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Abstract :

It is well accepted that the majority of secreted proteins are targeted to the secretory
pathway through amino acid signal sequences located at the N—terminus of the pre-protein
during the initial stages of translation on the ribosome. This is true in both eukaryotic and
prokaryotic systems. These signal sequences display distinct structural features such as
charged/hydrophilic residues at each termini and a continuous hydrophobic stretch of
amino acids between them. The signal-recognition particle (SRP), which targets the
ribosome to the membrane translocon for secretion of the protein, is hypothesized to
recognize and these features and therefore differentiate these proteins from non-secretory
proteins. Recent work in other laboratories has suggested a role for the mRNA itself, rather
than only the amino acid sequence of the N— terminus of the pre-protein as playing a role in
targeting the pre-protein-ribosome complex to the translocon within the membrane. To test
this hypothesis, direct interaction between mRNAs encoding secreted proteins and the E.
coli SRP equivalent (Ffh) was pursued using pull down assays. The mRNA’s used as bait
corresponded to the N-terminal 40 amino acids of secreted and cytosolic proteins including
periplasmic propyl isomerase chaperone SurA (as a model secretory protein with a
cleavable signal peptide) and the cytoplasmic protein 3-isopropyl malate dehydrogenase
(IsodH). Additionally, the mRNA of two other proteins, PhoA (secreted) and GMP
(cytoplasmic), were used but in these mRNA the 5' UTR were also included in case these
regions were involved in SRP recognition. Following extensive optimizations and
modifications of these experiments, the Ffth protein (the Escherichia coli SRP homolog)
could not be isolated from cytoplasmic extracts of E. coli with the pull down assays. One

interesting finding however was that the mRNA of the IsodH protein was pulled down

using its cognate mRNA transcript as bait. This implies a role for this enzyme in regulating

its own levels in the cell by binding to and potentially modulating its translation. Other
factors involved in DNA and RNA binding were also isolated and include RNase and
ribosomal proteins, amongst others. It can therefore be concluded that under these
experimental conditions, the mRNA hypothesis for targeting protein secretion could not be

supported.
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1. Introduction

In gram-negative bacteria, up to 40% of cellular proteins are exported to the periplasm
or are freely secreted through a conserved secretion system referred to as the Type II
secretion or Sec system. This is a universal pathway first described by studying protein
secretion in E. coli (Lee & Schneewind, 2001; Beckwith, 2013; Collinson et al., 2001;
Tseng et al., 2009).

The polypeptides that translocate across the inner membrane usually contain signal peptides
(20— 30- residue) as part of their translated sequence. These signal sequences are often
cleaved from the pre-protein during localization to generate the mature protein site (Kudva
et al., 2013; Low et al., 2013; Papanikou et al., 2007; Peterson et al., 2006; Lee &
Schneewind, 2001; Edman et al., 1999; Fekkes et al , 1999; Lammertyn et al.,1998;
Nesmeyanova et al., 1997; Collier, 1994 ; Pugsley, 1993). These signal peptides play a
decisive role in targeting the protein to the Sec machinery and direct the protein across the

inner membrane in bacteria (Edman et al., 1999; Low et al., 2013).

It is well recognized that the pre-proteins destined for export through the inner membrane
are recognized by factors such as the ribonucleoprotein signal recognition particle (SRP).
This particle is a complex consists of a 4.5S RNA and a 54-kDa Ffh protein (a homologue
of eukaryotic SRP) (Beckwith, 2013; Mori & Ito, 2001). The SRP carries the nascent amino
acid chain/ribosome complex to the translocon within the plasma membrane. Once the SRP

pre-protein complex is bound to SRP receptors and the ribosome is docked on the SecYEG

pore, the polypeptides are translocated across the membrane (Lee & Schneewind, 2001;
Papanikou et al., 2007; Mori & Ito, 2001; Beckwith, 2013; Kudva et al., 2013; Pugsley,
1993). It has been well documented that SRP targets the highly hydrophobic signal peptides

of nascent secretory proteins and membrane proteins than SecB chaperones to the Sec

translocase (Low et al., 2013) (Papanikou et al., 2007).

There have been several studies that show that changing the structure of the signal peptide
can eliminate or reduce the efficiency of protein secretion (Van der Wolk et al., 1998).
However, other alterations in the signal peptide sequence can enhance protein sorting or
have no effect (Petersen et al., 2006; Kaiser and Botstein, 1986; Koshl; Nevo-Dinur, et al.,
2011).




Additionally, there are many mRNA studies proposed that the mRNA that codes for the
secreted protein can actively participate in protein targeting rather than or in addition to the

N-terminal

amino acid signal sequence. (Habyarimana et al., 2013; Sorg et al., 2005; Wilhelm, et al.,
1993; Okita , et al., 2002; Nevo-Dinur, et al., 2011; Cuia, et al., 2012). The previous
mRNA hypothesis was established because mRNA targeting and subcellular localization
have been shown to exist in eukaryotes and prokaryotes (Wilhelm, et al., 1993; Okita, et al.,
2002; Nevo-Dinur, et al., 2011; Cuia, et al., 2012) . It has been further reported that fliC
export by the flagellar system in E. coli requires 5’ untranslated RNA (UTR) sequences
signal (Habyarimana et al., 2013).

In this study, the periplasmic protein propyl isomerase chaperone SurA, which is involved
in the biogenesis of outer membrane proteins (Lazar et al., 1996, 1998; Bitto et al., 2003;
Sklar et al., 2007) was utilized to identify the novel RBP that involved in the secretory
pathway in E.coli .As well as surA, 3- isopropylmalate dehydratase which involved in the
biosynthesis of the amino acid leucine was used as a control for the non-secreted protein
(Velisek et al., 2006; He et al., 2010). Additionally, we also examined the 5’UTR (Berg et
al., 2009) of alkaline phosphatase phoA and gMP reductase mRNAs that might achieve

efficient isolation of such cytoplasmic factors. Biotinylated transcripts of SurA, phoA, IsoH

and gMP were produced in vitro system. Thus used these as bait for pull down assays with
streptavidin-magnetic beads in order to identify a cytoplasmic factor that associate with

these mRNAs by SDS-PAGE and MALDI-MS identification.




2. Research Problem

e Why do alterations that disrupt the basic features of signal peptides have no impact on
protein secretion in some cases while in other cases some alterations appear to significantly
influence secretion without significantly altering signal peptides structure?
* Does the alterations of features of signal peptides leads to a possible alternative, mRNA

hypothesis?

e What are the structures that recognized by secretory factors to secrete protein across the

inner and outer membrane through the type III secretion pathway ?

3. Research Importance

In the ribosomes, one or more polypeptides will form after the translation of mRNA that
carries genetic information for protein synthesis. Once translated, these peptides are
translocated across the inner membrane via the Sec machinery to assemble in the outer
membrane. Several studies have proved that mRNA binding proteins (RBP) regulate the
translocation process in E.coli through association with a single peptide. Using E.coli as a
model I will identify and characterize unknown RBPs. We will also utilize the periplasmic
protein propyl isomerase chaperone SurA, which is involved in the biogenesis of outer
membrane proteins to identify novel RBP involved in the secretory pathway in E.coli. As
well as surA, 3-isopropylmalate dehydratase will be used as a control for the non-secreted

protein.

Additionally, I will also examine the 5’UTR of alkaline phosphatase phoA and gMP

reductase mRNAs that might achieve efficient isolation of such cytoplasmic factors.




4. Objectives

The objectives of the present study were to:

* | propose an alternate model where instead of the SRP only binding the signal sequence

of polypeptides it also interacts with the 5’ region of the mRNA.

e To use two E. coli proteins, one localized to the cytoplasm (3-isopropylmalate
dehydrogenase IsodH and GMP reductase) and the other (periplasmic propyl isomerase
chaperone SurA and alkaline phosphatase PhoA) secreted through the Sec-dependent
pathway.

* Produce transcripts in vitro system and to use these as bait for pull down assays to

identify a cytoplasmic factor that associate with these mRNAs.

 Look for factors in the cell that may interact with the mRNA of the secreted protein and
not in the cytoplasmic protein. This factor could be involved in targeting that

mRNA/ribosome complex to the membrane to effect secretion.

Nascent polypeptide mRNA SRP SRP receptor
@ -

Current Alternate model

i

PR d%bmmma
e

Figure 1 An alternate model of targeting secreted proteins to the Sec machinery.

(A) In the current model, the SRP recognizes the N-terminal signal peptide of the nascent protein
and then targets the ribosome-protein complex to the inner membrane. (B) In our alternate model,
the SRP recognizes both the N-terminal signal peptide and the mRNA 5’ region as it exits the
ribosome and targets the ribosome-pre-protein-mRNA complex to the translocation channel located
in the membrane.




5. Hypothesis

The signal-recognition particle (SRP), which targets the ribosome to the membrane
translocon for secretion of the protein, is hypothesized to recognize these features and
therefore differentiate these proteins from non-secretory proteins. Recent work in other
laboratories has suggested a role for the mRNA itself, rather than only the amino acid
sequence of the N— terminus of the pre-protein as playing a role in targeting the pre-

protein-ribosome complex to the translocon within the membrane.

6. Literature Review

6.1 Protein Translation and its Regulation in Escherichia coli

Within all cells, protein biosynthesis usually occurs on a specialized super molecular
complex called the ribosome via a translation mechanism. In this event, the genetic
information that encodes these proteins from the DNA is carried to the ribosome through
mRNA (Laursen et al., 2005). Decades ago, translation factors were acknowledged as
highly conserved factors that are required in both eukaryotes and prokaryotes. During
translation these translation factors (Table 1) are involved in facilitating initiation,
elongation, and termination of translation (Kaczanowska et al., 2007). In prokaryotes the
initiation factors IF1, IF2, and IF3 bind to 30 S ribosomal subunit, tRNA, and mRNA to
create a supra-molecular complex required for the creation of the translation machinery.
The start of translation appears to involve an interacting between a sequence in the mRNA
called the Shine-Dalgarno (SD) sequence and the 16S rRNA component of the 30S
ribosome which results in expulsion of IF2 and the binding of the large 50S ribosome
subunit to create the functional ribosome (Benelli et al., 2009; Kaczanowska et al., 2007,
Malys et al., 2011; Marintchev et al., 2004). Once translation has been initiated a group of
elongation factors, including EF-TU, EF-Ts and EF-G, promote recruitment and addition of
aminoacylated tRNA to the complex and allows incorporation of the appropriate amino
acid into the growing peptide chain depending on interactions between the mRNA codon
and tRNA anticodon sequences. Lastly, the translation termination process is mostly carried
out in the presence of RF1 and RF2 factors which bind appropriate mRNA stop codons and
promote disassembly of the mRNA, 30S ribosome and 50S ribosome complex (Marintchev

et al., 2004; Kaczanowska et al., 2007).




Stabilizes 30S subunit.

Binds fmet-tRNA to 30S—-mRNA complex: bind to
GTP and stimulates hydrolysis.

Binds 30S subunit to mRNA

Binds GTP; brings aminoacyl-tRNA to the A site of

ribosome

Generates active EF-Tu

Stimulates translation ; GTP-dependent

Catalyzes release of the polypeptide chain from tRNA
and disassociation of the translocation complex;

specific for UAA and UAG termination codons

Behaves like RF1; specific for UGA and UAA codons

Stimulates RFland RF2

Table 1: The table above shows the kind of factors involved in protein synthesis in
prokaryotes (Benelli, et al 2009).




6.2 Sec-dependent Secretion and The Signal Peptide Hypothesis

In gram-negative bacteria, up to 40% of cellular proteins are exported to the periplasm,
are present in the outer membrane (OM), or are freely secreted through a conserved
secretion system referred to as the Type II secretion or Sec system. This is a universal
pathway first described by studying protein secretion in E. coli (Lee & Schneewind, 2001;
Beckwith, 2013; Collinson et al., 2001; Tseng et al., 2009). The core complex of the
protein-conducting channel, which contains the SecY, SecE, and SecG proteins (Sec YEG
complex or translocon), is necessary for mediating polypeptide movement through the
inner membrane and/or into the periplasmic space during protein secretion (Collinson,
2001; Lee & Schneewind, 2001; Papanikou et al., 2007; Mori & Ito, 2001; Kudva et al.,
2013).

The polypeptides that translocate across the inner membrane usually contain signal peptides
(20— 30-residue) as part of their translated sequence. These signal sequences are often
cleaved from the pre-protein during localization to generate the mature protein. The signal
sequences typically consist of three distinct domains including the N terminal hydrophilic
domain (1-5 residues long) which is flanked by positively charged amino acids, followed
by a large domain comprised of hydrophobic amino acids, named the H region (about 8-
12), and finally a polar carboxy-terminal domain, the C-terminal region (3-7 residues)
which contains the signal peptidase cleavage site (Kudva et al., 2013; Low et al., 2013;
Papanikou et al., 2007; Peterson et al., 2006; Lee & Schneewind, 2001; Edman et al., 1999;
Fekkes et al , 1999; Lammertyn et al.,1998; Nesmeyanova et al., 1997; Collier, 1994 ;
Pugsley, 1993). These signal peptides play a decisive role in targeting the protein to the Sec
machinery and direct the protein across the inner membrane in bacteria (Edman et al.,

1999; Low et al., 2013).

It is well recognized that the pre-proteins destined for export through the inner membrane
are recognized by factors such as the ribonucleoprotein signal recognition particle (SRP).
The SRP carries the nascent amino acid chain/ribosome complex to the translocon within
the plasma membrane. Once the SRP pre-protein complex is bound to SRP receptors and
the ribosome is docked on the SecYEG pore, the polypeptides are translocated across the
membrane (Lee & Schneewind, 2001; Papanikou et al., 2007; Mori & Ito, 2001; Beckwith,
2013; Kudva et al., 2013; Pugsley, 1993). The SRP complex consists of a 4.5S RNA and a
54- kDa Fth protein (a homologue of eukaryotic SRP). During translation the SRP-nascent




polypeptide complex is formed and reacts with the FtsY SRP-receptor (docking protein) on
the cytoplasmic side of the membrane (Beckwith, 2013; Mori & Ito, 2001). Once
translocation has occurred and the mature protein is released into the periplasmic space, the
signal peptides are subsequently removed by signal peptidase on the exterior side of the

membrane (Lee & Schneewind, 2001; Mori & Ito, 2001; Kudva et al., 2013).

6. 3 Logistical Challenges for the Cell with the Present Signal Peptide
Hypothesis

The bacterial cell faces several challenges in the function of the protein secretion system
based on a signal peptide. After a protein is synthesized on the ribosome and before it
reaches its final destination, the process of proteins sorting, which involves a number of
interactions with the Sec machinery must occur (Low et al., 2013). Specifically, SecB
chaperones and the ribonucleoprotein signal-recognition particle (SRP) play a significant
role in mediating protein translocation. These proteins are characterized as piloting factors
that recognize the nascent pre- proteins at the first stage of protein sorting and targeting
(Papanikou et al., 2007). It has been well documented that SRP targets the highly
hydrophobic signal peptides of nascent secretory proteins and membrane proteins than
SecB chaperones to the Sec translocase (Low et al., 2013) (Papanikou et al., 2007). The
cytoplasmic SecB chaperone function by creating a transport- competent state when it is
bound to the pre-protein and it interacts with membrane-bound SecA (Low et al., 2013)
(Papanikou et al., 2007). Nevertheless, SecB is not available in all bacteria (Papanikou et
al., 2007). SecB binds to the mature region of the pre-protein, and some signal peptides
delay pre-protein folding. Finally the SecB-pre-protein and SRP-pre-protein complexes
bind to the SecYEG channel at the membrane (Papanikouetal, 2007). The Sec machinery
can distinguish secreted from non-secreted proteins by binding to the signal peptide.
Different sequences of these signal sequences were identified in prokaryotes and
eukaryotes cells (Low et al., 2013). Experimental studies comparing different signal
peptides has shown that the sequence properties of the signal peptide, such as charge,
length, and hydrophobicity, were highly variable and rapidly evolving in different groups
of organisms (Edman et al., 1999). The diversity of the signal peptides can control the
differences in the ability of these signals to drive protein export (Low et al., 2013). For
instance, blocking or impairing the secretion of Escherichia coli and Bacillus subtilis can
result from disrupting the H region of the signal peptide (Collier, 1994). Recent findings

also have shown that cytoplasmic proteins can be highly secreted when fused to signal




peptides. For example, Manduca diuresin (MD) and the winter flounder antifreeze protein

in E.coli can be secreted when fused to the OmpA signal peptide (Low et al., 2013).

There is a significant variety in the sequence of signal peptides, which makes it difficult to
determine which alteration can enhance the performance of targeting secreted proteins to

the Sec system.

6.4 The mRNA Hypothesis in Describing Membrane Targeting of the
Pre- protein/Ribosome Complex

There have been several studies that show that changing the structure of the signal
peptide can eliminate or reduce the efficiency of protein secretion (Van der Wolk et al.,
1998). However, other alterations in the signal peptide sequence can enhance protein
sorting or have no effect (Petersen et al., 2006; Kaiser and Botstein, 1986; Nevo-Dinur, et
al., 2011). For example, deletions and two substitution mutations in the signal peptide
sequence of the secreted Saccharomyces cerevisiae enzyme invertase still allowed normal
secretion and expression of this enzyme which indicates this sequence an tolerate significant
changes (Kaiser and Botstein, 1986). Although this protein secretion system is present in
yeast, the structure of signal sequences in eukaryotes and prokaryotes are similar. Indeed,
these findings suggest a central question: why do alterations that disrupt the basic features
of signal peptides have no impact on protein secretion in some cases while in other cases
some alterations appear to significantly influence secretion without significantly altering
signal peptides structure? This leads to a possible alternative, mRNA hypothesis. The
mRNA hypothesis proposes that the mRNA that codes for the secreted protein can actively
participate in protein targeting rather than or in addition to the N- terminal amino acid
signal sequence. (Habyarimana et al., 2013; Sorg et al., 2005; Wilhelm, et al., 1993; Okita ,
et al., 2002; Nevo-Dinur, et al., 2011; Cuia, et al., 2012). The mRNA hypothesis was
established because mRNA targeting and subcellular localization have been shown to exist
in eukaryotes and prokaryotes (Wilhelm, et al., 1993; Okita, et al., 2002; Nevo- Dinur, et
al., 2011; Cuia, et al., 2012).

It is known that the type 3 effector proteins can be trafficked from the cytoplasm of the
bacterium into the cytoplasm of the host cell. A particular signal sequence within the first
30 amino acids of the protein structure is sufficient for protein targeting to the type 3-

secretion system (T3SS). However, the type 3 effectors are still secreted even when a frame




shift mutation in the signal sequence is introduced indicating that the amino acid sequences
are unnecessary for targeting. Surprisingly, this observation confirmed the hypothesis that
the required signal might be in the nucleotide sequences (mRNA), rather than the amino
acid sequences of the signal peptide. It has been further reported that fliC export by the
flagellar system in E. coli requires 5’ untranslated RNA (UTR) sequences. Moreover, it
was observed that the C-terminal region of Y. enterocolitica protein yopR, requires a
nucleotide sequence, as an essential element for its export confirming the importance of an
mRNA secretion signal (Habyarimana et al., 2013). In the Yersinia species, 12 additional
types of Yop proteins are exported into the eukaryotic cytosol, where they are required due
to their toxic function. These polypeptides translocate across the inner and outer membrane
through the type III secretion pathway even though they do not possess a common secretion

signal within the amino acid sequence of the target polypeptides (Anderson et al., 1997).

6. 5 Evidence of Specific mRNA Recognition and Targeting in Eukaryotic
System

In the last decade, a number of mRNAs have been shown to be specifically localized to
different cellular regions in animal, plant, and yeast cells using in sifu hybridization
techniques. The intracellular localization of mRNA can have distinct functions in
regulating translation and targeting proteins to specific regions where they are required
(Palacios & Johnston, 2001). Controlling gene expression is the primary advantage of
mRNA transport (Glisovic et al., 2008; Martin & Ephrussi, 2009). It is also obviously a
useful mechanism to localize copies of proteins in response to translations of localized

mRNASs occur (Martin & Ephrussi, 2009).

The majority of mRNA targeting to the membrane requires becomes the presence of cis-
acting elements or localization elements (Nevo-Dinur et al., 2011; Martin & Ephrussi,
2009). These cis- acting elements are mostly located in the 3’untranslated region (UTR).
Subsequent work has shown that there are RNA-binding proteins (RBP) that recognize and
bind to the cis-acting elements (Palacios & Johnston, 2001; Martin & Ephrussi, 2009;
Slobodin, et al., 2010). These

RBPs are considered to be the frans-acting elements and contribute significantly to the

transcript localization and translational regulation mechanisms (Palacios & Johnston, 2001;

Bashirullah et al., 1998; Martin & Ephrussi, 2009). The well-studied RBPs reveal how




mRNAs can reach their destinations (Martin & Ephrussi, 2009; Palacios & Johnston, 2001;
Bashirullah et al., 1998). For instance, RNA-RBP complexes, named ribonucleoproteins,
can be transported along cytoskeletal elements by motor proteins (Martin & Ephrussi,
2009; Slobodin, et al., 2010; Kloc, et al., 2002). The ribonucleoprotein granule (RNP) also
contributes to mitochondria, endoplasmic reticulum ER or peroxisomes to localization of

mRNA toward distinct sites (Slobodin, et al., 2010).

Over 100 RNAs are known to localize to different intracellular regions have been
characterized in eukaryotes. There are also 25 transcripts that are differentially localized in
yeast (Palacios, 2007). For instance, cell division of yeast, the ASH1 mRNA is specifically
transported to the bud tip of daughter cell in Saccharomyces cerevisiae as an assembly with
myosin (Myo4) and actin (Glisovic et al., 2008; Martin & Ephrussi, 2009; Slobodin et al.,
2010). The She2 and She3 proteins are also essentially in the localization of ASH1 mRNA.
The process initiates when the She2 protein binds to the cis-acting elements in the 3> UTR
of ASH1 mRNA. A high affinity binding between She2 and the C-terminus of She3 is also
created. The She3-Myo4 complex further binds to the N- terminus of Myo4 and as a result,
the ASHI1 protein is localized (Glisovic, et al., 2008; Martin & Ephrussi, 2009; Palacios,
2007). The previous mechanism is needed for the repression of HO endonuclease gene
transcription, which causes the repression of a mating type protein in the yeast bud

(Glisovic et al., 2008).

A particularly clear example of transcript localization has been provided by the observation
that B-actin mRNA targets to the lamella region in fibroblasts (Martin & Ephrussi, 2009).
The interaction depends on the zipcode-binding protein (ZBIP), a 68-kDa protein, which
forms one RNA recognition motif (RRM) and four (hnRNP K homology) KH domains
(Kindler et al., 2007). ZBIP binds to the “ RNA-zipcode,” a 54-nucleotide sequences, that
exists on the 3 UTR site of the P-actin mRNA and forms a complex called
ribonucleoproteins (RNP) (Glisovic et al., 2008; Martin & Ephrussi, 2009; Kloc et al.,
2002). A KH domain facilitate the formation of an RNP-B- actin mRNA complex and also
is involved in the association with actin microfilaments while the localization of the B-actin

RNP complex is achieved by the RRM domains (Martin & Ephrussi, 2009).

Another example of RNAs trafficking has been described within the growing oocyte or

syncytial embryo in drosophila. RNAs targeting is important in the definition of the oocyte




and the specification of embryonic axes in the developing embryo (Lasko, 1999). Staufen, a
double- stranded RNA-binding protein homologue, is important in mediating RNA
localization and plays translation control in diverse cell types during embryogenesis
(Kindler et al., 2007; Roegiers, 2000). In Oocytes, the localization of Oskar, bicoid and
nanos mRNAs are fundamental for initiating protein gradients in the anterior and posterior
domains required for proper development (Roegiers, 2000; Lasko, 1999; Du, 2007).
Whereas bicoid is directed to move along the anterior end of the embryo, the oskar mRNA

is directed to the pole plasma at the posterior of the embryo (Du, 2007; St Johnston, 1995).

6. 6 Evidence of mRNA Targeting in Prokaryotes

A better understanding of the widespread phenomenon of RNA transport has also been
demonstrated in prokaryotes. In a translation-independent manner, mRNAs has been
characterized in E.coli to reach a specific destination of their encoded proteins, cytoplasm,
inner membrane, and poles (Nevo-Dinur et al., 2011; Martin & Ephrussi, 2009; Nevo-
Dinur, et al., 2012). Interestingly, RNA localization was first observed in foci near
transcribed genes. Investigations into mRNA localization demonstrated that the mRNAs are
located at the center of the E.coli cells and show a limited amount of movement. This was
achieved using a florescent RNA binding protein, MS2. Thus far, most RNA moved to a
specific area related to their attachment to RNA polymerase. This area is known as F
plasmid localized to the quarter central region of the bacterial cell (Nevo-Dinur et al., 2012;

Keiler, 2012).

Likewise in E.coli, a parallel approach of localization of RNA to the cytoplasm, membrane,
and pole has been further detected by fluorescence protein complementation using the
elF4A RNA- binding protein (Nevo-Dinur et al., 2012; Broude, 2011). Significantly,
through the previous approach, the distribution of the lacZ mRNA, 5S RNA, and a short
artificial untranslated RNA (Nevo-Dinur et al., 2012) which encodes the same plasmid
were observed. All of these types of RNAs displayed different patterns of localization
(Nevo-Dinur et al., 2012; Broude, 2011). The 5S RNA was predominately localized to the
pole or in foci in regions devoid of nucleoids, while the lacZ mRNA was distributed in the
cytoplasm (Broude, 2011). In addition to the 5S RNA, the short non-coding RNA was in
fact revealed at the cell poles (Nevo-Dinur et al., 2012).




7 Reasearch Tool and Field of Study

The research relied on laboratory experiments, as is common in the field of molecular
biology, and these experiments contributed greatly to achieving the goal of the study and
reaching the result, whether positive or negative. All experiments were conducted under
carefully studied and controlled conditions, which helped the steps to succeed accurately.

In addition, a strain of bacteria is used that is easy to grow and cultivate

8. Research Methodology

8.1 Bacterial Cultures

Escherichia coli strains B; ATCC 11303 & BL21 was cultured and maintained in LB
(Fisher Scientific, Mississauga) liquid media. For solid media, agar was added to the liquid
media at a final concentration of 1%. Long term storage at -80°C in LB media containing
10% glycerol was used to save the stock cultures. Liquid cultures were maintained at 37°C
in a rotary shaker (Inova 4000, New Brunswick Scientific) at 200 rpm as a source of

bacteria, bacterial DNA, and protein extracts.

8.2 Extraction of Genomic DNA

Twenty ml from an overnight culture of E. coli at 37°C/200 rpm were transferred to 50
ml polypropylene tubes containing 1.5 ml TNE buffer (0.1 M Tris—Cl, pH 8.0, 0.15 M
NacCl, and 20 mM EDTA) and washed thoroughly by three cycles of spin/resuspend at 2000
xg for 5 minutes/cycle. Following a final spin, the cells were collected and resuspended in 2
ml ice-cold 70% ethanol and incubated on ice for 20 minutes, collected by centrifugation
and resuspended in 4.8 ml of TEST/LR buffer [0.1 M Tris—Cl, pH 8.0, 20 mM EDTA, 0.5
M sucrose, 1% (v/v) TritonX-100, 24 mg of lysozyme (30 pl of lysozyme). Following an
incubation step on ice for 1 h with occasional shaking, the suspension was transferred to a
water bath set at 68°C for 10 minutes. Subsequently, 50 ul of 10% SDS was added and
incubation was continued for an additional 15 minutes. Finally, 87 ul of 5 M NaCl and 69
ul of CTAB/NaCl solution (1% N - acetyl-N, N, N —trimethylammonium bromide in 0.73
M NacCl) were added and the tube contents were mixed by inversion and rotation. The
extraction was followed by incubating the tube at 68°C for 15 min and then at -20°C for 30
minutes. The DNA was extracted from the cell lysate by the addition of 1 vol chloroform:

isoamyl alcohol (24:1, v/v), mixing for 5 minutes, followed by centrifugation at 10000 rpm




for 10 minutes to separate the organic phase from the aqueous phase. Added drop by drop,
2 vol 100% ice-cold ethanol were added to precipitate the genomic DNA for 30 second. A
final centrifugation at 12,000 xg for 15 minutes and washing in ice-cold 70% ethanol

produced the purified DNA.

8.3 Quantitation of Nucleic Acids

Purified DNA, resuspended in 50-250 m 1 of TE (10 mM Tris—HCIL, pH 8.0, | mM
EDTA) buffer, was quantitated spectrophotometrically using a Shimadzu UV-2401PC
Spectrophotometer (Hitachi, Tokyo, Japan). The ratio of absorbance at 260 nm (A260) to
280 nm (A280) and a standard curve provided a quantitative measure of the concentration
of the DNA. For quantitation of RNA, the Qubit fluorometer (Invitrogen) and the Qubit
RNA HS Assay Kit (Life technologies) was used. This kit is optimized to quantify mRNA

with little to no interference from other RNA, DNA, or proteins.

8.4 Genomic DNA Amplification

To generate the mRNA transcripts, DNA templates from FE.coli strains BL21 and
ATCC11303 (see Table 2 below) were synthesized using the polymerase chain reaction
(PCR) mediated by oligonucleotides primers that are 40 base pairs long including the 20 bp
of the T7 promoter sequence. PCR was carried out with initial denaturation of 30 second at
98 °C followed by 32 cycles of: 10 sec at 98 °C, 30 sec at optimal annealing temperature
(Ta) and 30 sec at 72°C followed by a final extension period of 10 min at 72°C. The
optimal annealing temperatures for PCR amplification are 57-58 °C for surA, 51-52 °C for
isodH, 60 °C for phoA, and 56 °C for gMP. Each 25ul reaction contains 12.5 pl PCR-EZ
D-PCR Master Mix (BIO BASIC INC), 0.1- 1 uM reverse and forward primers, up to 0.5
ng of template DNA. The primers for the PCR reactions and their products are shown in
Table 2.




Gene
Fragment Primers
Amplified

Forward:5’TAATACGACTCACTATAGGGATGAA
GAACTGGAAAACGCTG-3’

Reverse: 3’ CAACGTCGCTTTCCAGCAC-5’

Temperature

55-58°C

Fragment
size (bp)

isodH  Forward:5’TAATACGACTCACTATAGGGATGGC
TAAGACGTTATACGAAAAA-3’

Reverse: 3’ TAGCGAAGGTTTTGCCCG-5’

51-52°C

Forward:5’TAATACGACTCACTATAGGGAAAAA
GTTAATCTTTTCAACAGCTGTC3’

Reverse: 3’GCCCGGTTTTCCAGAACAG-5’

59-60°C

Forward:5’TAATACGACTCACTATAGGGAGTCT
TGCGCCGATTGATTA-3’

Reverse:3’GTGAATTGACGTTCCAGTTCAS’

Table 2 Primers for the PCR reactions.




8.5 Transcription by T7 RNA Polymerase

The mRNA transcripts were generated in vitro using the MEGAscript T7 transcription
Kit (Ambion, Austin, TX). Briefly, 20 pl or 40 pl reactions were assembled using the
supplied UTP, ATP, GTP and CTP ribonucleotides and 1 pug of template DNA from E.coli
strains BL21 and ATCC 11303. The mixture was assembled on ice and the reactions were
started by shifting the temperature to 37°C. The reactions were terminated after 3 h.
Additionally; DNase treatment was used to remove the DNA template by adding 1 pl
TURBO DNase to the reaction once its completed. The RNAs were purified using the
Rapid Bacteria RNA Isolation Kit (Bio Basic) and the RNA concentrations were
determined spectrophotometrically using a Shimadzu UV-2401PC Spectrophotometer
(Hitachi, Tokyo, Japan).

8.6 Agarose Gel Electrophoresis

The PCR amplifications and mRNA transcripts were assessed by electrophoresis on 1%
agarose gels containing 0.5 pg/ml ethidium bromide (Fisher Biotech). The gel was
subjected to 60V for 1.5 h in TAE (ImM EDTA, 40 mM Tris-acetate) running buffer. The
samples were loaded with 6X loading dye (Fermentas) and the gel was visualized using

ChemiDoc XRS (BIO-RAD) UV Tran illuminator.

8.7 Biotin Labeling of mRNA

The biotin label enables the RNA probe to be immobilized with streptavidin that is
beneficial to study such RNA interactions. RNA 3' End Biotinylation Kit (Pierce) was used
to attach a single biotinylated nucleotide to the 3’ terminus an RNA strand. The reaction
mixture was prepared by combining of 50 pmol of test RNA, 40 U RNase inhibitor, 1X of
10X RNA ligase reaction buffer, 1 nmol of biotinylated cytidine (Bis) phosphate, 40 U of
T4 ligase, 15 % of PEG and up to 30ul nuclease free water. The reaction was then
incubated for 3h, 6h and 16 h at 16°C. In order to extract the RNA ligase 100uL of
chloroform: isoamyl alcohol was added and tubes were centrifuged for 2-3 minutes to
separate the phases .10 pl of SM NaCl, 1 pl of glycogen and 300 pl of ice-cold ethanol
were added to the aqueous phase. The samples were then centrifuged at 13,000 rpm for 15
min at 4 °C. The supernatant discarded and the pellet was washed with 300ul ice-cold 70 %
ethanol and air-dried the pellet was resuspended in 20ul dH,O.




8.8 Chromogenic Detection of Biotinylated mRNA and Evaluation of
Labeling Efficiency

The Biotin Chromogenic Detection Kit (Fermentas) was used to detect the biotinylated
RNA on polyvinylidene difluoride membrane (PVDF). 30 ml of Blocking/Washing Buffer
was used [1 volume of 10X Blocking/Washing Buffer with 9ml dH,O] to wash the
membrane for Smin at RT on platform shaker. The membrane was further blocked in 30 ml
of Blocking Solution [1%(w/v) 0.3 g of Blocking Reagent in 1X Blocking/Washing Buffer]
for 30 min and then the membrane was incubated for an additional 30 min in 20 ml of the
membrane was washed in 60 ml Blocking/Washing Buffer for 15 min and repeated once
with fresh Blocking/Washing Buffer. The solution was discarded and then the membrane
was incubated with 20 ml of Detection Buffer for 10 minutes using BCIP/NBT as
substrates. To determine the labeling efficiency, spectrophotometric measurement of
labeled RNA was perform by quantifying the amount of biotin at 500 nm in the samples in
order to estimate the biotin concentration that attached on bait in compared with the
Biotinylated IRE RNA Control from the Pierce RNA 3' End Biotinylation Kit using
Shimadzu UV Spectrophotometer (Hitachi, Tokyo, Japan).

8.9 Protein Extraction

Cells from an overnight culture of E. coli at 37°C/200 rpm were harvested by
centrifugation at 15,000 rpm for 10 min. The pellet was resuspended in 1.0 ml lysis buffer
[50 mM Tris-HCI, pH 7.5 (6.05 g/l), 150 mM NacCl (8.76 g/1)] and Lysozyme at 0.2mg/ml
was added. The pellet was then sonicated in an ice bucket using 3 x 10 sec pulses and then
1.0 ml lysis buffer containing 0.1 % Triton X-100 was added. The soluble proteins
(supernatant) were prepared by centrifugation (15, 000 xg for 10 min.), which was then

used for the pull-down assay.

8.10 Protein Assay

Protein concentrations throughout this work were quantified using the BCA kit (Pierce

Scientific). The BCA assay is based on the reduction of Cu’" to Cu'’ by protein in the

samples in alkaline medium with a highly selective colorimetric detection of Cu'" with a

reagent containing bicinchoninic acid. The assay was performed according to the

manufacturer’s instructions supplied with the kit.




8.11 UV Crosslinking

In an attempt to identify factors that interact with an mRNA sequence, in vitro studies
have been conducted. E. coli extracts were incubated with biotinylated RNA species, and a
number of factors that are able to bind the RNA were enriched. The putative interacting

factors were physically cross-linked to biotinylated -mRNA by exposure to UV-C light at

254nM / 120,000 uJ/cm2 for 5 min (Microprocessor-Controlled UV Cross linkers).

Therefore, the mRNAs and the bound interactome can be efficiently captured using pull

down assays.

8.12 Pull-Down Assay

An aliquot of magnetic beads (0.8 mg beads /Img of E.coli extract) (Dynabeads,
Invitrogen) was washed with TBS buffer, 7.4. The beads were then blocked with 5% casein
hydrolysate in TBS [50 mM Tris-Cl, pH 7.6; 150 mM NaCl] for 2 h at 22°C (RT) with
gentle rotation followed by 3 washing in TBS buffer. Approximately 40-50 pg of
biotinylated mRNA was incubated with 1 mg of E. coli protein extract in binding buffer
(3ml of 1X TBS [50 mM Tris-Cl, pH 7.6; 150 mM NacCl], 0.05% TritonX-100) at 4°C for
1h .The mixture then was added with coated beads for an additional hour at 4°C. Samples
were boiled for 10 minutes following the addition of 15 pl of 2X SDS sample buffer [2 mL
Tris (1 M, pH 6.8), 4.6 mL glycerol (50%), 1.6 mL SDS (10%), 0.4 mL bromophenol blue
(0.5%), and 0.4 mL B-mercaptoethanol].

8.13 Effect of Inhibitors of mRNA Degradation on The Pull Down Assay

Since several RNase inhibitors have been shown to have a significant role in the
formation of nucleic acid -protein complexes, the effect of these inhibitors were examined.
1 mg of E. coli cell lysate was treated with either 10 mM of Aurintricarboxylic acid (ATA)
or with Diethylpyrocarbonate (DEPC) (Sigma) followed by an incubation with 40-50 ug of
biotinylated RNA at 4 °C for 1h. The reaction was then incubated with beads that blocked
with 5% casein in TBS buffer for 2 h (0.8 mg beads /1mg of E.coli extract) at 4°C for an
extra hour. After several washes with 1X TBS buffer (50 mM Tris-Cl, pH 7.6; 150 mM
NaCl) the reactions then were ran on 12 % SDS-PAGE gel. The gel was stained with

Coomassie brilliant blue stain.




8.14 Protein Capture Using Nylon Membranes

Up to 40-50 pug of mRNAs were Immobilized on Hybond N membrane [positively

charged nylon membrane “Amersham Biosciences”] using RNA slot-blotting technique
“PR648 Hoefer Scientific”. Samples were carefully loaded to the membrane through the
slot and vacuum was turned on (set up at 13-25 cm Hg). Once the samples were completely
loaded, 1 ml of 10x DEPC buffer [3 M NaCl, 300 mM tri-sodium citrate, pH 7.0] was
added to each well and the liquid was pulled through after resetting the vacuum at 35-50
cm Hg (PR648 Slot Blot Filtration Manifolds). After repeating the previous step for a total
three rinses, the mRNAs were then cross-linked on the membrane with UV light
(Spectroline UV cross linker) for Smin. The membrane was blocked with 5% milk for 1 h
at RT followed by an incubation with 1 mg cell extract for an additional 1 h at RT in the
presence of 200 pl binding buffer (3ml of 1X TBS [50 mM Tris-Cl, pH 7.6; 150 mM
NaCl], 0.05% TritonX-100). Subsequently after three washing steps the extract areas of the
dot-blot on the membrane were boiled in SDS sample buffer to release any proteins that

may bind to mRNAs and were ran on SDS-PAGE.

8.15 RNA-Protein Interaction Assay

In order to capture any binding factors that bind to the mRNA, the RNA-Protein assay
was also used. Native polyacrylamide gel electrophoresis was used in this assay to
separates proteins based on both proteins charge and its size. These gels were made of a 12
% separating gel (3.4 ml H20, 2.5 ml 1.5 M Tris-HCI pH 8.8, 4ml 30% acrylamide / 0.8 %
bis-acrylamide (w/v), 60 ul 10% (w/v) ammonium persulfate (APS), and 7 pnl
tetramethylethylenediamine (TEMED)) and a 4% stacking gel (3.1 ml H20, 1.25 ml 0.5 M
Tris-HCI pH 6.8, 0.65 ml 30% acrylamide / 0.8 % bis-acrylamide (w/v), 31 ul 10 % (w/v)
APS, and 5 pul TEMED). 1mg of E.coli extract were prepared in a non-reducing non-
denaturing 2X sample buffer (38% glycerol, 0.1 M Tris-HCI pH 6.8, 0.02 % bromophenol
blue, 0.1 M DTT) to final concentration of 1X and then loaded into the wells. The gels
were ran at a constant voltage of 200 V for 45 min in Mini -PROTEAN Tetra System (BIO-
RAD) with 1x native running buffer (144 g glycine, 1/10 dilution of 30 g Tris-HCl in 1 L
dH20; pH 8.3). Lanes from native-PAGE gel are cut and the strips were incubated in SDS
sample buffer (see SDS PAGE below) for 15 min at 22°C (RT). Strips were then rotated
through 90° and placed into SDS-PAGE gel (explained in 2.16) that either included phoA

bait or has no transcript as control (Nijtmans, et al., 2002). The Pierce Prestained Protein




Molecular Weight Marker was used as a protein standard for protein ranging in size from

20 -120 KDa. The gel was stained with Coomassie brilliant blue stain.

8.16 SDS PAGE

Polyacrylamide gels containing SDS were made of a 12 % separating gel (3.4 ml H,O,
2.5 ml 1.5 M Tris-HCI pH 8.8, 4ml 30% acrylamide / 0.8 % bis-acrylamide (w/v), 50 ul
20% SDS 60 ul 10% (w/v) ammonium persulfate (APS), and 7 pul
tetramethylethylenediamine (TEMED) and 4% stacking gel (3.1 ml H20, 1.25 ml 0.5 M
Tris-HCI pH 6.8, 25 ul 20% SDS, 0.65 ml 30% acrylamide / 0.8 % bis-acrylamide (w/v),
31 pl 10 % (w/v) APS, and 5 pl TEMED). Protein samples from pull-down assay were
combined with 2X sample buffer (3.8 % SDS, 38% glycerol, 0.1 M Tris-HCI pH 6.8, 0.02
% bromophenol blue, 0.1 M DTT) to final concentration of 1X (Laemmli, 1970). The entire
contents of the pull down assay were boiled for 10 min in water bath and then loaded into
the wells. The gels were performed at a constant voltage of 200 V for 45 min in Mini -
PROTEAN Tetra System (BIO-RAD) with 1x SDS running buffer (144 g glycine, 1/10
dilution of 30 g Tris-HCI, 10 g SDS in 1 L dH20O; pH 8.3). The Pierce Prestained Protein
Molecular Weight Marker (20-120 kDa) and the Fermentas Unstained Protein Molecular
Weight Marker (14.4-166 kDa) were used as a protein standard. The gel was stained with

either Silver or Coomassie brilliant blue stains.

8.17 Protein Identification Using Matrix-Assisted Laser Desorption Time-
of- Flight (MALDI-TOF) Mass Spectrometry

Followed the protocol posted by the Advanced Protein Technology Centre
(http://www.sickkids.ca/Research/ APTC/Map-Spectrometry/Sample-Protocols/In-Gel-
Tryptic- Digestion-Protocols/index.htmL) for in-gel digestion and extraction. After placed
the gel pieces in micro centrifuge tubes they were first de-stained by washing with 50 pl of
50mM Ammonium bicarbonate (AmBic) for 5 min and supernatant was discarded. The gel
was then shrinking with 50 pl 50% acetonitrile/25 mM ammonium bicarbonate for 10min.
30 uL of 10 mM DTT for was added to reduce the gel for 30 minutes at 56°C followed by
an alkylation step with 30 uL of 100 mM iodoacetamide for 15 minutes in the dark and the
supernatant was discarded once more. About 14 pL of 13 ng/uL trypsin in 50 mM
ammonium bicarbonate were used to digest proteins on ice for 20 min. further 10 puL of the

supernatant was replaced with 20 of 50 mM AmBic and the gel pieces were incubated at 37




°C overnight. Through several washes with AmBic, formic acid and acetonitrile the
digested peptides were extracted. After the overnight incubation the supernatant was
collected and transferred to a new tube. 20 pL of 25 mM ammonium bicarbonate was add
to the previous collected liquid for 10 min followed by addition of 20 uL of 5% formic acid

for an extra 10 min. This wash was repeated with 20 puL of 100% acetonitrile for 10 min.

both 100% acetonitrile and 5% formic acid washes were then repeated one more. The

extracted peptides were stored at -20 °C until ready to dried down using a SpeedVac
concentrator (Fisher Electron Corporation, Savant 120) and then sent to the mass

spectrometry analysis in Western University and The Hospital for Sick Children.




9. Results

9.1 PCR Amplification of Genomic DNA

The optimization of annealing temperatures resulted in successful amplification of the
periplasmic propyl isomerase chaperone (SurA) and the cytoplasmic protein 3-isopropyl
malate dehydrogenase (isodH) genes from E.coli ATCC 11303. The PCR of surA and
isodH genes produced bands that migrated between 100-200 bp when screened on a 1%
agarose gel. The primer pair of both genes was designed with a T7 promoter sequence. The
surA gene amplified best with a Ta range between 57-58 °C while the optimal Ta of
(isodH) gene was 51-52°C. Furthermore, the 5’ untranslated region (or UTR) of phoA gene
from E.coli BL21 was amplified by PCR with a Ta of 60 °C while at Ta 56 °C the gMP

fragment was amplified.

9.2 Transcription of Amplicons

Since the RNA binding factors were the intended target, a high yield of a particular mRNA
was produced by conventional in vitro transcription reactions in the presence of the T7
polymerase enzyme. By modifying typical transcription reaction condition the reaction
yields a total of approximately 100 pg of RNA. Between 100-200 bp of surA mRNA and
isodH mRNA were generated and samples were visualized in 1% agarose gel while other
bands were representing the surA and isodH gene fragment transcripts. Bands were referred
to transcription reactions of phoA and gMP gene fragments with a predicted size between

100-200 bp, therwise indicate the phoA and gMP gene fragments.

9.3 Quality of Transcription Product

Characterization of RNA quality was done using the Agilent 2100 Bioanalyzer. It is a
simple and alternative method to determine the quantification and data analysis of RNA.
After transcriptions of surA and isodH mRNAs from E. coli different concentrations of
transcripts were indicated .The analysis determined that surA mRNA (23 ng/ul) and isodH
mRNA (71 ng/ul) concentrations were enhanced after 4 h of incubation.However the
concentrations of surA mRNA (9 ng/ul) and isodH mRNA (3 ng/ul) decreased after 16 h

incubation (Figure 2).




Figure 2 Analysis of RNA transcription products using the Agilent Bio-analyzers.

Bioanalyzer analysis was used to give a size estimate of the in vitro transcription reaction (using the
surA and isodH gene fragments transcripts as template to generate RNAs) after incubation for 4 h
(lanes 1 and 2) and for 16 h (lanes 3 and 4). This method was also used to determine the quality of
isodH and surA mRNAs. The following concentrations were determined after transcription for 4 h
surA mRNA (23 ng/ul), isodH mRNA (71 ng/ul) while surA mRNA (9 ng/ul) and isodH mRNA (3
ng/ul) were determined after 16 hours of incubation. The gel indicates in a couple of mRNAs
samples more than one size of RNA product in lanes 1 and 4.




9.4 mRNA Structure of Different Transcripts

Despite the fact that the sequences of the secreted and cytoplasmic mRNA are different
mRNA structure is also an important factor to be consider (Figure 3 A, B, C and D). This
fact explains that the proteins that bind to mRNA are actually based not only on the actual
sequence but can also bind to structural elements. I followed the process posted by the
RNAfold Webserver (http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi) in order to predict

secondary structures of mRNA sequences (Szostak et al., 2013).




Figure 3 Simulated secondary structures of surA (A), isodH (B), phoA (C), and gMP
(D).

mRNAs. The simulation was performed using the mfold webserver
(http://mfold.ra.albany.edu/?q=mfold/RNA-Folding-Form).




9.5 Estimation of Labeling Efficiency

Biotinylation of the transcripts in this study was performed not for detection but to be
used as a target for the pull down assay. Addition of the biotin to the transcripts allowed the
use of streptavidin-coated beads to specifically bind and pull down the transcripts along
with any bound target protein. Results shown that 41 % of surA, 36% isodH %, 43% of
phoA and 38.5% gMP mRNAs were labeled at 37°C for 2h as shown in Table 3.

9.6 Detection of Biotinylated RNA

Biotinylated surA and isodH transcripts were detected with streptavidin coupled to
alkaline phosphates (AP) on PVDF membrane. Streptavidin —AP conjugates bind to the
biotin — labeled mRNA and then visualized using chromogenic substrate for alkaline

phosphatase BCIP/NBT, which produces a blue-purple precipitate.

9.7 The Streptavidin — Biotin System

In order to improve the of binding between the streptavidin-coated beads and biotin (to
model binding to biotinylated RNA) I decided to examine different amount of beads (0.2,
0.4, 0.6 and 0.8 mg/ reaction) each incubated with 1nmol of biotin. I expected that
increasing amounts of beads would increase the biotin binding to the beads. A comparison
of the biotin molecules in the supernatants after incubation with the streptavidin-coated
beads is presented in Table 4. Hence I can clearly see successful streptavidin-biotin binding
confirming the pull-down system. This data show that increasing the amount of
streptavidin-coated beads above 0.2 mg / reaction decreased the amount of free biotin

present in the supernatant.




Table 1 mRNA labeling efficiency.

To determine the labeling efficiency the following equation was used: labeled RNA/ total RNA
X 100.

Sample ID (mRNA) Label Efficacy %

surA 41

isodH 36

phoA 43

gMIP

Table 2 Dynabeads streptavidin-biotin assay.

In vitro assay of supernatant collected after the incubation of 1 nmol of biotin with different
concentration of Dynabeads Streptavidin. The above data indicated that the amount of beads
conjugated to biotin increased with the amount of Dynabeads.

mg of Beads/Reaction %ZFree Biotin % Biotin Bound to
Beads




9.8 Pull-Down Assay

A pull-down assay employing biotinylated RNA to characterize and identify RNA
binding proteins from E. coli was performed. To stabilize the nucleic acid protein
interaction, UV crosslinking was used. Finally the purified targeted proteins were
visualized after electrophoresis on an SDS-PAGE gel. The lanes of crude extract of E.coli,
SurA and IsodH were identical and there was not a unique band generated from pull down
assay. Another attempt at purifying RNA binding factors was performed. A duplicate
amount of biotinylated RNA was cross linked to an E.coli proteins extract followed by an
extra incubation at 4 °C for 2h. Proteins were collected as before after binding the extract
with Streptavidin-Coupled Dynabeads. Analysis of the proteins by electrophoresis on SDS-
PAGE did not identify any target protein that specifically bound to surA mRNA or isodH
mRNA although a number of proteins in the E.coli extracts were identified that bound non-
specifically to the Dynabeads. The phoA and gMP transcripts were shown to interact with
several protein species as indicated by the presence of specific bands following analysis on
15% SDS -PAGE of pull down assays. Additional experiments to isolate binding proteins
in the E.coli extracts following an extra incubation with the a duplicate amount of same
phoA and gMP transcripts, showed similar results with identification of similar protein

bands .

9.9 Effect of Inhibitors Against RNA Degradation

The SDS PAGE gel showed that there was no effect of ATA and DEPC inhibitors on the
pull down assays for phoA and gMP mRNAs when compared against the non-treated pull-
down assay control (Figure 4). The generated protein bands from SDS PAGE would
support the fact that these chemicals have no effect on pull down assay. Subsequently,
lanes 4, 5, 6 and 7 in Figure 4 from pull down assays of phoA and gMp mRNAs that were
treated with ATA and DEPC are similar to the assays that were not treated (Lanes 2 and 3).
Lane 1 is refers to an E.coli protein extract while all other lanes are refer to mRNAs pull
down assays of E.coli protein extracts incubated with blocked beads (with 5 % cosine in

TBS buffer).




No inhibitors DEPC

Figure 4 The effect of inhibitors on pull-down assay with phoA and gMP mRNAs.

E.coli protein extracts were treated with 10mM of Aurintricarboxylic acid (ATA) and
Diethylpyrocarbonate (DEPC) inhibitors then incubated with phoA and gMP transcripts in binding
buffer (3ml of 1X TBS [50 mM Tris-Cl, pH 7.6; 150 mM NaCl], 0.05% TritonX-100). The
reactions then proceed to the pull-down assay with blocked beads (blocked with 5% casein in TBS
for 2 h). SDS-PAGE gel shows that DEPC (lanes 4 and 5) and ATA (lanes 6 and 7) inhibitors have
no effect on pull-down assay of phoA a transcript from secreted protein and gMP a transcript from
cytoplasmic protein compared with non - treated pull down assays (lanes 2 and 3). M=Marker
(kDa).




9.10 Protein Capture Using Nylon Membranes

Beside the pull-down assay with Dynabeads, RNA slot-blotting technique was also used
to detect any proteins that bind to the phoA mRNA of secreted protein rather than gMP
mRNA of cytoplasmic protein. SDS PAGE showed that there was no specific protein bind

to mRNA of secreted protein in comparison with mRNA of cytoplasmic protein.

9.11 RNA-Protein Interaction Assay

After the separation of E.coli protein extract in native PAGE gels, each lane was cut and
placed horizontally on denaturing gel with a 4% stacking and 12% resolving gel containing
either E.coli extract as control or contain the transcript of phoA .The gels were stained with
Coomassie brilliant blue and a diagonal migration of proteins was generated for both gels.
An aggregation refers to the binding of the mRNA to proteins in the extract. The binding of
the mRNA to protein will change the effective migration of the protein away from the
diagonal pattern seen in the extract alone. MALDI MS identification of spot (N) assigned it
as Putative type Il secretion system L-type protein YghE .

9.12 Protein Identification by Mass Spectrometry

Throughout all the RNA labeling and pull down steps for the RNA binding factors there
was one major band (in the surA pull down assay) that consistently appeared at
approximately 45-50 kDa. The band appeared on several of the gels and was tentatively
putatively identified as a signal recognition particle (SRP) component, FtsY-like protein or
DEAD/DEAH box helicase following MALDI-TOF-dependent characterization. In
addition at protein bands identified in the surA pull-down experiments between 20-40 kDa
(band B and C), respectively, were putatively identified as the Nucleoid-associated protein
YbaB, and putative protein RhsE (or other possible proteins) (see Table 5 below). As a
final attempt to isolate the RNA binding factor protein bands (I and J) present in the surA
mRNA pull down assays were further excised for MALDI identification after a trypsin
digestion step. The results of this analysis indicated that the proteins captured by surA pull
downs included different candidates possibly identified as the HTH-type transcriptional
regulator ZntR and the ABC transporter ATP-binding protein that might have several
functions in Escherichia coli. On the other hand, the MALDI mass spectroscopy results
showed that the proteins that bound to the isodH mRNA (band D, E and F) included

candidate proteins such as the Fused protein chain initiation factor 2 (IF-2), 3-




isopropylmalate dehydrogenase and Transcriptional regulatory protein YehT. In additional
pull down attempts with the isodH mRNA, proteins bands (G, H and K) were identified
using MALDI-MS as the DEAD/DEAH box helicase, Acetyltransferase, GNAT family and
ATP-dependent helicase Lhr (Table 6).

For the isolation of a specific protein factor that binds the phoA mRNA rather than gMP
mRNA the pull down assay showed a unique band following SDS-PAGE for the phoA
mRNA that was not present in extracts interacted with gMP mRNA or in the total E. coli
extract. The MALDI mass spectroscopy identified the band (L) as the Poly (A) polymerase
I at 50 kDa. The smaller 20 kDa band (band M) was similarly identified as the 30S
ribosomal protein S10, the 50S ribosomal protein L28, and the fumarate and nitrate

reduction regulatory protein in the second phoA mRNA pull down (band M). Furthermore,

beside all previous identification, the digestion of spot was identified as Putative type II

secretion system L-type protein YghE (see Table 7 below).




Table 3 Proteins identified from the pull down assay with surA mRNA using MALDI-MS
identification.

Protein Identified from Pull Down Assay of Protein Function
surA mRNA

Staphylococcus aureus SRP Targeting membrane proteins and eventually to the
co-translational secretion pathway

Staphylococcus aureus FtsY-like protein An essential protein component of the secretory
complex

DEAD/DEAH box helicase proteins Ribosome biogenesis, RNA metabolism, mRNA
decay and possibly translation initiation in E.coli

Nucleoid-associated protein, YbaB Binds DNA

Multifunctional conjugation protein Tral DNA helicase

Table 4 Proteins identified from pull down assay of isodH mRNA using MALDI-MS
identification.

Protein Identified from Pull Down Assay of Protein Function
isodH mRNA

3-isopropylmalate dehydratase enzyme Might belong to any of the translation factors

Fused protein chain initiation factor 2 (IF-2) Encouraging the initiation of protein synthesis in
prokaryotes

DEAD/DEAH box helicase proteins Ribosome biogenesis, RNA metabolism, mRNA
decay and possibly translation initiation in E.coli.

Acetyltransferase GNAT family protein Involved in resistance to some antibiotics

ATP-dependent helicase Lhr Associated in RNA turnover, processing, translation
control, and ribosome biogenesis

Multifunctional conjugation protein Tral DNA helicase




Table 5 Proteins identified from pull down assay of phoA mRNA using MALDI-MS

identification.

Protein Identified from Pull Down Assay
of phoA mRNA

Poly (A) polymerase I enzyme (PAPI)

Protein Function

Polyadenylation

30S ribosomal protein S10

Facilitate binding of tRNA to the ribosomes

50S ribosomal protein L28

Ribosome assembly

Putative type II secretion system L-type
protein YghE

Involved in a type II secretion system for the export of
proteins

Fumarate and nitrate reduction (FNR)
regulatory protein

Transcription factor




10. Discussion

Protein secretion is an essential, and therefore evolutionarily conserved, cellular process.
The importance of this process is further displayed by the finding that there are of up to
eight different protein secretion systems in prokaryotes (Saier, 2006). By far, the most
conserved and best recognized as the general secretory system is the Sec-dependent system.
In prokaryotes, the signal peptide hypothesis elegantly maps how pre-secretory proteins are
recognized by the cell, targeted to the Sec translocon within the inner membrane, and
eventually exported outside the inner membrane. In certain studies however, this hypothesis
appeared not to be held as some experimental findings, could not be explained through this
hypothesis (Habyarimana et al., 2013; Samander et al., 2013). Recent studies on the
secretion of the effectors of Type III secretion in Yersinia species have provided a plausible
alternate hypothesis whereby the pre-secretory proteins are recognized and tagged for
secretion through signals in the 5’ region of the proteins mRNA rather than through
signals in the protein’s amino acid signal sequence (Habyarimana et al., 2013). This
became known as the mRNA hypothesis. In an effort to explain the experimental
observations where the signal peptide hypothesis did not hold for certain Sec-dependent
secreted proteins, I hypothesized that in addition to recognizing the signal peptide, the SRP
also requires simultaneous recognition of the 5° mRNA of the secretory protein. I called

this the alternate hypothesis (Figure 2 B).

In this study I examined the possibility that the Sec-dependent secreted proteins are
targeted to the Sec system via signatures in the mRNA structure rather than/or in addition

to, signatures (signal peptides) in the protein structure. I looked at Sec targeting indirectly

by establishing interactions between the mRNA test constructs and the SRP equivalent in

E. coli lysates, including the fifty four homologue (Ffh) cytoplasmic factor (Schneewind, et
al., 2012; Braig, et al., 2011; Yosef, et al., 2010: Rosch, et al., 2008; Angelini, et al., 2006)
Association between the test mRNA constructs and Fth or other cytoplasmic factors was
followed using a pull down assay. In this assay, the mRNA was generated using in vitro
transcription reactions of DNA segments representing the 5° UTR of secreted (test) and
cytoplasmic (control) gene products as well as segments representing the signal peptide or
its equivalent in a cytoplasmic protein (N- terminal 25 amino acids). These transcripts were

then used to pull down cytoplasmic factors from total cell lysates from E.coli that are then




identified using mass spectrometry. Using this approach, several cytoplasmic factors were

pulled down and identified (Tables 5, 6 and 7).

The surA protein was used as the secretory model protein. SurA is formally identified as a
periplasmic propyl isomerase chaperone of E. coli, which is required for proper biogenesis
of outer membrane proteins (Lazar et al., 1996, 1998; Bitto et al., 2003; Sklar et al., 2007).
This protein contains a typical signal sequence in its N-terminus and could potentially
provoke further insight into characterization of the RNA binding proteins (RBPs) in E. coli.
Moreover, it could open new avenues to understand the function of RBPs in the
translocation machinery that is located in the cytoplasmic membrane. The 3-
isopropylmalate dehydratase enzyme was used in this study as a control for non-secreted
proteins, given that it is a cytoplasmic enzyme. This enzyme is actually involved in the

biosynthesis of the amino acid leucine (Velisek et al., 2006; He et al., 2010).

10.1 mRNA Structure of Different Transcripts

In considering the alternate hypothesis and to propose a potential role for the mRNA in
targeting and secretion of pre-secretory proteins, one must define the features of the mRNA
that may be involved in this targeting. A previous study has pointed to the possible role that
the ratio of A (T)/U could play in mediating specific recognition of the mRNA by Fth
(Samander et al., 2013). Despite the fact that the sequences of the mRNA of the secreted
and cytoplasmic proteins are different, mRNA secondary structure is also an important

factor to be considered (Figure 3).

What is evident from these simulated structures is that all four mRNA’s are different, even
the two mRNA’s of the secretory proteins (SurA and PhoA). Lack of an obvious common
feature between the mRNA coding for the secretory proteins or between the cytoplasmic
proteins’ mRNAs (IsodH and GMP) does not support the proposition that these mRNA’s
would be different or similar enough to bind to specific cellular factors that segregate them
from each other and target them to different cellular locations (secreted vs. cytoplasmic). It
can be argued however, that these are only simulated structures that were prepared using
one simulation program. The actual structures may in fact have features sufficient for the
cell to segregate them apart from each other. Alternatively, the proposition of Samander et
al. (2013) may prove to be correct by identifying specific linear sequences as the signal

recognized by secretory factors such as Ffh and not secondary structures. These questions




remain to be answered and would shed more light onto the specific features of the mRNA

needed for targeting.

10.2 Factors Identified Through The Pull-Down Assay

Pull-down assays using the synthetic mRNAs for surA and isodH followed by analysis
of enriched proteins by SDS-PAGE identified several different bound proteins. Hence,
there does not seem to be any protein that specifically binds to one mRNA over the other.
Following optimization of the assay, distinct SDS-PAGE patterns were shown to
distinguish binding between the two mRNA baits . In order to establish the identity of these
factors, the bands were excised for in-gel trypsin digest followed by MALDI MS

identification.

Of the proteins identified from the pull down assay with surA mRNA (Table 5), proteins
corresponding to the Staphylococcus aureus SRP protein and S. aureus FtsY-like protein
are perhaps the most curious. These proteins, which have been discovered in Gram-positive
as well as Gram-negative bacteria, are involved in membrane proteins targeting and
eventually to the co- translational secretion (Schneewind, et al., 2012;). Repeated
experiments with this surA mRNA construct did not show any specific association with E.
coli SRP. Remarkably, other proteins identified in this assay include the 3-isopropylmalate
dehydrataseenzyme; the fused protein chain initiation factor 2 (IF-2), DEAD/DEAH box
helicase protein and Acetyltransferase GNAT family protein. Some of these proteins, as in
the case of the isodH mRNA pull down assay, have established functions related to mRNA
unfolding, processing, translation control, or decay. Particularly in E. coli, most of the
proteins would be expected to bind the mRNA of the 3-isopropylmalate dehydratase
enzyme as those are the ones involved in the critical steps in normal translation of mRNA
(Marintchev et al., 2004; Kaczanowska et al., 2007). The predicted proteins isolated via
pull-down assay should belong to any of the prokaryote translation factors that were

identified in Table 6.

Interestingly, MALDI MS identified the presence of the 3-isopropylmalate dehydratase
enzyme (a 39 kDa protein) in extracts pulled down by the mRNA (Table 6). This result
could potentially provide insight into the fact that this type of enzyme might belong to any
of the translation factors (Tablel). Thus, we can establish that this type of binding

interaction involves the regulation of the mRNA product. The fused protein chain initiation




factor 2 (IF-2) has been identified from MALDI MS analysis in Table 6. It is a GTPase that
has a significant role in promoting the initiation of protein synthesis in prokaryotes. IF2
enhances the binding of 30S ribosomal subunit to the initiator tRNA and thus controls the
delivery of tRNA into the ribosome (Table 1) (Milon, 2010). This result would actually
support the interactions between translation factors and RNA sequences of cytoplasmic
proteins, which is believed to be subsequently involved in protein biosynthesis (Milon,

2010).

In addition to IF-2, DEAD/DEAH box helicase proteins have been identified. This protein
family contributes to ribosome biogenesis, RNA metabolism, mRNA decay and possibly
translation initiation in E.coli. Most of DEAD box proteins participate in the assembling
RNA or ribonucleoprotein (RNP) structure in vitro. This is related to its function as ATP-
dependent RNA helicases and RNA-dependent ATPases (Iost et al., 2006). The presence of
DEAD/DEAH box helicases from the pull-down assay is logical according to their
function. It has been proven that the Acetyltransferase GNAT family proteins in bacteria
appear to be involved in resistance to some antibiotics. However, there is no previously
identified function for these protein types in mRNA translation or processing (Vetting et
al., 2005). I can conclude that participation of the GNAT in mRNA recognition is not
known. Some of the other proteins identified, however, are interesting in that they appear
only in the pull down assay using the surA transcript and are not present in the isodH
mRNA pull-downs. For example, the Nucleoid-associated protein, YbaB, specifically
interacts with the surA mRNA and has been previously identified as a factor that binds
DNA and thus changes its conformation (Table 5). Additionally, this protein appears to be
involved in regulating gene expression (Cooley et al., 2009). Proteins that bind DNA have

been found also to bind RNA in many instances as has been demonstrated for the DNA

binding protein H-NS (Brescia, et al., 2004). Different proteins identified in pull down
assay with the IsodH mRNA include DNA-dependent helicase, Lhr, which is a SF2

helicase and one of the longest known proteins in E. coli containing motifs from the
helicase superfamily II (Ordonez et al., 2013; Reuven et al., 1995). Further study proved
that this polypeptide also contains an amino region similar to the DEAD family helicases
(Reuven et al., 1995). Ordonez et al (2013) have shown that some of the helicases have
established functions related to RNA turnover, processing, translation control, and
ribosome biogenesis. In a similar manner the Multifunctional conjugation protein Tral

(Tables 5 and 6) has been identified as a DNA helicase 1. Furthermore, Tral has been




shown to have a major role in binding and cleaving single-stranded DNA oligonucleotides
containing an oriT sequence in plasmid transfer experiments (Street, et al., 2003; Dna et al.,
2001) Tral also functions in the initiation and/or termination of plasmid transfer (Dna et al.,

2001).

10.3 Different Transcripts Construct (5’ UTRs of phoA and gMP genes)

It is quite possible that binding of a translation factor is dependent not only on the 5’
translated region of the mRNA but in fact requires sequences in the untranslated region
(UTR) (Berg et al., 2009). Direct evidence supporting the importance of the UTR comes
from the recent observation that the ribosomal protein S1 (Hajnsdorf et al., 2012; Berg et
al., 2009; Serensen et al., 1998; Kalapos et al., 1997), which is essential for in vivo
translation in E. coli (Serensen et al., 1998) can bind to an 11 nucleotides region in the
mRNA immediately upstream of the Shine-Dalgarno (SD) sequence (Berg et al., 2009;
Sengupta, et al 2001). The SD sequence is a short sequence of mRNA that interacts with
anti-SD sequences in the 3’ end of 16S rRNA which is involves in the initiation of protein
translation (Malys, 2012; Berg et al., 2009; Laursen et al., 2005). The SD sequence-S1
protein interaction further plays a significant role in effecting gene expression (Berg et al.,
2009). Additionally, it has been demonstrated that there is a parallel approach in
Pseudomonas aeruginosa that further supports a role for the 5> UTR in E. coli translation
regulation (Sevo et al., 2004). This evidence indicates that S1 protein preferentially binds
within the first 78 nucleotides of the 5 UTR of the rpoS mRNA and thus may contribute to
the translational regulation of rpoS mRNA (Sevo et al., 2004).

Interestingly, since the UTR sequence is considered to be important for targeting the
location of mRNA to specific cellular locations via interactions with specific proteins, it
seems likely that protein binding to the UTR of different transcripts may have other
functional roles. It was therefore of interest to establish an artificial transcript that includes
the 5> UTR of phoA and gMP genes for use in the pull-down experiments. Using this
construct as bait I was able to pull down a protein, which has been previously shown to be a
polyadenylation-regulating protein. SDS-PAGE shows a unique 50 kDa band that was
present in the pull-down experiment using the phoA mRNA bait but not in the controls.
The band was identified as the poly (A) polymerase I enzyme (PAPI) that is actually
responsible for the addition of adenylyl residues to the 3’ hydroxyl termini of new mRNA

molecules (Sarkar, 1997). The mRNA bait constructs that were used in these experiments
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do not have poly A tails since the in- vitro transcription reaction I used does not generate
poly A tails. However, it is possible that the PAPI proteins are able to bind to other parts of
the mRNA. For example, it is possible that the poly (A) polymerase I protein it is able to
binds first to the RNA and then initiate the polyadenylation process (Kushner et al., 2011).
Hence, these results cannot exclude the possibility that sequence in the UTR of mRNA
might be able to bind several proteins that are necessary for the different functions (Table

7).

The S10 protein of Escherichia coli is a member of the ribosomal protein (r-proteins) group
that is located in the head of the 30 S subunit of the ribosome (Yaguchi et al., 1980). A
major function of S10 is its ability to mediate binding of tRNA to the ribosomes (Yaguchi
et al., 1980; Zurawski et al., 1985). Studies have also reported that the S10 protein has a
role in anti- termination of the transcription process (Das et al., 1985; Friedman et al.,
1981). It has been shown that the 50S ribosomal protein L28 cross-links to two distinct
RNA regions in E.coli (Osswald et al., 1990; Urlaub et al., 1995). Moreover, this protein
has a critical role in ribosome assembly and the absence of L28 also prevented the synthesis
of the ribosome (Maguire et al., 1997). Further experiments indicated that the function of
ribosomal proteins is not only restricted to the ribosome but that it has another role such as
mediating the association of ribosomal protein L22 during export of a secreted virulence
factor antigen 43 (AG 43) in E.coli (Yap et al., 2013). Additionally, it has been verified
there is a connection between the physiological roles of ribosomal proteins and RNase
since it has been shown that RNase co- migrates with 30S ribosomal subunit (Malecki et
al., 2014). Our results might promote the idea that there are additional functions of
ribosomal protein in E .coli. The putative type II secretion system L-type protein YghE is
another interesting protein identified in the pull-down assays .YghE belongs to the general
secretion pathway (GSP L family) that locates in the inner membrane. This protein family
is involved in a type II secretion system for the export of proteins (Filloux, 2004). The
MALDI MS identification of pulled down proteins further identified the Fumarate and
nitrate reduction (FNR) regulatory protein that is recognized as a global transcription
factor. FNR regulates a large family of genes in response to environmental conditions and

also appear to bind DNA (Melville et al., 1997; Gostick et al., 1998).

Altogether I was unable to pull down secretion-dependent factors that recognize and bind

selectively to the mRNA of secreted proteins. The proteins that were identified are typically




associated within mRNA processing. Some of these proteins have been also pulled down
using similar methodologies in different laboratories. Maier et al (2008) demonstrated that
the SRP - protein KdpD interaction in Escherichia coli is required for KdpD protein

targeting. The complex was further confirmed using pull down experiments.

10.4 The Streptavidin-Magnetic Beads Capacity

According to the binding capacity for one mg of the Dynabeads streptavidin can bind
approximately ~200 pmol single strand-oligonucleotides. Assuming that a single RNA can
bind to one molecule of protein (1:1), the beads could occupy the maximum of ~200 pmol
of RNA and therefore 200 pmol of protein molecules. The 200 pmol of protein assuming an
average mass of 40 kDa this will translate to approximately a mass of 8 microgram of
protein (mole of the substance = gram of substance/Molecular Wight (MW)). Therefore, I
established that ~200 pmol of beads can bind a theoretical concentration of the 8
microgram (the binding capacity) of biotinylated proteins. This analysis has been done in
order to demonstrate that these beads are able to bind enough protein in order to detect a

specific target protein on SDS- PAGE gel.

10.5 The Dynabeads Beads Blocking

Blocking of the dynabeads prior to the pull down assay is very important to reduce
nonspecific protein binding. In our study, I investigated different blocking solutions
including casein, skim milk, bovine serum albumin (BSA) and gelatin. I have found that
casein was in fact the best blocking solution that I can use judging from the weak

background that I have seen in the gel.

10.6 Potential Degradation of mRNA in the Procedures

It has been demonstrated that RNase enzymes catalyze the degradation of RNA and
therefore affect various processes within the cell (Deutscher, 2006). In order to protect the
samples against degradation from environmental RNases and to obtain a more detailed
picture of RNA properties, it will be necessary to examine the effectiveness of such
inhibitors. I observed that inhibitors such as DEPC (Diethylpyrocarbonate) and ATA
(Aurintricarboxylic acid) were ineffective with regard to the pull-down assay as compared
with samples that have not been treated with any inhibitors, as shown in lanes 2 and 3 in

Figure 4. Aurintricarboxylic acid has no effect on pull down assays of both phoA and gMP




mRNA’s as shown in Figure 4 (lanes 6 and 7) which illustrated the same profile as non-
treated pull down assays in lanes 2 and 3. Our previous finding is in agreement with the
evidence of that ATA is associated with the inhibition of general nuclease such as DNase I,
RNase A, exonuclease III and SI nuclease and several enzymatic reactions of initiation and

elongation of protein synthesis (Hallick et al., 1977).

The effect of diethylpyrocarbonate (DEPC) on the pull-down assay was further examined.
It has found DEPC to be efficient and a general inhibitor of RNases. In addition, it inhibits
RNases through the modification of Cysteine, Tyrosine, and Lysine and primarily with
Histidine residues (Zhou et al., 2013). Our results show that there is no detectable effect of
DEPC on RNA - protein interaction. This is explained the similarity between lanes 4 and 5
in comparison to the non- treated pull down assays. Therefore, although the use of these
agents for the protection of the mRNA from degradation during the assays these RNase
inhibitors work by inhibiting the interaction between the RNase and the RNA itself. Since
the target of these experiments (Fth) is also postulated to bind these mRNAs, it is
conceivable that their use also affected the ability of these baits to pull down the Fth.

11. Limitation of Study

The nature of the mRNAs used to detect RNA binding proteins.

It is also important to point out that the periplasmic propyl isomerase chaperone SurA is
exported to the periplasmic space but is not completely secreted.

Potentially it is possible that other factors will not interact with the mRNA of
periplasmic proteins in same way as secreted proteins.

Other factual issues also the small size of mRNAs.

The protein pattern from the blocking experiments may not support the idea of

preventing a number of proteins that binds non-specifically to RNA.
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