in this study (2.2.5) proved that CaflR, the
transcriptional regulator is responsible for the activation of cafl operon
transcription in response to temperature change. The transcriptional
regulation by CaflR in response to the temperature change, suggested that
a novel expression system which can be induced by switching temperature
from 25°C to 35°C instead of using a chemical inducer like IPTG or L-
arabinose could be developed. Two plasmid constructs pR-GFP and pR-T7
GFP (Figure 5-1 A) were examined for the efficiency of thermal-sensitive

induction of gfp gene expression.

E. coli BL21 (DE3) cells were transformed with either pGEM-T vector as a
negative control (which does not produce GFP), pET-GFP as a positive control
for GFP production (which is composed of pET28A vector backbone, strong
constitutive promoter and gfp gene), pR-GFP (which is composed of pGEM-
T vector backbone without T7 promoter, caflR gene, intergenic region 1
from caf1 operon, ribosome binding site of cafIM and gfp gene), pR-T7 GFP
(which is composed pGEM-T vector backbone, T7 promoter, caflR gene,
intergenic region 1 from cafl operon, ribosome binding site of caf1IM and
gfp gene) as shown in Figure 5-1 A. The cultures were incubated in a plate
reader (n=9, three biological and three technical replicates for each culture)
at either 25°C or 35°C for 16 h using 200 ul inoculated TB media with
appropriate antibiotics in 96 well plates, both ODeoo and fluorescence were

measured every 10 minutes.
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Figure 5-1. The temperature-sensitive induction of gfp expression. (A) Diagrams of the
plasmids constructs used. pET GFP is composed of pET28A vector backbone, insulated
strong constitutive promoter, medium strength ribosome binding site and gfp gene.
PR GFP is composed of pGEM-T vector backbone without T7 promoter, cafiR gene,
Intergenic region 1 from caf1 operon, ribosome binding site of cafiM and gfp gene.
pR-T7 GFP is composed of pGEM-T vector backbone with T7 promoter, cafiR gene,
intergenic region 1 from caf1 operon, ribosome binding site of cafiIM and gfp gene. P2
is the predicted cafl operon promoter. The blue bent arrow represents insulated
constitutive promoter. (B) Graph of GFP production in response to thermal change for
three different cultures of E. coli BL21 (DE3) transformed with either pET GFP, pR GFP
or pR-T7 GFP. The liquid cultures were grown for 16 hours at either 25°C or 35°C
separately. The GFP synthesis rate were measured between two time points (14 and
16 hours) as mentioned in Materials and Methods. Bar heights correspond to GFP
synthesis rate. Error bars represent standard error of the mean (S.E.M). NS means that
the difference is statistically not significant (when P-value > 0.05), * means that there
is a statistically significant difference (when P-value ranges from 0.05 to 0.001) and **
means that there is a statistically significant difference (when P-value <0.001). (C) SDS-
PAGE analysis of the same cultures stated in (A) showing the GFP bands at = 27 kDa in
the lanes of pET GFP transformant cultures at both temperatures 25°C and 35°C with
less intensity at 25°C. The negative control (-C) is E. coli BL21 (DE3) transformed with
PGEM-T vector. Biological replicates = 3. Statistical analysis was performed using T-
test.
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Two time points were used to calculate the GFP synthesis rate during 2 h
(between 14 h and 16 h) for each culture at both temperatures 25°C and
35°C subtracted from the GFP synthesis rate of the negative control (which
is E. coli BL21 (DE3) cells transformed with pGEM-T vector) as mentioned in
methodology section. These cultures were also analysed by SDS-PAGE to
examine the production of GFP in each culture. The mean values of GFP
synthesis rate per cell after 16 h growth of the stated cultures are shown in

Table 5-1.

Table 5-1. The mean values of GFP synthesis rate per cell. Produced by E. coli BL21 (DE3)
transformed with either pET-GFP, pR-GFP or pR-T7 GFP grown at 25°C and 35°C
separately. t value is the standard error of the mean.

The mean values of GFP synthesis rate per cell above that of

E. coli BL21 (DE3)
negative control

transformed with

at 25°C at 35°C
pET-GFP 1471 £ 129 2447 £ 99
pR GFP 0 182+ 9
pR-T7 GFP 0 25+ 12

Although PpET-GFP transformants cultures produced GFP at both
temperatures 25°C and 35°C, the GFP synthesis rate per cell in pR-GFP and
pR-T7 GFP transformants cultures were zero at 25°C (Figure 5-1). Based on
the caf1R expression system, pR-GFP transformants cultures produced low
amounts of GFP as compared to that produced by the cultures of pET-GFP
transformants. The statistical analysis using T-test showed there is a
significant difference between pR-GFP transformants cultures grown at 25°C

and at 35°C as shown in Table 5-2.
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Table 5-2. The P-values of statistical comparisons between the grown cultures of pET-
GFP, pR-GFP and pR-T7 GFP at two different temperatures 25°C and 35°C using T-test.

The comparison between cultures of P-values
PET-GFP at 25°C vs. pET-GFP at 35°C 0.003
pR-GFP at 25°C vs. pR-GFP at 35°C <0.001
pR-T7 GFP at 25°C vs. pR-T7 GFP at 35°C 0.1

The SDS-PAGE results (Figure 5-1 C) showed that pET-GFP transformants
cultures produced obvious GFP bands of = 27 kDa at both 25°C and 35°C.
Whereas, the cultures of pR-GFP and pR-T7 GFP transformants did not
produce a clear GFP bands at either 25°C or 35°C. The SDS-PAGE results thus
match the GFP synthesis rates. The GFP produced by pR-GFP transformants
culture at 35°C was not detected in SDS-PAGE. Although the levels of gfp
expression by pR-GFP were low at 35°C, it showed promising results to start

with developing this expression system for biotechnology applications.

5.2.2. The insertion of a strong insulated constitutive promoter enhances
the gfp expression at 35°C
The molecular mechanism of thermal responsive transcription of cafl
operon which is driven by the Caf1R transcription activator is not well-known
yet. To examine whether this temperature-sensitive regulation happens only
at transcriptional level as in section (4.2.6) or also happens at post-
transcriptional level as well, since, temperature-sensitive regulation has
been seen in Yersinia pseudotuberculosis and RNA structuromes were

responsible for such regulation (Righetti et al., 2016).
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Figure 5-2. The effect of insulated constitutive promoter insertion on the thermal-
responsive induction system. (A) Diagrams of the plasmids constructs used in this
experiment. pRC1-GFP is composed of pGEM-T vector backbone without T7 promoter,
caflR gene, Intergenic region 1 from cafl operon, insulated strong constitutive
promoter upstream to the predicted cafl operon promoter, ribosome binding site of
cafiM and gfp gene. pRC2-GFP is composed of pGEM-T vector backbone without T7
promoter, caflR gene, Intergenic region 1 from cafl operon, insulated strong
constitutive promoter downstream to the predicted caf1 operon promoter, ribosome
binding site of cafiM and gfp gene. P2 is the predicted cafl operon promoter. The
blue bent arrow represents the insulated constitutive promoter (B) Graph of GFP
production in response to thermal change for four different cultures of E. coli BL21
(DE3) transformed with either pET-GFP, pR-GFP, pRC1-GFP or pRC2-GFP. The liquid
cultures were grown for 16 hours at either 25°C or 35°C separately. The GFP synthesis
rates were measured between two time points (14 and 16 hours) as mentioned in
Materials and Methods. Bar heights correspond to GFP synthesis rate. Error bars
represent standard error of the mean (S.E.M). NS means that the difference is
statistically not significant (when P-value > 0.05), * means that there is a statistically
significant difference (when P-value ranges from 0.05 to 0.001) and ** means that
there is a statistically significant difference (when P-value <0.001). (C) SDS-PAGE
analysis of the same cultures stated in (A) showing the GFP bands at = 27 kDa in the
lanes of pET-GFP transformant cultures at both temperatures 25°C and 35°C with less
intensity at 25°C. Both pRC1-GFP and pRC2-GFP transformant cultures produce GFP
bands at 35°C not at 25°C. The negative control (-C) is E. coli BL21 (DE3) transformed
with pGEM-T vector. Biological replicates = 3. Statistical analysis was performed using
T-test.
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Therefore, the insertion of an insulated strong constitutive promoter used in
pPET-GFP which is designed in a way that give it an insulation from any
stimulatory or repressive effects of 3’- or 5’- sequence elements (Davis et al.,
2011) in intergenic region 1 (Figure 5-1 A) is a preliminary examination to
show if there is a post-transcriptional thermo-responsive regulation. If there
is no post-transcriptional regulation, the presence of strong constitutive

promoter will activate the transcription at both temperatures 25°C and 35°C.

E. coli BL21 (DE3) cells were transformed with either pGEM-T vector as a
negative control (which does not produce GFP), pET-GFP as a positive control
for GFP production, pR-GFP, pRC1-GFP (which is composed of pGEM-T vector
backbone without T7 promoter, caf1R gene, Intergenic region 1 from caf1
operon, insulated strong constitutive promoter upstream to the predicted
cafl operon promoter, ribosome binding site of caf1M and gfp gene) (Figure
5-2 A) or pRC2-GFP (which is composed of pGEM-T vector backbone without
T7 promoter, caflR gene, Intergenic region 1 from cafl operon, insulated
strong constitutive promoter downstream to the predicted cafl operon

promoter, ribosome binding site of cafIM and gfp gene) (Figure 5-2 A).

The cultures were incubated in a plate reader at either 25°C or 35°C for 16 h
using 200 ul inoculated TB media with appropriate antibiotics in a 96 well
plate (n=9, three biological and three technical replicates for each culture).
Both ODeoo and fluorescence were measured every 10 minutes. Two time
points were used to calculate the GFP synthesis rate during 2 h (between 14
h and 16 h) for each culture at both temperatures 25°C and 35°C (Figure 5-2
B), the value for the negative control was subtracted from the GFP synthesis
rate (where the negative control is E. coli BL21 (DE3) cells transformed with

PGEM-T vector) as mentioned in methodology section. These cultures were
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analysed by SDS-PAGE (Figure 5-2 C) to examine the production of GFP in
each culture. The mean values of GFP synthesis rate per cell after 16 h
growth of these cultures are shown in Table 5-3. The statistics showed

significant differences among the cultures grown at 25°C and 35°C as shown

in Table 5-4.

The gfp expression both cultures of pRC1-GFP and pRC2-GFP at 35°C as a
result of the insulated constitutive promoter insertion (Figure 5-2). The GFP
production was higher in pRC2-GFP transformants cultures as compared to
cultures of pRC1-GFP. The location of the constitutive promoter could be the
reason of such difference between pRC1-GFP and pRC2-GFP transformants
cultures. Since, the constitutive promoter in pRC1-GFP is located upstream
to the predicted cafl operon promoter (P2), where CaflR might bind to
regulate the transcription. Consequently, the bound CaflR in pRC1-GFP
system at could block the way of the RNA polymerase recruited by the

constitutive promoter.

Table 5-3. The mean values of GFP synthesis rate per cell. Produced by E. coli BL21 (DE3)
transformed with either pET-GFP, pR GFP, pRC1-GFP or pRC2-GFP grown at 25°C and
35°C separately. * value is the standard error of the mean.

The mean values of GFP synthesis rate per cell above that
E. coli BL21 (DE3)
of negative control
transformed with
at 25°C at 35°C
pET-GFP 1471 + 129 2447 £ 99
PR GFP 0 1829
pRC1-GFP 0 430+ 31
pRC2-GFP 0 730+ 33
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Table 5-4. The P-values of statistical comparisons between the grown cultures of pET-
GFP, pR-GFP, pRC1-GFP and pRC2-GFP at two different temperatures 25°C and 35°C
using T-test.

The comparison between cultures of P-values
pPET-GFP at 25°C vs. pET-GFP at 35°C 0.003
pPR-GFP at 25°C vs. pR-GFP at 35°C <0.001
pRC1-GFP at 25°C vs. pRC1-GFP at 35°C <0.001
pRC2-GFP at 25°C vs. pRC2-GFP at 35°C <0.001

Interestingly, the gfp expression in the cultures of pRC1-GFP and pRC2-GFP
transformants were zero at 25°C, the presence a strong constitutive
promoter does not increase the GFP production. This could indicate that
there is a post-transcriptional regulation, which could be due to an RNA
thermometer. The SDS-PGAE results (Figure 5-2 C) confirmed the presence
of GFP band at = 27 kDa in the cultures of pRC1-GFP and pRC2-GFP at 35°C
but not at 25°C and that matches the results of the GFP synthesis rate.
Although the insertion of the constitutive promoter led to increase the gfp
expression, the levels of GFP are still low as compared to the cultures of pET-

GFP.

5.2.3. The insertion of intergenic region 3 from cafl operon improve the
GFP production at 35°C

The intergenic region 3 is an 80 nt long sequence between cafl1A and cafl

genes in the cafl operon which includes the RBS of cafl. It was suggested

previously in this study that there is no potential functional promoter in

intergenic region 3 as confirmed by RACE experiment in (4.2.4) and reported
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by Galyov et al. (1990). The main aim of the insertion of this sequence is to
examine the effect of using the cafl RBS instead of the cafiM RBS.
Therefore, this sequence was inserted upstream to intergenic region 1 in
pRC2-GFP with deleted caf1M RBS to generate a new plasmid called pRC3-
GFP (Figure 5-3 A).

E. coli BL21 (DE3) cells were transformed with either pGEM-T vector as a
negative control, pET-GFP as a positive control for GFP production, pRC2-GFP
or pRC3-GFP (which is composed of pGEM-T vector backbone, caf1R gene,
intergenic region 1 from caf1 operon, insulated strong constitutive promoter
downstream of the predicted cafl operon promoter, intergenic region 3
from caf1 operon, ribosome binding site of caf1 and gfp gene). The cultures
were incubated in plate reader at either 25°C or 35°C for 16 h using 200 ul
inoculated TB media with appropriate antibiotics in 96 well plate (n=9, three
biological and three technical replicates for each culture). Both ODego and

fluorescence were measured every 10 minutes.

Graphs of GFP synthesis rate per cell and SDS-PAGE results (Figure 5-3)
showed that the insertion of intergenic region 3 increases the production of
GFP at 35°C with a little leaky expression at 25°C. The mean values of the
GFP synthesis rate per cell subtracted from the GFP synthesis rate of the
negative control (which is E. coli BL21 (DE3) transformed with pGEM-T
vector) are shown in Table 5-5 and statistical analysis results using T-test are
shown in Table 5-6. Further examinations are required to determine the

mechanism of such regulation achieved by this expression system.
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Figure 5-3. The effect of intergenic sequence 3 insertion (which is the intergenic region
between caflA and caf1 in cafl operon) on the thermal-responsive induction system.
(A) A diagram of pRC3 GFP which is composed of pGEM-T vector backbone, cafiR gene,
intergenic region 1 from cafl operon, insulated strong constitutive promoter
downstream to the predicted cafl operon promoter, intergenic region 3 from caf1
operon, ribosome binding site of cafl and gfp gene. (B) Graph of GFP production in
response to thermal change for three different cultures of E. coli BL21 (DE3)
transformed with either pET GFP, pRC2 GFP or pRC3 GFP. The liquid cultures were
grown for 16 hours at either 25°C or 35°C separately. The GFP synthesis rates were
measured between two time points (14 and 16 hours) as mentioned in materials and
methods. Bar heights correspond to GFP synthesis rate. Error bars represent standard
error of the mean (S.E.M). NS means that the difference is statistically not significant
(when P-value > 0.05), * means that there is a statistically significant difference (when
P-value ranges from 0.05 to 0.001) and ** means that there is a statistically significant
difference (when P-value <0.001). (C) SDS-PAGE analysis of the same cultures stated
in (A) showing the GFP bands at = 27 kDa in the lanes of pET GFP transformant cultures
at both temperatures 25°C and 35°C with less intensity at 25°C. Both pRC2 GFP and
pRC3 GFP transformant cultures produce GFP bands at 35°C not at 25°C. The negative
control (-C) is culture of E. coli BL21 (DE3) transformed with pGEM-T vector. Biological
replicates = 3. Statistical analysis was performed using T-test.
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Table 5-5. The mean values of GFP synthesis rate per cell. Produced by E. coli BL21 (DE3)
transformed with either pET-GFP, pRC2-GFP or pRC3-GFP grown at 25°C and 35°C
separately. t value is the standard error of the mean.

The mean values of GFP synthesis rate per cell above that of

E. coli BL21 (DE3)
negative control

transformed with

at 25°C at 35°C
pPET-GFP 903 £ 20 2212 £110
pRC2-GFP 84 +14 595+19
pRC3-GFP 197 +18 1446 + 49

Table 5-6. The P-values of statistical comparisons between the grown cultures of pET-
GFP, pRC2-GFP and pRC3-GFP at two different temperatures 25°C and 35°C using T-test.

The comparison between cultures of P-values
PET-GFP at 25°C vs. pET-GFP at 35°C <0.001
pPRC2-GFP at 25°C vs. pRC2-GFP at 35°C <0.001
pPRC3-GFP at 25°C vs. pRC3-GFP at 35°C <0.001

5.2.4. The thermo-responsive gfp expression by pRC3-GFP vector during
different time points
In order to confirm the ability of pRC3-GFP vector to express gfp in response
to temperature, the GFP synthesis rate per cell of the gfp expressing cultures
were calculated in different time points. E. coli BL21 (DE3) cells were
transformed with either pET-GFP, pRC2-GFP or pRC2-GFP, grown in plate
reader for 16 h at either 25°C or 35°C using 200 pl of inoculated TB media
with appropriate antibiotics in the 96 well plate (n=9, three biological and
three technical replicates for each culture). ODsoo and fluorescence were

measured every 10 minutes. Eight time points were used to calculate the
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GFP synthesis rate of 2 h (between4 hand 6 h,6 hand 8 h, 8 hand 10 h and
10 h and 12 h) for each culture at both temperatures 25°C and 35°C
subtracted from the GFP synthesis rate of the negative control. The mean
values of GFP synthesis rate per cell for these culture in different time points
subtracted from the mean value of the negative control are shown in Table

5-7. The statistics were performed using T-test as shown in Table 5-8.

Table 5-7. The mean values of GFP synthesis rate per cell. Produced by E. coli BL21 (DE3)
transformed with either pET-GFP, pRC2-GFP or pRC3-GFP grown at 25°C and 35°C
separately at different time points. £ value is the standard error of the mean.

The mean values of GFP synthesis rate per cell above that of
E. coli BL21 (DE3)
negative control
transformed with
at 25°C at 35°C

pPET-GFP (6 h) 5362 + 259 6553 + 1294
pPRC2-GFP (6 h) 15+8 260 + 29
PRC3-GFP (6 h) 188 + 49 550+ 81
PET-GFP (8 h) 2832 +239 3259 + 244
PRC2-GFP (8 h) 23+2 516+5
PRC3-GFP (8 h) 89 + 26 1172 + 102
PET-GFP (10 h) 1306 + 126 2996 + 116
PRC2-GFP (10 h) 58 + 3 628 + 12
pRC3-GFP (10 h) 104+ 19 1333+ 84
PET-GFP (12 h) 686 + 147 2861 + 101
pRC2-GFP (12 h) 82+ 15 610 + 14
PRC3-GFP (12 h) 132 +17 1423+ 72
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Figure 5-4. The effect of intergenic sequence 3 insertion from cafl operon on the
thermal-responsive induction system in different time points. Showing the graphs of
GFP production in response to thermal change for three different cultures of E. coli
BL21 (DE3) transformed with either pET GFP, pRC2 GFP or pRC3 GFP. (A) The liquid
cultures were grown for 6 hours at either 25°C or 35°C separately. The GFP synthesis
rate were measured between two time points (4 and 6 hours). (B) The liquid cultures
were grown for 8 hours at either 25°C or 35°C separately. The GFP synthesis rate were
measured between two time points (6 and 8 hours). (C) The liquid cultures were grown
for 10 hours at either 25°C or 35°C separately. The GFP synthesis rate were measured
between two time points (8 and 10 hours). (D) The liquid cultures were grown for 12
hours at either 25°C or 35°C separately. The GFP synthesis rate were measured
between two time points (10 and 12 hours). Bar heights correspond to GFP synthesis
rate per cell subtracted from the negative control (E. coli BL21 (DE3) cells transformed
with pGEM-T vector). Error bars represent standard error of the mean (S.E.M). NS
means that the difference is statistically not significant (when P-value > 0.05), * means
that there is a statistically significant difference (when P-value ranges from 0.05 to
0.001) and ** means that there is a statistically significant difference (when P-value
<0.001). Biological replicates = 3. Statistical analysis was performed using T-test.
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Table 5-8. The P-values of statistical comparisons between the grown cultures of pET-
GFP, pRC2-GFP and pRC3-GFP at two different temperatures 25°C and 35°C in different
time points using T-test.

The comparison between cultures of P-values
PET-GFP at 25°C vs. pET-GFP at 35°C (6 h) 0.4
pRC2-GFP at 25°C vs. pRC2-GFP at 35°C (6 h) 0.001
pRC3-GFP at 25°C vs. pRC3-GFP at 35°C (6 h) 0.02
PET-GFP at 25°C vs. pET-GFP at 35°C (8 h) 0.28
pRC2-GFP at 25°C vs. pRC2-GFP at 35°C (8 h) <0.001
pRC3-GFP at 25°C vs. pRC3-GFP at 35°C (8 h) <0.001
pET-GFP at 25°C vs. pET-GFP at 35°C (10 h) <0.001
pRC2-GFP at 25°C vs. pRC2-GFP at 35°C (10 h) <0.001
pRC3-GFP at 25°C vs. pRC3-GFP at 35°C (10 h) <0.001
pET-GFP at 25°C vs. pET-GFP at 35°C (12 h) <0.001
pRC2-GFP at 25°C vs. pRC2-GFP at 35°C (12 h) <0.001
pRC3-GFP at 25°C vs. pRC3-GFP at 35°C (12 h) <0.001

The mean values of the GFP synthesis rate per cell of the cultures of pRC3-
GFP transformants were higher than these of the cultures of pRC2-GFP at all
different time point (Figure 5-4). The GFP synthesis rate has increased in
pPRC3-GFP transformants cultures by approximately two times as compared
to pRC2-GFP transformants cultures at 35°C in all cases. Although the gfp
expression has increased at 25°C in the cultures of pRC3-GFP as compared
with pRC2-GFP transformants cultures, the levels of expression are still low.
The mean values of the GFP synthesis rate per cell of the pRC3-GFP
transformants cultures grown at 35°C were increased by 2.9 times after 6 h
incubation, 13.1 times after 8 h incubation, 12.8 times after 10 h incubation

and 10.7 times after 12 h incubation as compared with these obtained at
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25°C. From previous results, it was shown that the presence of the caf1R
gene led to the activation of the gfp expression more efficiently at 35°C with
a little leaky expression at 25°C. However, further examinations are needed
to confirm the role of CaflR in the temperature-sensitive gfp expression by

the pRC3-GFP system.

5.2.5. caf1R knock-out from pRC3-GFP results in a large reduction in gfp
expression
According to our previous results in this study, the thermo-responsive
expression of gfp is supposed to be a CaflR-dependent process. Therefore,
the substitution of caf1R start codon by a random 3 nt and insertion of three
stop codons at the beginning of caf1R gene should be enough to stop the
expression of caf1R. So, a large decrease in gfp expression is a hypothetical
outcome for caf1R deletion. E. coli BL21 (DE3) cells transformed with either
PGEM-T vector, pET-GFP, pRC3-GFP or pRC3AR GFP, grown at either 25°C or
35°C for 16 h in plate reader using 200 pl of inoculated TB media per each
well with appropriate antibiotics in 96 well plate (n=9, three biological and
three technical replicates for each culture). ODsoo and fluorescence were
measured every 10 minutes. Two time points were used to calculate the GFP
synthesis rate of 2 h (between 14 h and 16 h) for each culture at both
temperatures 25°C and 35°C subtracted from the GFP synthesis rate of the
negative control. The SDS-PAGE analysis was performed to examine the
production of GFP in all above cultures. The mean values of GFP synthesis
rate per cell above that of negative control are stated in Table 5-9 and the

statistical analysis was performed using T-test as shown in Table 5-10.

162



Table 5-9. The mean values of GFP synthesis rate per cell. Produced by E. coli BL21 (DE3)
transformed with either pET-GFP, pRC3-GFP or pRC3AR GFP grown at 25°C and 35°C
separately. t value is the standard error of the mean.

E. coli BL21 (DE3)

transformed with

The mean values of GFP synthesis rate per cell above that of

negative control

at 25°C at 35°C
pPET-GFP 903 £ 20 2212 £110
pRC3-GFP 198 + 18 1446 + 49
pRC3AR GFP 18+3 513 +112

Table 5-10. The P-values of statistical comparisons between the grown cultures of pET-
GFP, pRC3-GFP and pRC3AR GFP at two different temperatures 25°C and 35°C using T-
test.

The comparison between cultures of P-values
pPET-GFP at 25°C vs. pET-GFP at 35°C <0.001
pRC3-GFP at 25°C vs. pRC3-GFP at 35°C <0.001
PRC3AR GFP at 25°C vs. pRC3AR GFP at 35°C 0.01

The graph of GFP synthesis rate per cells of the cultures of pRC3-GFP and
PRC3AR GFP transformants and their SDS-PAGE results (Figure 5-5) showed
a large decrease in the gfp expression at 25°C and 35°C after caf1R deletion.
The mean value of the GFP synthesis rate per cell of the pRC3-GFP
transformants cultures grown at 25°C was decreased by 11 times after caf1R
deletion. Whereas, it was decreased by approximately 7.4 times when the
same cultures grown at 35°C after caflR knock-out. Therefore, the CaflR
transcription factor is responsible for most of the gfp transcription in this
system at 35°C. In addition, the majority of gfp expression was lost for the

cultures of pRC3-GFP grown at 25°C when caf1R deleted.

163



(@]

pPET GFP  pRC3 GFP pRC3AR GFP
1

3500

C
C

= 25°C ?‘:

3000 | |EmR 35°C L &
* % H
2500 50kDa Wy
2000 37kDa

FETEI e -
BRI [T e

ORI

¥ %
1500
25kDa W
1000 "
500 | | -_ 20kDa W
0 |t |

pETGFP  pRC3GFP  pRC3AR GFP

GFP synthesis rate / cell >

Figure 5-5. The effect of cafiR knock-out on the thermal-responsive gfp expression
system. (A) Graph of GFP production in response to thermal change for three different
cultures of E. coli BL21 (DE3) transformed with either pET GFP, pRC3 GFP or pRC3AR
GFP (same as pRC3 GFP with deleted caf1R gene). The liquid cultures were grown for
16 hours at either 25°C or 35°C separately. The GFP synthesis rate were measured
between two time points (14 and 16 hours) as mentioned in materials and methods.
Bar heights correspond to GFP synthesis rate per cell subtracted from the negative
control (E. coli BL21 (DE3) cells transformed with pGEM-T vector). Error bars represent
standard error of the mean (S.E.M). NS means that the difference is statistically not
significant (when P-value > 0.05), * means that there is a statistically significant
difference (when P-value ranges from 0.05 to 0.001) and ** means that there is a
statistically significant difference (when P-value <0.001). (B) SDS-PAGE analysis of the
same cultures stated in (A) showing the GFP bands at = 27 kDa in the lanes of pET GFP
transformant cultures at both temperatures 25°C and 35°C with less intensity at 25°C,
clear GFP band in the lane of pRC3 GFP transformant culture at 35°C only. Whereas,
PRC3AR GFP transformant cultures did not produce GFP bands. Biological replicates =
3. Statistical analysis was performed using T-test.

5.2.6. The suggested models for thermo-responsive transcriptional control
of gene expression by CaflR
There are three potential mechanisms by which CaflR could function to
activate the cafl operon gene expression (Figure 5-6). In the first model,
regardless of its binding state to DNA, Cafl1R is present at 25°C but its unable
to activate the gene expression. The conformation of CaflR changes when
the temperature rises to 35°C immediately to highly increase the RNA
transcript levels of cafl operon genes (Figure 5-6 A). The second model

suggests that the abundance of CaflR is itself thermo-responsive, the Caf1R
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transcription is not temperature-sensitive but the translation or stabilisation
of Caf1R protein happens only at 35°C to induce the gene expression (Figure

5-6 B).
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Figure 5-6. Models of thermo-responsive CaflR-dependent transcriptional control of
gene expression. Three models that potentially describe the Caf1R dependent thermo-
responsive increase in cafl operon transcription are shown, with their states at 25°C
and 35°C depicted in the left- and right-hand side panels respectively. In model (A),
the CaflR protein is the thermo-responsive element. At 25°C it is unable to activate
transcription of the cafl operon, regardless of its DNA binding state. At 35°C, a
conformational change allows the protein to activate transcription. Inactive CaflR is
shown as a red circle and active Caf1R as a red circle with square basement. In (B), the
CaflR protein abundance is thermo-responsive. Transcription is not thermally
regulated so either CaflR is always transcribed but only translated at 35°C or CaflR is
stabilised at 35°C. The increased CaflR protein level activates transcription of the
operon. In (C), the DNA is the thermo-responsive element. At 25°C, the DNA is not in
an optimal conformation for Caf1R binding, and so transcription is not activated. At
35°C, a change in the DNA facilitates optimal Caf1R binding, and so transcription of the
operon is activated. Genes are shown as coloured rectangles (red, green, yellow and
grey for caf1R, cafiM, caflA and cafl respectively), with the CaflR DNA binding site
shown in blue. mRNA transcripts are represented as wavy lines coloured according to
the gene they are transcribed from.

Whereas, the third potential mechanism proposes that the CaflR-binding
sequence in DNA is responsible for such temperature-sensitive regulation.
The DNA conformation is not optimal for Caf1R binding at 25°C and once the
temperature rises to 35°C, the DNA conformation will be change to facilitate

the CaflR binding and activate the transcription of cafl operon (Al-Jawdah
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etal., 2019). The temperature-sensitive regulation by Caf1R could be a useful
process in biotechnology and synthetic biology, since it could be employed
to create a thermo-responsive expression system induced by changing
temperature to 35°C after non-expressing growth at 25°C to obtain the

optimal ODeoo before induction.

5.2.7. Troubleshooting of some issues related to this study

5.2.7.1. C-terminal FLAG-Tag of the caf1 operon gene products affect the
production of Cafl polymer

In order to examine the effect of C-terminal FLAG-tag of either Caf1R, Caf1M
and CaflA on the Cafl polymer production by E. coli BL21 (DE3), a
comparison was performed between pT7-COP (which is composed of pGEM-
T vector with T7 promoter and cafl operon) and pT7-COPF (which is
composed of pGEM-T vector with T7 promoter and cafl operon with C-
terminal FLAG-tag). The main advantage of using FLAG-tagged caf1 operon
gene products is to be able to detect them by western blot. E. coli BL21 (DE3)
cells were transformed with either pT7-COP or pT7-COPF, grown in liquid
culture media with appropriate antibiotics at 35°C for 16 h (n=3 for both
cultures). The thickness of flocculent layer was measured for these cultures
per (mm) after centrifugation in capillary tubes as stated in (materials and

methods section).

SDS-PAGE analysis was performed to examine the production of Cafl by
these cultures which confirmed the presence of Cafl bands in all mentioned
cultures (Figure 5-7 B). The mean values of the flocculent layer height of the
pT7-COP and pT7-COPF transformants cultures were: 32.6 mm and 16.3 mm

respectively (Figure 5-7 A) and there is a statistically significant difference
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between them with a P-value <0.001. Although the Cafl polymer production
is still active, the amount of flocculent layer has decreased clearly in the
presence of FLAG-tag at the C-terminus of either CaflR, CaflM or CaflA. It
has been concluded that the C-terminal FLAG-tags have a negative effect on
the Cafl polymer production process. Therefore, it is required to determine

which individual FLAG-tagged protein is the reason behind such drop in Cafl

production.
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Figure 5-7. The effect of the C-terminal FLAG-tags of the cafl operon gene products on
the Cafl polymer production. (A) Graph of flocculent layer heights obtained for
cultures of E. coli BL21 (DE3) transformed with either pT7-COP or pT7-COPF (Caf1RAS,
Caf1MFLAG, Caf1AFAS) grown for 16 h at 35°C. Bar heights correspond to mean values
of the flocculent layer heights obtained from three separate cultures from each
transformants, where error bars represent the standard error of the mean (S.E.M). (B)
SDS-PAGE of the same cultures (biological triplicate) mentioned in (A), heated
flocculent layer with same amounts in each (at 100 °C for 10 minutes). The Cafl bands
are obvious at = 15.5 kDa in all samples. NS means that the difference is statistically
not significant (when P-value > 0.05), * means that there is a statistically significant
difference (when P-value ranges from 0.05 to 0.001) and ** means that there is a
statistically significant difference (when P-value <0.001). Biological replicates = 3.
Statistical analysis was performed using T-test.
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5.2.7.2. The C-terminal FLAG-tag of the CaflA is the main reason for the
reduction in Cafl polymer production

To determine which FLAG-tagged protein exactly affect the production of
Cafl polymer, the pT7-COP used to generate either pT7-COP R™A¢, pT7-COP
MFAS or pT7-COP A€ by In-Fusion HD cloning as stated in Materials and
Methods section. E. coli BL21 (DE3) cells were transformed with either pT7-
COP, pT7-COP RFAG, pT7-COP M or pT7-COP APAC, The inoculated liquid
cultures were grown with appropriate antibiotics at 35°C for 16 h to assess
the amount of flocculent layer in each culture (biological triplicate of each
culture). The mean values of the flocculent layer thickness (Table 5- 11) were
measured by centrifugation of liquid cultures in capillary tubes and SDS-

PAGE was achieved to examine caf1 expression in the mentioned cultures.

Therefore, the presence of FLAG-tag at the C-terminus of the CaflA led to a
significant decrease in the Cafl polymer production indicating that this tag
affected the function of CaflA negatively by involving in the biogenesis of

Cafl.

Table 5-11. The mean values of the flocculent height. Produced by the cultures of pT7-
COP, pT7-COP RFYAS, pT7-COP MFAG and pT7-COP AFYAS, grown at 35°C for 16 h. * value is

the standard error of the mean.

E. coli BL21 (DE3)
The mean values of the flocculent layer thickness
transformed with

pT7-COP 37 mm £ 0.5
pT7-COP RFIAG 33mmzt1

pT7-COP MFLAG 28 mm £ 0.3
pT7-COP AFtAG 20 mm £ 0.5
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Figure 5-8. The effect of the C-terminal FLAG-tagged caf1 operon gene products on the
Cafl polymer production. (A) Graph of flocculent layer height obtained for cultures of
E. coli BL21 (DE3) transformed with either pT7-COP (WT caf1 operon), pT7-COP RFAG,
pT7-COP MFAG or pT7-COP AFAS, grown for 16 h at 35°C. Bar heights correspond to
mean values of the flocculent layer height obtained from three separate cultures of
each transformant, where error bars represent the standard error of the mean (S.E.M).
(B) SDS-PAGE of the heated flocculent layer (at 100 °C for 10 minutes) obtained from
the same cultures mentioned in (A) (biological triplicate). The Cafl bands are obvious
at = 15.5 kDa in all samples. NS means that the difference is statistically not significant
(when P-value > 0.05), * means that there is a statistically significant difference (when
P-value ranges from 0.05 to 0.001) and ** means that there is a statistically significant
difference (when P-value <0.001). Biological replicates = 3. Statistical analysis was
performed using One-Way ANOVA test.

5.2.7.3. The insertion of FLAG-tag in a flexible loop in the central B-barrel
of CaflA has no effect on the Cafl production

First of all, in all western blot results shown in this study, the FLAG-tagged
CaflA could not be detected, whereas, both the FLAG-tagged CaflR and
CaflM were detected many times using anti-FLAG antibodies as stated in
materials and methods section. This could indicate that the C-terminal FLAG-
tag of CaflA could be cleaved off during the Cafl biogenesis process.
Therefore, a new position was selected for FLAG-tag insertion in the central
B-barrel facing the outside. A model of CaflA was generated based on the
crystal structure of FimD usher (PDB code: 3RFZ) to determine which is the
best location of the FLAG-tag insertion (Figure 5-9 A) to avoid any

interference with the Cafl polymer secretion process. The new FLAG-tag
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containing plasmid (pT7-COP A"WFAS) was generated by In-Fusion HD
cloning technique as stated in materials and methods section. The FLAG-tag

was inserted between the codons of proline 467 and asparagine 468.
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Figure 5-9. The effect insertion of FLAG-tag insertion in a flexible loop in the central B-
barrel of Caf1A. (A) Structural modelling of the CaflA usher outer membrane protein.
Based on the crystal structure of FimD usher (PDB code: 3RFZ) (Phan et al., 2011).
Showing the central B-barrel with FLAG-tag located in a flexible loop facing the outer
surface in black color. (B) Graph of the flocculent layer heights obtained for cultures
of E. coli BL21 (DE3) transformed with either pT7-COP or pT7-COP A™FAG, grown for 16
h at 35°C. Bar heights correspond to mean values of the flocculent layer heights
obtained from three separate cultures from each transformant, where error bars
represent the standard error of the mean (S.E.M). NS means that the difference is
statistically not significant (when P-value > 0.05) (C) SDS-PAGE of the flocculent layer
obtained from the same cultures (biological triplicate) mentioned in (B), heated at 100
°C for 10 minutes. The Cafl bands are obvious at = 15.5 kDa in all samples. (D) Western
blot analysis of the cultures of E. coli BL21 (DE3) transformed with pT7-COP A®T-FLAG or
pT7-COP A"WFLAG  orown for 16 h at 35°C using anti-FLAG tag and anti-DnaK
antibodies. The cell pellets were used to detect the FLAG-tagged CaflA and DnaK as a
loading control. Showing DnaK bands at = 70 kDa and CaflA at = 90 kDa. Biological
replicates = 3. Statistical analysis was performed using T-test.
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E. coli BL21 (DE3) cells were transformed with either pT7-COP ASTFYAS or pT7-
COP A"WFLAS "the inoculated culture media (biological triplicate from each
were grown at 35°C for 16 h. The measurements of the flocculent layer
heights were taken per (mm) after cultures centrifugation in capillary tubes
as stated in materials and methods section. The mean values of the
flocculent layer thickness are: 30 mm and 30.3 mm for pT7-COP ASTFAG and
pT7-COP AMeW-FLAG respectively. The flocculent layer samples obtained from
these cultures were analysed by western blot using anti-FLAG and anti-DnaK
antibodies. The new position of the FLAG-tag in CaflA did not affect the
production of Cafl polymer (Figure 5-9 B and C) as observed in the old FLAG-
tagged CaflA. The western blot analysis could not detect the old FLAG-
tagged CaflA (Figure 5-9 D), whereas, the new FLAG-tagged CaflA bands

were clearly visible.
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5.3. Discussion

As shown in this study (5.2.2), Caf1R was used to create a thermo responsive
expression system. Although the GFP production from pR-GFP expression
vector was low, the expression of gfp was temperature sensitive. It seems
that the native Caf1R system is a weak expression system. The gfp expression
from pR-GFP vector is entirely driven by Caf1R which agrees with what was
seen in this study (3.2.5, 3.2.6 and 3.2.8). The level of cafl operon gene
expression driven by CaflR in the pCOP vector was very low as compared to
the level of cafl operon transcripts produced from the leaky expression of
T7 RNA polymerase in pT7-COPAR. The levels of gfp expression was
enhanced at 35°C by insertion of the strong insulated constitutive promoter

taken from Davis et al. (2011).

Interestingly, the GFP production at 25°C was very low even in the presence
of the strong insulated constitutive promoter which points to the attendance
of post-transcriptional regulation alongside the CaflR-dependent
regulation. According to our results it was suggested by this study in (4.3)
that the temperature regulation of the cafl operon happens mainly at the
transcriptional level with post-transcriptional regulation having very little
effect at 30°C and 35°C, if any, role. Therefore, the post-transcriptional down
regulation of cafl operon genes, caf1M, caflA and caf1 could only occur at
low temperatures such as 25°C but not at intermediate and high
temperature degrees 30°C and 35°C, respectively. Wan et al. (2012) reported
that many RNA secondary structures in yeast melt between 30°C and 35°C
which could agree with the hypothesis that RNA secondary structures exist

at 25°C but not at 30°C.
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Additionally, the gfp expression was increased from pRC3-GFP as a result of
the insertion of intergenic region 3 (which separates between caf1A and
cafl) and the ribosome binding site (RBS) of cafl gene. It was reported
previously in this study that intergenic region 3 is not likely to have a
functional promoter, since 7 out of 8 of sequences obtained from RACE
experiments continued through the intergenic region 3 into caflA gene
indicating that the termination is due to dissociation of polymerase enzyme
rather than a transcriptional start site with in this region. Galyov et al. (1990)
also stated that this region in isolation did not enable the expression of caf1.
Therefore, this increase in gfp expression by pRC3-GFP as compared to that
obtained from pRC2-GFP cultures is a consequence of replacing the RBS of
caf1M by that of cafl. It seems from these results that the RBS of caf1 is
stronger than that of caflIM. However, this could harmonise with the
requirement of the Cafl biogenesis system, larger amount of Cafl subunits

are demanded than chaperones and ushers.

The most similar artificial temperature sensitive expression system to our
system is that developed by Lermant et al. (2018). This expression system
can produce different proteins selectively in response to different ranges of
temperature (Lermant et al., 2018). The regulatory sequence of the E. coli
Cold Shock Protein A (Gualerzi et al., 2003) was utilised as a cold responsive
transcriptional activator element. Whereas, the termo-labile mutant of Acl
repressor and its pL promoter A phage (Lieb, 1981; Dodd and Egan, 2002)
were exploited as a factor to activate the expression in response to high
temperature. In terms of complexity, the system of Lermant et al. (2018)
seems to be more complicated than our system. Since, two biological

systems from different organisms, E. coli and A phage were functionalised to
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generate this system. While, in our system we aimed to use caflR, its

regulatory site and promoter.

However, the main goal from developing the CaflR-dependent system was
to generate an expression vector for protein purification purposes. Whereas,
the other thermo responsive was developed by Lermant et al. (2018) for the
purpose of maintaining the productivity of the crops alongside with the issue
of the climate change, since, this system allows the selective production of
different compounds which protect the crops over these differences in

temperature ranges.

In addition, it is obvious from the results of this study that Caf1R is the factor
that transduces the thermal change into a transcriptional response. Three
models have been suggested to clarify the potential mechanism of
temperature sensitive regulation of cafl operon by CaflR. Briefly, either
CaflR can only activate the transcription at 35°C due to the conformational
changes in its structure which does not occur at 25°C (model A), the amount
of translated CaflR itself is increased at 35°C to activate the cafl operon
transcription directly. Since, caf1R mRNA forms secondary structures at 25°C
which block its binding to ribosomes (model B) or CaflR can recognise its
DNA binding site only at 35°C to activate the transcription. Whereas, at 25°C
special DNA structures (e.g. supercoiling or promoter topology) prevent

CaflR from binding to DNA (model C).

The RovA global transcription factor in Yersinia species is a well-studied
example for model A of temperature sensitive regulation (Cathelyn et al.,
2006; Quade et al., 2012). RovA activates the expression of invasin, the
internalization factor in enteropathogenic Yersinia species (Revell and Miller,

2000; Heroven et al., 2004). The conformational changes in RovA structure
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in response to temperature increase lead to partial unfolding of this protein
which in turns lowers its affinity to DNA and increases its susceptibility to
protease, thus the release of RovA from DNA results in de-repressing of the

target genes (Quade et al., 2012).

The LcrF transcription activator in Y. pestis is an example for model B of
temperature sensitive regulation, which activates the expression of type lll
secretion system in response to temperature (Hoe and Goguen, 1993). The
presence of secondary structure in lcrF mRNA at 26°C decreases the
efficiency of translation by sequestering the Shine-Dalgarno sequence and
preventing mRNA from binding to ribosomes (Hoe and Goguen, 1993). When
the temperature rises such secondary structures will disappear to induce the
translation of IcrF mRNA and the LcrF transcription factor will then activate
the transcription of type lll secretion system gene cluster (Hoe and Goguen,
1993). The thermoregulation of Shigella species and enteroinvasive E. coli
pathogenicity is considered as an example for model C of temperature
sensitive regulation (Falconi et al., 1998). Since, the structure of DNA
undergoes a transition in response to temperature change and these
structural changes modulate the accessibility of the H-NS transcriptional

repressor to the virF promoter (Falconi et al., 1998).
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6. Chapter Six: Conclusions and Future Perspective

6.1. Conclusions

Y. pestis produces Cafl polymer as antiphagocytic factor only when it senses
human body temperature. The temperature sensitive upregulation of the
cafl operon transcription has been reported (Han et al., 2004; Motin et al.,
2004). Although, CaflR was described as a positive transcription factor
(Karlyshev et al., 1992b), there were no clear results describing the role of
CaflR in the thermo-responsive transcriptional regulation of cafl operon.
This study has shown that CaflR is the responsible transcriptional regulator
responsible for the activation of cafl operon gene transcription in response
to temperature change. A putative promoter and regulatory elements were
previously predicted in the intergenic region 1 upstream of caf1M (Galyov et
al., 1990), but the presence of them had not been confirmed experimentally.
Interestingly, our results confirmed that this putative promoter region
contains the responsible promoter for the transcription of caf1M, caf1A and
cafl genes as a single polycistronic mRNA unit. The data, however did not
clarify the mode of action of CaflR. Therefore, the main conclusions

obtained from this study are as follows:

6.1.1. Caf1R control of the Cafl polymer secretion

According to the results achieved in this study, it should be concluded that
the use of capillary tubes in the measurement of flocculent layer thickness
allows to minimise the bacterial culture volume used in the measurement
process and enhance the accuracy of separation. The Cafl polymer amount
is constant per volume of the flocculent layer even when that flocculent

obtained from different time points. Although the caf1R overexpression led
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to a stepwise decline in Cafl polymer production when six different
concentrations of L-arabinose used separately, the overexpression of other
cafl operon genes did not affect the production of the Cafl. The caf1R gene
was required for the expression of cafl operon. Whereas, the Cafl polymer
production was rescued either by using a plasmid carrying caflR or by
insertion of T7 promoter in the same plasmid containing cafl operon apart
from caf1R. The deletion of caflR in the presence of T7 promoter led to
enhance the expression of caf1 operon at both 30°C and 35°C indicating that
Caf1R could bind in the way of T7 RNA polymerase to reduce its transcription
efficiency. Although different E. coli strains and different plasmid constructs
were used to purify Caf1R with long optimisation process, no pure Caf1R was

obtained at the end as a result of instability and insolubility of this protein.

6.1.2. The transcriptional regulation of cafl operon by CaflR in response
to temperature
It was implied that caf1 operon, caf1M, caf1A and caf1 genes are transcribed
as a single polycistronic mRNA as both intergenic 2 (between cafiM and
caf1A) and intergenic 3 (between caf1A and caf1) were detected in the cDNA
obtained from the purified RNA of caf1 expression culture. The polycistronic
transcription of the cafl operon was confirmed by Rapid Amplification of
cDNA Ends (RACE) using RNA purified from caf1 expressing cultures, since,
the most sequences obtained by RACE continued the intergenic region 3 into
caflA gene. The P2 sequence predicted in the intergenic region 1 (between
caf1R and caf1M) had a significant effect on the caf1 operon expression. The
deletion of this sequence led to a large decrease in the levels of the

transcripts and halted the production of the CafilM and Cafl proteins
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completely. Therefore, it was suggested that the P2 sequence contains the
promoter responsible for the polycistronic transcription of the caf1 operon.
Although the ribosome binding sites (RBS) of the caf1M, caf1A and cafl were
identified manually based on the Shine-Dalgarno consensus sequence, only
the cafl RBS was confirmed by RT-PCR western blot analysis. CaflR is the
responsible transcriptional activator for cafl operon expression in response
to the temperature change. Additionally, the sequence alignment and
structural modelling of Caf1R revealed the high homology of its N-terminus
with the helix-turn-helix DNA binding domains of the MarA and Rob from
AraC family. The CaflR C-terminus did not show any homology with the
mentioned proteins suggesting that the mechanism of CaflR regulation is
different from MarA and Rob. It is a Gyrl-like structure as in Rob with a
strand-helix-strand-strand (SHS2) domains. The identification of CaflR C-
terminus to have a SHS2 domains could imply that CaflR function depends
on a small molecule binding. To confirm the importance of Caf1R C-terminus,

the deletion of the C-terminus led a stop in the production of Cafl polymer.

6.1.3. The CaflR-dependent expression of gfp in response to temperature
Three models were suggested to clarify the molecular mechanism of CaflR
regulation in response to temperature. In the first model, the Caf1R itself is
the thermo-responsive factor, in the second one the increase in caflR
translation is temperature sensitive and in the third model, a change in the
DNA structure at the regulatory site mediates the regulation in response to
temperature. In the constructed plasmid pR-GFP, the production of GFP was
temperature sensitive. Although the CaflR-dependent expression was low

at 35°C, no GFP production was obtained at 25°C. The insertion of a strong
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insulated promoter in intergenic region 1 downstream of the predicted caf1
operon promoter led to improved expression of gfp at 35°C with very low
expression at 25°C indicating that there could be a post-transcriptional
thermoregulation along with the CaflR-dependent transcriptional
regulation. The insertion of intergenic region 3 from cafl operon which
includes the RBS of caf1 increased the production of GFP at 35°C with low
expression at 25°C. Therefore, this increase might be a result of utilising caf1

RBS instead of caf1M RBS.
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6.2. Future perspective

Future experiment should be carried out to purify both N-terminus and C-
terminus of CaflR separately, in order to achieve molecular biological and
biophysical examination using pure N-terminus and C-terminus. For
example, using an Electrophoretic Mobility Shift Assay (EMSA) to determine
the CaflR binding site and using circular dichroism spectroscopy to
investigate if there are conformational changes in CaflR structure at 25°C
and 35°C. Further experiments are needed to examine the importance of the
CaflR C-terminus in caf1 operon expression using RT-PCR and western blot
analysis. In addition, the Cafl1R-dependant thermo-responsive expression
system needs for further developments in order to be usable in
biotechnology. Minimizing the number of elements involved in this system
is one of the crucial priorities in the future. If the regulatory sites and
promoters in cafl operon are determined, the artificial thermo-responsive
expression system can be composed of caf1R, its promoter, its binding site
and the promoter of cafl operon. The promoter of cafl operon could be

replaced by a strong promoter to enhance the expression levels.
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Abstract

Background: Thermal regulation of gene expression occurs in many microorganisms, and is mediated via several
typical mechanisms. Yersinia pestis is the causative agent of the plague and spreads by zoonotic transfer from fleas
to mammalian blood with a concomitant rapid temperature change, from ambient to 37 °C, which induces the
expression of capsular antigen (Caf1) that inhibits phagocytosis. Caf1 is formed into long polymeric fimbriae by a
periplasmic chaperone (Caf1M) and outer membrane usher (Caf1A). All three are encoded on an operon regulated
by an AraC-type transcription factor Caf1R. The aim of this study was to determine the role of Caf1R in the thermal
control of caf! operon gene expression.

Results: PCR analysis of cDNA demonstrated that the genes of the operon are transcribed as a single polycistronic

mRNA. Bioinformatic analysis, supported by deletion mutagenesis, then revealed a region containing the promoter

of this polycistronic transcript that was critical for Caf1 protein expression. Caf1R was found to be essential for Caf1

protein production. Finally, RT-PCR analysis and western blot experiments showed large, Caf1R dependent increases
in cafl operon transcripts upon a shift in temperature from 25 °C to 35 °C.

Conclusions: The results show that thermal control of Caf1 polymer production is established at the transcriptional
level, in a Caf1R dependent manner. This gives us new insights into how a virulent pathogen evades destruction by

the immune system by detecting and responding to environmental changes.

Keywords: Gene expression regulation, Yersinia pestis, AraC transcription factor, Temperature, Fimbriae, bacterial

Background

Temperature is an important stimulus for pathogens
infecting mammalian and avian hosts, allowing them to
differentiate between host and non-host environments.
Microorganisms can employ a suite of different mecha-
nisms to sense and respond to changes in temperature
by altering their patterns of gene expression. These
mechanisms can act at either the transcriptional or
translational levels and can be mediated by protein,
RNA or DNA [1]. Typical mechanisms include changes
in the degree of supercoiling in DNA, as well as ele-
ments of local structure such as promoter curvature,
which can affect transcription efficiency, when
temperature increases or falls [1]. Another common
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K BMC

mechanism involves RNA “thermometers” that form
temperature dependent mRNA secondary structures that
can inhibit translation below a critical temperature [1,
2]. In addition, some proteins can undergo conform-
ational changes in response to alterations in
temperature, resulting in the post-translational modifica-
tion of downstream transcription factors [3, 4], inhib-
ition of DNA binding [5, 6], or protein degradation [7],
with subsequent changes in gene expression.

The bacterium Yersinia pestis is the etiologic agent of
the plague, responsible for approximately 200 million
deaths across the course of three major epidemics
throughout history [8], with modern outbreaks still oc-
curring, most recently in Madagascar [9]. One of the
factors responsible for the virulence of this organism is
its ability to avoid phagocytosis by macrophages [10].
This ability is dependent upon a gel-like capsule, com-
posed of polymers of the capsular antigen fraction 1
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(Cafl) protein, which coats the bacterium and is thought
to act by preventing adhesin-receptor interactions. Dele-
tion of the capsule causes an increase in the uptake of Y.
pestis bacilli by macrophages [10] showing Cafl to be an
important protection against the host’s immune system.

Cafl forms very long, thin polymers consisting of
repeating ~ 15 kDa subunits with polymer lengths of up
to 1.5 um having been observed [11]. The polymers are
highly flexible, appearing at high magnifications like
beads on a string. Their biogenesis proceeds via the
chaperone-usher (CU) pathway, which is employed for
the production of a range of pilus structures in Gram
negative bacteria [12]. Briefly, nascent, unfolded Cafl
subunits are exported to the periplasm, where they are
bound by the chaperone protein CaflM. This partially
stabilises the Ig-like fold of the Cafl subunit, before it is
delivered to the usher protein, CaflA, which resides in
the outer membrane. Cafl A assembles the Cafl subunits
into a polymer that it exports to the cell surface [12]
where it appears as a diffuse “flocculent” layer above the
pellet in centrifuged cultures [13, 14]. The molecular
basis for the polymerisation is the donation of the
N-terminal B strand of one subunit into the acceptor
cleft of the preceding subunit in the polymer, displacing
the chaperone and stably completing the subunit fold
[15]. This process, known as donor-strand complemen-
tation, results in a highly stable, non-covalent polymer
[16].

In Y. pestis, Cafl is expressed from the cafl operon
present on the pMT plasmid [17]. Upstream of the
cafIM, caflA and cafl genes of the cafl operon is a
fourth gene, cafIR, which is encoded on the opposite
DNA strand. The domain structure of the CafIR pro-
tein is that of a Rob-like AraC family transcription
factor [18], consisting of a recognisable N-terminal
helix-turn-helix DNA binding domain but with a dis-
tinctive C-terminal domain of unknown function. Al-
though a putative promoter site and regulatory
elements have been predicted upstream of cafiM
[19], their presence has yet to be empirically
determined.

Y. pestis becomes vulnerable to macrophage attack
when it is injected into the mammalian host via a flea
bite. The bacterium senses this event through a range of
molecular mechanisms that perceive the temperature of
its environment and exploit the temperature difference
between the flea (on the hosts surface ~ 25 °C) and blood
(~37°C) [8]. Cafl protein expression is induced at 37 °C
[8, 10, 20], allowing the bacteria to rapidly produce this
protein when most at risk of being phagocytosed.
Temperature dependent increases in cafl operon gene
transcription have been reported [20, 21] but whether
CafiIR plays a role in coordinating the correct
temperature dependent expression is not clear.
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A previous report has described the CaflR protein
as a positive transcriptional regulator [22]. There are
three arguments in favour of this designation: first, a
plasmid containing only the 81 N-terminal residue
helix-turn-helix DNA binding domain of CaflR
caused an increase in Cafl production [22, 23];
second, inducing frame-shift mutations into CaflR
prevented Cafl biogenesis; and finally, CaflR displays
homology with the AraC family of positive transcrip-
tional regulators [22]. However, a link between CaflR
and the thermal switch has not been demonstrated.

Here, we determine the role of CafIR in the ther-
mosensitive control of gene expression from the cafl
operon. We show that the cafIM, caflA and cafl
genes are transcribed as a single polycistronic tran-
script and identify the promoter region that is critical
for their transcription. Deletion of cafIR completely
abrogated Cafl polymer expression, which was
restored by complementing this deletion with cafiR
on a second plasmid. Finally, RT-PCR and western
blot experiments showed cafl operon transcripts are
substantially upregulated upon a switch from 25°C to
35°C in a CaflR dependent manner. Therefore, we
propose that the temperature induced expression of
Cafl polymers is governed at the transcriptional level
in a CaflR dependent manner, thus revealing CaflR
to be a key factor in the determination of Y. pestis
virulence.

Results

The caf1 operon is transcribed as a polycistronic
transcript

In the cafl operon, the cafIR coding sequence is on
the opposite strand to, and separated by a 328 nu-
cleotide (nt) intergenic region I, from the remaining
genes, which are arranged with a very short (24 nt)
intergenic region II between cafIM and caflA and a
larger intergenic region III of 80nt between caflA
and cafl (Fig. 1a). To characterise the expression of
cafl genes within the cafl operon, PCR analysis of
the RNA transcripts was employed. Cultures of E. coli
transformed with a plasmid containing the cafl op-
eron (pCaflOPeron, pCOP, Additional file 1: Table
S1) or the operon preceded by an upstream T7 pro-
moter from the vector (pT7-COP, Additional file 1:
Table S1), were grown from single colonies for 16h
at 35°C to stimulate Cafl production, following which
total RNA was extracted and used to synthesise
cDNA. To assess whether the cafl genes are
expressed as part of a polycistronic transcript, the
cDNA was used as a template, with primers comple-
mentary to the coding regions either side of the
intergenic regions (Additional file 1: Figure S1).
Therefore, if the genes are expressed on a large
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artificial pT7-COP plasmid is highlighted. b Agarose gel showing the PCR amplification products corresponding to the three intergenic regions of
the cafl operon generated from either the pCOP plasmid, or cDNA made using mRNA from cultures of E. coli transformed with pT7-COP or
pCOP plasmids and grown at 35 °C for 16 h. Both plasmids contain the cafl operon as shown in (@). ¢ Transcript levels of the cafl operon genes
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error of the mean (S.EM) from three biological replicates. Asterisks represent significant differences between groups (* - P < 0.05, ** - P < 0.01, ***
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transcript, amplification of the intergenic regions should natural system, cafiM, caflA and cafl are all transcribed
proceed when the cDNA is used as a template, whereas sin-  together on one mRNA of approx. 3900 nt. For pT7-COP,
gle transcripts will result in no amplification. Amplification  all three intergenic regions could be detected, suggesting
products could be detected from intergenic regions II and  that the T7 promoter, which is upstream of cafIR, drives
III from pCOP, showing that cafIM and cafIA, as well as  transcription that proceeds through all four genes. This was
caflA and cafl, are co-transcribed (Fig. 1b). The intergenic  of interest since we had previously found by chance that
region between cafIM and cafIA is very small (24 nt), and  leaky expression from this T7 promoter was able to drive
unlikely to harbour a promoter. This suggests that in the significant Cafl polymer production [13].



Al-Jawdah et al. BMC Microbiology (2019) 19:68

Identification of the long caf1 operon transcript promoter
To identify the promoter that drives transcription of this
long mRNA, the DNA sequence between cafiR and cafIM
(intergenic region I) was used as an input into the BPROM
(Softberry Inc., Mount Kisco, NY, USA, http://www.soft-
berry.com) [24] and Neural Network Promoter Prediction
2.2 (NNPP2.2) [25] webservers. These predictions led us to
define three potential promoter regions of 41bp (P1, P2
and P3, Additional file 1: Figure S2) upstream of cafIM that
could potentially drive the transcription of the polycis-
tronic cafl transcript. Interestingly, the P2 region contains
the putative promoter previously predicted by Galyov et
al. [23]. Each region was then separately deleted from
pCOPF (in which CaflR, M and A have added C-terminal
FLAG tags, Additional file 1: Table S1) and the resulting
plasmids used to transform BL21(DE3) cells. To assess the
effect of the deletions, protein levels after 16 h of growth
at 37°C were determined by western blot using
anti-FLAG antibodies and levels of each transcript were
measured by RT-PCR (Fig. 1lc,d). Deletion of the P3
region showed little effect on the levels of protein or tran-
script. For P1, deletion had little effect on protein expres-
sion, but did appear to cause a small drop in transcript
level. However, the greatest effect was seen upon deletion
of the P2 region, where synthesis of all the Cafl proteins
was completely abrogated, accompanied by a substantial
decrease in caflA and cafl transcript levels. The levels of
cafIM transcript in the P1 and P2 deletions are both
slightly reduced, but whereas CaflM synthesis is un-
affected by P1 deletion, no CaflM protein was detected
from the P2 delection. The deleted P2 region thus con-
tains or overlaps the promoter responsible for the large,
polycistronic transcript observed by PCR analysis.

Caf1R regulates the cafl operon
To further investigate the importance of CaflR to Cafl
polymer production, the cafIR gene was deleted from the
pCOPF plasmid (pCOPAR, Additional file 1: Table S1). The
pCOPF and pCOPAR plasmids were transformed into
BL21(DE3) E. coli cells and expression cultures were grown
from single colonies at 35 °C. Expression of Cafl polymers
correlates with the appearance of a flocculent layer that sits
on top of the cell pellet in centrifuged expression cultures
[13, 14]. Expression cultures were assayed for flocculent
layer production, which directly corresponded to the
amount of Cafl polymer secreted by the bacteria (Add-
itional file 1: Figure S3). The cafIR deletion completely
abolished Cafl protein production from the pCOPAR plas-
mid, with no flocculent layer observed and no Cafl protein
detectable in the pellet by western blot (Fig. 2), demonstrat-
ing that cafiR is necessary for Cafl production.

pCOPFAR was then co-transformed into BL21(DE3)
cells with pBad-CaflR (Additional file 1: Table S1),
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where cafIR is under the control of an arabinose indu-
cible promoter. Complementing pCOPFAR with
pBad-CaflR in the absence of arabinose rescued Cafl
protein expression (Fig. 2). Induction of CafIR from
the pBad CaflR by the addition of arabinose also res-
cued Cafl protein expression, although the height of
the flocculent layer was lower in this case suggesting
that only very low levels of CaflR are needed to pro-
mote Cafl protein expression, and that higher levels
are inhibitory to Cafl biogenesis. These results show
that Caf1R is essential for Cafl production.

Temperature induction of cafl operon expression occurs
at the transcriptional level

It is useful for Y. pestis to control the formation of the
Cafl polymer using temperature in order to provide
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immediate protection from macrophages upon transfer
to a warm blooded host. The increase in cafl operon ex-
pression with temperature has been demonstrated previ-
ously [8, 20, 21], but the underlying molecular
mechanism has not been investigated. Therefore, we
tested the hypothesis that the CaflR protein is the tran-
scription factor that mediates the thermoregulation of
Cafl expression.

To assess this claim, E. coli were transformed with
pCOPF or pCOPFAR and grown for 16 h at 25°C, such
that cafI is not expressed. The stationary phase cultures
were then diluted to 0.5 ODgoo and then grown for one
further hour at either 25°C or 35°C. Transcriptional
levels of the cafl operon genes were then examined
through RT-PCR. A large, significant increase in the
relative transcript levels of cafiM, caflA and cafl could
be seen at 35 °C compared to 25 °C for cells transformed
with pCOP, with fold increases of 23.3, 33.4 and 26.7 re-
spectively (Fig. 3a). An 8.8 fold increase in cafIR tran-
script levels was also observed, but this was not
statistically significantly different from the levels ob-
served at 25°C. Crucially, in the absence of CaflR, no
temperature dependent increase was seen (Fig. 3b),
showing that the increase in transcription levels was not
a general effect of temperature change. Additionally, the
overall level of transcript produced from pCOPFAR was
significantly lower in all cases when compared to the
system containing all four genes, again highlighting the
influence of CaflR.

The effect of the temperature change was then ana-
lysed at the translational level by performing western
blot experiments on the same cultures used for RT-PCR.
The levels of protein detected matched the RT-PCR
data, where levels of CaflM and Cafl protein could be
seen to increase upon incubation at the higher
temperature relative to the lower temperature, while be-
ing completely undetectable in the absence of CaflR
(Fig. 3). CaflA, a large membrane protein, was not
visualised by western blot. Similarly, although CaflR is
soluble and of a similar size to the easily detected
CaflM, it was also not detected by anti-FLAG western
blot, presumably in this case because its concentration
was consistently below the limit of detection. This is not
surprising, as transcription factors are often present in
very low amounts in bacterial cells [26, 27], and our data
show that even the low levels of expression from the
uninduced, tightly regulated Pgap promoter [28] are
enough to rescue CaflR deletion (Fig. 2).

When E. coli transformed with the pT7-COP plasmid
were grown at 30 °C (where the natural CaflR system is
switched off and transcription is driven by the T7 pro-
moter), high levels of Cafl expression could still be de-
tected (Fig. 4). The T7 promoter appears to be stronger
than the natural cafIR promoter, since it generates a
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greater amount of flocculent layer. Differences in floccu-
lent height for pT7-COP containing cells are likely due
to differences in the efficiency of T7 transcription
between the two temperatures [29], and also the thermal
activation of cafl operon transcription from the native
promoter at 35 °C. The relative thermal independence of
the T7 driven expression implies that the temperature
regulation of the cafl operon takes place primarily at the
transcriptional level, with post-transcriptional (transla-
tional and post-translational) regulation having very lit-
tle, if any, role.

Discussion

caf1 operon genes are expressed from a polycistronic
transcript

The results of this study show that the cafl operon is
expressed as a long, polycistronic transcript from a pro-
moter that resides in the P2 region in a CaflR
dependent manner. Previously, Galyov et al. predicted
the presence of regulatory regions and a putative pro-
moter that would drive cafIM transcription, and identi-
fied a Shine-Dalgarno sequence 7 bases upstream of the
CafIM start codon [23]. We used an independent
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Fig. 4 Effect of a T7 promoter on Caf1 production at 30°C and 35°
C. E coli cells were transformed with either pCOP (full cafT operon)
or pT7-COP (T7- full cafl operon) and grown at either 30 °C or 35 °C
for 16 h, after which the flocculent layer height was measured (a)
and analysed by SDS-PAGE (b). Error bars represent standard error of
the mean (S.E.M) from three replicate cultures. The position of the
band corresponding to Caf1 is highlighted next to the gel
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software tool that identified potential promoter regions
that could transcribe the polycistronic cafI operon tran-
script, before confirming their activity through deletion
mutagenesis and RT-PCR. The putative promoter pre-
dicted by Galyov et al. overlaps with the P2 region we
identify here as being essential for the expression of the
operon. Therefore, we have independently identified and
experimentally confirmed the presence of the promoter
responsible for transcription of the cafl operon.
Considering cafiM, caflA and cafl are transcribed as
a single polycistronic transcript, it was surprising that
the RT-PCR results showed that each of the genes has a
particular transcriptional level, where the levels of cafIM
and caflA transcripts were similar and cafl transcript
much higher. There are two potential explanations of
this: either the cafI gene can be transcribed by a second,
CaflR responsive promoter, or the translational units
within the polycistronic RNA transcript have different
levels of mRNA stability. We used 5° RACE (Rapid
Amplification of ¢cDNA Ends) to search for a second
promoter upstream of the cafI gene. If a promoter exists
in this region, the majority of transcript sequences
should terminate inside intergenic region III at the tran-
scriptional start site (Additional file 1: Figure S4), but 7
out of 8 sequences obtained continued through the
intergenic region into caflA (Additional file 1: Figure
S5), thus corresponding to the observed polycistronic
transcript. These sequences terminated at different loca-
tions, implying the termination is due to dissociation of
the polymerase enzyme rather than a transcriptional
start site within this region of cafIA. Moreover, deletion
of the P2 region, which lies upstream of cafIM and is
therefore responsible for transcription of the polycis-
tronic transcript, abolished the expression of all cafl
genes. If separate promoters were present for each gene,
this deletion would have a substantially reduced effect
on caflA and cafl expression. A previous study by
Galyov et al. [19] predicted the presence of a putative
promoter upstream of cafl, at the 3" end of the cafiA
gene. However, in isolation this region did not enable
cafl expression [19], suggesting that it does not contain
a functional promoter, in concordance with our results.
As a second promoter could not be detected, the dif-
ferential stability of the translational units within the
mRNA, such as has been previously reported [30], is a
more plausible explanation for the differing levels of
transcript observed in the RT-PCR experiments. Upon a
shift of the bacteria to 35 °C, such a system would allow
CaflR to activate the transcription of the cafl operon
polycistronic mRNA, which would then be degraded to
different degrees resulting in differential levels of tran-
script for cafIM, caflA and cafl. To produce long Cafl
polymers, a large number of subunits is required, with
fewer chaperones and ushers necessary. Therefore, this
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system appears to allow cells to produce the optimal
levels of each protein from a single transcript.

Thermosensitive transcriptional regulation of the caf1
operon
The ability to regulate gene expression in response to
changes in temperature is important for Y. pestis, which
lives mainly in two environments with different ambient
temperatures: the flea at ~ 25°C [8], and mammals, with
body temperatures of around 37 °C. This difference in
temperature is therefore a simple signal that allows the
bacterium to determine whether it is in the vector or the
host where it behaves as a mammal pathogen, expressing
factors related to virulence and immunoevasion. The re-
sults of the temperature switching experiment clearly
show the rapid upregulation of the expression of cafiM,
caflA and cafl upon an increase in temperature. The
fold increase in transcript levels with temperature, that
we observe, correlates well with those previously de-
scribed [20] for cafIR and cafiM (8.8 vs 8.9 fold and
23.3 vs 19.7 fold respectively), but we detect greater in-
creases in transcription for caflA and cafl (33.4 vs 9.7
fold and 26.7 vs 7.8 fold respectively). Crucially, this up-
regulation occurs at the transcriptional level, and is
wholly CaflR dependent.

The difference in transcriptional output is sufficient to
describe the observed temperature sensitivity of Cafl
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protein production. Not only did the levels of CaflM
and Cafl observed by western blot correlate with the
levels of transcript seen by RT-PCR but bypass of tran-
scriptional regulation through the introduction of a T7
promoter permitted expression of Cafl at 30°C, when
there was no expression from the native cafl operon
under these conditions. If a method of translational or
post-translational regulation was present (e.g. a ribos-
witch), then it would be expected that these mechanisms
would regulate T7 driven cafl expression at lower tem-
peratures. Therefore, these mechanisms are either not
present, or have a very weak effect in the Cafl system.
CaflR mediated transcriptional control is thus the main
mechanism to express Cafl polymers under the appro-
priate conditions.

Caf1R mediates thermal regulation

It is clear from our results that CaflR is the element that
transduces the temperature change into a transcriptional
response. There are three models through which this
could take place (Fig. 5). In model A (Fig. 5a), the CaflR
protein itself is the thermoresponsive element. At 25°C
the protein is either unable to bind DNA, or unable to
stimulate transcription of the cafl operon. Upon a shift
in temperature to 35°C, the protein changes conform-
ation, becoming active and inducing transcription of the
cafl operon. In model B (Fig. 5b), the thermoresponsive

A 25°C 35°C
’\/ -
/
B
N -
C .
. S -

transcribed from

Fig. 5 Models of thermoresponsive Caf1R-dependent transcriptional control of gene expression. Three models that potentially describe the Caf1R
dependent thermoresponsive increase in cafl operon transcription are shown, with their states at 25 °C and 35 °C depicted in the left and right
hand side panels respectively. In model (a), the Caf1R protein is the thermoresponsive element. At 25 °C it is unable to activate transcription of
the cafT operon, regardless of its DNA binding state. At 35 °C, a conformational change allows the protein to activate transcription. Inactive Caf1R
is shown as a red circle and active Caf1R as a red arc. In (b), the Caf1R protein abundance is thermoresponsive. Transcription is not thermally
regulated so either Caf1R is always transcribed but only translated at 35 °C or Caf1R is stabilised at 35 °C. The increased Caf1R protein level
activates transcription of the operon. In (c), the DNA is the thermoresponsive element. At 25 °C, the DNA is not in an optimal conformation for
Caf1R binding, and so transcription is not activated. At 35 °C, a change in the DNA facilitates optimal Caf1R binding, and so transcription of the
operon is activated. Genes are shown as coloured rectangles (red, green, yellow and blue for caflR, cafiM, caflA and cafl respectively), with the
Caf1R DNA binding site shown in purple. mRNA transcripts are represented as wavy lines coloured according to the gene they are
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element is the level of CaflR, mediated either through
temperature dependent increase in cafIR translation or
decrease in CaflR protein turnover. Finally, in model C
(Fig. 5¢), a temperature dependent structural change in a
DNA regulatory region, e.g. supercoiling or promoter
topology [1] is recognised by CaflR, which binds and ac-
tivates transcription.

Well studied examples found in Yersinia show how
transcription factors can be thermally regulated in very
different ways. In one case LcrF, which controls Type III
secretion systems (TTSS) involved in phagocytosis eva-
sion, undergoes translational control through the use of
an RNA thermometer in which ribosome binding to the
LcrF mRNA s inhibited by a temperature sensitive RNA
secondary structure [2]. In contrast, the RovA transcrip-
tion factor is itself a proteinaceous thermosensor. RovA
functions as a “global regulator” of transcription in re-
sponse to increases in temperature, resulting in the
expression of the TTSS and Yop effector proteins in Y.
pestis, and the internalization factor invasin in Y. pseu-
dotuberculosis [31]. The mechanism through which
RovA senses temperature involves a flexible loop situ-
ated between two alpha helices that have a role in dimer
formation [7]. Upon temperature increase, the protein
partially unfolds, lowering its affinity towards DNA and
increasing its susceptibility to proteases, thus
de-repressing the transcription of target genes.

The closest homologue of CaflR is the Rob protein of
E. coli [18], which consists of an N-terminal DNA bind-
ing domain coupled to a C-terminal Gyrl-like domain
[32]. Rob acts as a transcriptional activator that is in-
duced by dipyridyl or decanoate [33]. In the uninduced
state, the C-terminal domain causes sequestration of
Rob into distinct cellular foci, preventing it from inter-
acting with DNA and activating transcription. Addition
of the inducer allows Rob to disperse through the cell
and activate the transcription of its target genes [33]
though direct interactions between its N-terminal do-
main and the ¢’ subunit of RNA polymerase [34].
Truncated Rob proteins, where the Gyrl domains were
absent, were able to activate transcription in the absence
of inducer [33, 35]. Additionally, MarA, which is hom-
ologous to the N-terminal DNA binding domain of
CaflR, contains no C-terminal domain, and so regulates
transcription on the basis of its abundance rather than
the presence of an inducer [33, 36]. A truncated CaflR
protein, containing only the first 82 amino acids of the
DNA binding domain, was seen to allow expression of
Cafl, whereas complete CaflR knockout prevents Cafl
expression [22, 23]. The homology of CaflR to these
proteins therefore suggests that its N-terminal DNA
binding domain is responsible for binding DNA and ac-
tivating transcription, whilst the C-terminal Gyrl-like
domain is responsible for the characteristic CaflR
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behaviour. Whether this is due to changes in CaflR con-
formation (model A) or abundance (model B) we cannot
resolve. Additionally, model C would also account for
the results we describe here and Karlyshev et al.
observed a series of repeated DNA sequences within
intergenic region I which may interact with CafIR and
orient the DNA for optimal induction of gene expression
[22]. It is also possible that a combination of these
models is responsible. We made numerous attempts to
purify sufficient amounts of CafIR for such studies, but
it appeared to be particularly unstable. Therefore, efforts
to produce a soluble, functional construct will likely be
necessary in order to answer these questions.

Thermosensitive transcriptional activators in Gram-
negative bacterial pathogens

The function of CaflR revealed in this study is of
interest due to its role in the immunoevasive ability
of a highly dangerous pathogen. However, it is pos-
sible that CafIR also represents a class of transcrip-
tion factors that has received little prior study.
PSI-BLAST searches reveal that the most similar
proteins to CaflR are unannotated sequences from
various Gram-negative bacteria such as E. coli and
several Salmonella species. However, one similar pro-
tein sequence is LdaA from an enteropathogenic E.
coli strain (EPEC). LdaA is a putative regulatory pro-
tein that exists as part of the /da locus, named locus
of diffuse adherence for its apparent ability to attenu-
ate the adherence of E. coli to HEp-2 cells [37]. The
lda gene displays sequence similarity with other
fimbrial proteins, particularly the K88 Fae proteins,
but unlike these structured fimbriae, Lda fibres appear
flexible when visualized by electron microscopy.
These data, as well as the similarity of LdaE to
known periplasmic chaperones [37], hint that the Lda
proteins may assemble in a manner similar to Cafl,
and form a similar structure. If this is the case, the
sequence similarity of LdaA and CaflR suggests it
may potentially function in an analogous way. Add-
itionally, homology between CaflR and AfrR, a puta-
tive transcription factor in the AF/R1 operon, has
been identified previously [38]. The AF/R1 pilus pro-
duced by the genes of this operon plays an important
role in the adhesion and pathogenicity of a rabbit
diarrheagenic E. coli (RDEC) strain. If these proteins
indeed function in a similar way to CaflR, it may be
evidence of a conserved system of thermosensitive
transcriptional activation present in Gram-negative
pathogens.

Conclusion
Thermosensitive expression of the cafl operon is de-
termined on the transcriptional level in a CaflR
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dependent manner. The cafl operon genes caflM,
caflA and cafl are transcribed as a single polycis-
tronic mRNA, from a promoter within the P2 region
upstream of cafiM. The transcription of this mRNA
is substantially upregulated upon a temperature shift
from 25°C to 35°C. This is sufficient to allow protein
expression and the subsequent formation of Cafl
polymers. As Cafl has a key role in allowing Y. pestis
bacteria to evade phagocytosis, these results reveal a
simple but important mechanism through which a
dangerous pathogen can sense and respond to its
environment.

Methods

Plasmids and cell culture

Plasmid constructs (Additional file 1: Table S1) were de-
rived from pGEM-T Cafl and pBad33SD Cafl, described
previously [13]. pCOP was constructed by substitution
of the T7 promoter with a random sequence of the same
length using a Q5 Site-directed mutagenesis kit (New
England Biolabs). All other plasmids were constructed
using an In-Fusion HD cloning kit (Clontech). Deletions
were made by omitting the relevant region of the plas-
mid from the amplified region, then ligating the ampli-
fied region back together. Primers sequences are shown
in Additional file 1: Table S2.

Transformations were performed using E. coli BL21
(DE3) (New England Biolabs). Three different colonies
were selected from each plate and grown in LB media
overnight at 37°C, 180 rpm. Glycerol stocks were pre-
pared for all transformed bacteria using 500 pul of bacter-
ial culture and 500 pul of 60% (v/v) glycerol solution.
Expression cultures were prepared using 5 ml TB media
containing 100 pgml™' ampicillin and/or 20 pgml™*
chloramphenicol and were inoculated using a stab from
one of the glycerol stocks. To induce expression from
pBad plasmids, L-arabinose was added at the concentra-
tions described in the text at the same time as the cul-
tures were inoculated. The flocculent layer heights were
measured using a ruler after the centrifugation of capil-
lary tubes containing Cafl expression cultures at 2367 x
g, 22 °C for 15 min.

For analysis of cafl operon transcript levels, bacterial
cells were cultured in triplicate from glycerol stocks of
E. coli BL21 (DE3) cells transformed with pCOPF (Add-
itional file 1: Table S1) and grown at 25°C overnight.
The ODgy, was measured for all cultures and then 2 ml
were taken from each culture to be analysed by RT-PCR
and western blot. The remaining cultures were diluted
to an ODgqg of 0.5 and then each culture was split into
two cultures: one to be incubated at 25 °C and the other
simultaneously at 35°C. After one hour incubation the
ODggp was measured and 2 ml samples taken from each
culture for RT-PCR and western blot analysis.
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RNA extraction and cDNA synthesis

RNA was isolated using an EZ-10 Total RNA
Mini-Preps Kit (Bio Basic Inc.) by transferring 1 ml from
each culture (~ 2 x 107 cells) separately to be centrifuged
at 10,000 x g for 1min. Supernatants were discarded
and 100 pl of lysozyme solution (400 pgml ' lysozyme
in RNase-free water) added to each sample pellet. The
mixtures were resuspended thoroughly and RNA ex-
tracted according to the manufacturer’s protocol. The
concentration of RNA was measured using a Nanodrop
UV spectrophotometer (Labtech). RNA samples were
then used to perform cDNA synthesis using a Quanti-
Tect Reverse Transcription Kit (Qiagen) according to
the manufacturer’s protocol. The resulting concentration
of cDNA was measured using a Nanodrop UV spectro-
photometer and the samples stored at -20 °C.

PCR and RT-PCR

The master reaction mix for RT-PCR experiments was
prepared using GoTaq Flexi DNA Polymerase (Promega)
by adding 4 ul nuclease-free water, 4 pl 5X Colorless
GoTaq Flexi Buffer, 3 pul of 2mM dNTPs, 3.2 ul of 25
mM MgCl,, 0.2 ul SYBR Green (Sigma, S9430) (diluted
200 times with 100% DMSO), 0.2 pl GoTaq Flexi DNA
Polymerase, 0.8 ul 10 uM primer mix and 5 pl of 50 ng
ul™! cDNA per reaction. Samples were loaded in a
Rotor-Gene Q instrument (Qiagen) and critical thresh-
old cycle values (CT values) were collected to measure
the fold change in gene expression for each target gene,
relative to P-lactamase transcription from the plasmid,
with a threshold level of 0.5. Primer sequences are
shown in Additional file 1: Table S2, with a schematic of
the design shown in Additional file 1: Figure S1. Ther-
mal cycling conditions are stated in Additional file 1:
Table S3.

For transcript analysis, PCR was conducted using Phu-
sion High-Fidelity DNA Polymerase kit from (New Eng-
land Biolabs) by adding 10 pl of 5X Phusion GC buffer,
1 ul of 10 mM dNTPs, 2.5 pl each of 10 pM forward and
reverse primers, 2 pl of 10 ng ul™* template DNA, 1.5 pl
of DMSO, 0.5ul of Phusion DNA polymerase and
nuclease-free water up to 50 pl. Thermal cycling condi-
tions are stated in Additional file 1: Table S4.

Rapid amplification of cDNA ends (RACE)

5" RACE experiments were performed as described pre-
viously [39] with minor modifications. Briefly, cDNA
was prepared by performing the reverse transcriptase re-
action using a 9 bp long gene specific primer (Additional
file 1: Table S2) complementary to a 3’ region of the
cafl gene. cDNA samples were diluted two times with
nuclease-free water and purified using 10 kDa molecular
weight cut-off Vivaspin centrifugal concentrators
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(Sartorius) spun at 1000 x g for 30 min. This step was
repeated to prepare the samples for poly-adenine tailing.
Poly-adenine tailing was performed by mixing 0.5 pl
terminal transferase enzyme (20 Units / pl, New England
Biolabs), 5 pl 10 x terminal transferase buffer, 5 ul of 2.5
mM CoCl,, 0.5 pl of 10 mM dATP for tailing,, 5 pmol of
c¢DNA to be tailed and nuclease-free water up to 50 pl.
The mixture was incubated at 37° C for 30 min and then
heated at 70° C for 10 min to inactivate the reaction.

Tailed cDNA was then amplified by PCR. The PCR re-
action was prepared by mixing 0.5 ul of 2 U/ul Phusion
DNA polymerase (New England Biolabs), 10 ul 5 x GC
Phusion buffer, 1yl of 10mM dNTP mix, 1.2pl of
10 uM (dT)17-adapter primer (Additional file 1: Table
S2), 2.5l of 10 uM adapter primer (Additional file 1:
Table S2), 2.5 pul of 10 uM gene specific primer (Add-
itional file 1: Table S2) and 3% DMSO with 2 pl of tailed
¢DNA and nuclease-free water up to 50 ul. Cycling con-
ditions are stated in Additional file 1: Table S5.

The PCR product was analysed by agarose gel electro-
phoresis. Amplification products were extracted from
the gel using a Monarch gel extraction kit (New England
Biolabs) according to the manufacturer’s protocol. The
concentration of pure DNA was measured using a
Nanodrop UV spectrophotometer (Labtech) and se-
quenced by Eurofins Genomics.

Western blot

Bacterial cultures were centrifuged at 20,000 x g for 5
min. Supernatants and flocculent layers were discarded
and cell pellets resuspended in 100 pl per ODggo of 100
mM DTT, 2% w/v SDS. The samples were heated at 95 °
C for 10 min and centrifuged at 20,000 x g for 10 min.
50 pl of this supernatant was mixed with 50 pl SDS load-
ing buffer (2% w/v SDS, 0.1% w/v Bromophenol blue, 5
mM EDTA, 125 mM Tris pH 6.8, 15% v/v Glycerol and
1% v/v B-mercaptoethanol), boiled for 5 min and centri-
fuged at 20,000 x g for 5 min. The samples (10 ul) were
resolved on 12% SDS-PAGE. Nitrocellulose membranes
and blotting papers were soaked in CAPS buffer (10 mM
CAPS pH11) containing 20% methanol for 10 min.
SDS-PAGE gels were soaked in the same buffer for 2
min. The blotting paper, nitrocellulose membrane and
gel were assembled in a semi-dry blotter (Trans-Blot®
SD semi-dry transfer cell, Biorad) and 18 V applied for
30 min. Blots were stained with Ponceau S solution
(Sigma) for 10min to view the efficiency of protein
transfer and then rinsed with PBS buffer. The blots were
blocked with TBS buffer (2.7 mM KCIl, 38 mM Tris-HCl
and 140 mM NaCl pH 8) containing 5% milk (from pow-
der) at room temperature for 2 h and then rinsed with
(1x) TBS buffer. The membranes were incubated for 4 h
at room temperature or overnight at 4°C with 2 ml 5%
milk solution 1pgml™' anti-FLAG antibody (Sigma) in
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order to detect the FLAG-tagged proteins and 6.9 ug
ml™ ! anti-Cafl antibody (Abcam) for Cafl protein de-
tection. The blots were washed with (1x) TBS buffer two
times for 5 min at room temperature then incubated for
4h at room temperature or overnight at 4 °C with 2 ml
TBS buffer containing 2.5-5ugmL™ ' anti-mouse anti-
body conjugated with horseradish peroxidase (Sigma).
The blots were washed twice for 15 min with TBS buffer
at room temperature, covered with developing solution
and incubated at room temperature for a few minutes
with shaking. Developing solution was prepared by dis-
solving 50 mg 4-chloronaphthol in 10 mL methanol and
mixed with 50 ml developing buffer (20 mM Tris-HCl,
140 mM NaCl and 1 mM Na,HPO, pH7.2) containing
60 pl hydrogen peroxide. The blots were dried in air and
the images were taken using a gel documentation system
(Gel DocTM XR+, Biorad).

Bioinformatics

Promoter sequences were predicted using the BPROM
(Softberry Inc., Mount Kisco, NY, USA, http://www.soft-
berry.com) [24] and Neural Network Promoter Predic-
tion 2.2 (NNPP2.2, 25] webservers. Sequence alignments
were generated using the Clustal Omega [40] webserver
and visualised using the ESPript [41] webserver (http://
espript.ibep.fr).

Statistical analysis

Statistical analyses were performed by one-way analysis
of variance (ANOVA). Statistically significant differences
between groups were then identified using a Holm-Sidak
post-hoc test.

Additional file

Additional file 1: Table S1 List of constructs used in this study. Table
S2 List of primers used in this study. Table S3 Thermal cycling conditions
for RT-PCR. Table S4 Thermal cycling conditions for PCR. Table S5 Ther-
mal cycling conditions for 5" RACE. Figure S1 Schematic of primer de-
sign. A diagram of the cafl operon present in the plasmids used in this
study is shown, with arrows corresponding to the forward and reverse
primers and placed in the approximate position where they bind. For-
ward primers are shown on top of the genes and reverse primers shown
beneath. (A) Primers used for RT-PCR are shown in red for caflR, green
for cafiM, orange for caflA and blue for cafl. (B) Primers used for detect-
ing the presence of intergenic regions in cDNA are shown: purple for
intergenic region |, olive for intergenic region Il and dark blue for inter-
genic region lll. Figure S2 Schematic of the P1, P2 and P3 regions. The
sequence of intergenic region | (INT1), located between cafiR and cafiM
is shown, highlighted in green, with the P1, P2 and P3 regions aligned
and highlighted in red, yellow and orange respectively. The ATG nucleo-
tides corresponding to the start codon of cafTM are labelled with blue tri-
angles. Figure S3 Analysis of Caf1 content in the flocculent layer (A)
Image of E. coli cultures containing the pT7-COP plasmid grown at 35 °C
for the amounts of time stated, and centrifuged in capillary tubes to visu-
alise the flocculent layer height. (B) SDS-PAGE analysis of the flocculent
layers of the cultures from (A). (C) Graph of Caf1 band intensities in arbi-
trary units, obtained by densitometry of the gel shown in (B). Figure S4
Diagram depicting 5'RACE experimental design. Part of the cafl operon is



http://www.softberry.com
http://www.softberry.com
http://espript.ibcp.fr
http://espript.ibcp.fr
https://doi.org/10.1186/s12866-019-1444-4

Al-Jawdah et al. BMC Microbiology (2019) 19:68

shown, with cafTA in green, intergenic region Il in orange and caf7 in
cyan. The location of the gene specific primer binding site at the 3" end
of cafl is highlighted. Using this primer, cDNA was synthesised and se-
quenced using the 5RACE method. Predicted individual transcript se-
quences are depicted as red lines, where the length of the line
represents the length of the sequence read. Only the promoter in the P2
region (responsible for transcription of the polycistronic mRNA) is present,
and so the polymerase synthesises cDNA until it dissociates from the
DNA. This means the majority of sequence reads continue through inter-
genic region Il into cafiA, terminating at different positions. Figure S5
Sequences obtained by 5" RACE analysis of caf! transcripts. The partial
coding sequence of caflA, followed by intergenic region Ill and the cod-
ing sequence of cafl is shown (cafl operon, COP) aligned to sequence
data obtained from 8 separate 5" RACE reactions. Regions of similarity are
bounded by blue boxes with red text, and regions of complete conserva-
tion highlighted in red with white text. The regions corresponding to
caflA, intergenic region Ill and caf! are underlined in green, orange and
cyan respectively. (PDF 1619 kb)
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