Institute of Microbiology and Biotechnology

Clostridium perfringens Enterotoxin-Targeted
Pancreatic Cancer Therapy using Recombinant
Spores of Clostridium sporogenes

Dissertation
for the fulfillment of the requirements for the doctoral degree Dr. rer. nat.
at the Faculty of Natural Sciences, University of Ulm

Submitted by

Mariam Abdur-Rahman Hassan Mahmoud
from Giza, Egypt

University of Ulm, Germany
2014

The present study was performed at the Institute of Microbiology and
Biotechnology, University of Ulm under the supervision of Prof. Dr. Peter Dürre.

Faculty Dean: Prof. Dr. Joachim Ankerhold

First Reviewer: Prof. Dr. Peter Dürre

Second Reviewer: Prof. Dr. Bernhard Eikmanns

Date of the doctoral defense: 12th December 2014

“The role of the infinitely small in nature is infinitely large.”
Louis Pasteur (1822-1865)

For those, who presented their liberty for our freedom. For
those, who gifted their eyesight for a brighter future. For
those, who died for our birth. For those, who paid their souls
for our Bread, Dignity and Social Justice, the three main
principles of the ongoing 25th January Revolution in Egypt.

Table of Contents
Abbreviations ........................................................................................................................... IV
1. Introduction ........................................................................................................................ - 1 1.1. Cancer definition, incidence, mortality, causes, and current ....................................... - 1 therapies .............................................................................................................................. - 1 1.2. Targeted cancer therapy ............................................................................................... - 2 1.3. Claudin-targeted cancer therapy .................................................................................. - 2 1.4. CPE targeting claudin-3 and claudin-4 overexpressing cancers .................................. - 4 1.5. “Clostridial-directed toxin therapy” for pancreatic cancer .......................................... - 6 using CPE ........................................................................................................................... - 6 2. Materials and Methods ....................................................................................................... - 8 2.1. Materials ...................................................................................................................... - 8 2.1.1. Gases ..................................................................................................................... - 8 2.1.2. Chemicals .............................................................................................................. - 9 2.1.3. Enzymes ................................................................................................................ - 9 2.1.4. Antibodies ........................................................................................................... - 10 2.1.5. Auxiliary materials for molecular biology .......................................................... - 11 2.1.6. Instruments and equipments ................................................................................ - 13 2.2. Bacterial strains .......................................................................................................... - 17 2.3. Plasmids ..................................................................................................................... - 17 2.4. Primers (oligonucleotides) ......................................................................................... - 22 2.5. Bacterial culture methods .......................................................................................... - 26 2.5.1. Media for Escherichia coli .................................................................................. - 27 2.5.2. Media for Clostridium sporogenes ...................................................................... - 29 2.5.3. Media additives ................................................................................................... - 30 2.5.4. Growth conditions ............................................................................................... - 33 2.5.5. Bacterial strain preservation ................................................................................ - 34 2.5.6. Determination of growth parameters................................................................... - 34 2.6. Endospore staining ..................................................................................................... - 35 2.7. Working with DNA ................................................................................................... - 35 2.7.1. Treatments of equipments and solutions ............................................................. - 35 2.7.2. DNA extraction ................................................................................................... - 36 2.7.3. DNA purification................................................................................................. - 40 2.7.4. Agarose gel electrophoresis of DNA fragments ................................................. - 41 2.7.5. DNA staining in agarose gels .............................................................................. - 43 2.7.6. DNA fragment sizing and concentration determination ..................................... - 43 2.7.7. Photometric DNA concentration determination.................................................. - 44 2.7.8. Enzymatic modifications of DNA ....................................................................... - 45 I

2.7.9. DNA amplification through polymerase chain reaction (PCR) .......................... - 47 2.7.10. DNA sequencing ............................................................................................... - 51 2.8. DNA transfer into Bacteria ........................................................................................ - 52 2.8.1. Transformation of E. coli .................................................................................... - 52 2.8.2. Transformation of C. sporogenes by conjugation ............................................... - 55 2.9. Working with proteins ............................................................................................... - 56 2.9.1. Intracellular proteins ........................................................................................... - 56 2.9.2. Extracellular proteins .......................................................................................... - 57 2.9.3. Determination of concentration of protein solutions........................................... - 59 2.9.4. Determination of the β-galactosidase activity ..................................................... - 60 2.9.5. Heterologous overexpression of plasmid-encoded proteins in E. coli ................ - 61 2.9.6. Ni-NTA affinity chromatography ....................................................................... - 62 2.9.7. Sodium dodecyl sulfate polyacrylamide gel electrophoresis .............................. - 64 (SDS-PAGE) ................................................................................................................. - 64 2.9.8. Staining of proteins in polyacrylamide gels ........................................................ - 67 2.9.9. Determination of molecular weights of proteins ................................................. - 69 2.9.10. Dot Blot ............................................................................................................. - 70 2.9.11. Western Blot ...................................................................................................... - 70 2.9.12. Immunostaining of proteins .............................................................................. - 72 2.10. ClosTron™ Gene knockout system .......................................................................... - 74 2.10.1. Retargeting of group II intron ........................................................................... - 75 2.10.2. Transformation of ClosTron into C. sporogenes WT ....................................... - 78 2.10.3. Induction of integration in C. sporogenes ......................................................... - 78 2.10.4. Monitoring successful integration using PCR................................................... - 79 3. Results .............................................................................................................................. - 80 3.1. Sporulation dependent production of CPE from its native ........................................ - 80 promoter using C. sporogenes .......................................................................................... - 80 3.1.1. Construction of spo0A knockout C. sporogenes mutant using the ..................... - 81 ClosTron system............................................................................................................ - 81 3.1.2. Test of native cpe promoter activity in C. sporogenes ........................................... - 84 3.2. Tet system-regulated production and signal peptide-mediated ................................. - 91 secretion of CPE ............................................................................................................... - 91 3.2.1. Investigation of tetO1 promoter activity in C. sporogenes ................................. - 93 3.2.2. Construction of cpe expression plasmids (pMTL-PtetO1-sp′-cpe) ........................ - 99 3.2.3. Transformation of expression plasmids into C. sporogenes WT ...................... - 101 3.2.4. Investigation of constitutive production and secretion of CPE from ................ - 102 C. sporogenes [pMTL-PtetO1-sp′-cpe] strains .............................................................. - 102 4. Discussion....................................................................................................................... - 109 4.1. Background .............................................................................................................. - 109 4.2. Anaerobic bacteria in cancer therapy....................................................................... - 109 4.3. “Clostridium sporogenes-directed toxin therapy” (CDTT) ..................................... - 113 II

of pancreatic cancer using CPE ...................................................................................... - 113 4.3.1. Sporulation dependent production of CPE in C. sporogenes ............................ - 114 4.3.2. Tet system-regulated production of signal peptide SP′-CPE fusion ................. - 118 proteins and CPE secretion in C. sporogenes ............................................................. - 118 4.4. Conclusion ............................................................................................................... - 122 5. Summary......................................................................................................................... - 123 6. References ...................................................................................................................... - 125 7. Publications .................................................................................................................... - 148 Acknowledgements ............................................................................................................ - 150 Curriculum vitae ................................................................................................................. - 152 Declaration.......................................................................................................................... - 154 -

III

Abbreviations
a

Antisense

A

Absorbance; Adenine; Ampere

Ag

Silver

AG

Action group

amyP′

Signal peptide sequence of α-amylase gene from Clostriduim acetobutylicum

Ap

Ampicillin sodium salt

app.

Approximately

APS

Ammonium persulfate

ATP

Adenosine triphosphate

α

Alpha

B.

Bacillus; Bifidobacterium

BCA

Bicinchoninic acid

bp

Base pair

BSA

Bovine serum albumin

β

Beta

C

Cytosine; Carbon

C.

Clostridium

˚C

degree Celsius

Ca

Calcium

C.bot

Clostridium botulinum

CDEPT

Clostridial-directed enzyme prodrug therapy

CDTT

Clostridial-directed toxin therapy

CH-1

CPE hexamer-1 small complex

CH-2

CPE hexamer-2 large complex

Cl

Chloride; Colistin sodium methanesulfonate

cm

Centimeter (10-2 meter)

Cm

Chloramphenicol

Co

Company

colA′

Signal peptide sequence of collagenase gene from Clostridium sporogenes
IV

CPE

Clostridium perfringens enterotoxin

C-terminal

Carboxyl-terminal end of a protein

Cu

Cupper

d

Optical path length

Da

Dalton

DAAD
DF

Deutscher Akademischer Austauschdienst (German for “German academic
exchange service”)
Dilution factor

DMSO

Dimethyl sulfoxide

DNA

Deoxyribonucleic acid

DNase

Deoxyribonuclease

DSMZ

German collection for microorganisms and cell cultures

dNTP

Deoxynucleotide triphosphate

∆

Change; Deletion

E

Extinction

E.

Escherichia

ECL

Enhanced luminol-based chemiluminescent substrate

EDTA

Ethylenediaminetetraacetic acid

e.g.

exempli gratia (Latin for "for example")

Em

Erythromycin

ermB

Erythromycin resistance gene

et al.

et alii (Latin for “and others”)

ε

Specific extinction coefficient

F

Farad

FLP

FLP recombinase from Saccharomyces cerevisiae

FP

Forward primer

FRP

FLP recombination target

g

Gram; Gravity (9.81 m/s)

G

Guanine

GATC

GATC Biotech AG, Konstanz

GC

Guanine-cytosine content

V

GLOBOCAN

World health organization project to estimate cancer incidence, mortality and
prevalence worldwide

GmbH

Gesellschaft mit beschränkter Haftung (German for “limited liability
company”)

h

hour

H

Hydrogen

Hg

Mercury

HindIII

Site-specific deoxyribonuclease restriction enzyme from Haemophilus
influenzae

His

Histidine

HRP

Horseradish peroxidase

i.e.

id est (Latin for “that is”)

IGE

Inducible gene expression

IgG

Immunoglobulin G

IL

Interleukin

IMIAC

Immobilized metal ion affinity chromatography

Inc.

Incorporated

IPTG

Isopropyl-β-D-1-thiogalactopyranoside

IUPAC

International union of pure and applied chemistry

JAMs

Junctional adhesion molecules

k

Kilo (103)

K

Potassium

Kb (Kbp)

Kilo base pair

Km

Kanamycin

l

Liter

lacZ

β-galactosidase gene from Thermoanaerobacter thermosulfurigenes

LB

“Luria Bertani” broth

Ll.ltrB

Mobile group II intron from ltrB gene of Lactococcus lactis

λ

Light wavelength

m

Meter; Milli (10-3)

M

Molar (mole per liter)
VI

MCS

Multiple cloning site

Mg

Magnesium

min

Minute

ml

Milliliter

mm

Millimeter

mM

Millimolar

Mn

Manganese

mod.

Modified

ms

Millisecond

µ

Micro (10-6)

µl

Microliter

µm

Micrometer

n

Nano (10-9)

N

Nitrogen

Na

Sodium

ng

Nanogram

Ni

Nickel

nm

Nanometer

no.

Number

n.s

Not specified

NT

Non-toxic

NTA

Nitrilotriacetic acid

N-terminal

Amino-terminal end of a protein

O

Oxygen

OD

Optical density

o-NPG

ortho-Nitrophenyl-β-galactoside

ori

Origin of replication

Ω

Ohm

p

Plasmid; Pico (10-12)

P

Phosphate; Promoter

PAGE

Polyacrylamide gel electrophoresis
VII

PBS

Phosphate-buffered saline

PBST

Phosphate-buffered saline with Tween 20

PCR

Polymerase chain reaction

pec′

Signal peptide sequence of pectate lyase gene from Clostriduim
acetobutylicum

PEG

Polyethylene glycol

P-for

Forward primer

pH

The negative logarithm of the activity of the solvated hydronium ion

PIPES

Piperazine-N,N′-bis (2-ethanesulfonic acid)

pmol

Picomole

P-rev

Reverse primer

ptb

Phosphotransbutyrylase gene from Clostridium acetobutylicum

RAM

Retrotransposition-activated marker

RCM

Reinforced clostridial medium

RNA

Ribonucleic acid

RNase

Ribonuclease

RP

Reverse primer

rpm

Revolutions per minute

RT

Room temperature

®

Registered trademark

s

Sense; Second

S

Sulfur

SAP

Shrimp alkaline phosphatase

SDS

Sodium dodecyl sulfate

Sig

Sigma factor

SOB

Super optimal broth

SOC

Super optimal broth for catabolic repression

SOE

Splicing by overlap extension

Sp

Spectinomycin; Signal peptide

sp′

Signal peptide encoding sequence

Spo0A

Master regulator of sporulation
VIII

T

Thymine; Truncated

T.

Thermoanaerobacter

Taq

Thermus aquaticus

TB

Terrific broth

Tc

Tetracycline hydrochloride

TEMED

Tetramethylethylenediamine

Tet

Tetracycline responsive gene expression system from Escherichia coli

thlA

Thiolase gene from Clostridium acetobutylicum

TJs

Tight junction proteins

Tm

Melting temperature

™

Trade Mark

Tn

Transposon

TNF

Tumor necrosis factor

Tp

Thiamphenicol

Tris

Tris(hydroxymethyl)aminomethane

U

Unit; Uracil

USA

United States of America

UV

Ultraviolet light

V

Volt; Volume

v/v

Volume per volume

v/v/v

Volume per volume per volume

WT

Wild type

w/v

Weight per volume

x

Fold; Times

X-Gal

5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside

YT

Yeast-Tryptone broth

::

Integration mutant

IX

1. Introduction

1. Introduction
1.1. Cancer definition, incidence, mortality, causes, and current
therapies
Nowadays, cancer is a principal cause of morbidity and mortality (Umer et al., 2012). Cancer
is defined as a group of diseases, in which abnormal cells in a part of the body undergo
uncontrolled growth and spread through blood and lymphatic system to invade other tissues
(American Cancer Society, 2014; National Cancer Institute, 2014).

The annual cancer incidence is expected to increase worldwide from 14 million cases in 2012
to reach 22 million in the year 2032 (GLOBOCAN, 2012).

Cancer ranks as the second cause of death after cardiovascular diseases, responsible for 8.2
million deaths worldwide in 2012 (Ferlay et al., 2013; American Cancer Society, 2014). In
Europe, 1.3 million cancer deaths are predicted in 2014 (Malvezzi et al., 2014). And due to the
increase in the population age, this number will increase in 2015 to reach 1.4 million (Quinn et
al., 2003). Some internal and external risk factors contribute to cause cancer. Internal risk
factors could be inherited genetic mutations, hormonal disturbance, immune conditions or
metabolic disorders, while tobacco, alcohol, viral infections, ionizing radiations, chemicals,
dietary behavior and lifestyle are considered as external cancer leading causes (de Martel et
al., 2012; American Cancer Society, 2014).

Adequate therapies are chosen according to cancer location and stage of diagnosis and if the
tumor has spread close to lymph nodes or other tissues. Traditional cancer treatments include
surgery, radiotherapy, chemotherapy, hormone therapy and immune therapy. Surgical
intervention is ineffective in advanced cancer (i.e. late diagnosed), when the tumor together
with a large part of surrounding tissues should be removed. Traditional therapies have limited
efficacy as they can poorly penetrate tumor tissues. Moreover, these treatment methods have
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the disadvantage of being non-specific and unable to target tumors, and hence, are highly toxic
for normal cells (Umer et al., 2012).

1.2. Targeted cancer therapy
Targeted therapies are tailored treatment methods affecting the tumor cells specifically. They
are used as a complementing treatment for several cancer types including pancreatic, breast
and colorectal cancers (Romond et al., 2005; Hurwitz et al., 2006; Moore et al., 2007). In
contrast to the traditional cytotoxic chemotherapy that acts primarily on cell division inhibition
and then affects other normal cells, targeted therapy inhibits cellular growth by blocking
specific molecules that are overexpressed on or within the tumor and are essential for its
growth (Gerber, 2008).

1.3. Claudin-targeted cancer therapy
About 90 % of lethal cancers originate from epithelial tissues (Jemal et al., 2008), including
lung, colorectal, breast and prostate cancers, which are considered as the most common
incident forms of cancer in the world (Ferlay et al., 2008). Pancreatic carcinoma is also
derived from epithelium and has a great priority in cancer research and control, due to its poor
prognosis (5-year survival rate < 5 %) that makes tumor mortality very close to its incidence
(Ferlay et al., 2004; Petersen et al., 2012).

Normally, epithelial cells express intercellular tight junction proteins (TJs) at their apical most
membranes. TJs act as a barrier to inhibit the flow of water and solutes through the
paracellular space (Schneeberger and Lynch, 1992; Gumbiner et al., 1993) and are involved in
signal transduction for cellular mechanisms, e.g. gene expression, cell proliferation,
differentiation, and morphogenesis (Matter and Balda, 2003). Moreover, TJs are responsible
for cell polarity by separating apical from basolateral membranes, which is known as fence
function (van Meer et al., 1986; Cereijido et al., 1998).
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TJs are composed of claudins, occludin and junctional adhesion molecules (JAMs) (Figure 1).
The claudin
laudin family consists of at least 27 members (Mineta et al.,, 2011) and is responsible for
both barrier and fence functions of TJs (Tsukita et al., 2001). When epithelial cells
c
transform
into malignancy, non-functional
functional abnormal claudins are overexpressed
ressed, resulting in loss of
cellular polarity and exposure of claudins on the tumor cell surface (Wdarz and Näthke,
N
2007).
Exposed overexpressed claudins differ among various transformed epithelial tissues and could
be used as specific molecular
ular targets for cancer therapy ((Morin,
Morin, 2005; Swisshelm, 2005
2005; Li et
al., 2014).

Figure 1: Cellular location and structure of tight junctions. A) Schematic drawing of intestinal epithelial
cells. The junctional complex, which is located at the most apical region of lateral membranes, is circled.
B) Schematic of three-dimensional
dimensional structure of tight junctions. Each tight
tight-junction
junction strand within a plasma
membrane associates laterally with another
anothe tight-junction strand in the opposed membrane of an adjacent
cell to form a paired tight-junction
junction strand, obliterating tthe intercellular space (kissing point). C) Occludin
has four transmembrane domains with two extracellular loops. D) Claudin-1
Claudin 1 also has four transmembrane
domains. E)) Junctional adhesion molecule (JAM) has a single transmembrane domain.
domain (Tsukita et al.,
2001; mod.)
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1.4. CPE targeting claudin-3 and claudin-4 overexpressing cancers
Clostridium perfringens enterotoxin CPE is a single 35 kDa polypeptide chain composed of
319 amino acids and organized in three domains (Figure 2) (McClane, 1996; Kitadokoro,
2011). CPE is a causative agent of human food poisoning (McClane and Chakrabarti, 2004).
After ingestion of contaminated food, C. perfringens type A begins to sporulate and produce
CPE, which accumulates in the cytoplasm of mother cells (Ducan and Strong, 1969; Ducan et
al., 1972). By the end of sporulation, both mature spore and CPE are released through mother
cell lysis (Ducan, 1973). CPE binds to claudin tight junctions on epithelial cell surfaces,
forming a hexamer transmembrane β-barrel poring structure. This interrupts the selective
permeability of the plasma membrane and leads to fluid and electrolytes loss, causing the
clinical symptoms of food poisoning, i.e. diarrhea and abdominal cramps (Ducan and Strong,
1996; Katahira et al., 1977, 1997; McClane, 1996, 2005; Smedley and McClane, 2004;
Fernández Miyakawa et al., 2005; Kitadokoro et al., 2011). Only 5 % of all C. perfringens
type A isolates are CPE positive, in which enterotoxin production and release being
sporulation-dependent (McClane, 2007; Harry, 2009).

It was recently found that the two tight junction proteins, namely claudin-3 and claudin-4, are
overexpressed in ovarian, breast, uterine, prostate and pancreatic cancers (Nacht et al., 1999;
Hough et al., 2000; Michl et al., 2001; Long et al., 2001; Ryu et al., 2002; Iacobuzio-Donahue
et al., 2003; Rangel et al., 2003; Santin et al., 2007; Landers et al., 2008; Väre et al., 2008).
Interestingly, these two membrane proteins have been identified as the only natural specific
receptors for CPE (Katahira et al., 1977, 1997). The C-terminal domain of CPE (Domain I,
C-CPE: residues 184-319) is responsible for recognizing and binding to the second
extracellular loop of claudin-3/-4 receptors through electrostatic attraction (Fujita et al., 2000;
Kimura et al., 2010). After binding, the N-terminal cytotoxic region of CPE (Domain II and
III) is responsible for pore complex formation and insertion leading to disruption of plasma
membrane selective permeability and cell death within 5-15 min (Hanna et al., 1992; KokaiKun, 1999; Smedley and McClane BA, 2004; Smedley, 2007). Thus, CPE can be considered
as a promising targeting therapy for claudin-3 and claudin-4 overexpressing cancer, e.g.
pancreatic cancer.
-4-
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Figure 2: Three-dimensional
al structure
structur of the full-length CPE. The N-terminal
terminal pore-forming
pore
Domain II,
Domain III, and the C-terminal
terminal claudin
claudin-binding Domain I are shown in blue, light pink,
pink and lime green,
respectively. (Kitadokoro et al., 2011)

Figure 3 illustrates the cellular action
ac
of CPE after its binding to claudin--3/-4 receptors. A small

complexx (~ 90 kDa) is formed, which consists of CPE bound to its claudin receptors in
addition to other nonreceptor
onreceptor claudins. Six of these small complexes oligomerize into a large
complex (~ 450 kDa) called CPE hexamer-1
hexamer (CH-1). CH-11 forms the prepore
prepore, which is
inserted into the membrane
membran to form the active pore, the latter results in calcium influx that
activates calpain and causes
cause apoptosis or oncosis cell death (Figure 3). Morphological
damages result after CPE active pore formation and lead to the exposure of basolateral cell
surface, where a second larger complex (CH-2; ~ 650 kDa) is formed, consisting of the six
CPE molecules, receptor/nonreceptor claudins, and another tight junction protein
prote called
occludin. Finally, the
he whole CH-2 is internalized into the cytoplasm of treated cells (Singh et
al., 2000; Chakrabarti et al.,
al., 2003; Chakrabarti and McClane, 2005; Robertson et al., 2007;
Smedley et al., 2007).
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Figure 3: CPE-induced
induced cytotoxicity.
cytotoxicity CPE molecule binds to its claudin-3/-4 receptors
receptor on the surface of
epithelial cells. This Binding results in the formation of a small compl
complex (~ 90 kDa).
kDa Due to the claudinclaudin interactions,, the small complex contains other nonreceptor claudins in addition to the CPE
molecule and receptor claudins. Six small complexes oligomerize to a large complex (CH-1; ~ 450 kDa),
which forms the prepore. Active pore is formed after insertion of the CH-11 prepore in the plasma
membrane and resulted in calcium influx, which induces cell death through calpain activation. At
moderate CPE doses, limited calcium influx leads to classical apoptosis, while at higher CPE doses, oncosis
is induced by the massive calcium influx. (Gao and McClane, 2012)

1.5. “Clostridial-directed
directed toxin ttherapy” for pancreatic cancer
using CPE
“Clostridial-directed
directed toxin therapy”
t
(CDTT) could be used as a non
non-invasive tool for
pancreatic tumor retardation and regression using Clostridium sporogenes.
sporogenes

ancer has the problem of lacking symptoms, which delays its diagnosis to an
Pancreatic cancer
advanced stage. Delayed diagnosis makes surgical interference useless after the
t tumor reached
a certain size and its removal together with a large part of surrounding tissues is re
required.
Having a poor tumor prognosis of less than 5 % 5-year
year survival rate and consequently
mortality
ortality rate equals to that of incidence ((Ferlay et al., 2004; Petersen et al., 2012), the
aggressive pancreatic cancer needs
need to be controlled and a specific efficient
eff
therapy is a
necessity.
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This study aimed to exploit the specific property of pancreatic cancer cells overexpressing
claudin-3 and claudin-4 tight junction membrane proteins about 1000 times more than in
normal cells (Michl et al., 2001; Ryu et al., 2002; Iacobuzio-Donahue et al., 2003). The nonpathogenic obligate anaerobic, endospore-forming C. sporogenes strain was genetically
engineered to produce CPE enterotoxin. After intravenous injection of patients, the
immunologically inert spores (Moese and Moese, 1959) circulate with the blood and can
exclusively colonize and germinate in the hypoxic necrotic area of the solid tumor (Lambin et
al., 1998). Following germination, vegetative cells express CPE in the tumor
microenvironment (Figure 4). CPE can then target the overexpressed exposed claudin-3/-4 on
the surrounding tumor cells. CPE-claudin-3/-4 complexes mediate cytolysis through pore
formation and disruption of selective permeability of tumor cell plasma membrane.

Figure 4: “Clostridial-directed toxin therapy” (CDTT) using CPE for targeting pancreatic cancer. Spores
of a CPE expressing C. sporogenes strain are injected intravenously, and can only germinate in the
necrotic regions of pancreatic cancer, which has low oxygen pressure. Vegetative cells secrete CPE that
binds to claudin receptor on the surrounding tumor cells, leading to cell lysis and tumor regression.
(Meisohle, 2010; mod.)
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2.1. Materials
2.1.1. Gases
As an obligate anaerobic microorganism, Clostridium sporogenes necessitated working in an
oxygen-free atmosphere. This was achieved in an anaerobic chamber, whose internal
atmosphere was replaced with forming gas, a gas mixture of N2/H2, through several rounds of
vacuum evacuation and subsequent gas refilling.

Oxygen-free water was also required to prepare nutrient media for the anaerobic
microorganism. For that purpose, water was boiled for 20 min to get rid of O2. Then, N2
gassing was done for at least 30 min under cooling on ice-bath.

Gases were supplied from the company MTI Industriegase AG, New Ulm. Table 1 shows the
used gases, their composition, purity and use.

Table 1: Used gas and gas mixture

Gas / Gas Mixture

Composition

Purity

Use

5.0

Anaerobic medium

95 % Nitrogen (N2)

n.s.*

Anaerobic chamber

5 % Hydrogen (H2)

n.s.*

Nitrogen (N2)
Forming gas

*

n.s. = not specified from manufacturer
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2.1.2. Chemicals
If not otherwise mentioned, chemicals in this study were provided by the following
companies:
AppliChemPanreac Nova Chimica; Darmstadt
Becton Dickinson GmbH; Heidelberg
Carl Roth GmbH & Co. KG; Karlsruhe
Merck KGaA; Darmstadt
Oxoid Deutschland GmbH; Wesel
Qiagen GmbH; Hilden
Roche Diagnostics GmbH; Mannheim/Penzberg
Sigma-Aldrich Chemie GmbH; Steinheim

2.1.3. Enzymes
Modifications and monitoring of bacterial genetic contents as well as getting rid of any
proteins and RNA contaminants could be achieved using the enzymes listed in Table 2.

Table 2: Enzymes, purposes of use and suppliers

Enzyme

Concentration

Purpose

Supplier

Genaxxon Taq DNA

5 U/µl

DNA fragments

Genaxxon Bioscience

amplification (PCR)

GmbH, Ulm

PCR

Thermo Fisher

polymerase
ReproFast proof

5 U/µl

reading

Scientific Inc.,

DNA polymerase

Rockford (USA)
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Restriction

10 U/µl

DNA restriction

endonucleases

digestion

[BsiWI (BsrGI),

Thermo Fisher

EcoRI, EcoRV,

Scientific Inc.,

HindIII, NotI, MssI

Rockford (USA)

(PmeI)]

[SbfI, AsiSI (SgfI)]

New England
Biolabs, Ipswich,
(USA)

Shrimp alkaline

DNA 5′-end

Thermo Fisher

phosphatase

dephosphorylation

Scientific Inc.,

(SAP / FastAP)

of cloning vectors

Rockford (USA)

DNA ligation

Thermo Fisher

T4 DNA ligase

1 U/µl

1 U/µl

Scientific Inc.,
Rockford (USA)
Lysozyme

81821 U/mg

Cell lysis

Sigma-Aldrich
Chemie GmbH,
Steinheim

Proteinase K

2.5 U/mg

Protein digestion

Roche Diagnostics
GmbH, Mannheim

RNase A

5 U/µl

RNA digestion

Thermo Fisher
Scientific Inc.,
Rockford (USA)

2.1.4. Antibodies
The following antibodies (Table 3) were used for the specific characterization of recombinant
cytotoxic proteins, developed in this study.
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Table 3: Antibodies, types, concentrations and manufacturers

Antibody

Type

Stock

Dilution

Manufacturer

1:500

Bio-Rad AbD

concentration
(mg/ml)
Rabbit antiClostridium
perfringens
enterotoxin A

Polyclonal IgG

Goat anti-rabbit

Polyclonal IgG

5

Serotec GmbH,
Puchheim
0.3

1:1000

*

DakoCytomation
GmbH, Hamburg

HRP

conjugated
Mouse anti-His6

Monoclonal IgG

0.1

1:200

Roche
Diagnostics
GmbH, Penzburg

Rabbit anti-

Polyclonal IgG

mouse

HRP*

1.3

1:1000

DakoCytomation
GmbH, Hamburg

conjugated
*

HRP = Horseradish peroxidase

2.1.5. Auxiliary materials for molecular biology
During this study, several kits and tools were used for different purposes, as listed in Table 4.

Table 4: Auxiliary materials, purposes and suppliers

Auxiliary material

Purpose

Supplier

CloneJET PCR cloning Kit

Cloning of PCR fragments

Thermo Fisher Scientific Inc.,
Rockford (USA)

6X DNA Loading Dye

Loading of DNA into agarose

Thermo Fisher Scientific Inc.,

gels for electrophoresis

Rockford (USA)
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GeneRuler™ Ladders

DNA sizing and approximate

Thermo Fisher Scientific Inc.,

GeneRuler DNA Ladder Mix

quantification

Rockford (USA)

innuSPEED Bacteria/Fungi

Extraction of genomic DNA

Analytik Jena AG, Life

DNA Kit

from Gram-positive bacteria

Science, Jena

innuPREP Bacteria DNA Kit

Extraction of genomic DNA

Analytik Jena AG, Life

from Gram-positive and

Science, Jena

(100 to 10,000 bp)
GeneRuler 1kb DNA Ladder
(250 to10,000 bp)
GeneRuler 50bp DNA ladder
(50 to 1000 bp)

Gram-negative bacteria
Ni-NTA* affinity column

Purification of 6xHis-tagged

Agarose

recombinant proteins

Columns (10 ml)

QIAGEN GmbH, Hilden
GE Healthcare EUROPE
GmbH, München

NucleoSpin® Extract II Kit

Purification of DNA

MACHERY-NAGEL GmbH
& Co. KG, Düren

PageRuler™ Prestained

Sizing of proteins on SDS-

Thermo Fisher Scientific Inc.,

Protein Ladder (10 to

polyacrylamide gels and

Rockford (USA)

170 kDa)

Western blots

Pierce™ BCA Protein Assay

Determination of protein

Thermo Fisher Scientific Inc.,

Kit

concentration

Rockford (USA)

Pierce™ ECL Western

Detection of horseradish

Thermo Fisher Scientific Inc.,

Blotting Substrate Kit

peroxidase (HRP) on

Rockford (USA)

immunoblots
Qiagen® PCR Cloning Kit

UA-based ligation and

QIAGEN GmbH, Hilden

cloning of PCR fragments
Zyppy™ Plasmid Miniprep

Extraction of plasmid DNA

Kit
*

Zymo Research Europe
GmbH, Freiburg

Ni-NTA = nickel nitrilotriacetic acid
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2.1.6. Instruments and equipments
The instruments, machines, and small equipments used in this work are listed in Table 5.

Table 5: Instruments and equipments

Instrument / Equipment

Manufacturer

Anaerobic chambers

Factory of Ulm University, Ulm

Autoclave

Münchener Medizin Mechanik GmbH, Planegg

Centrifuges
BECKMAN® L8-M ultracentrifuge

Beckman Coulter GmbH., Krefeld

Eppendorf centrifuge 5804 R

Eppendorf AG, Hamburg

Heraeus™ Pico™ microcentrifuge

Thermo Electron Corporation, Langenselbold

HERMLE ZK 401 refrigerated centrifuge

Berthold Hermle GmbH & Co., Gosheim

Hettich EBA 20 centrifuge

Andreas Hettich GmbH & Co. KG, Tuttlingen

MiniSpin® microcentrifuge

Eppendorf AG, Hamburg

Sigma 3-30KS refrigerated centrifuge

Sigma Laborzentrifugen GmbH, Osterode am
Harz

Sigma 3K30 centrifuge

Sigma Laborzentrifugen GmbH, Osterode am
Harz

Universal 320 R centrifuge

Andreas Hettich GmbH & Co. KG, Tuttlingen

Dialysis tubing
VISKING® MWCO 12 000 - 14 000

SERVA Electrophoresis GmbH, Heidelberg

SERVAPOR® MWCO 12 000 - 14 000

SERVA Electrophoresis GmbH, Heidelberg

Electrophoresis chambers
Agarose gel electrophoresis chambers

Factory of Ulm University, Ulm

Polyacrylamide gel electrophoresis

Biometra GmbH, Göttingen

chambers
Electroporation cuvettes (2 mm)

Biozym Scientific GmbH, Hessisch Oldendorf

Freezers
(- 20 ˚C)

Liebherr-Holding GmbH, Biberach a. d. Riss

(- 80 ˚C)

Heraeus Holding GmbH, Hanau
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Gene Pulser Xcell™ electroporation

Bio-Rad Laboratories Inc., (USA)

system
Glass beads (Ø 0.1 mm)

Sigma-Aldrich Chemie GmbH, Schnelldorf

Heating mantles
(2 l)

Tyco Thermal Controls GmbH, Heidelberg

(4 l)

Heraeus Holding GmbH, Hanau

Homogenisers
Precellys® 24

PEQLAB Biotechnologie GmbH, Erlangen

Ribolyser™ cell disruptor

Hybaid GmbH, Heidelberg

Hot plates
Thermo 1.0

Störk Tronik GmbH, Stuttgart

Thermocell mixing block MB-102

BIOER Technology Co. Ltd, (Japan)

Hungate culture tubes

Bellco Glass Inc., Vineland (USA)

Butyl rubber stopper

Ochs GmbH, Bovenden

Ice machine Scotsman® AF 200

Scotsman Ice Systems, Milan(Italy)

Incubators

Heraeus Holding GmbH, Hanau

CO2 Incubator

Binder GmbH, Tuttlingen

Incubation shakers
Certomat® R

Sartorius AG, Göttingen

GFL 3020

Gesellschaft für Labortechnik GmbH, Burgwedel

Excella® E24

New Brunswick Scientific GmbH, Nürtingen

INFORS HT Ecotron

Infors AG, Bottmingen (Switzerland)

Incubation hood Certomat® H

Sartorius AG, Göttingen

Light microscope ZEISS Axiostar plus

Carl Zeiss MicroImaging GmbH, Göttingen

Magnetic stirrers
IKAMAG® REO
®

IKA Works GmbH & Co. KG, Staufen

IKAMAG RET

IKA Works GmbH & Co. KG, Staufen

Microplate microtiter reader

Anthos labtec Instruments, Wals (Austria)

Anthos htIII
Microplates 96-wells REF 655101

Greiner Bio-One GmbH, Frickenhausen
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Microwave SEVERIN

SEVERIN Elektrogeräte GmbH, Domsühl

Müller-Krempel flasks
Natural rubber stopper
Nitrocellulose membrane Porablot NCP

Müller+Krempel AG, Bülach (Switzerland)
Maag Technic GmbH, Göppingen
MACHERY-NAGEL GmbH & Co. KG, Düren

pH meter WTW 521

Wissenschaftlich-Technische Werkstätten
GmbH, Weilheim

PCR machines
FlexCycler PCR thermocycler

Analytik Jena AG, Life Science, Jena

PTC-200 Peltier thermal cycler

MJ Reseaerch Inc., Massachusetts (USA)

S1000™ thermal cycler

Bio-Rad Laboratories Inc., (Singapore)

Photo documentation system Mitsubishi Eurofins MWG Operon, Ebersberg
P93D
Pipettes
10 µl

ABIMED GmbH, Langenfeld (Rheinland)

20 µl, 100 µl, 200 µl, 1000 µl

Gilson International B. V. Deutschland,
Limburg-Offheim

Power supplies
Electrophoresis power supply EPS 601

GE Healthcare Bio-sciences AB, Uppsala
(Sweden)

Gene power supply GPS 200/400

GE Healthcare Bio-sciences AB, Uppsala
(Sweden)

Protein concentrating and desalting

Pall Corporation, Life Science, Michigan (USA)

columns Nanosep® 10 K OMEG
Protein-blotter Fastblot B33

Biometra GmbH, Göttingen

Refrigerators (4 ˚C)

Liebherr-Holding GmbH, Biberach a. d. Riss

Semi-permeable membrane filter
Millipore “VS„, 0.025 nm
Sensitive balances

Millipore GmbH, Schwalbach

AE 136

Mettler-Toleodo GmbH, Giessen

BP 2100 S

Sartorius AG, Göttingen

BP 8100

Sartorius AG, Göttingen

Sterile filter Filtropur S 0.2 µm

SARSTEDT AG & Co., Nümbrecht
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Spectrophotometers
NanoDrop 2000

PEQLAB Biotechnologie GmbH, Erlangen

Ultrospec 3100

GE Healthcare Europe GmbH, München

Spectrophotometer disposable plastic

VWR International GmbH, Darmstadt

cuvettes (1/2 micro; 1.6 ml; 1 cm)
Transilluminators
TFP-M/WL UV table/white light,

biostep® GmbH, Jahnsdorf

312 nm
UST-30L-8E UV light, 365 nm

biostep® GmbH, Jahnsdorf

Ultrapure water system ELGA®

USF Deutschland GmbH, Ransbach-Baumbach

Vacuum centrifuges
Eppendorf concentrator 5301
®

Savant SpeedVac concentrator SCV

Eppendorf AG, Hamburg
Thermo Electron Corporation, Cheshire (UK)

100H
Vacuum pump DIVAC 2.4 L

LEYBOLD AG, Köln

Vortex

VWR International GmbH, Darmstadt

Water baths
MGW Lauda M3 Type MT circulating

LAUDA Dr. R. Wobser GmbH & Co. KG,

bath

Lauda- Königshoffen

GFL Water Bath

GFL Gesellschaft für Labortechnik GmbH,
Burgwedel

Wave shaker Heidolph® Polymax 1040

Heidolph Instruments GmbH & Co. KG,
Schwabach

Whatman filter paper

Whatman International Ltd., Maidstone (UK)
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2.2. Bacterial strains
The bacterial strains used in this study are shown in Table 6.

Table 6: Bacterial Strains

Strain

Relevant Geno- or
Phenotype*
Type strain

Reference/Origin

BL21 (DE3)

F- ompT gal dcm Ion,
hsdSB (rB-, mB-) (DE3)

Stratagene, La Jolla (USA)

CA434

hsdS20(rB-, mB-), supE44, thi1, recAB, ara-14,
leuB5proA2, lacY1, galK,
rpsL20 (StrR), xyl-5, mtl-1
including the conjugative
plasmid R702 (TetR, SmR,
SuR, HgR, Tra+, Mob+)

Purdy et al., 2002

XL1 Blue MRF′

∆(mcrA)183, ∆(mrr-hsdRMS- Stratagene, La Jolla (USA)
mcrBC)173, endA1, supE44,
thi-1, recA1, gyrA96, relA1,
lac [F´ proAB lacIqZ∆M15
Tn10 (TetR)]

Clostridium sporogenes
NCIMB 10696

NCIMB Ltd., Aberdeen (UK)

Escherichia coli

*

Standard genotype abbreviations for E. coli (Berlyn, 1998)

2.3. Plasmids
Several vectors and plasmids were used and constructed throughout this work. All of them are
listed in Table 7.
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Table 7: Used and constructed plasmids

Vector/Plasmid

Length (bp)

Characteristics

Reference/Origin

pANr2-Phelp-tetR-F1

5,569

Vector: pANr2; Insert:

Meisohle, 2010

Phelp,
tetR (with RBS)

pDrive

3,851

pMB1 ori (rep), f1 ori,

Qiagen GmbH,

ApR (bla), KmR (aph),

Hilden

lacPOZ' for blue/white
screening

pDrive-Pcpe

4,056

Vector: pDrive

This study

Insert: cpe promoter Pcpe
from C. perfringens

pDrive-Pptb

4,024

Vector: pDrive

This study

Insert: ptb promoter Pptb
from C. acetobutylicum

pDrive-PthlA

4,077

Vector: pDrive

This study

Insert: thlA promoter PthlA
from C. acetobutylicum

pET29a(+)

pET29a-cpe-(his)x6

5,371

6,195

pBR322 ori (rep), f1 ori,

Novagen R & D

lacI, aph, PT7, TT7

Systems, Wiesbaden

Vector: pET29a

Meisohle, 2010

Insert: cpe with
C-terminal 6xHis-tag
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pET29a-cpeT-(his)x6

6,066

Vector: pET29a

Meisohle, 2010

Insert: cpeT with
C-terminal 6xHis-tag

pJET1.2

pJET1.2-lacZ

2,974

5,246

pMB1 ori (rep), ApR

Thermo Fisher

(bla), PlacUV5, PT7,

Scientific Inc.,

eco47IR' (suicide vector)

Rockford (USA)

Vector: pJET1.2

This study

Insert: lacZ gene from
T. thermosulfurigenes

pLacZFT

7,139

MLSR, ColE1 oriR,

Feustel et al., 2004

pIM13 oriR,
bla, lacZ gene from
T. thermosulfurigenes,
Tadc from
C. acetobutylicum

pMTL007

11,845

ColE1 ori, pCB102 ori

Heap et al., 2007

(repH), oriT (traJ), CmR
(catP), lacI, Pfac,
Ll.LtrB::ermB::td, group
II Intron (ltrA)

pMTL007-csp30/31s

11,845

Vector: pMTL007 with
retargeted group II intron
for the “sense” insertion
site csp30/31s in C.
sporogenes genomic
spo0A
- 19 -
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pMTL007-csp536/537a

11,845

Vector: pMTL007 with

This study

retargeted group II intron
for the “anti-sense”
insertion site csp536/537a
in C. sporogenes genomic
spo0A

pMTL007C-E2

8,925

ColE1 ori, pCB102 ori

Heap et al., 2010

(repH), oriT (traJ), CmR
(catP), Pfdx, lacZα,
Ll.LtrB::FRT-ermBFRT::td, group II Intron
(ltrA)

pMTL007C-E2 –clo249

8,925

Vector: pMTL007C-E2

This study

with retargeted group II
intron for the insertion
site in C. sporogenes
genomic spo0A (clo249)

pMTL

5,619

Vector: pMTL007

Meisohle, 2010

∆lacI∆Pfac∆ClosTron
pMTL-lacZ

7,866

Vector: pMTL

This study

Insert: lacZ gene from T.
thermosulfurigenes

pMTL-Pcpe-lacZ

8,043

Vector: pMTL
Inserts: cpe promoter Pcpe
from C. perfringens,
lacZ gene
- 20 -
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pMTL-Pptb-lacZ

8,016

Vector: pMTL

This study

Inserts: ptb promoter Pptb
from C. acetobutylicum,
lacZ from T.
thermosulfurigenes

pMTL-PtetO1

5,719

Vector: pMTL

König, 2011

Insert: PtetO1

pMTL-PtetO1-amyP′-cpe-

6,884

(his)x6

Vector: pMTL-PtetO1

This study

Inserts: amyP′ signal
peptide sequence from
C. acetobutylicum , cpe
with C-terminal 6xHistag

pMTL-PtetO1-amyP′-cpeT 6,728

Vector: pMTL-PtetO1

This study

Inserts: amyP′, cpeT

pMTL-PtetO1-colA′-cpe

6,839

Vector: pMTL-PtetO1

This study

Inserts: colA′ signal
peptide sequence from
C. sporogenes , cpe

pMTL-PtetO1-colA′-cpe(his)x6

6,863

Vector: pMTL-PtetO1
Inserts: colA′, cpe with
C-terminal 6xHis-tag
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pMTL-PtetO1-pec′-cpe

6,845

Vector: pMTL-PtetO1

This study

Inserts: pec′ signal
peptide sequence from
C. acetobutylicum, cpe

pMTL-PtetO1-pec′-cpe-

6,869

(his)x6

Vector: pMTL-PtetO1

This study

Inserts: pec′, cpe with
C-terminal 6xHis-tag

pMTL-PtetO1-spo0A

6,560

Vector: pMTL-PtetO1

This study

Insert: spo0A from
C. sporogenes

pMTL-PtetO1-amyP′-crt

6,752

Vector: pMTL-PtetO1

König, 2011

Inserts: amyP′, crt from
C. acetobutylicum

pMTL-PtetO1-colA′-crt

6,728

Vector: pMTL-PtetO1

König, 2011

Inserts: colA′, crt

pMTL-PtetO1-pec′-crt

6,734

Vector: pMTL-PtetO1

König, 2011

Inserts: pec′, crt

pMTL-PthlA-lacZ

8,186

Vector: pMTL

This study

Insert: PthlA, lacZ

2.4.Primers (oligonucleotides)
For PCR amplification and sequencing of different DNA fragments and genes, forward and
reverse primers were designed to complement and specifically anneal to the first or last 18-20
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bp in the DNA template sequence, respectively. To facilitate the subsequent cloning of the
PCR products into the corresponding plasmid vectors, recognition sequences of certain
restriction enzymes were fused to 5΄-end of the primer sequences. Those restriction enzymes
were carefully chosen, so that they are present in the multiple cloning site “MCS” of the
vector, cut once in the vector, and have no recognition sites within the DNA fragment to be
inserted into the vector.

Design of primers was done with the help of Clone Manager Suite 7 program, and their
synthesis was accomplished through biomers.net GmbH, Ulm. According to manufacturer’s
instructions, lyophilized primers were suspended in sterile distilled water to reach a
concentration of 100 pmol/µl, incubated at 37 ˚C for 15 min, and then stored at -20 ˚C, until
use.

Table 8 shows the used primers, their sequences, and, when required, the restriction enzymes
used, with their recognition sequences underlined in bold.

Table 8: Primers

Primer Name

Sequence 5΄→3΄

Restriction
enzyme

NotI_cpe_FP

ACA GCGGCCGC ATGCTTAGTAACAATTTAAATCC

NotI

SgfI_cpe_RP

ACA GCGATCGC CTAAAATTTTTGAAATAATATTGA

SgfI

A TAAG
SgfI_cpe_XhoI

ACA GCGATCGC CTA ATGATGATGATGATGATG

His_RP

CTCGAG AAATTTTTGAAATAATATTGAATAAG

NotI_cpeT_FP

ACA GCGGCCGC GATAAAGGAGATGGTTGGATATT

SgfI

NotI

AG
P-for-P_cpe-

ACA GTTTAAAC AAGCTTTAATTCTTTCAGC

PmeI

PmeI
P-rev-P_cpe-

ACA CCTGCAGG ATTATAATTAACATCTCCTTATTTC SbfI

SbfI
catP_NdeI_F1

GTCC CATATG CCTACGG
- 23 -
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catP_NdeI_R1

GTTCTGAC CATATG TGGAACG

NdeI

clo-249-EBS1d CAGATTGTACAAATGTGGTGATAACAGATAAGTCCC
primer

AAGGGTTAACTTACCTTTCTTTGT

clo-249-EBS2

TGAACGCAAGTTTCTAATTTCGGTTATAGGTCGATG

primer

GAAAGTGTCT

clo-249-IBS

AAAAAAGCTTATAATTATCCTTACCTATCCCAAGGG

primer

TGCGCCCAGATAGGGTG

csp-30|31s-

CAGATTGTACAAATGTGGTGATAACAGATAAGTCCT

EBS1d primer

TAAATTTAACTTACCTTTCTTTGT

csp-30|31s-

TGAACGCAAGTTTCTAATTTCGATTGCTTCTCGATAG

EBS2 primer

AGGAAAGTGTCT

csp-30|31s-IBS

AAAAAAGCTTATAATTATCCTTAGAAGCCCTTAAAG

primer

TGCGCCCAGATAGGGTG

csp-536|537a-

CAGATTGTACAAATGTGGTGATAACAGATAAGTCCT

EBS1d primer

TGCTGTTAACTTACCTTTCTTTGT

csp-536|537a-

TGAACGCAAGTTTCTAATTTCGATTAGAGTTCGATG

EBS2 primer

AGGAAAGTGTCT

csp-536|537a-

AAAAAAGCTTATAATTATCCTTAACTCTCCTTGCTGT

IBS primer

GCGCCCAGATAGGGTG

EBS universal1

CGAAATTAGAAACTTGCGTTCAGTAAAC

primer
ErmRAM-F1

ACGCGTTATATTGATAAAAATAATAATAATAGTGGG

ErmRAM-R1

ACGCGTGCGACTCATAGAATTATTTCCTCCCG

SbfI-lacZ

ACA CCTGCAGG ATG AGAAAGATTATTCCTATTAAT SbfI

forward primer

AATAATTG

SgfI-lacZ

ACA GCGATCGC TTATTCAACTTTTATCATTAC

reverse primer
ltrA-F2

TAGATGATACAGCGGATGG

ltrA-R2

CTGGACTTTCTCGGTCAAACTTC
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pDrive-M13-

TGTAAAACGACGGCCAGT

3

FP

pDrive-M13-

CAGGAAACAGCTATGACC

3

RP

pJet1-FP4

ACTACTCGATGAGTTTTCGG

pJet1-RP4

TGAGGTGGTTAGCATAGTTC

GATC-pMTL-

TAGTTTCCTTGCATGAATCC

for-mcs441925
pMTL MCS

GATCGCGTAGTCGATAGTGG

rev
ptb_promoter-

ACA GTTTAAAC TTAAGCTTGGC

(PmeI inside

Forward-

native

primer

sequence)

ptb_promoter-

ACA CCTGCAGG TGTCGACACTCCCTTTTAC

SbfI

ACA CCTGCAGG AGGAGAGTAGTTTATATGG

SbfI

SgfI_spo0A_

ACA GCGATCGC CTA TTAGCAAACTCTATTTTTTA

SgfI

reverse primer

GTC

spo0A_C.bot.

CATCGCAGATGATAATAAGG

Reverseprimer-SbfI
SbfI_spo0A_
forward primer

primer forward
no.1
spo0A_C.bot.

GGTTACAGGTATAGCTAATG

primer forward
no.2
spo0A_C.bot.

ATTTATCAGCCACCATTG

primer reverse
no.1
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spo0A_C.bot.

TTTCCCTTTCCATTATTTATAG

primer reverse
no.2
spo0A_clo249

GGTTACAGGTATAGCTAATGATGG

_FP
spo0A_clo249_ GGTCTTCTAACTTCTTCGC
RP
thlA_promoter-

ACA GTTTAAAC TACATGAGCATTCTAAAAG

PmeI

ACA CCTGCAGG TCTAACTAACCTCCTAAATTTTG

SbfI

for-PmeI
thlA_promoterrev-SbfI
1

Heap et al,. 2007; 2 Standfest 2013; 3 Qiagen GmbH, Hilden; 4 Thermo Fisher Scientific Inc., Rockford (USA)

2.5. Bacterial culture methods
Having well established protocols for cloning and genetic engineering, Escherichia coli strains
were used in this study as intermediate hosts before going ahead into the ultimate final host,
Clostridium sporogenes.

For both microorganisms, the optimum temperature for cultivation was 37 ˚C. Shaking of
liquid cultures of E. coli was done at 175 rpm, to provide a continuous oxygen distribution and
aerobic growth. In contrast, C. sporogenes required strict anaerobic growth conditions.

Generally, the medium components were weighed, dissolved in distilled ultrafiltered
“ELGA®” water, up to the determined volume. 1.5 % (w/v) agar was added, in case if solid
media was to be prepared. Media were then filled into bottles, flasks or tubes. To avoid
explosion during autoclaving and to ensure good aeration during culturing, the containers were
filled only up to ½ volumes of their total capacities. Media containers were sealed with screw
lids, metal caps, or cotton plugs covered with aluminum foil. Autoclaving was then
accomplished at 121 ˚C/1.2 bar for 15-20 min. Bottles lids were tightly screwed immediately
after autoclaving to prevent any post-autoclaving contamination. In case of solid media, media
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were cooled down to about 50 ˚C, and under sterile conditions, antibiotics were added, and
evenly distributed using sterile magnetic stirrers. Then, media were poured into sterile plastic
Petri dishes. Plates were left to solidify, stacked in sealed plastic bags, inverted upside down
and stored at 4 ˚C.

Special precautions were followed in case C. sporogenes, as an obligate anaerobic bacterium:
•

Anaerobic ELGA® water (section 2.1.1) was first prepared.

•

Dissolving of chemical components, filling of media into containers, and pouring
sterile medium into Petri dishes were done in anaerobic chamber filled with forming
gas (95 % N2 and 5 % H2).

•

As medium containers, Müller-Krempel flasks and Hungate culture tubes with their
tight screw rubber lids were used, which prevented gas exchange and oxygen
contamination. Post-autoclaving addition of antibiotics, bacteria inoculation, and
degassing of produced gases during bacterial growth were done through those rubber
parts using sterile syringes.

2.5.1. Media for Escherichia coli
LB medium (Luria-Bertani or lysogeny broth) was used as a standard medium for the growth
of E. coli. TB medium (Terrific broth) was used as an enriched cultivation medium for the
overproduction of recombinant proteins. During the regeneration phase of transformation,
SOC medium (super optimal broth for catabolite repression) was used to increase the
transformation efficiency. In addition, SOB medium (super optimal broth) has been used for
the production of chemical competent cells. Below are the ingredients of each used medium.

LB medium (Green and Sambrook, 2012)
Tryptone

10

g

1

NaCl

10

g

171

5

g

Yeast extract
H2O

up to 1000

ml

- 27 -
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TB medium (Tartoff and Hobbs, 1987)
Tryptone

12

g

1.2 % (w/v)

Yeast extract

24

g

2.4 % (w/v)

4

ml

0.5 % (v/v)

Glycerol
K2HPO4*

12.54 g

720

mM

KH2PO4*

2.31 g

170

mM

H2O
*

up to 1000

ml

Potassium phosphates solution was autoclaved separately, and added to other components after cooling down.

SOC medium (Green and Sambrook, 2012)
Tryptone
NaCl
Yeast extract
KCl
Glucose x H2O
H2O

20
200
5
186
4
up to 1000

g

2

mg

8.6 mM

g

0.5 % (w/v)

mg

2.5 mM

g

20

% (w/v)

mM

ml

SOB medium (Green and Sambrook, 2012)
Tryptone
NaCl
Yeast extract
KCl

20
580
5
186

g
mg

2
10

% (w/v)
mM

g

0.5 % (w/v)

mg

2.5 mM

MgCl2 x 6 H2O*

2.03 g

10

mM

MgSO4 x 7 H2O*

2.44 g

10

mM

H2O
*

up to 1000

ml

Magnesium salts solution was autoclaved separately, and added to other components after cooling down.
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2.5.2. Media for Clostridium sporogenes
2xYT medium was used as a standard medium for growth as well as for sporulation of C.
sporogenes. RCM (reinforced clostridial medium) was also used as a cultivation medium.
Sporulation medium developed by Perkins (1965) was also tried in this study. The chemical
composition of each medium is shown below.

2xYT medium (Oultram et al., 1988; mod.)
Tryptone

30

g

3

% (w/v)

Yeast extract

20

g

2

% (w/v)

1

g

8.7 mM

Sodium thioglycolate
H2O (anaerobic)

up to 1000

ml

RCM (Hirsch and Grinsted, 1954) was purchased as ready-to-use medium, and prepared by
suspending 38 g of the powder in 1000 ml anaerobic water and mixing thoroughly. Boiling for
1 min can help to dissolve the powder completely. The typical composition per liter is as
follows:

Peptone

10

g

1

% (w/v)

Beef extract

10

g

1

% (w/v)

Yeast extract

3

g

0.3 % (w/v)

Dextrose

5

g

0.5 % (w/v)

NaCl

5

g

Soluble starch

1

g

L-Cysteine HCl

0.5 g

Sodium acetate

3

Agar

0.5 g

g

- 29 -

85.6 mM
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Sporulation medium (Perkins, 1965)
Trypticase

30

g

3

% (w/v)

Peptone

10

g

1

% (w/v)

(NH4)2SO4

10

g

H2O (anaerobic)

up to 1000

75.7 mM

ml

2.5.3. Media additives
2.5.3.1. Antibiotics

Antibiotics were used as efficient selection markers for positive transformed bacterial
colonies. The insert under investigation was cloned into a plasmid containing a specific
antibiotic resistant gene. The used antibiotic resistant genes must not be naturally present in
the bacterial genome. After transformation, bacteria were plated on media containing the
corresponding antibiotic. Only bacterial cells harboring the transformed plasmid could
survive, grow, and form colonies. Antibiotics were prepared as 1000x stock solutions, and
sterilized using membrane filtration (0.2 µm).Sterile stock solutions were then aliquoted and
stored at -20 ˚C. Light sensitive antibiotics were surrounded with aluminum foil in addition for
protection.

For liquid media, antibiotics were added immediately before bacterial inoculation. In case of
solid media, antibiotics were added after the autoclaved media was cooled down (~50 ˚C).
Plates were then poured, left to solidify, and stored at 4 ˚C till use. Table 9 summarizes the
used antibiotics, their concentrations and suppliers.
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Table 9: Antibiotics

Antibiotic

Ampicillin

Abbreviation

Ap

Solvent

H2O

Stock

Working

concentration

concentration

(mg/ml)

(µg/ml)

100

100

sodium salt

Supplier

Carl Roth
GmbH &
Co. KG,
Karlsruhe

Chloramphen-

Cm

icol

96 % (v/v)

30

30

Ethanol

Roche
Diagnostics
GmbH,
Mannheim

Colistin

Cl

H2O

10

10

Sigma

sodium

Aldrich

methane-

Chemie

sulfonate

GmbH,
Steinheim

Erythromycin

Em

100 %

100

2.5

Ethanol

Sigma
Aldrich
Chemie
GmbH,
Steinheim

Kanamycin

Km

H2O

50

sulfate

50

Carl Roth
GmbH &
Co. KG,
Karlsruhe
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Spectinomycin

Sp

H2O

50

50

Sigma
Aldrich
Chemie
GmbH,
Steinheim

Tetracycline

Tc

H2O

10

10

hydrochloride*

Sigma
Aldrich
Chemie
GmbH,
Steinheim

Thiamphenicol
*

Tp

Dimethyl-

20

formamide

20

Sigma
Aldrich
Chemie
GmbH,
Steinheim

*

Light sensitive

2.5.3.2. Additives for “blue-white selection”

Positive bacterial colonies transformed with pDrive-insert plasmids were selected using the so
called “blue-white selection”. The pDrive has an inherent β-galactosidase lacZ gene, which
contains the multiple cloning site (MCS) of the vector. This means, insertion of a DNA
fragment or gene will interrupt the lacZ gene and its consequent function. Only bacterial cells
containing religated vector, i.e. with no insert, could be induced using IPTG to express
β-galactosidase and catalyze the hydrolysis of yellow X-Gal into its intense blue precipitate
form. Whereas, colonies harboring pDrive-insert plasmid fail to convert the color of X-Gal
and remain white.
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Table 10: Additives for “blue-white selection”

Additive

IPTG

IUPAC* Name

Isopropyl-β-D-1-

Solvent

Stock

Working

concentration

concentration

(mg/ml)

(µg/ml)

20

20

Dimethylformamide 40

20

H2O

thiogalactopyranoside
X-Gal**

5-bromo-4-chloro-3indolyl-β-D-galactopyranoside

*

International Union of Pure and Applied Chemistry; ** Light sensitive

2.5.4. Growth conditions
2.5.4.1. Aerobic culture conditions for E. coli

Standard liquid cultivation of E. coli was done in glass test tubes containing 5 ml of the
corresponding medium and sealed with metal caps. If larger culture volumes were needed,
Erlenmeyer flasks with baffles, to improve aeration and O2 distribution, were used. Cultures
were incubated at 37 ˚C/175 rpm on a shaker incubator until the desired growth phase, in
terms of OD600

nm,

was reached. Solid agar plates inoculated with bacteria were inverted

upside down and incubated at 37 ˚C for 16-42 h.

2.5.4.2. Anaerobic culture conditions for C. sporogenes

Inoculation of C. sporogenes was done in the anaerobic chamber, whose atmosphere consisted
of forming gas (95% N2 and 5% H2). For liquid cultures, Hungate tubes, tightly sealed with
butyl rubber stoppers and screw lids, were used for small culture volumes (5 ml). For larger
culture volumes (50 ml), 125 ml Müller-Krempel flasks with natural rubber stoppers and metal
screw lids were used. Incubation was done at 37 ˚C. However, in contrast to E. coli (section
2.5.4.1), liquid cultures were incubated in a static position, i.e. without shaking, as no O2
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distribution was needed in this case. Solid cultures, on agar plates, were inverted upside down
and anaerobically incubated at 37˚C for 24-72 h.

2.5.5. Bacterial strain preservation
In this study, several genetically engineered bacterial strains were developed. Storage of these
new strains was a must, in order to avoid their loss and to ensure their availability for further
use or studies. For that purpose, glycerol stocks or spore suspensions were prepared, as
described below.

2.5.5.1. Glycerol stock preparation

This method of preservation was generally done for all E. coli recombinant strains. Also, it is
used to store C. sporogenes mutant strains that could not form spores. Here, 0.5 ml of an
overnight culture was added to 0.5 ml sterile 100% (v/v) glycerol. This was done in a 2-ml
plastic tube with screw cap. Glycerol stocks were stored at -80 ˚C until use.

2.5.5.2. Spore suspension preparation

C. sporogenes can form endospores, a feature that could be exploited for recombinant strains
preservation. Here, the desired strain was anaerobically inoculated into Hungate tube,
containing 5 ml medium supplemented with the corresponding antibiotic. Incubation at 37 ˚C
was done for 48 h. Spore formation was triggered by incubation at 30 ˚C (suboptimal
temperature) for 10-14 days. This process was monitored microscopically (40-fold), and after
sporulation reached 80-90 %, Hungate tubes were stored at room temperature until use.

2.5.6. Determination of growth parameters
After inoculation of liquid bacterial culture, the growth course was spectrophotometrically
monitored in terms of OD600 nm. Culture samples were collected at 1 h time intervals, diluted if
needed, and absorption at 600 nm was measured against a blank of sterile medium.
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The growth curve was then blotted between time (h) and corresponding absorption extinction.
To assure that the measured absorbance was linearly proportional to the bacterial cell number
in culture under investigation, dilution with sterile medium was done, so that the measured
OD600

nm

was always between 0-0.3. Dilution factors were taken into consideration, when

calculating the final OD600 nm and consequent growth curve construction.

2.6. Endospore staining
The method of Schaeffer and Fulton (1933) was used to visualize spores. On a glass slides,
a bacterial smear was air dried and heat fixed. The slide, carrying the sample, was covered by
a blotting paper. Blotting paper was then saturated with malachite green stain solution [0.5 %
(w/v) aqueous solution] and steamed for 5 min. Drops of dye were added as required, in order
to keep the paper moist. Then, the slide was washed under running water for the destaining of
vegetative cells. The sample was counterstained with safranin [2.5 % (w/v) alcoholic solution]
for 30 s, washed under running water and dried using a blotting paper. Finally, samples were
examined under light microscope using oil immersion (1000-fold). Endospores appeared as
blue-green bodies, while vegetative cells were stained brownish red to pink.

2.7.Working with DNA
2.7.1. Treatments of equipments and solutions
Standard autoclaving, at 121 ˚C and 1.2 bar, was done for all thermally stable buffers,
solutions, and small instruments. Distilled water was autoclaved twice. Heat labile solutions
were sterilized using membrane filtration (0.2 µm). Shortly before use, small glass and metal
instruments were immersed in 70 % (v/v) ethanol and flamed using a Bunsen burner. These
precautions were done in order to ensure getting rid of any foreign DNA and also to inactivate
nuclease contaminants.
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2.7.2. DNA extraction
2.7.2.1. Genomic DNA extraction from bacteria

Total DNA content of bacterial cells was isolated using different protocols, including manual
techniques as well as special kits. Manual methods are laborious, but have the advantage of
being cheap, and the resulted DNA is of high yield and purity. However, kit methods are
easier and can save much valuable time.

2.7.2.1.1. Genomic DNA extraction from E. coli (kit method)

This was achieved using “InnuPrep Bacteria DNA Kit”. The kit was optimized to specifically
isolate DNA from cell pellets of both Gram-positive and Gram-negative bacteria. For E. coli
genomic DNA extraction, Manufacturer’s instructions for Gram-negative bacteria were
followed. Briefly, cell pellet was prepared by centrifuging 5-ml overnight culture
(17000 g/2 min/RT). The cell pellet was then suspended in “Lysis Solution”, containing
lysozyme that is responsible for opening cells and liberation of their genomic as well as
protein contents. This step was followed by a proteolytic digestion step using “Proteinase K”,
in order to get rid of protein contaminants. “Spin Filter Columns” were then used to
specifically bind free DNA on their membranes. A washing step is necessary for removal of
any unwanted contaminants and inhibitors. Finally, the pure DNA extract was eluted using
50-100 µl of “Elution Solution” or sterile distilled water. Elution with distilled water was
preferred, to avoid buffer salts that could interfere with subsequent work with DNA (e.g. PCR,
transformation, etc.).

2.7.2.1.2. Genomic DNA extraction from C. sporogenes

2.7.2.1.2.1. Kit method

The “innuSPEED Bacteria/Fungi DNA Kit” was used for that purpose. This was optimized for
extraction of genomic DNA from Gram-positive bacteria and fungi. C. sporogenes is Gram- 36 -
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positive, and hence, the corresponding procedure was followed. A Hungate-tube containing
5 ml medium was inoculated with the desired C. sporogenes strain and incubated overnight at
37 ˚C. A centrifugation step (17000 g/3 min/RT) was done, and the supernatant was discarded.
The cell pellet was suspended completely in 100 µl sterile distilled H2O and transferred into
“Lysis Tube S”, containing rigid particles that help mechanically destroying the thick cell wall
of Gram-positive bacteria during homogenization step. Homogenization was performed using
Ribolyser or Precellys® 24, where 6-8 runs were done (6500 speed/45 s) to ensure complete
cell wall rupture, this was controlled microscopically (40-fold magnification). “Lysis Solution
SLS” and “Proteinase K” were added, and the tube was incubated at 50 ˚C for 30 min. To
increase lysis efficiency, and hence, increase DNA yield, sample shaking was done 3-4 times
during incubation. “RNase A” solution was added to get rid of RNA content, and the sample
was shortly incubated for 5 min at RT. After addition of “Binding Solution SBS”, the whole
sample was transferred into “Spin Filter Columns”, whose membrane bound DNA
specifically. All other contaminants were removed through two successive washing steps.
Finally, DNA was liberated from column membrane by adding 50-100 µl “Elution Buffer” or
sterile distilled water, and centrifuging (6200 g/1 min/RT). This elution step could be repeated
once again to increase the DNA yield.

2.7.2.1.2.2. Manual method (phenol-chloroform extraction/ethanol precipitation)

An overnight culture (5 ml) was centrifuged (3622 g/10 min/4 ˚C), and the supernatant was
discarded. The cell pellet was washed using 1 ml potassium phosphate buffer
(10 mM, pH 7.5), the sample was centrifuged again, and the supernatant was removed.
Washed cell pellet was now suspended in 0.5 ml buffer and incubated (37 ˚C/1 h) with 50 µl
lysozyme (20 mg/ml) and 5 µl RNase A (10 mg/ml), for cell wall lysis and digestion of
undesired RNA, respectively. For removal of unwanted protein contaminants, a proteolytic
step was done, by adding 50 µl 10 % (w/v) SDS and 30 µl Proteinase K (20 mg/ml; 50 % (v/v)
glycerol). The sample was further incubated at 55 ˚C for 1 h. After those preliminary steps to
open cells and make their contents accessible, genomic DNA was extracted, purified and
concentrated in the following two steps (Green and Sambrook, 2012).
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2.7.2.1.2.2.1. Phenol-chloroform extraction

This is a liquid-liquid extraction method that aims to separate undesired proteins from DNA,
according to their differential solubilities in the two immiscible phases, i.e. the organic phase
consisting of phenol-chloroform mixture and the aqueous phase of lysed cells. Due to its
negatively charged phosphate backbone, DNA is polar and thus remains soluble in the upper
aqueous phase. In contrast, the interaction between phenol and hydrophobic domains of
proteins causes their precipitation at the interface between the two phases in the form of white
flocculent.

The cell lysate was vigorously mixed with ½ volume of phenol-chloroform-isoamyl alcohol in
the ratio [25:24:1 (v/v/v)]. The sample was centrifuged (12900 g/5 min/RT). The upper
aqueous layer, containing DNA, was taken into a clean 1.5-ml Eppendorf tube. The interface
containing the white flocculent of proteins should not be interrupted. These steps were
repeated at least 3 times, until protein precipitate was no longer present at the interface. To
remove phenol residues from aqueous phase, the sample was vigorously mixed with a similar
volume of chloroform-isoamyl alcohol in the ratio [24:1(v/v)]. After centrifugation, the upper
aqueous layer was again transferred into a clean tube. Isolation of DNA from aqueous layer
was continued as follows.

2.7.2.1.2.2.2. Ethanol precipitation

In the presence of cations (positive ions), ethanol causes DNA to be precipitated. This is
because ethanol is much less polar than water (aqueous layer), and hence, could not mask the
electrostatic interactions between negative phosphate groups of DNA backbone and positive
ions in the solution. This electrical attraction forms strong ionic bonds, which is the cause of
DNA precipitation. This feature was exploited to isolate DNA from aqueous phase, resulting
from previous step of phenol-chloroform extraction.

For that purpose, DNA solution was thoroughly mixed with 0.1 volume sodium acetate
(3 M, pH 5.2) as a source of cations. Two volumes of chilled 96 % (v/v) ethanol were added.
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After good mixing, the sample was incubated overnight at -20 ˚C. This was followed by
centrifugation (13900 g/10 min/4 ˚C), and the supernatant was removed. The DNA pellet was
rinsed once with ice cold 70 % (v/v) ethanol. After another centrifugation step, ethanol was
discarded and totally removed by vacuum centrifugation for 20-30 min. Finally, the dry DNA
pellet was dissolved in 30-50 µl sterile distilled water and stored at -20 ˚C, until further
applications after purity of preparation was assessed.

2.7.2.2. Plasmid DNA extraction
“Zyppy™ Plasmid Miniprep Kit” was used for plasmid DNA isolation from both E. coli and
C. sporogenes. This kit is based on a modified alkaline lysis method to open cells (Birnboim
and Doly, 1979), which reduces the usual laborious steps of culture centrifugation and
suspension. Plasmid DNA binds selectively and reversibly to the silica membrane of the kit
column.

As

a

starting

material,

a

2-5

ml

overnight

culture

was

centrifuged

(17000 g/2 min/RT). The cell pellet was suspended in 600 µl distilled water. Manufacturer’s
instructions were followed with some minor modifications, adding 100 µl “7X Lysis Buffer”
and shortly mixing by upside down shaking (1 min for E. coli; 3 min for C. sporogenes).
Neutralization buffer (350 µl) was quickly added, the sample was centrifuged
(17000 g/5 min/RT), and the supernatant was collected and transferred into a “Fast Spin
Column”. Selective binding of plasmid DNA was achieved, while the sample was passing
through the column silica membrane; this step was accelerated by centrifugation
(11600 g/1 min/RT). Two successive washing steps were done, the second washing buffer
contained ethanol. Before the elution step, ethanol was totally evaporated at 55 ˚C for 5 min.
Finally, plasmid DNA was eluted by adding 30-50 µl distilled water and centrifugation
(17000 g/2 min/RT), after incubation for 1-2 min at RT. The plasmid preparation could be
used immediately or stored at 4 ˚C. Long term storage was done at -20 ˚C.
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2.7.3. DNA purification
2.7.3.1. Dialysis of DNA solutions

Elution buffers of different DNA extraction kits contain salts, which may in turn interfere with
the ionic strength of other buffers used for further molecular biological applications (e.g. PCR,
restriction digestion, ligation, etc.). Importantly, salt content of plasmid preparations must be
removed before their transformation into competent host bacterial cells via electroporation.
This high salt concentration causes high conductivity and current density and can lead to death
of bacteria by sparking shock. Consequently, transformation efficiency could be greatly
reduced, if the transformation did not fail totally.

Dialysis was performed through a semi-permeable filter paper (0.025 nm), which was placed
on the surface of sterile distilled water in a sterile Petri dish. The DNA preparation (15-25 µl)
was dropped on the center of filter paper, left for about 20 min at RT, allowing salts and small
DNA fragments to diffuse into distilled water through filter paper pores. The DNA drop was
repipetted up from filter paper and was now ready for use in electroporation or any other salt
sensitive applications.

2.7.3.2. DNA purification from liquid solutions
The “NucleoSpin® Extract II Kit” was used for the purification of PCR and digestion products.
The purification based on the binding of DNA specifically to a silica membrane in the
presence of chaotropic salt. The aim was to remove any remaining buffer salts, primers,
enzymes, and other soluble macromolecules, which could interfere with further applications
(e.g. ligation and sequencing). Manufacturer’s instructions were followed; liquid solutions
containing DNA were mixed with 2 volumes of “NT binding buffer” and loaded into the spin
column with silica membrane. After centrifugation (11600 g/1 min/RT), the silica membrane
was washed once with 700 µl “NT3 washing buffer”, containing ethanol. The column was
then centrifuged, and ethanol was evaporated 55 ˚C for 5 min. Pure DNA was eluted from
silica membrane using 15-50 µl sterile distilled water.
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2.7.3.3. DNA purification from agarose gels

When PCR or digestion products contained other DNA fragments in addition to the desired
one, a preliminary agarose gel electrophoresis step was done to separate those fragments. The
gel was stained with ethidium bromide and bands were monitored visually through subjection
to UV light (λ=365 nm). The desired DNA band was located according to its size, in reference
to a DNA ladder marker. Excision of the desired band from the gel was done using a clean
metal scalpel. This should be fast (to decrease DNA damage with UV rays), precise
(to minimize gel volume), and careful (to avoid scratching the UV transilluminator). The
“NucleoSpin® Extract II Kit” was also used to purify DNA from agarose gels. According to
manufacturer’s instructions, the gel piece containing the wanted band was weighed, and “NT
binding buffer” was added in the ratio (200 µl buffer : 100 mg agarose gel). Before loading to
the spin column, the sample was incubated at 50 ˚C for 1-10 min, until the gel was melted
completely and became miscible with binding buffer. The next steps of binding to the silica
membrane, washing and elution were the same as described in the previous section (2.7.3.2),
concerning purification from liquid solutions.

2.7.4. Agarose gel electrophoresis of DNA fragments
This method was used to separate DNA fragments in an electric field according to their
different lengths (bp). The pH values of the used buffers were optimized so that phosphate
groups of DNA backbone carried negative charges and migrated into anode (positive pole),
after being loaded in a horizontal agarose gel matrix (Green and Sambrook, 2012).The agarose
gel was acting here as a neutral sieve, through which short DNA fragments migrated to the
anode faster than longer ones, i.e. the speed of migration was proportional to the DNA
fragment length. In the resulting band pattern, the shortest fragment appeared at the bottom of
gel, however, the longest ones appeared at the top.

Agarose concentration was determined according to the size of DNA fragment(s) under
investigation. For short fragments (≤ 1000 bp), 2 % (w/v) agarose with narrow net pores was
used to guarantee sharp separation. However, for larger fragments (≥ 1000 bp), 0.8 % (w/v)
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agarose was prepared. Agarose was weighed and boiled in the corresponding volume of
1x TAE buffer (Table 11) for 5 min. Warm agarose solution was poured into the horizontal
electrophoresis chamber. Combs with suitable teeth sizes were used to form loading wells with
different capacities (15-30 µl of sample). The gel was left to solidify at RT and then was
covered with 1x TAE buffer. Combs were carefully pulled up. The DNA sample was mixed
with 6x loading dye (Table 12) in the ratio (5:1), which causes the DNA sample to sink into
the well while being loaded, and also helps following DNA migration during the
electrophoresis run. A suitable DNA standard ladder was loaded in a separate well, in order to
determine corresponding DNA fragment lengths. The agarose was subjected to a constant
electric field with strength of 8-13.5 V/cm, along a distance of 7 cm. The gel was then
incubated for 10-15 min in ethidium bromide solution to stain DNA bands (2.7.5.), which
made them visible under UV light and enabled their evaluation with the help of the used photo
documentation system (2.7.6.).

Table 11: 50x TAE (Tris-acetic acid-EDTA) buffer

Component
Tris

Amount

Concentration

242

g

2

M

Acetic acid

57

ml

1

M

EDTA

18.7 g

H2O

up to 1000

pH 7.5

adjusted using HCl

50

mM

ml

Table 12: 6x loading dye

Component
Tris
Glycerol
EDTA

Amount

Concentration
0.12 g

60

ml

2.28 g

10

mM

8.2 M
60

mM

Bromophenol blue

30

mg

0.45 mM

Xylene cyanol FF

30

mg

0.55 mM

up to 100

ml

H2O
pH 7.6

adjusted using HCl
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2.7.5. DNA staining in agarose gels
This was achieved using the fluorescent dye ethidium bromide, which intercalates between the
stacked bases of double stranded DNA (Sharp et al., 1973). UV radiation (302 nm and
366 nm) is absorbed by the bound dye, and energy is reemitted at 590 nm in the visible redorange region (LePecq and Paoletti, 1967). The florescence yield of bound dye to DNA is
~20-30 fold higher than that of free dye in solution, which makes this staining method very
sensitive and even small amounts of DNA (~10 ng) can be detected (Green and Sambrook,
2012). After agarose gel electrophoresis (2.7.4.), the gel was immersed in ethidium bromide
solution

(0.75 µg/ml in 1x TAE buffer) for 20-30 min at RT and in the dark. The gel was

then exposed to a UV transilluminator (312 nm) that induces intercalating ethidium bromide to
emit fluorescence and visualize DNA bands. The photo documentation system “Mitsubishi
P93D” was used to photograph the visualized bands for further evaluation.

2.7.6. DNA fragment sizing and concentration determination
For that purpose, standard DNA markers (GeneRuler™ Ladders, Thermo Fisher Scientific Inc.,
Rockford (USA) with different length ranges were used. According to the expected DNA
fragment(s) size, the suitable ladder range was chosen and loaded (3 µl) in a separate well
beside the tested DNA samples. Electrophoresis (2.7.4.) was run and after gel staining and
visualizing (2.7.5.), the size of the band under investigation was determined in reference to the
nearest standard band(s). Moreover, the band intensity of standards, with known DNA
concentrations, could be used to empirically determine DNA concentration in tested samples,
by comparing their relative intensities to that of standards (Green and Sambrook, 2012).
Figure 5 shows the different GeneRuler™ markers used in this study.

- 43 -

2. Materials and Methods

Figure 5:: GeneRuler™ ladders (http://www.thermoscientificbio.com/
http://www.thermoscientificbio.com/)

2.7.7. Photometric
hotometric DNA concentration determination
Accurate DNA concentration
centration in solutions
sol
was determined spectrophotometrically, by
measuring their absorbance at 260 nm. It is thought that the aromatic ring of purine and
pyrimidine bases absorb most of the UV irradiation
irradiation.. For double stranded DNA, the average
extinction coefficient is 50 (mg/ml)-1 cm-1, i.e. through a 1 cm light path length, 1 A260 unit
corresponds to a concentration of 50 mg/ml (Green and Sambrook, 2012). Also, the purity of
the DNA preparation was evaluated in reference to absorbance ratio at 260 nm and
a 280 nm
(i.e. 260/280
280 ratio). A ratio of (~1.8-2.0)
2.0) reflects a pure DNA preparation, however,
however lower
ratios indicate contaminated samples
sample with protein, phenol or other contaminants that absorb at
λ=280
=280 nm (Green and Sambrook, 2012)
2012).. Two methods were used for that purpose, as
described below.

2.7.7.1. UV-Vis
Vis spectrophotometer

A 100-µl quartz cuvette, with a light path length of 1 cm, was used to measure absorbance at
260 nm (UV range). 1 µl DNA sample was added to 99 µll distilled water and mixed without
air bubbles generation. The absorbance was measured against a water blank.
blank The final
concentration was calculated after taking into consideration the dilution factor (DF 100).
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2.7.7.2. NanoDrop spectrophotometer

This is a more easier and rapid way to determine DNA concentration. The instructions of the
manufacturer were followed. 1 µl of distilled water was placed on the sensor, and the device
was blanked. Water was wiped out, and this time 1 µl DNA sample was placed and the
concentration was measured. The sensor was regenerated for further use by incubation with
5 µl of distilled water for 3 min.

2.7.8. Enzymatic modifications of DNA
2.7.8.1. Digestion of DNA fragments and vectors using restriction enzymes

Digestion of DNA became an essential tool in molecular cloning and genetic engineering.
Restriction enzymes are defined as endonucleases that cleave both DNA strands at specific
short palindromic sequences. Some restriction enzymes generate complementary 5′- or 3′overhangs, called “sticky ends”. These sticky ends are of great benefit to facilitate further
cloning, i.e. ligation of inserts and vectors, which have been both cut with the same restriction
enzyme. The DNA sample was incubated with the suitable restriction enzyme(s) in the
presence of the supplemented buffer system, to guarantee their optimal enzyme activity.
Supplier instructions concerning amounts of DNA and required enzyme were followed. The
incubation period could be extended for 7 hours to ensure complete digestion; this was
monitored by electrophoretic analysis (2.7.4.) of the digestion products. In case double
digestion was needed, the used buffer system should be chosen, so that the activity of both
enzymes in this buffer was at least 50-100 %. As most of the used restriction enzymes in this
study were supplied from Thermo Fisher Scientific Inc., Rockford (USA), the company
website was checked for that purpose to choose the optimal buffer system. If this was not the
case and no suitable buffer could be found for both enzymes, the double digestion was done in
two steps separated by purification. This means, the DNA sample was incubated with the first
enzyme using its optimal buffer, followed by purification of digestion products using
“NucleoSpin® Extract II Kit” (Table 4), and finally incubation with second enzyme in its own
buffer system.
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2.7.8.2. Dephosphorylation of restricted vectors

This was done to remove the phosphate group from the 5′- end of linearized vectors, after
being cut with restriction enzymes (2.7.8.1.). Dephosphorylation inhibits religation of 5′- and
3′- ends of the vector, which in turn increases the ligation probability of insert into to vector
(Green and Sambrook, 2012). In other words, dephosphorylation of vectors, before ligation
(2.7.8.3.), increases the yield of a newly constructed plasmid by decreasing vector self
religation. For that purpose, 1 µl “Shrimp alkaline phosphatase” (SAP, 1 U/µl, Thermo Fisher
Scientific Inc., Rockford (USA) was directly added to the digested vector. As SAP is active in
all Thermo Fisher restriction buffer systems, an additional purification step after vector
restriction digestion was not needed. According to the manufacturer’s instructions, incubation
was done at 37 ˚C for 30 min, followed by an inactivation step at 65 ˚C for 20 min. Then, the
5′- dephosphorylated vector was ready for further ligation (2.7.8.3.) with the desired insert.

To control the efficiency of vector dephosphorylation, a sample was treated the same way as
in a ligation experiment, except that no insert was added. After ligation products were
transformed into competent bacteria (2.8.), these were plated onto solid media containing
antibiotics selecting for the antibiotic resistance cassettes, present on the vector backbone.
Only cells harboring religated vectors could survive the antibiotic stress and form colonies.
The number of colonies is reversibly proportional with dephosphorylation efficiency.

2.7.8.3. Ligation of restricted DNA fragments into vectors

Construction of a new plasmid requires ligation of a desired DNA fragment or gene, here
called insert, to a suitable vector that can replicate in host bacteria after its transformation
(2.8.). First, both insert and vector were cut with the same restriction enzymes (2.7.8.1.) to
generate complementary sticky ends between insert and vector. This facilitated ligation using
“T4 DNA Ligase” (Thermo Fisher Scientific Inc.), an ATP dependent enzyme that binds
double stranded DNA molecules through the formation of phosphodiester bonds between their
free 3′-hydroxyl and 5′-phosphate groups (Weiss et al., 1968). In this study, 1: 1, 1:3, 1:5 and
1:7 (insert : vector) molar ratios were tried, but in most cases 1:3 and 1:5 led to an efficient
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ligation. Ligation was regularly performed in a 20 µl-reaction mixture, where the volumes of
insert and vector were determined according to their concentration with the help of online
“Gibthon Ligation Calculator” (http://django.gibthon.org/tools/ligcalc/). The ligation reaction
was incubated at 22 ˚C for 1 h, according to Thermo Fisher instructions. Otherwise, a gradient
incubation was done in a thermocycler (22 ˚C for 15 min, 21 ˚C for 15 min, 19 ˚C for 15 min,
18 ˚C for 15 min, and 16 ˚C for 30 min). An inactivation step was done at 65 ˚C for 20 min to
stop the reaction. The ligation products could be directly used to transform competent cells via
heat shock mechanism. Otherwise, they should be first dialyzed (2.7.3.1.), if electroporation
was required.

2.7.9. DNA amplification through polymerase chain reaction (PCR)
2.7.9.1. Design and synthesis of primers

Forward and reverse primers are short oligodeoxynucleotides, which can specifically anneal to
the first and last 18-20 bp in the DNA template sequence, respectively. Design of primers was
done with the help of the “Clone Manager Suite 7.11” computer program (Scientific &
Educational Software, Cray (USA)). The following criteria were taken into account to ensure
binding stability of primers to their complement templates, and hence, to guarantee optimal
PCR results.
•

Primer length should not exceed 18-30 bp.

•

GC-content should be 40-60 %.

•

Primer should have one to three G or C at its 3′-end.

•

Avoid formation of primer dimers and consequent raster mutation, by avoiding repeating
the same base more than four times in a sequential way.

To facilitate the subsequent cloning of PCR products into the corresponding vectors,
recognition sequences of certain restriction enzymes were fused to the 5′-end of the primer
sequences (2.7.9.4).
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Primers were synthesized by the company “biomers.net GmbH, Ulm” and were obtained in a
lyophilized form that was then suspended in distilled water (100 pmol/µl) and stored at -20 ˚C.

2.7.9.2. Polymerase chain reaction (PCR)

PCR was first developed in 1983 by Kary B. Mullis and Fred Faloona (Saiki et al., 1985).
Basically, the technique consists of three main successive steps; denaturation of double
stranded DNA template, annealing of complementary primer to the single stranded template,
and extension or elongation of the newly synthesized strand by adding template
complementary nucleotides to the primer sequence. Therefore, the PCR reaction mixture
should contain DNA template, complementary primers, free nucleotides, and a thermal stable
DNA polymerase that adds nucleotides in the direction (5′→3′-ends) to the new strand in the
primer-template complex. PCR was achieved by heating up DNA to 95 ˚C, cooling down to
near melting point of the primer-template complex (e.g. 52 ˚C), and re-heating up to 72 ˚C, the
optimal temperature of the thermal stable DNA polymerase. A thermocycler was used and the
reaction was repeated many times (20-40 cycles) using forward and reverse primers that span
the entire length of DNA template. This results in an exponential accumulation of the DNA
region defined by the primers. Ideally, if n is the number of total cycles, 2n copies of the
desired DNA fragment would be synthesized. It is important to determine the optimal
annealing temperature, otherwise, primers will not bind to the template and the whole reaction
cannot proceed. The annealing temperature is typically chosen to be 3-5 ˚C lower than the
lowest melting temperature (Tm) of the two primers used. Tm of each primer is dependent on
its sequence and can be calculated from the following formula (Suggs et al., 1981):
Tm [˚C] = 4 x (G + C) + 2 x (A + T)
PCR was regularly done to amplify DNA fragments or genes from their natural organism, in
order to be cloned in vectors and transmitted to other host bacteria. In addition, PCR was used
as an efficient means to prove positive gene cloning and plasmid transformation throughout
this work.
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Standard PCR reaction mixture (on ice)
µl

Template (~ 100 ng/µl)

1

Forward primer (10 pmol/µl)

0.5 µl

Reverse primer (10 pmol/µl)

0.5 µl

Deoxyribonucleotides mixture (dNTPs) (10 mM)

0.5 µl

DNA polymerase buffer with MgCl2 (10x)

2

DNA polymerase (1 U/ µl)

0.5 µl

H2O

up to 20

µl

µl

Standard PCR program (in a thermocycler)

Step

Temperature

Time

Initial Denaturation

95 ˚C

5 min

Denaturation

95 ˚C

1 min
1

Annealing

variable

1 min

Elongation

72 ˚C

variable2

Final elongation

72 ˚C

10 min

Cooling

32 cycles

∞

4 ˚C

1

Annealing temperature was determined according to melting temperatures of used primers in Table 8.

2

Elongation time was determined according to the used polymerase and the length of DNA fragment

to be amplified.

2.7.9.3. Colony PCR

Colony PCR (Woodman, 2008) was used as a screening test for examining a lot of colonies on
transformation plates to identify the positive ones that harbored right plasmids (carrying the
insert under investigation). These positive colonies could then be inoculated into liquid
cultures and used for plasmid DNA preparations (2.7.2.2.).

First, cell lysate was prepared as follows; a single colony was picked from an agar plate using
a sterile inoculation loop and suspended in 50 µl sterile distilled water in 1.5-ml microtube.
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The microtube was incubated at 95 ˚C for 15 min to lyse the cell wall and to get the DNA
content free. Centrifugation (100 g/5 min/RT) was done and clear supernatant, containing
DNA, was taken in a new microtube. Finally, a standard PCR (2.7.9.2.) was performed, in
which 5 µl of the supernatant were used as template for the DNA amplification.

2.7.9.4. Addition of restriction sites

For cloning purposes, the restriction recognition sites of desired restriction should be added to
DNA fragments, to enable their insertion into vectors. These restriction enzymes were chosen,
so that they are present in the multiple cloning site “MCS” of the vector, cut once in the
vector, and have no recognition sites within the DNA fragment to be inserted into the vector.
This was done by adding the desired recognition sequences to 5′-ends of primers and
performing a standard PCR. The resulted PCR product consisted of the original DNA
fragment, flanked with the desired recognition sites. To guarantee the stability of the
corresponding restriction enzymes, 3-6 nucleotides were also added to that primer end, before
the added recognition site, i.e. the sequence of primer should be as follows:
5′end- [(3-6 nucleotides) / (specific recognition site) / (18-20 nucleotides complementary to
template)] -3′end
2.7.9.5. UA cloning of PCR products into pDrive: “QIAGEN PCR Cloning Kit”

Sometimes, a direct cloning of the PCR product into the host vector could not be achieved. In
those cases, the PCR product was first ligated into pDrive or pJet1.2 (2.7.9.6) cloning vectors,
then the insert was cut from the cloning vector using corresponding restriction enzymes, and
finally, ligated to the pre-digested host vector.

UA cloning principle of “QIAGEN PCR Cloning Kit” benefits from the fact that some DNA
polymerases (e.g. Taq polymerase) have terminal transferase activity and add a single adenine
(A) overhang at each end of the PCR product, which can anneal to the single uracil (U)
overhang at each end of the linearized pDrive cloning vector. A ligase was used to ligate the
two hybridized DNA fragments, i.e. PCR product and pDrive vector.
- 50 -

2. Materials and Methods
The manufacturer’s instructions were followed, in which 1-4 µl PCR products were added to
1 µl pDrive, 5 µl ligation master mix (2x), and the volume was filled up to 10 µl using distilled
water. The ligation reaction was incubated at 22 ˚C for 30 min, and then ligase was inactivated
at 65 ˚C for 15 min. Ligation products were directly transformed into E. coli chemical
competent cells, where a blue-white selection (2.5.3.2.) was applied to screen for positive
transformants.

2.7.9.6. Cloning of PCR products into pJET1.2: “CloneJet PCR Cloning Kit”

The linearized blunt ended pJET1.2 cloning vector was used. PCR products having adenine
overhangs should be blunted first, before ligation could proceed. This kit had the advantage
that no blue-white screening was required. The self ligated pJET1.2 expresses a lethal gene
after transformation in E. coli, this means, only cells harboring the right plasmid
(pJet1.2-insert) can propagate and form colonies on the agar plate.

2.7.10. DNA sequencing
PCR products and constructed plasmids were confirmed to be mutation-free using DNA
sequencing (Sanger et al,. 1977). All sequencing reactions were done through the company
“GATC Biotech AG, Konstanz”. Before sending pure DNA samples to be sequenced, the
company’s instructions were followed, concerning DNA concentration and solution volume.
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2.8. DNA transfer into Bacteria
2.8.1. Transformation of E. coli
2.8.1.1. Preparation of competent cells

2.8.1.1.1. Chemical competent cells

The method of Inoue et al. (1990) was used with some modifications. A preculture of the
desired E. coli strain was inoculated in LB medium (5 ml supplemented with the suitable
antibiotic), and incubated overnight at 37 ˚C/175 rpm. This preculture was used to inoculate
SOB medium (250 ml supplemented with the suitable antibiotic) in a 1000-ml Erlenmeyer
flask (with baffles) to an OD600 nm of 0.1. Incubation of this culture was done at 18 ˚C/ 80 rpm,
until the OD600

nm

reached 0.6-0.8 (exponential phase). The culture was transferred into

centrifugation tubes, and incubated on ice for 10 min. Cell harvest was done by centrifugation
(5875 g/10 min/4 ˚C). The supernatant was discarded, and the cell pellet was washed by
suspension in ~30 ml TB buffer (Table 13). Suspended cells were incubated for 10 min on ice
and centrifugation was repeated. The washed cell pellet was suspended in 10 ml TB buffer and
750 µl DMSO was added drop by drop. The competent cells were now ready to use. For long
term storage, the suspension was aliquoted in 200-µl portions, immediately shock-frozen in
liquid N2 (-196 ˚C), and stored at -80 ˚C until use.
Table 13: TB buffer

Composition*

Amount

Concentration

Solution A
PIPES

750

mg

10

mM

CaCl2

420

mg

15

mM

H2O

up to 125

ml

pH 6.7

adjusted using KOH
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Solution B
KCl

4.66 g

MnCl2

1.72 g

H2O
*

up to 125

250

mM

34.7 mM

ml

Both solutions were separately autoclaved, cooled down and added to each other under sterile conditions.

2.8.1.1.2. Electrocompetent cells

The method of Dower et al. (1988) was used. A single colony of the desired E. coli strain was
inoculated into LB medium (5 ml containing the suitable antibiotic) and incubated overnight at
37 ˚C/175 rpm. This preculture was used to inoculate LB medium (250 ml supplemented with
the suitable antibiotic) to an OD600 nm of 0.1. This culture was incubated at 37 ˚C/175 rpm,
until it reached an OD600 nm of 0.5-0.8 (exponential phase), when the culture was poured into
centrifugation tubes and incubated on ice for 30 min. Centrifugation (5875 g/10 min/4 ˚C)
followed and the supernatant was discarded. Harvested cell pellet was washed two times using
250 ml ice-cold sterile water. Two additional washing steps were done using 25 ml sterile icecold 10 % (v/v) glycerol. After centrifugation, the washed cell sediment was suspended in
1 ml sterile ice-cold 10 % (v/v) glycerol, divided into 50-µl aliquots, and shock frozen in
liquid N2. Finally, storage was done at -80 ˚C until use.

2.8.1.1.3. Fast electrocompetent cells

This method had the advantage of saving time, effort and a large volume of medium. On the
other hand, due to their low transformation efficiency, cells prepared by this method could be
used only for transformation of ready plasmid DNA, but not ligation products.

A preculture (5 ml) of the desired E. coli strain was prepared. In two sterile microtubes, 2-ml
culture aliquots were taken, and centrifuged (825 g/1 min/4 ˚C). Supernatant was discarded
and the cell pellet was washed twice with 1 ml sterile ice-cold water. The cell pellet was
washed two more times using 1 ml sterile ice-cold 10 % (v/v) glycerol. After centrifugation,
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the cell sediment was suspended in 100 µl ice-cold 10 % (v/v) glycerol. The suspension was
aliquoted into 50-µl portions and immediately used in electroporation.

2.8.1.2. Transformation methodologies

2.8.1.2.1. Heat-shock technique

This protocol was used to transform chemically competent E. coli cells (2.8.1.1.1.) with
plasmid DNA as well as with ligation products. The 200-µl aliquoted competent cells were
thawed on ice. Under septic conditions, 1 µl (100-400 ng DNA) of plasmid preparation
(2.7.2.2.) or 20 µl of ligation products (2.7.8.3.) were added to the competent cells and mixed
gently. The mixture was incubated on ice for 10 min and subjected to a heat-shock, by
transferring the microtube into a 42 ˚C hot plate for 1 min. Then, the microtube was
retransferred rapidly onto the ice bath for another 10 min. For cell regeneration, 800 µl of
37 ˚C pre-warmed LB or SOC (2.5.1.) medium were added to transformed cells, and an
incubation (37 ˚C/175 rpm/55 min) was done. One LB agar plate (supplemented with the
corresponding antibiotic) was plated with 100 µl of regenerated culture. The rest of the culture
was centrifuged (2400 g/3 min/RT), and all supernatant was discarded except 100 µl that were
kept to suspend the cell pellet and plate it onto a new agar plate (supplemented with the
corresponding antibiotic). The two agar plates were incubated at 37 ˚C for 24-48 h. Colonies,
if present, were then screened for positive plasmid transformation, using colony PCR
(2.7.9.3.), or by plasmid preparation followed by restriction digestion or standard PCR tests.

2.8.1.2.2. Electroporation technique
This procedure was used to transform electrocompetent E. coli (2.8.1.1.2.) with plasmid
preparations and ligation products. For fast competent cells (2.8.1.1.3.), only plasmid
preparations could be transformed. An electroporation cuvette (electrode distance of 2 mm)
was pre-cooled on ice. Then, 1 µl (100-400 ng DNA) of plasmid preparation, or 20 µl of
dialyzed ligation products (2.7.3.1.), were added between the electrodes of the cuvette. A 50µl aliquot of electrocompetent cells was thawed on ice and added to the plasmid DNA drop
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between the two electrodes. The cuvette was incubated on ice for 10 min and transferred to the
sample chamber of the pulse generator “Gene Pulser Xcell™”. Cells were subjected to an
electric shock (voltage of 2.5 kV, capacity of 25 µF, resistance of 200 Ω, time constant of 4.55 ms), then quickly supplied with 800 µl of pre-warmed LB medium, and transferred to a
sterile Eppendorf microtube. Regeneration of cells was performed by incubating the culture at
37 ˚C/175 rpm for 55 min. Pre-warmed LB agar plates (supplemented with the suitable
antibiotic) were plated with 100 µl of either 1:1 or 1:10 (v/v) regenerated culture. Plates were
incubated at 37 ˚C for 24-48 h, and resulting colonies were checked for positive
transformation using colony PCR or restriction tests.

2.8.2. Transformation of C. sporogenes by conjugation
Plasmid transfer into C. sporogenes was done by direct cell-to-cell contact with the
conjugation competent E. coli CA434 strain, carrying the desired plasmid. This E. coli strain
acted as a donor strain capable to form bridge-like connections, called pili, which helped to
transfer the mobilizable plasmid into the recipient strain, C. sporogenes.

Overnight cultures of both donor E. coli CA434 strain (with the desired plasmid) as well as
C. sporogenes were inoculated into LB (5 ml supplemented with corresponding antibiotic),
and 5 ml 2xYT media, respectively. One ml of the E. coli overnight culture was taken, and
cells were harvested by centrifugation (6200 g/1 min/RT). The supernatant was discarded, and
the cell pellet was washed with 0.5 ml anaerobic PBS buffer (Table 14). Washing should be
done gently to avoid rupturing of the cell surface pili, essential for conjugation. After
centrifugation, the supernatant was again removed, and the cell pellet was now ready for
conjugation. All the following steps were done under anaerobic conditions. E. coli cell pellet
was suspended in 200 µl of C. sporogenes overnight culture. This bacterial mixture was
dropped on a 2xYT agar plate, so that the drops were well distributed over the agar surface.
The plate was covered, closed with parafilm, and incubated anaerobically at 37 ˚C for 7-8 h,
without plate inversion. Cells were scratched from plate surface, using 2 ml anaerobic PBS
buffer and with the help of a sterile plastic disposable inoculation loop. The last step was to
plate this conjugation mixture, which looked like slurry, onto 2xYT plates, supplemented with
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colistin antibiotic selecting against Gram-negative bacteria (i.e. E. coli CA434 donor strain),
and another suitable antibiotic selecting for the plasmid carrying C. sporogenes
transconjugants. One selective 2xYT agar plate was inoculated directly with 100 µl of slurry,
and sterile glass beads (0.5 cm) were used for bacterial spreading. The rest of the slurry was
centrifuged (3500 g/2 min/4 ˚C), all supernatant was discarded except 100 µl that were used to
suspend the cell pellet and plate it onto another selective 2xYT plate. Plates were closed with
parafilm, inverted, and incubated anaerobically at 37 ˚C for 48-72 h.

Table 14: Anaerobic PBS (phosphate-buffered saline) buffer

Component

Amount

Concentration

NaH2PO4 x 1 H2O

1.44 g

12 mM

Na2HPO4 x 2 H2O

15.6 g

88 mM

5.84 g

100 mM

NaCl
Anaerobic H2O

up to 1000

ml

pH 7.4

adjusted with HCl

2.9. Working with proteins
2.9.1. Intracellular proteins
2.9.1.1. Preparation of raw cell extract using homogenizers

To open bacterial cells and extract their intracellular protein content, cell walls were
mechanically disrupted using glass beads (Ø 0.1 mm), and “Precellys® 24” or “Ribolyser™
Cell Disruptor” cell homogenizers. An overnight culture of the desired bacterial strain was
prepared, transferred into centrifugation tubes, and centrifuged (4500 g/10 min/4 ˚C). After
supernatant removal, the cell pellet was washed in 10 ml potassium phosphate buffer
(50 mM, pH 7). Centrifugation was done, the cell pellet was suspended in 1 ml buffer, and
transferred into 2-ml screw-capped microtubes containing 250 mg fine glass beads. The
sample was homogenized (speed 6500/45 s/4 ˚C) four times for E. coli and 6-8 times for
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C. sporogenes. Incubation on ice for 3 min was done after every two successive runs, to avoid
protein denaturation due to the generated friction heat. Finally, the sample was centrifuged
(13900 g/30 min/4 ˚C), and the clear supernatant, free of cell debris and glass beads, was
carefully transferred into a clean microtube. This supernatant was used as the intracellular
protein crude extract.

2.9.1.2. Isolation of cytosol and membrane protein fractions

Protein from cytosol and membrane fractions was isolated from the crude cell extract
(2.9.1.1.) by ultracentrifugation at 203756 g/90 min/4 ˚C (Pernecky and Coon, 1996; mod.).
The supernatant, containing cytosol proteins, was taken into a clean microtube. A clean metal
spatula was used to fish the precipitate, containing membrane proteins. The precipitate was
suspended and manually homogenized using 100 µl potassium phosphate buffer
(20 mM, pH 7) in a glass homogenizer. This suspension was then transferred into a clean
microtube. Both, cytosol and membrane protein fractions were shortly stored on ice until
further use.

2.9.2. Extracellular proteins
2.9.2.1. Supernatant collection

An Overnight culture from the desired bacterial strain were prepared and centrifuged
(4500 g/30 min/4 ˚C). Cell-free supernatant, containing extracellular protein fraction, was
transferred into a clean tube. This could be shortly stored at 4 ˚C for further investigations or
could be concentrated as described below (2.9.2.2.). If Ni-NTA chromatography (2.9.6.) was
to be applied, the supernatant was first sterilized by membrane filtration (0.2 µm), before
being loaded onto the purification column.
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2.9.2.2. Concentration and desalting of protein solution

2.9.2.2.1. Microconcentration columns
“Nanosep®” columns were used to concentrate and desalt protein from biological samples.
After sample application, columns retained only proteins larger than the specified molecular
weight cutoff of their membranes. All other biomolecules, and salts with lower molecular
weight pass through the membrane to the filtrate receiver. Moreover, the low protein-binding
“Omega®” membrane reduces loss of proteins via non-specific adsorption to the column
membrane, and hence, allows higher protein recoveries. The instructions of the manufacturer
were followed, in which 500 µl of culture supernatant (2.9.2.1.) were applied to the column
and centrifuged (13900 g/10 min/RT). Concentrated sample (5-20 µl) was retained above the
membrane and could be recovered with a micropipette. This resulted in up to 100-fold protein
sample concentration and purification from medium salts and other unwanted components.

2.9.2.2.2. Ammonium sulfate precipitation

For large volumes of biological samples, protein content was concentrated via ammonium
sulfate precipitation. Bacterial cell-free supernatant (50 ml) was prepared as described in
section 2.9.2.1. Then, 40 % (w/v) ammonium sulfate was added to the supernatant, and the
sample was incubated at 4 ˚C/20 rpm overnight. Centrifugation (4500 g/30 min/4 ˚C)
followed, and the supernatant was completely removed. Centrifugation for one minute was
done to make sure that the protein pellet was completely dry. The protein pellet was dissolved
in 2 ml PBS buffer (Table 15). To remove ammonium sulfate traces, which could interfere
with further applications, the sample was subjected to dialysis (2.9.2.3.).

Table 15: PBS (phosphate buffered saline) buffer

Component

Amount

Concentration

NaCl

8

g

136.89 mM

KCl

0.2 g

2.68 mM

Na2HPO4 x 2 H2O

1.44 g

8.09 mM
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KH2PO4

0.24 g

H2O

up to 1000 ml

pH 7.4

adjusted with HCl

1.74 mM

2.9.2.2.3. Dialysis

This method was used for desalting of protein solutions as well as their purification from lowmolecular weight peptides, media substrates, and other substances. Dialysis tubings
“VISKING®” and “SERVAPOR®” with a molecular weight cutoff of 12-14 kDa were used.
Low molecular weight substances in protein samples will diffuse through the semi-permeable
membrane of dialysis bags into the external surrounding buffer. Manufacturer instructions
were followed. First, 10-15 cm dry dialysis tubes were cut from the provided roll and boiled
for 10 min in 32 mM EDTA solution, to remove any traces of heavy metal contaminants. The
tubes were then fished and washed by boiling for another 10 min in distilled water. Now, the
tubing was ready for use. The lower end of the tubing was closed with a clamp, before it was
filled with the protein solution. The volume of the protein solution should not exceed 2/3 of
the tubing, as it will increase during dialysis through water penetration. The upper end of the
tubing was closed using a clamp, and dialysis was done against the same buffer that was to be
used in further experiments. For optimal results, the buffer volume should be 100-1000 fold
that of the sample, and dialysis was performed overnight at 4 ˚C and under continuous stirring.
To concentrate the dialyzed sample, the tubing was embedded in PEG 20000 (polyethylene
glycol), until the desired concentration was reached. The hygroscopic nature of PEG helped to
concentrate the protein sample via water withdrawal through the membrane of the tubing.

2.9.3. Determination of concentration of protein solutions
“Pierce™ BCA Protein Assay Kit” was used for that purpose. The kit is based on the principle
that, in alkaline medium, proteins can reduce Cu2+ to Cu+ (Levin and Brauer, 1951). Resulting
Cu+ ions can each chelate two molecules of bicinchoninic acid (BCA) in a highly sensitive and
selective colorimetric reaction (Smith et al., 1985). The formed purple-colored reaction
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product is a water soluble complex, which strongly absorbs at 562 nm. This absorption is
linearly proportional to protein concentration over a broad working range (20-2000 µg/ml).

Considering the manufacturer’s instructions, 25 µl of standard or unknown protein samples
replicates were pipetted in a 96-well microtiter plate. Then, 200 µl of kit working reagent was
added to each sample. After thoroughly mixing on a plate shaker for 30 s, the plate was
covered and incubated at 37 ˚C for 30 min. Using the microplate microtiter reader “Anthos
htIII”, the absorbance at 562 nm against a water blank was measured. A standard curve was
prepared for determining unknown concentration of protein samples.

2.9.4. Determination of the β-galactosidase activity
In this study, the lacZ gene from Thermoanaerobacter thermosulfurigenes (Burchardt and
Bahl, 1991) was used as reporter gene for the determination of promoter activity in bacteria.
The lacZ gene was cloned downstream of the investigated promoter in the corresponding
vector. The vector was then transformed into host bacteria, and activity of β-galactosidase was
tested. In case, if β-galactosidase showed positive enzyme activity, the upstream promoter was
considered to be active and could be used to express other genes in that host. Otherwise, the
promoter was not recognizable in such bacteria and could not be used for further work. The
produced β-galactosidase has an optimal activity at 65 ˚C, and can hydrolyze the glucosidic
linkages in β-galactosides converting them into monosaccharides. For the in vitro enzyme test,
o-NPG was used as a substrate analogue, which was cleaved into D-galactose and onitrophenol. Enzyme activity was monitored by measuring the extinction changes at 405 nm,
at which o-nitrophenol has its maximal absorption. The spectrophotometer was connected to a
65 ˚C water bath to maintain constant sample warming, and its output was directly transferred
into the computer software program “Swift II-Method” (GE Healthcare Life Science,
Dornstadt).

Briefly, in a plastic cuvette (optical path length 1 cm), 60 µl intracellular crude extract
(2.9.1.1.) were added to 790 µl potassium phosphate buffer (50 mM, pH 7), and incubated at
65 ˚C for 10 min. The extinction E1 was measured at 65 ˚C for 2 min. The reaction was started
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by the addition of 150 µl o-NPG (10 mg/ml), and E2 measurement was immediately started at
65 ˚C for 8 min.

To determine the volume activity, the following formula was used:
Volume activity (U/ml) =

∆E⁄min ∗ V ∗ DF
ε∗d∗v

Where,
∆E /min = extinction change (E2-E1) per time unit (min-1),
V = total volume of reaction,
DF = dilution factor of the sample,
ε = specific extinction coefficient (mM-1 * cm-1); (ε o-NPG405nm = 3.5 mM * cm-1),
d = optical path length of the cuvette (1 cm), and
v = volume of the sample (µl).

The specific enzyme activity was determined using the following formula:

Speci ic activity (U⁄mg) =

Volume activity (U⁄ml)
Total protein content (mg)

2.9.5. Heterologous overexpression of plasmid-encoded proteins in E. coli
This was achieved using the pET expression system (Novagen R & D Systems; Wiesbaden),
where the desired gene was cloned downstream of T7lac promoter in the MCS of pET29a
vector. The plasmid was then transformed into a specific E. coli strain, BL21 (DE3), whose
genome codes for T7-RNA polymerase under the control of lacUV5 promoter. Both T7lac and
lacUV5 promoters are IPTG-inducible. With only a very low background expression, this pET
system provides an extremely tight regulation of cloned genes that may be toxic for
intermediate host bacteria (e.g. E. coli strains). The T7lac promoter on the pET plasmid could
only be recognized by the T7-RNA polymerase encoded in the host genome. Also, both, the
plasmid and the genome have a copy of lacI repressor gene. In the absence of inducer, lacI is
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constitutively expressed, which switches off the expression of the gene in the MCS of the
expression plasmid directly through blocking the lac operator sequence of its T7lac promoter,
and indirectly through blocking the genomic lacUV5 promoter of T7-RNA polymerase.
Moreover, pET29a is provided with 6xhis-tag encoding sequence that could be fused to the
cloned gene, at its 3′-end. This C-terminal “6xHis tag” could help in protein purification via
Ni-NTA affinity chromatography (2.9.6.). Alternatively, it can also be used as an epitope for a
specific antibody to monitor successful protein production via immunostaining (2.9.12.).

For overexpression, 500 ml LB or TB medium (2.5.1.) were inoculated using an overnight
culture of E. coli BL21 (DE3), containing the desired plasmid construct, to an OD600 nm of 0.1.
The culture was incubated at 37 ˚C/175 rpm, until the OD600

nm

reached 0.6-0.8. Then,

expression was induced by adding IPTG to a final concentration of 1 mM. As controls, 1-ml
samples were taken directly before induction, and then at 1-h time intervals after induction.
These control samples were centrifuged (13900 g/1 min/RT), the supernatant was discarded,
and the cell pellet was stored on ice or at -20 ˚C until SDS-PAGE analysis (2.9.7). After 3-4 h
of induction, the culture was poured into sterile 50-ml centrifuge tubes, and cells were
harvested by centrifugation (4500 g/10 min/4 ˚C). The supernatant was discarded, the pellet
was washed using potassium phosphate buffer (50 mM, pH 7), and stored at -20 ˚C until use.

2.9.6. Ni-NTA affinity chromatography

This is a type of immobilized metal ion affinity chromatography (IMIAC) that can be used for
the purification of proteins fused to a polyhistidine tag, i.e. xHis tagged proteins. Six histidine
residues (6xHis-tag) were added to the C-terminus of the recombinant proteins. The method is
based on the principle that histidine has a high affinity to bind nickel. Using four of their six
coordination sites, Ni2+ ions were immobilized on NTA (nitrilotriacetic acid) agarose
stationary phase (Qiagen GmbH). The remaining two coordination sites were left free for
protein binding through its C-terminal 6xHis-tag. This binding between nickel ions and 6xHistag is reversible, and proteins can be easily eluted using imidazole, a histidine structural
analogue (Schmitt et al., 1993).
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Purification consisted of five main steps; column preparation, column equilibration, sample
loading, washing, and elution of 6xHis-tagged protein.
•

Column preparation: A 10-ml plastic column, having a filter paper on its bottom,
was constructed according to manufacturer’s instructions (GE Healthcare Europe
GmbH). 0.5 ml Ni-NTA agarose gel (Qiagen GmbH) was poured into the column.
After gel particles were settled down, the liquid phase was allowed to drain by gravity.
The column was washed with 5 ml distilled water. Care should be taken here and
throughout the whole procedure to avoid air bubble formation as well as gel drying.

•

Equilibrium: The column was equilibrated using 10-bed volumes of imidazole buffer
(10 mM, pH 8), and allowed to drain by gravity.

•

Sample loading: Clear crude cell extract (2.9.1.1.) or membrane-filtered supernatant
(2.9.2.1.) were loaded onto the pre-equilibrated column. The closed column was
incubated at 4 ˚C for 30 min, to allow binding of 6xHis tagged proteins to Ni2+
coordination sites. Then, the column tap was opened to allow drainage by gravity.

•

Washing: Non-bound proteins and other non-specific bindings were washed-out twice,
using 5-bed volumes of imidazole buffer (30 mM, pH 8) each. Drainage was allowed
by gravity.

•

Elution: Specifically-bound proteins were eluted from column using an increasing
concentration of imidazole buffer (75 mM, 100 mM, 200 mM, 250 mM, and 1 M),
where 2x 2-bed volumes of each concentration were applied, incubated with the
column for 3 min, and then collected separately in two 1.5-ml microtubes. Different
fractions were analyzed using SDS-PAGE (2.9.7), to determine the optimal imidazole
elution concentration to be used in future purifications. Fractions were stored at 4 ˚C
until use.

•

Column regeneration and storage: The column was washed twice, using 10-bed
volumes of imidazole buffer (1 M, pH 8) each. Finally, the column was filled with 30
% (v/v) ethanol and stored at 4 ˚C, so that it could be used again for the purification of
the same protein.
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Table 16 and Table 17 show the composition of imidazole buffer (1 M, pH 8) and the basis
buffer used for preparation of different dilutions, respectively.

Table 16: Imidazole buffer (1 M, pH 8)

Component

Amount

Imidazole

Concentration

68

NaH2PO4 x 1 H2O
NaCl

g

1 M

6.9 g

50 mM

17.53 g

300 mM

H2O

up to 1000

ml

pH 8

adjusted with HCl

Table 17: Basis buffer (dilution buffer)

Component
NaH2PO4 x 1 H2O
NaCl

Amount

Concentration
6.9 g

50 mM

17.53 g

300 mM

H2O

up to 1000

ml

pH 8

adjusted with HCl

2.9.7. Sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE)
Proteins were separated according to their molecular weight in polyacrylamide gels and under
denaturating conditions, using electrophoresis (Laemmli 1970). The anionic detergent, sodium
dodecyl sulfate (SDS), was added to linearize proteins by reducing their disulfide bonds,
responsible for protein tertiary and quaternary structures. Moreover, SDS causes an even
distribution of negative charge per unit mass of proteins, and guarantees that their differential
migration towards the anode is exclusively dependent on their size. The smaller the protein
molecular weight, the faster it can migrate through the vertical polyacrylamide gel matrix, and
vice versa. As a consequence, proteins with the smallest size appear near the anode at the
bottom of the resulted band pattern, while the largest ones appear at its upper side.
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Approximate sizes of tested proteins can be determined by running a standard protein ladder in
parallel.

The polyacrylamide matrix consisted of two gels, an upper stacking gel and a lower separating
gel, with different acrylamide concentrations, pH values, and ionic strength. Before preparing
the gels, two suitable glass plates (14.7 x 9.2 x 0.3 cm) were cleaned with sterile water and
degreased using 70 % (v/v) ethanol. Glass plates were then assembled together like a
sandwich with a rubber spacer in between to prevent gel leakage. Separating gel (10 %) was
prepared as shown in Table 18, where polymerization started immediately after addition of
ammonium persulfate (APS) and tetramethylethylenediamine (TEMED). APS acted as a
radical initiator, whereas TEMED catalyzed the formation of cross-linkages between
acrylamide and bisacrylamide. Separating gel was quickly poured between the two plates.
About 2 cm from the top of the lower glass plate were left free for the stacking gel. The
surface of separating gel was covered with app. 3 ml iso-propanol, in order to have a flat
smooth top surface. The stacking gel was prepared as shown in Table 18, and poured on the
top of the separating gel, after the last had been polymerized and the isopropanol was totally
removed. A comb was inserted into the stacking gel; care should be taken here to avoid
formation of air bubbles. After the stacking gel was polymerized, the gel sandwiches were
attached to both sides of the electrophoresis assembly cell. If only one gel was to be run, the
other side was blocked with a glass plate. The cell was filled with 1x electrophoresis running
buffer (Table 22), the comb was removed, and formed wells were washed using the covering
buffer. Before loading, protein samples were heated to

95 ˚C for 5 min with 0.25 volumes of

4x Laemmli sample buffer (Table 21). Denatured protein samples were loaded into wells using
a micropipette. Protein ladder (5 µl) was loaded into a separate well, in order to serve as a
reference for size determination (2.9.9.). The circuit was closed and a constant electric field
(120 V) was applied for about 1-2 h, until the bromophenol blue marker reached the lower
border of the separating gel. Staining of gels (2.9.8.) followed to visualize protein bands.
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Table 18: SDS-PAGE gel composition

Component

Separating gel 10 %

Stacking gel 4 %

Rotiphorese® 40 %1

2.08 ml

0.5

Separating gel buffer2

2.08 ml

-

Stacking gel buffer3
H2O
APS 10 % (w/v)4
TEMED
1

-

1.25 ml

4.17 ml
75
7.5

ml

3.25 ml

µl

30

µl

µl

15

µl

Carl Roth GmbH & Co. KG, Karlsruhe; 2 See Table 19; 3 See Table 20; 4 freshly prepared.

Table 19: Separating gel buffer

Component
Tris

Amount
90.86 g

SDS

2

H2O

up to 500

pH 8.8

g

Concentration
1.5 M
13.9 mM

ml

adjusted with HCl

Table 20: Stacking gel buffer

Component
Tris

Amount
37.8 g

SDS

2

H2O

up to 500

pH 6.8

g

Concentration
1.25 M
13.9 mM

ml

adjusted with HCl

Table 21: 4x Laemmli sample buffer

Component

Amount

Concentration

Tris-HCl (1 M, pH 6.8)

2.5 ml

0.25 M

SDS

1

g

0.04 M

Glycerol

4

ml

5.48 M

β-Mercaptoethanol

2

ml

2.85 M

Bromophenol blue

2

mg

0.3
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H2O

up to 10

ml

Table 22: 10x electrophoresis running buffer

Component

Amount

Tris
Glycine

Concentration

30.3 g

0.25

M

142.6 g

1.92

M

SDS

10

H2O

up to 1000

g

34.7

mM

ml

2.9.8. Staining of proteins in polyacrylamide gels
2.9.8.1. Coomassie staining

Coomassie dye binds specifically to aromatic and basic side chains of amino acid residues in
protein polypeptide chains, forming visible bright blue complexes (maximum absorption at
595 nm). The sensitivity of the dye is high, so that this method can detect app. 100 ng/band
(Weber and Osborn, 1969).

After SDS-PAGE (2.9.7.), the polyacrylamide gel was soaked in Coomassie staining solution
(Table 23) and incubated overnight at RT/20 rpm. To remove nonspecific bindings, the gel
was washed with 40 % (v/v) methanol, until the intense background was destained and the
blue protein bands appeared clearly. For documentation, the gel was placed on visible
transilluminator and photographed.

Table 23: Coomassie staining/destaining solutions

Coomassie Staining solution
Coomassie Brilliant Blue R 250

0.04 % (w/v)

Methanol

40

% (v/v)

Acetic acid

10

% (v/v)
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Coomassie destaining solution
Methanol

40

% (v/v)

2.9.8.2. Silver staining

This is a more sensitive method in comparison to Coomassie staining, by which 0.1 to 1 ng
protein per band can be detected (Blum et al., 1987). All the solutions required for silver
staining are listed in Table 24. After proteins were separated by electrophoresis, the
polyacrylamide gel was immersed for at least 30 min at RT in the fixer solution, and then
washed twice with 50 % (v/v) ethanol, 10 min each. Ethanol was removed, the sensitizer
(i.e. thiosulfate solution) was added, and the gel was slightly shaken for 1 min. The gel was
washed three times with distilled water, 5 s each, and then incubated (20 rpm/15 min/RT) with
the freshly-prepared staining solution (i.e. silver nitrate solution). Washing with water (3
times, 5 s each) was followed to remove excess non-bound silver ions. To visualize protein
bands, the developer was added and the gel was shaken, until the desired bands intensities
were reached. At this point, the developer was removed and stop solution was added as fast as
possible, to avoid overstaining of bands. The gel was incubated (20 rpm/15 min/RT) in stop
solution, and finally the gel was washed with distilled water. Then, the gel was ready for
documentation by photographing under visible light on a transilluminator.

Table 24: Solutions for silver staining
Component

Amount

Concentration

Fixer solution
Methanol

500

ml

12.36

M

Acetic acid

120

ml

2.1

M

Formaldehyde, 37 % (v/v)
H2O

0.5 ml
up to 1000

18.03

mM

0.81

mM

ml

Sensitizer (thiosulfate solution)
Na2S2O3 x 5 H2O
H2O

0.2 g
up to 1000
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Stain (silver nitrate solution)*
AgNO3
Formaldehyde, 37 % (v/v)
H2O

0.2 g
75

µl

up to 100

ml

11.77

mM

27.05

mM

0.57

M

Developer solution
Na2CO3

60

g

Thiosulfate solution

20

ml

Formaldehyde, 37 % (v/v)
H2O

0.5 ml
up to 1000

16.2

µM

18.03

mM

50

mM

ml

Stop solution
EDTA disodium dihydrate salt

18.6 g

C10H14N2Na2O8 x 2H2O
H2O
*

up to 1000

ml

Freshly prepared

2.9.9. Determination of molecular weights of proteins
This was achieved by running 5 µl “PageRuler™ Prestained Protein Ladder” (10 to 170 kDa)
in a separate well, parallel to the tested samples in the same SDS-PAGE (2.9.7.). After bands
visualization, molecular weight of tested proteins could be determined by comparing their
migration distances relative to that of ladder (Figure 6) in SDS-PAGE or on Western Blot
(2.9.11.).
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Figure 6: PageRuler™ Prestained Protein
Ladder (10 to 170 kDa)
(http://www.thermoscientificbio.com)

2.9.10. Dot Blot
This was done as a preliminary test to determine in which cellular fractions the recombinant
protein was present. Intracellular and extracellular protein fractions were prepared as
mentioned in sections 2.9.1 and 2.9.2, respectively. 10 µl of the protein sample was dropped
onto a nitrocellulose membrane. A positive control, containing the same protein, was also
dropped to the membrane. Immunostaining of proteins was followed as described below
(2.9.12.).

2.9.11. Western Blot
Using this method, proteins were transferred from polyacrylamide gel onto a nitrocellulose
membrane (Towbin et al., 1979; mod.). First, SDS-PAGE (2.9.7.) was performed for protein
separation, and then the stacking gel was removed using a clean metal scalpel. Four thick or
six thin “Whatman” filter papers and one nitrocellulose membrane were cut to the same size of
the separating gel, and immersed in the transfer buffer (Table 25). Semi-dry blotting was done
using “Protein-Blotter Fastblot B33” (Biometra GmbH). The transfer stack was prepared from
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anode to cathode in the following order; first, 2 or 3 layers filter paper were placed on anode,
then the nitrocellulose membrane followed by the pol
polyacrylamide gel (containing the protein
bands),, and finally again 2 or 3 layers of filter paper (Figure 7).
). To get rid of air bubbles, a
glass test tube was gently rolled over the sandwich. The cathode was tightly placed to close
the circuit and a constant electric field (0.8 mA/ cm2) was applied for 1.5 h. The negatively
charged protein molecules migrated towards the anode, leaving the polyacrylamide gel to the
nitrocellulose membrane. If electric field was exerted for longer time, proteins could be lost bby
further migration from membrane to filter papers. After protein transfer to nitrocellulose
membrane, bands were visualized using an immunostaining technique (2.9.12.).

Table 25:: Transfer buffer for Western blot

Component

Amount

Concentrati
Concentration

Tris

5.8 g

48

mM

Glycine

2.8 g

37

mM

SDS

0.37 g

Methanol (absolute)
H2O

200

ml

up to 1000

ml

Figure 7:: Western Blot "transfer stack"
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2.9.12. Immunostaining of proteins
Buffers used in this technique are listed in Table 26. Nitrocellulose membranes from “Dot
Blot” (2.9.10.) and “Western Blot” (2.9.11.) were incubated overnight at 4 ˚C in blocking
buffer. This was done to block any non-specific protein-binding sites on the membrane
surface, and hence, to reduce the interfering background. Sometimes, overnight blocking of
membrane was replaced by 2 h incubation at RT/20 rpm. After removal of blocking buffer, the
membrane was further incubated (1 h/20 rpm/RT) with the primary antibody against 6xHis-tag
or CPE recombinant protein, diluted 1:200 or 1:500 in blocking buffer, respectively. Then, the
membrane was washed with blocking buffer (3 x 5 min), and then with PBST (3 x 5 min).
Washing steps were all done at RT and under slight shaking (20 rpm). Then, the membrane
was incubated (1 h/20 rpm/RT) with the corresponding secondary antibody, diluted 1:1000 in
PBST. The secondary antibody was chosen to be reactive against the used primary antibody,
and also to be conjugated to horseradish peroxidase (HRP), for indirect detection of antigenantibody reaction position. After incubation with the secondary antibody, the membrane was
washed thoroughly with PBST (3 x 10 min) and PBS (5 x 10 min). These extensive washing
steps were done to the assure removal of any non-specific bindings of antibodies on
membrane, which in turn could cause unwanted background that interferes with positive
signals.

Colorimetric signal detection was done, with the help of HRP enzyme activity conjugated to
the secondary antibody, using two different methods as described below.
•

Using chloronaphthol substrate

The substrate solution was prepared by dissolving 30 mg of 4-chloro-1-naphthol in 5 ml
absolute methanol. This solution was added to the nitrocellulose membrane already placed in
15 ml PBS. Reaction was started by the addition of 20 µl 30 % (v/v) H2O2. A blue-purple
precipitate was formed locating the enzyme activity and consequently visualizing the
investigated protein. After reaching the desired signal intensity, the membrane was washed
with water to stop the reaction. For documentation, the membrane was scanned and signals
were evaluated.
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•

Using “Pierce™ ECL Western Blotting Substrate Kit”

This is a more sensitive method for the detection of Western Blot signals, using a
nonradioactive enhanced luminol-based chemiluminescent substrate of the HRP. The
instructions of the manufacturer were followed. Shortly before use, the substrate working
solution was prepared by mixing equal volumes of detection reagents 1 and 2. The
nitrocellulose membrane was incubated at RT for 1 min with a sufficient amount of the
working reagent. The membrane was removed from the working solution and placed in a
plastic sheet protector. Excess reagent was removed from borders using a napkin, and air
bubbles were removed by rolling a glass test tube over the plastic protector. Respecting
instructions of the isotope laboratory at Ulm University, X-ray film was exposed to the light
emission from the reaction between HRP and kit reagent. After developing and fixing the film,
signals were evaluated. Exposure time was varied (30 s to 10 min), until reaching the desired
signal intensity.

Table 26: Buffers for immunostaining

Component

Amount

Concentration

PBS buffer
NaCl

8

g

136.89 mM

KCl

0.2 g

2.68 mM

Na2HPO4 x 2 H2O

1.44 g

8.09 mM

KH2PO4

0.24 g

1.74 mM

H2O

up to 1000

ml

pH 7.4

adjusted with HCl

PBST buffer
Tween 20
PBS

5

ml

up to 1000

ml

0.5 % (v/v)

Blocking buffer
Bovine serum albumin (BSA)

5

Tween 20

0.5 ml

PBS

up to 100

g

ml
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2.10. ClosTron™ Gene knockout system
The Minton laboratory at Nottingham University has developed the highly efficient ClosTron
system for targeted-gene deactivation in Clostridium hosts (Heap et al., 2007, 2010). This
directed-mutagenesis is based on integration of the mobile group II intron from the ltrB gene
of Lactococcus lactis (Ll.ltrB). Ll.ltrB is a catalytically active RNA molecule that is able to
self-splice out of its host gene RNA transcript. A process called “retro-homing” was
discovered, in which certain sequences within the intron RNA determined its specific
integration into the genome (Mohr et al., 2000). Consequently, the intron sequence could be
refined to target any desired gene (Perutka et al., 2004). After retargeting their sequences,
introns were then called Targetron. For selection of mutants, retrotransposition-activated
marker (RAM) was created, in which a suitable antibiotic resistance gene is introduced into
the sequence of the group II intron, and the sequence of the antibiotic resistance gene is
interrupted by a self-splicing group I intron (Zhong et al., 2003). The orientation of those three
elements to one another was adjusted, so that restoration of antibiotic resistance is only
successful after the group I intron has spliced out and the group II intron has already integrated
into the genome.

The ClosTron system is based on the pMTL007 plasmid, in which the group II intron contains
a modified ermB RAM cassette. The transcription of the group II intron is under the control of
the IPTG-inducible fac promoter, whose sequence consisted of the promoter sequence of the
ferredoxin gene from C. pasteurianum and the sequence of the lacZ operon from E. coli
(Heap et al., 2007). The plasmid also contains the ltrA gene, whose translation product is
essential for the specific “retro-homing” integration of the group II intron into its target gene.
Heap et al. (2010) have developed a second generation of ClosTron systems, based on the
pMTL007c-E2 plasmid. Here, the inducible fac promoter was replaced with the constitutive
fdx promoter from C. sporogenes. This guarantees an immediate transcription and availability
of the inactivation RNA cassette, without any need of an additional induction step using IPTG.
Also, this new generation allows the introduction of multiple mutations to the constructed
strain using the same ClosTron system, which is not the case using the first generation. This
was achieved through the so called “marker re-cycling” using FLP recombinase (Cherepanov
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and Wackernagel, 1995). Here, the ermB RAM was modified to be flanked by directly
repeated FLP recombination target (FRT) sites. The plasmid carries the flp gene under the
control of the constitutive thlA promoter, so that in a FLP recombinase-mediated step, the
ermB marker could be removed from the chromosome, allowing further use of the unique
ClosTron ermB RAM as an integration selection marker for a new mutation into another target
gene.

2.10.1. Retargeting of group II intron
This means changing of the first 350 bp in group II intron, to specifically target the desired
gene.

2.10.1.1. Determination of insertion sites, new Targetron sequence, and SOE PCR
primers

The target sequence was introduced into the free web-based program at http://www.sigmagenosys.com/targetron/checkSequence.aspx, where the possible insertion sites can be
determined, together with the corresponding new Targetron sequences and the primers (IBS,
EBS1 d, EBS2, and EBS universal) required for their synthesis using SOE-PCR (2.10.1.2.).

2.10.1.2. Splicing by Overlap Extension PCR “SOE-PCR”

This was done to mutate the targeting region of the Ll.ltrB intron, responsible for its
specificity. The SOE-PCR reaction was performed using the original ClosTron plasmid
(pMTL007 or pMTL007c-E2) as the template for amplification with the help of the four
primers (IBS, EBS1 d, EBS2, and EBS universal) designed as described in the previous
section 2.10.1.1.
The “ClosTron™ Gene Knockout System Kit” (Sigma-Aldrich) was used. According to the
manufacturer’s instructions, the primer mixture was prepared, and all SOE-PCR reagents were
assembled in one tube. The one step reaction was performed using the proof-reading
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“ReproFast-DNA polymerase” (Genaxxon BioScience GmbH) and the compatible “FailSafe™
PCR buffer system”, as described below.

Four-primer mixture
2 µl

IBS

primer

(100 µM stock)

2 µl

EBS1 d primer

(100 µM stock)

2 µl

EBS2

primer

(20 µM stock)

2 µl

EBS

universal primer

(20 µM stock)

12 µl

Distilled H2O

20 µl total volume

SOE-PCR reaction mixture (on ice)
1 µl

Four-primer mixture

1 µl

Intron PCR template1

(1:10 diluted)

0.5 µl

“ReproFast-DNA polymerase”

(2.5 U/µl)

25 µl

“FailSafe™ buffer E”2

(2x)

22.5 µl

H2O

50 µl

total volume

1

Obtained from “ClosTron™ Gene Knockout System Kit”; 2 Contains dNTPs mixture.

SOE-PCR program (in a thermocycler)
Temperature

Time

Initial Denaturation

94 ˚C

30 s

Denaturation

94 ˚C

15 s

Annealing

55 ˚C

30 s

Elongation

72 ˚C

30 s

Final elongation

72 ˚C

2 min

Cooling

∞

4 ˚C
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The resulting PCR product(s) were visualized using 2 % (w/v) agarose electrophoresis (2.7.4.),
and the desired ~350 bp Targetron PCR band was cut and purified (2.7.3.3.).

2.10.1.3. Cloning of new Targetron into ClosTron vectors (pMTL007 or pMTL007c-E2)

2.10.1.3.1. Digestion using HindIII and BsrGI

Pure PCR product was double digested with HindIII and BsrGI restriction enzymes. This was
performed as described in 2.7.8.1., in which the suitable buffer system was chosen according
to manufacturer’s instructions, and longer incubation (7 h at 37 ˚C) was done to ensure a
complete digestion. In parallel, a ClosTron vector (pMTL007 or pMTL007c-E2) was
linearized with the same pair of restriction enzymes to generate compatible sticky ends with
that of Targetron. After deactivation of enzymes at 80 ˚C for 20 min, the digested Targetron
was directly purified (2.7.3.2.). However, the linear vector was first dephosphorylated
(2.7.8.2.), and then analyzed using 0.8 % (v/v) agarose gel electrophoresis (2.7.4.). Two bands
(~350 bp and ~8.5-11.5 kbp) appeared, of which the longer band of the vector was excised
from gel and purified (2.7.3.3.).

2.10.1.3.2. Ligation using T4 ligase and transformation into an E. coli cloning strain

The purified digested Targetron was subcloned into the pure linear ClosTron vector using “T4
DNA Ligase” through the previously described gradient ligation method (2.7.8.3.). Ligation
products were then transformed into chemical competent E. coli XL1-Blue MRF′ cells via the
heat-shock mechanism (2.8.1.2.1.). Chloramphenicol was used as a selection marker for
plasmid carrying colonies. The latter were used to inoculate overnight cultures, and the
plasmid DNA was extracted (2.7.2.2.) and analyzed using a HindIII/BsrGI double digestion
test. Finally, positively transformed colonies were confirmed via plasmid DNA sequencing
(2.7.10.).
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2.10.2. Transformation of ClosTron into C. sporogenes WT
Transformation into C. sporogenes was done via conjugation. For that purpose, the retargeted
ClosTron plasmid was first transformed into the donor strain E. coli CA434 using
electroporation (2.8.1.2.2.). After primary selection of positive colonies using the
chloramphenicol resistance marker on ClosTron vector, plasmid DNA was extracted and
positive colonies were screened using a HindIII/BsrGI test and confirmed by sequencing.

One positive E. coli CA 434 transformant was used as conjugation donor for ClosTron transfer
into the final host C. sporogenes WT. Overnight cultures from both donor and recipient strains
were prepared and conjugation was performed (2.8.2.). After collection of the conjugation
slurry, 100 µl of the neat and 10-fold diluted slurry were spread onto 2xYT agar plates
supplemented with colistin (10 µg/ml) and thiamphenicol (20 µg/ml), to select against E. coli
conjugal donor, and for the retargeted ClosTron harboring C. sporogenes, respectively. Plates
were incubated anaerobically at 37 ˚C for 24-72 h, and then thiamphenicol-resistant
C. sporogenes [ClosTron] colonies were used to re-streak single colonies to fresh selective
plates.

2.10.3. Induction of integration in C. sporogenes
This step was only done when the first generation of ClosTron (i.e. pMTL007) was used.
Overnight cultures from positive transconjugants were prepared, from which 100 µl were used
to inoculate 1 ml 2xYT liquid medium containing thiamphenicol (20 µg/ml). The culture was
incubated anaerobically at 37 ˚C for 3-4 h (exponential phase). IPTG was added to a final
concentration of 1 mM to induce group II intron integration. The culture was further incubated
at 37 ˚C for 1.5 h. Cells were harvested by centrifugation (3500 g/3 min/4 ˚C). The
supernatant was discarded and the cell pellet was washed by suspension in 0.5 ml PBS
(Table 14). After centrifugation, the cell pellet was recovered in 1 ml 2xYT without
antibiotics, and incubated at 37 ˚C for 3-4 h. Finally, 100 µl of neat, 100-fold diluted, and
5-fold concentrated integration mixture were plated onto 2xYT plates supplemented with
erythromycin (2.5 µg/ml) to select for restored Erm RAM activity through intron group I
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splicing out and intron group II integration. Plates were incubated anaerobically at 37 ˚C for
24-48 h. Erythromycin-resistant colonies were picked and used for re-streaking single colonies
onto fresh selecting plates.

2.10.4. Monitoring successful integration using PCR
Integration mutants were inoculated into liquid medium supplemented with erythromycin to
select for positive integrants. After overnight incubation, genomic DNA was isolated
(2.7.2.1.2.) and used as template for different screening PCR reactions as follows.

To investigate integration and loss of the plasmid; by using RAM-F/RAM-R, a pair of forward
and reverse primers that bond before and after the group I intron in the ermB RAM cassette.
In case of successful splicing out/integration and simultaneous loss of the plasmid, the shorter
PCR product (~900 bp) was only formed. If integration occurred, but the plasmid was still in
cells, both non-spliced and spliced out forms of ermB RAM cassettes will be produced
(i.e. ~1200 bp and ~900 bp, respectively). If no integration did occur, then only the larger nonspliced form on the plasmid was produced.

To investigate if integration occurred specifically in the target gene; by using a pair of primers,
one was specific to the target gene and bound upstream of the intron-insertion site, and the
other primer bound within the intron sequence (e.g. EBS universal primer). A PCR product
corresponded to the intron-exon junction can be formed only, if the ClosTron was inserted
specifically within the target gene. Alternatively, integration was confirmed using a pair of
forward and reverse primers that bound to the target gene at its 5′- and 3′- ends, respectively.
If no integration occurred, the resulting PCR fragment matched the normal length of wild type
gene. However, if the ClosTron has integrated into the target gene, a larger PCR fragment
would be produced, corresponding to the total length of both, the wild type gene and the
inserted group II intron. PCR reactions were performed as described previously in section
2.7.9., and analyzed using agarose gel electrophoresis (2.7.4.)

.
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3.Results
3.1. Sporulation dependent production of CPE from its native
promoter using C. sporogenes
The sporulation-dependent nature of the native cpe promoter (Pcpe) from C. perfringens (Zhao
and Melville, 1998; Harry et al., 2009) was exploited in this study as a mean to control the
cytotoxin production in C. sporogenes. The idea was to first construct a C. sporogenes::spo0A
mutant strain, unable to sporulate, and then, to complement this mutant with a vector carrying
both genes of spo0A and cpe (Figure 8). The spo0A gene from C. sporogenes was to be cloned
downstream of an inducible promoter (e.g. Pfac), while the cpe gene from C. perfringens
should be cloned under the control of its native promoter. By inducing spo0A expression,
e.g. using IPTG, Spo0A and other sigma factors necessary for the sporulation cascade would
be produced. Consequently, Pcpe would be switched-on leading to the upregulation of cpe
expression. CPE cytotoxin would be released at the end of sporulation through mother cell
lysis (Ducan, 1973).
traJ
lacI

P_cpe

cpe

pMTL-spo0A-cpe
catP

8044 bps

P_fac

orfH

spo0A

Figure 8: Plasmid map of pMTL-spo0A-cpe vector for spo0A complementation in the
C. sporogenes::spo0A mutant and cpe expression. The spo0A gene from C. sporogenes should be
controlled by the inducible Pfac promoter consisting of the promoter sequence of ferredoxin gene
from C. pasteurianum and the sequence of the lacZ operon from E. coli (Heap et al., 2007); the cpe
gene from C. perfringens was to be cloned downstream of its native promoter Pcpe; orfH: origin of
replication for Gram-positive bacteria from C. butyricum; catP: chloramphenicolacetyltransferase resistance gene from C. perfringens; lacI: lac repressor gene; traJ: transcription
activator for conjugative plasmid transfer
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3.1.1. Construction of spo0A knockout C. sporogenes mutant using the
ClosTron system
3.1.1.1. Determination of the spo0A gene sequence in C. sporogenes (NCIMB 10696) WT

To determine the exact sequence of spo0A gene in the used C. sporogenes WT strain, two
forward and two reverse primers (i.e. spo0A_C.bot forward primer no.1/no.2 and spo0A_C.bot
reverse primer no.1/no.2, respectively) were designed based on the spo0A gene sequence in
C. botulinum, the most related species to C. sporogenes, using BLAST electronic data base.

Genomic DNA from C. sporogenes was extracted and used as template for spo0A gene PCR
amplification, using different alternative mixtures of the designed primers. PCR products were
separated using 0.8 % agarose gel electrophoresis and the positive samples, giving rise to the
spo0A gene band (~ 822 bp), were purified and sequenced by the company “GATC Biotech
AG, Konstanz”.

3.1.1.2. Determination of insertion sites for group II intron integration and retargeting of
ClosTron plasmid

For group II intron integration, three possible insertion sites (csp30|31s; csp536|537a; clo-249)
within the spo0A gene were determined by introducing the sequencing results from (3.1.1.1.)
into the web-based program (http://www.sigma-genosys.com/targetron/checkSequence.aspx).
For each insertion site, the corresponding sequences of the specific group II intron targeting
region (350 bp) as well as primers (IBS, EBS1 d, EBS2, and EBS universal) required for its
synthesis were also determined by the same program. Primers were synthesized by the
company “biomers.net GmbH, Ulm”, and SOE-PCR (2.10.1.2.) was performed using original
ClosTron plasmids [pMTL007 (Heap et al., 2007) and pMTL007c-E2 (Heap et al., 2010)] as
templates. PCR products were analyzed using 2 % agarose gel electrophoresis, the band at
350 bp was cut out, purified, HindIII/BsrGI double-digested, and finally inserted between
HindIII and BsrGI restriction sites on the pre-digested ClosTron plasmid (Figure 9).
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HindIII Targeting region (350 bp)
BsrGI
MluI
P_fdx

traJ

group II intron "Targetron"
FRT

ColE1
ermRAM
group I intron
catP

FRT

pMTL007c-E2

MluI

8925 bps
pCB102
ltrA
T

AatII

Figure 9: pMTL007c-E2 ClosTron plasmid "2nd generation", in
which the inducible Pfac promoter of the 1st generation was replaced
with the constitutive Pfdx, and the ermRAM cassette was modified to
enable system reuse (Heap et al., 2010). The first 350 bp fragment of
Targetron, specific for each insertion site, was produced using SOEPCR and inserted between HindIII and BsrGI restriction sites to
retarget the ClosTron plasmid.

3.1.1.3. Transformation of retargeted ClosTron plasmids into E. coli strains

The three constructed ClosTron plasmids (3.1.1.2.), targeting the three different insertion sites
(csp30|31s; csp536|537a; clo-249) in the spo0A gene, were successfully transformed into
E. coli XL1-Blue MRF′ cloning strain using a heat-shock mechanism (2.8.1.2.1.). Positive
transformants were confirmed after plasmid DNA isolation and applying a HindIII/BsrGI
double digestion test. Finally, plasmid DNA sequencing (GATC Biotech AG, Konstanz)
revealed mutation-free ClosTron plasmids construction.
All ClosTron plasmids were then transformed into the conjugal donor strain E. coli CA434 via
electroporation (2.8.1.2.2.). Plasmid DNA was isolated from positive transformants and
controlled using a HindIII/BsrGI double digestion test and DNA sequencing.
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3.1.1.4. Transformation of ClosTron plasmids into C. sporogenes WT and specific
integration of group II intron “Targetron” into the genomic spo0A gene

After transformation into E. coli cloning and conjugal donor strains (E. coli XL1-Blue MRF′,
and CA434, respectively), ClosTron plasmids were transferred into C. sporogenes WT strain
via conjugation (2.8.2.). Positive transconjugants were confirmed using a PCR test for the ltrA
gene on the plasmid. Targetron could be successfully integrated into the clo-249 insertion site
within the spo0A gene in the genome. This was confirmed using two different PCR tests as
shown in Figure 10. In both PCR tests, genomic DNA from C. sporogenes::spo0A integrants
was used as template for amplification. As negative controls for integration, C. sporogenes
WT genomic DNA as well as pMTL007c-E2 ClosTron plasmid were used. The first PCR was
done using RAM-F and RAM-R primers that bound on the Targetron backbone around the
ermB RAM cassette. Splicing-out of the group I intron from the antibiotic cassette and
subsequent integration of Targetron into the genome was indicated by the shorter band at
872 bp, in comparison to the large unspliced form (1265 bp) on the ClosTron plasmid (Figure
10A). The second PCR test was done using a spo0A-F / spo0A-R primer pair that bound at
the 5′- and 3′- ends of spo0A gene, to confirm the specific integration of Targetron into the
spo0A gene. The larger PCR band at 2743 bp, in comparison to the wild type gene (822 bp),
confirmed the specific integration of Targetron and knockout of the spo0A gene (Figure 10B).

In addition to these molecular biological evidences, the spo0A mutation was confirmed
phenotypically, as all investigated C. sporogenes::spo0A mutants failed to form endospores.
2-4 week liquid cultures of wild type and mutant strains were examined under a light
microscope (40-fold), spores could only be detected in case of the wild type strain (data not
shown).

In summary, a C. sporogenes::spo0A mutant strain could be successfully generated. For
further work, colony no. 5 (Figure 10A&B; lane 9) was chosen.
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Figure 10: 0.8 % agarose gel electrophoresis results for PCR tests to confirm integration of Targetron into the genomic
spo0A of C. sporogenes at the clo-249
249 insertion site. A) ermRam cassette PCR: All C. sporogenes::spo0A
sporogenes
integrants (lane
5-9) showed the shorter band (872
872 bp) of the integrated ermRAM
RAM cassette after splicing out of group I intron. The
absence of unspliced form at 1265 bp of the ClosTron plasmid (lane 4) indicated that the plasmid has been already lost
from integrants. B) spo0A gene PCR: The large band at 2743 bp confirmed the specific integration of Targetron into
genomic spo0A of all integrants (lane 5-9),
5
in comparison
arison to the shorter band of wild type gene at 822 bp (lane 3).
Lane 1&10: GeneRuler DNA Ladder Mix (100 to 10,000 bp); Lane 2: distilled H2O; Lane 3: C. sporogenes WT; Lane
4: pMTL007c-E2
E2 ClosTron plasmid; Lane 5-9:
5 C. sporogenes::spo0A integrants (colonies
onies 1-5)
1

3.1.2. Test of native cpe promoter activity in C. sporogenes
The activity of Pcpe was first investigated in C. sporogenes,, before using the promoter for cpe
gene expression regulation.
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3.1.2.1. Cloning of lacZ reporter gene in E. coli - C. sporogenes promoter-less pMTLbased shuttle vector

The lacZ gene from Thermoanaerobacter thermosulfurigenes, coding for a β-galactosidase,
was PCR-amplified from the placZFT plasmid (Feustel et al., 2004), using specific SbfI-lacZ
forward and SgfI-lacZ reverse primers that spanned the whole lacZ gene and added SbfI and
SgfI recognition sites at its 5′- and 3′- ends, respectively. After gel purification, the
corresponding PCR product (2272 bp) was ligated into a pJET1.2 cloning vector (2.7.9.6.).
Ligation products were transformed into E. coli XL1- Blue MRF′ cloning cells. As described
before, pJET1.2 contains a lethal gene, which allows only positive transformants to survive.
Transformants were analyzed using restriction tests, and correct plasmid sequence of
pJET1.2-lacZ was further confirmed using DNA sequencing (2.7.10.). The lacZ gene was
SbfI/SgfI-cut from pJET1.2-lacZ and ligated into the pre-digested pMTL (E. coliC. sporogenes shuttle vector; Meisohle, 2010) between the SbfI and SgfI restriction sites of the
multiple cloning site of the plasmid. Ligation products were transformed into E. coli XL1Blue MRF′, and positive transformants harbouring the correct plasmid pMTL-lacZ were
confirmed using restriction digestion tests as well as DNA sequencing. The constructed
plasmid pMTL-lacZ (Figure 11) was further used for cloning of the Pcpe promoter upstream of
lacZ gene and construction of a reporter plasmid (3.1.2.2.2.). Moreover, it was used as a
negative control for the β-galactosidase test and as backbone for construction of positive
control plasmids (3.1.2.3).
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PmeI
SbfI
traJ
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Figure 11: Map of pMTL-lacZ plasmid. The lacZ gene from T. thermosulfurigenes was
cloned between the SbfI and SgfI restriction sites of the pMTL E. coli – C. sporogenes
shuttle vector. orfH: origin of replication for Gram-positive bacteria from C. butyricum;
catP: chloramphenicol-acetyltransferase resistance gene from C. perfringens; lacI: lac
repressor gene; traJ: transcription activator for conjugative plasmid transfer

3.1.2.2. Construction of a reporter plasmid for cpe promoter (Pcpe) activity test
in C. sporogenes

3.1.2.2.1. Amplification of Pcpe from C. perfringens and cloning into pDrive
The three sporulation dependent promoter sites (P1+P2+P3; 183 bp) upstream of the cpe gene
in C. perfringens, identified by Zhao and Melville (1998), were synthesized (biomers.net
GmbH, Ulm) and used as a template for PCR amplification. PmeI and SbfI restriction
recognition sites were fused to the sequence of the forward (P-for-P_cpe-PmeI) and reverse
(P-for-P_cpe-SbfI) primers used for amplification, so that the resulting PCR product (Pcpe) was
flanked with PmeI and SbfI sites at its 5′- and 3′- ends, respectively. This had great importance
in the subsequent cloning step into pMTL-lacZ (3.1.2.1.), upstream of the lacZ reporter gene.
PCR products were analyzed using 2 % agarose gel electrophoresis, the Pcpe band at 183 bp
was excised, purified and ligated into pDrive cloning vector. After E. coli XL1- Blue MRF′
cells were transformed with ligation products, positive transformants harboring the pDrive-Pcpe
plasmid were first selected via “blue-white selection” (2.5.3.2.) and analyzed using an EcoRI
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digestion test, where the characteristic band pattern was obtained. Finally, DNA sequencing
(2.7.10.) confirmed positive transformation of the correct plasmid pDrive-Pcpe.

3.1.2.2.2. Cloning of Pcpe upstream of lacZ gene on a pMTL-based shuttle vector
The plasmid pDrive-Pcpe, constructed in 3.1.2.2.1., was PmeI/SbfI-double digested. Digestion
products were separated using 2 % agarose gel electrophoresis, the small band of Pcpe at 183
bp was purified and ligated into the PmeI/SbfI pre-digested pMTL-lacZ shuttle vector
(3.1.2.1.), upstream of the reporter lacZ gene as shown in Figure 12.

The reporter plasmid (pMTL-Pcpe-lacZ) was successfully transformed into the E. coli XL1Blue MRF′ strain, and confirmed by restriction digestion analysis and plasmid DNA
sequencing.
PmeI
SbfI

traJ

P_cpe

lacZ reporter gene
catP

pMTL-P_cpe- lacZ
8043 bps

orfH
SgfI

Figure 12: Map of pMTL-Pcpe-lacZ reporter plasmid for cpe promoter activity test in C. sporogenes.
Pcpe, cpe promoter from C. perfringens, was cloned upstream of the lacZ gene from
T. thermosulfurigenes. Pcpe and lacZ sequences were inserted between PmeI/SbfI and SbfI/SgfI
restriction sites of the pMTL vector, respectively. orfH: origin of replication for Gram-positive
bacteria from C. butyricum; catP: chloramphenicol-acetyltransferase resistance gene from
C. perfringens; lacI: lac repressor gene; traJ: transcription activator for conjugative plasmid transfer
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3.1.2.3. Construction of positive control plasmids for the β-galactosidase enzyme test

As positive controls for lacZ gene expression and β-galactosidase activity in C. sporogenes,
promoters of ptb and thlA genes (i.e. Pptb and PthlA) from C. acetobutylicum were cloned
upstream of the lacZ gene on the vector pMTL-lacZ (Figure 11; 3.1.2.1.).

Genomic DNA from C. acetobutylicum was used as template for PCR amplification of Pptb
and PthlA, using ptb_promoter-Forward-primer / ptb_promoter-Reverse-primer-SbfI and
thlA_promoter-for-PmeI / thlA_promoter-rev-SbfI primer pairs, respectively. These primers
spanned the whole region of the corresponding promoter and added PmeI and SbfI recognition
sites at its 5′- and 3′- ends, respectively. Except in case of Pptb, PmeI recognition site was not
fused to the 5′-end of the forward primer, because the native promoter sequence already
contains a PmeI site at its 5′-end.

PCR was done separately for each promoter sequence, and products were separated using 2 %
agarose gel electrophoresis. Pptb and PthlA PCR bands appeared at 173 bp and 326 bp,
respectively. After gel purification, Pptb and PthlA were cloned into a pDrive cloning vector
(2.7.9.5.) and transformed into E. coli XL1-Blue MRF′ cells (2.8.1.2.1.). Positive
transformants were determined using “blue-white selection” (2.5.3.2.), and DNA plasmid was
prepared from white colonies. Successful construction of pDrive-Pptb and pDrive-PthlA
plasmids was confirmed using EcoRI restriction analysis and DNA sequencing.

Pptb and PthlA fragments were cut from the corresponding pDrive vectors using PmeI/SbfIdouble digestion and ligated upstream of the lacZ gene in a PmeI/SbfI pre-digested pMTLlacZ vector (3.1.2.1.). After ligation products were transformed into E. coli XL1-Blue MRF′,
plasmid DNA was prepared from positive transformants and confirmed using a PmeI/SbfIrestriction test and DNA sequencing. Figure 13 shows the constructed positive control
plasmids for lacZ reporter gene expression, i.e. pMTL- Pptb-lacZ and pMTL- PthlA-lacZ.
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Figure 13: Maps of positive control plasmids for lacZ reporter gene expression and β-galactosidase activity
in C. sporogenes. Left: pMTL-Pptb-lacZ, in which lacZ expression was controlled by the ptb promoter from
C. acetobutylicum. Right: pMTL-PthlA-lacZ, where thlA promoter from C. acetobutylicum was cloned
upstream of the lacZ gene. orfH: origin of replication for Gram-positive bacteria from C. butyricum; catP:
chloramphenicol-acetyltransferase resistance gene from C. perfringens; lacI: lac repressor gene; traJ:
transcription activator for conjugative plasmid transfer

3.1.2.4. Transformation of reporter plasmid and control plasmids into C. sporogenes WT

The reporter plasmid pMTL-Pcpe-lacZ (3.1.2.2.2.), negative control promoter-less plasmid
pMTL-lacZ (3.1.2.1.), and positive control plasmids [pMTL-Pptb-lacZ / pMTL-PthlA-lacZ]
(3.1.2.3.) were in parallel transformed into the conjugal donor E. coli CA434 strain, using
electroporation (2.8.1.2.2.). Positive transformants were confirmed by restriction tests and
plasmid DNA sequencing.

E. coli CA434 strain containing the corresponding plasmid (i.e. pMTL-Pcpe-lacZ or
pMTL-lacZ or pMTL-Pptb-lacZ or pMTL- PthlA-lacZ) was used for plasmid conjugation
(2.8.2.) into its final host, C. sporogenes WT. Plasmid DNA was prepared from C. sporogenes
transconjugants and retransformed into E. coli XL1-Blue cloning cells. After plasmid
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recovery, plasmids were confirmed using a PstI restriction test as well as DNA sequencing.
This indicated the successful generation of the following strains:
•

C. sporogenes [pMTL-Pcpe-lacZ]

•

C. sporogenes [pMTL-lacZ]

•

C. sporogenes [pMTL-Pptb-lacZ]

•

C. sporogenes [pMTL- PthlA-lacZ]

3.1.2.5. β-galactosidase test in C. sporogenes strains

Expression of lacZ gene under control of Pcpe and consequent production of β-galactosidase
could be taken as an evidence of promoter activity in C. sporogenes. To check this,
a β-galactosidase test (2.9.4.) was performed using intra- and extracellular protein extracts
from C. sporogenes [pMTL-Pcpe-lacZ] strain. As negative and positive controls for the enzyme
test, extracts from C. sporogenes [pMTL-lacZ] and C. sporogenes [(pMTL-Pptb-lacZ) or
(pMTL-PthlA-lacZ)] strains were used, respectively.
Results from three different enzyme tests showed that the positive control C. sporogenes
[pMTL-PthlA-lacZ] expressed a β-galactosidase specific activity of 0.06±0.02 U/mg in the
exponential phase, while in case of the other positive control C. sporogenes [pMTL-Pptb-lacZ],
the specific activity was 0.02±0.007 U/mg. When lacZ gene was controlled by Pcpe, the
specific activity only was 0.003±0.004 U/mg, which was quite similar to results from the
negative control with 0.002±0.002 U/mg. Thus, no enzyme activity could be detected in either
cellular fraction at any growth phase, even at the pre-stationary phase, where sporulation
began and the cpe promoter should become activated.

Consequently, and as the activity of the native cpe promoter from C. perfringens could not be
proved in C. sporogenes, the sporulation dependent production of CPE cytotoxin could not be
proceeded, and another regulation system was investigated as will be described in section 3.2.
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3.2. Tet system-regulated production and signal peptide-mediated
secretion of CPE
Normally, the cpe gene from C. perfringens does not code for a signal peptide sequence. As a
result, no secretion mechanism for the CPE protein is present. Instead, the produced CPE
accumulates in the cytosol and is released at the end of sporulation, when the mother cell is
lysed to liberate the formed endospore (Ducan, 1973).

Thus, the idea was to add a N-terminal signal peptide sequence to the recombinant cpe gene,
in order to lead the newly synthesized fusion-protein to the SecYEG protein conducting
channel in the plasma membrane, where CPE could be secreted from C. sporogenes after
cleavage of the signal peptide.

Using an in silico search, three different clostridial signal peptide sequences were identified to
be expressed and processed successfully in both Gram-negative and Gram-positive bacteria,
namely; colA′ (collagenase, C. sporogenes), pec′ (pectate lyase, C. acetobutylicum), and amyP′
(α-amylase, C. acetobutylicum) (König, 2008).

To avoid toxic effects that could be exerted by signal peptide-CPE fusion proteins on E. coli
intermediate hosts (Box, 2006), the Tet expression system was chosen. The Tet system has the
advantage of being strictly regulated in E. coli, where the repressor TetR binds to the two
operator sequences of the tet promoter (tetO1 and tetO2) forming a dimer that represses the
expression of the gene by 300-fold (Kamionka et al., 2004). Induction is achieved by adding
tetracycline, which binds to TetR and leads to a conformational change of the latter and
liberation of both operator sequences.

In contrast, for therapy, the used expression system must be always switched on in the final
C. sporogenes host, in order to maintain a constitutive expression of the signal peptide-CPE
fusion protein. For that reason, the repressor plasmid (pANr2-Phelp-tetR-F1; Meisohle, 2010),
carrying the tetR repressor was used (Figure 14) which contained only one origin of
replication (p15a) for Gram-negative but not for Gram-positive bacteria. E. coli is Gram- 91 -
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negative and can preserve the repressor plasmid, and a constitutive expression of tetR gene
was regulated by Phelp promoter. However, after transformation into C. sporogenes, the
repressor plasmid, lacking any Gram-positive replication origin, was lost and no repression
could proceed, allowing a constitutive expression of the regulated gene. In clostridia, the two
operator sequences tetO1 and tetO2 of the promoter form a loop that prevents the RNA
polymerase binding and the transcription of the downstream regulated gene. For that reason,
the activity of the Tet system in C. sporogenes was studied using a modified tetO1 promoter
(König, 2011), containing only the first operator sequence that is located between the -35 and 10 sequences of the promoter (Figure 14).

SbfI
SgfI

tetO

PmeI
-35

-10

PmeI
SbfI
SgfI
P_tetO1

traJ

p15a origin

P_help
tetR

pMTL-P_tetO1

pANr2-P_help-tetR_F1

5720 bps

5569 bps
orfH
SpcR

catP

Figure 14: Tet expression system. Left is the shuttle plasmid (pMTL-PtetO1), containing the modified tetO1
promoter with one operator sequence only. Right is the repressor plasmid (pANr2-Phelp-tetR-F1),
containing the tetR repressor gene under the control of Phelp, a constitutive promoter in E. coli. The
repressor plasmid has only the p15a origin of replication for Gram-negative bacteria. Consequently, it can
only replicate in E. coli, and was lost after transformation into C. sporogenes, where no repression is
wanted.
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3.2.1. Investigation of tetO1 promoter activity in C. sporogenes
3.2.1.1. Construction of a reporter plasmid for tetO1 promoter activity test

The reporter plasmid pMTL-PtetO1-spo0A was constructed (Figure 15), in which the spo0A
gene was cloned downstream of the tetO1 promoter in pMTL-PtetO1. The spo0A gene was used
as a reporter gene to investigate the activity of tetO1 promoter in C. sporogenes. After
transformation of the reporter plasmid into the spo0A-mutated strain constructed in 3.1.1.,
restoration of sporulation capability could be taken as a phenotypic evidence of successful
expression of complementing spo0A gene under the control tetO1 promoter.

Genomic DNA of C. sporogenes was used as template for PCR amplification of the spo0A
gene. A pair of PCR primers (sbfI_spo0A_forward / sgfI_spo0A_reverse) was designed in
order to span the whole spo0A gene and to add SbfI and SgfI recognition sites to its 5′- and 3′ends, respectively. PCR products were analyzed using 0.8 % agarose gel electrophoresis,
where the spo0A corresponding band at 862 bp was excised from the gel, purified, and ligated
to a pDrive cloning vector (2.7.9.5.). After successful transformation of pDrive-spo0A into E.
coli XL1- Blue MRF′ cells, the presence of a mutation-free spo0A gene was confirmed using
plasmid DNA sequencing. The spo0A gene was SbfI/SgfI cut from pDrive-spo0A, gel purified,
and finally ligated downstream of the tetO1 promoter of the SbfI/SgfI pre-digested and
dephosphorylated pMTL-PtetO1 (König, 2011), as shown in Figure 15. Ligation products were
successfully transformed into E. coli XL1-Blue MRF′, and then into E. coli CA434 strains,
using heat shock and electroporation, respectively. E. coli strains contained the repressor
plasmid pANr2-Phelp-tetR-F1 (Figure 14), to block tetO1 promoter activity, and hence, prevent
spo0A gene expression and avoid its toxic effect on these intermediate strains. Transformation
was confirmed after plasmid DNA preparation and performing a SbfI/SgfI double restriction
test. Plasmid DNA sequencing was done to verify a mutation-free construct, i.e. pMTL-PtetO1spo0A (Figure 15).
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Figure 15: Map of the pMTL-PtetO1-spo0A reporter plasmid to test the PtetO1 promoter activity in
C. sporogenes::spo0A. The spo0A gene from C. sporogenes was cloned between the SbfI and SgfI restriction
sites on the pMTL vector, to be controlled by PtetO1. orfH: origin of replication for Gram-positive bacteria
from C. butyricum; catP: chloramphenicol-acetyltransferase resistance gene from C. perfringens; lacI: lac
repressor gene; traJ: transcription activator for conjugative plasmid transfer

3.2.1.2. Complementation of the spo0A knockout C. sporogenes mutant with the reporter
plasmid pMTL-PtetO1-spo0A
The reporter plasmid pMTL-PtetO1-spo0A was conjugated (2.8.2.) into the previously
constructed spo0A knockout C. sporogenes mutant (3.1.1.), using the conjugal donor E. coli
CA434 harboring both, the reporter and repressor plasmids, i.e pMTL-PtetO1-spo0A and
pANr2-Phelp-tetR-F1, respectively.

At the genetic level, complementation was confirmed by extracting total DNA from positive
C. sporogenes::spo0A [pMTL-PtetO1-spo0A] transconjugants, and performing PCR tests to
investigate the presence of both spo0A gene forms (i.e. the mutated gene in the
C. sporogenes::spo0A genome and the complementing wild type spo0A gene on the
transformed reporter plasmid pMTL-PtetO1-spo0A). The genomic mutated gene was confirmed
using spo0A_clo249_FP and EBS universal primers, which bound to spo0A just upstream of
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the Targetron insertion site, and within the Targetron, respectively. Amplification across this
intron-exon
exon junction was only possible in case of the knocked-out
knocked out gene, but not in the wild
type form, and the PCR product aat 404 bp was produced (Figure 16).

Figure 16:: Confirmation of the knocked-out
knocked
mutated form of the spo0A gene in the genome of
C. sporogenes::spo0A [pMTL-P
PtetO1-spo0A].
]. Here is a 2 % agarose gel electrophoresis showing PCR results
of intron-exon
exon amplification using spo0A_clo249_FP primer that bound to the spo0A gene before insertion
site and EBS primer that bound within Targetron fragment. A PCR product (404 bp) resulted only in case
of genomic knocked-out
out gene form, in which a binding sequence for the EBS primer was found. The wild
type spo0A gene found on the complementing reporter plasmid pMTL
pMTL-PtetO1-spo0A lacked binding
sequence for the EBS primer, and then, no PCR band could be produced. Transconjugants in lanes (7, 99
10, 12-15)
15) showed the characteristic band of knocked
knocked-out spo0A gene form as in positive control (lane 4).
Lane 1&16: GeneRuler DNA Ladder Mix (100
(100 to 10,000 bp); Lane 2: distilled H2O; Lane 3: C. sporogenes
WT; Lane 4: C. sporogenes::spo0A;
sporogenes
Lane 5: pMTL007c-E2
E2 ClosTron plasmid; Lane 6-15:
6
C. sporogenes::spo0A [pMTL-P
PtetO1-spo0A] transconjugants (colonies 1-10)
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Moreover, to confirm the co
co-existence of both gene forms in C. sporogenes::spo0A
sporogenes
[pMTLPtetO1-spo0A],, a second PCR test was done using the primer pair spo0A_clo249_FP /
spo0A_clo249_RP that bound to the Targetron clo-249 insertion site in spo0A gene, so that
both characteristic
haracteristic bands at 2196 bp and 315 bp for mutated and wild type spo0A genes,
respectively, were obtained as illustrated in Figure 17. These results confirmed the positive
complementation through conjugation of the reporter plasmid into the mutant strain.
strai
C. sporogenes::spo0A [pMTL-P
[pMTL tetO1-spo0A] transconjugant colony no. 7 was chosen to be used
for further work,
k, because as seen in (Figure 17
17;; lane 12), both gene forms co-existed.
co

Figure 17: Confirmation of the co-existence of both mutated and wild type spo0A gene forms in
C. sporogenes::spo0A [pMTL-P
[pMTL tetO1-spo0A] after complementation. Here is a 0.8 % agarose gel
electrophoresis showing PCR test using spo0A_clo249_FP and spo0A_clo249_RP
249_RP that bound to the spo0A
gene around the Targetron clo249
clo
insertion site. A large PCR product at 2196 bp resulted in case of the
genomic
enomic mutated gene, as in the positive control (lane 4). A smaller PCR product at 315 bp resulted in case
of the positive complementation with
with the wild type gene, as in the positive control (lane 3). Both
characteristic bands could be seen in C. sporogenes::spo0A [pMTL-PtetO1-spo0A] transconjugant colony no.
7 (lane 12). However, all transconjugants showed the short band, meaning also a positive
posit
complementation. Lane 1&16: GeneRuler DNA Ladder Mix (100 to 10,000 bp); Lane 2: distilled H2O;
Lane 3: C. sporogenes WT; Lane 4: C. sporogenes::spo0A; Lane 5: pMTL007c-E2
E2 ClosTron plasmid; Lane
6-15: C. sporogenes::spo0A [pMTL-P
[pMTL tetO1-spo0A] transconjugants (colonies 1-10)
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Verification of a mutation-free complementing spo0A gene was achieved using plasmid DNA
sequencing. For that purpose, plasmid DNA from C. sporogenes::spo0A [pMTL-PtetO1-spo0A]
transconjugant was transformed into E. coli XL1-Blue MRF' cells, recovered, and sequenced
(2.7.10.).

The repressor plasmid pANr2-Phelp-tetR-F1, having only a Gram-negative replication origin
(p15a), was lost from the transconjugant, as confirmed by restriction digestion tests (data not
shown). This should enable a constitutive expression of the Tet-regulated gene in C.
sporogenes.

3.2.1.3. Confirmation from tetO1 activity by restoration of sporulation capability in the
C. sporogenes::spo0A [pMTL-PtetO1-spo0A] complemented strain
After positive complementation was confirmed genetically (3.2.1.2.), successful spo0A
expression, and hence, activity of the Tet system in C. sporogenes, was investigated
phenotypically.

This

was

done

by

monitoring

the

ability

of

complemented

C. sporogenes::spo0A [pMTL-PtetO1-spo0A] strain to form endospores. As positive and
negative controls for sporulation, C. sporogenes WT and C. sporogenes::spo0A mutant (3.1.1.)
strains were used, respectively. All strains (C. sporogenes WT / C. sporogenes::spo0A mutant
/ C. sporogenes::spo0A [pMTL-PtetO1-spo0A] complement) were plated onto 1.5 % agar 2xYT
medium supplemented with the corresponding antibiotic, when needed. Plates were incubated
anaerobically at 37 ˚C for one week. Samples were taken using sterile loops, and endospore
staining was performed (2.6.). Stained samples were observed under oil immersion (1000fold) in a light microscope. In contrast to the mutant strain, in which only pink vegetative cells
could be seen, bright blue-green endospores were observed in the WT as well as in the
complemented strain (Figure 18). This phenotypic evidence confirmed that the tetO1 promoter
is active in C. sporogenes, and is suitable for further use for cpe gene expression regulation.
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Figure 18:: Restoration of endospore formation capability after complementation. A) C. sporogenes WT
strain used as positive control for sporulation, where spores were seen in bright green color.
color
B) C. sporogenes::spo0A mutant strain used as negative control for sporulation, where only pink vegetative
cells could be observed. C) C. sporogenes::spo0A
sporogenes
[pMTL-PtetO1-spo0A]] complemented strain,
strain which was
able to produce bright green endospores similar to that of WT strain. Endospore staining was done for all
three strains and samples were observed under the light microscope (1000-fold
(1000 fold magnification).
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3.2.2. Construction of cpe expression plasmids (pMTL-PtetO1-sp′-cpe)
3.2.2.1. Amplification of the cpe gene and cloning into pDrive

The C. perfringens cpe gene was amplified using the pET29a-cpe plasmid (Meisohle, 2010) as
PCR template and the NotI_cpe_FP / SgfI_cpe_RP primer pair. Other cpe forms [cpe-(his)x6,
cpeT, cpeT-(his)x6] were also amplified from corresponding pET29a derivatives [i.e. pET29acpe(his)x6, pET29a-cpeT, and pET29a-cpeT(his)x6, respectively; Meisohle, 2010] using
corresponding primer pairs (i.e. NotI_cpe_FP / SgfI_cpe_XhoI_His_RP, NotI_cpeT_FP /
SgfI_cpe_RP, and NotI_cpeT_FP / SgfI_cpe_XhoI_His_RP, respectively). CpeT stands for
“truncated cpe”, where 129 nucleotides from the 5′-end of cpe gene (i.e. the N-terminal 37
amino acids of native CPE protein) were removed; this increases the cytotoxicity of the
resulted protein up to 3 fold (McClane, 2007). NotI and SgfI restriction sites were fused to the
primers, so that the corresponding PCR product for each cpe form was flanked with these sites
at its 5′- and 3′- ends, respectively. After separating PCR products using 0.8 % agarose
electrophoresis, corresponding bands were cut out from gels and purified. Each purified PCR
product was ligated separately into a pDrive cloning vector (2.7.9.5.), resulting in plasmids:
pDrive-cpe, pDrive-cpe(his)x6, pDrive-cpeT, and pDrive-cpeT(his)x6. This was followed by
transformation of ligation products into E. coli XLI- Blue MRF′ cells (2.8.1.2.1.). Positive
transformants harboring plasmids containing all cpe gene forms were confirmed by preparing
plasmid DNA and performing an EcoRI restriction test that gave the characteristic bands. All
gene forms were free of mutations as confirmed by plasmid DNA sequencing (2.7.10.).

3.2.2.2. Fusion of the cpe gene to a signal peptide sequence (sp′) in a pMTL shuttle
plasmid

All cpe gene forms were cut out from the corresponding pDrive vector, using NotI/SgfI double
restriction digestion. In parallel, pMTL-PtetO1-sp′-crt plasmids (König, 2011), containing
different signal peptide sequences (colA′, pec′, and amyP′), were NotI/SgfI double-digested
and dephosphorylated (2.7.8.2.). Digestion products were separated using 0.8 % agarose
electrophoresis and bands corresponding to each cpe form (i.e. cpe, cpe(his)x6,cpeT, and
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cpeT(his)x6) and pre-digested linearized plasmid pMTL-PtetO1-sp′ were cut out from the gel and
purified. Finally, cpe forms were ligated downstream of different sp′ on the pMTL shuttle
plasmid. Figure 19 illustrates the construction steps of the cpe expression plasmids.

PmeI
SbfI
NotI
traJ

P_tetO1 sp'
crt
SgfI

pMTL-P_tetO1-sp'-crt

PmeI
SbfI
NotI
traJ

catP

P_tetO1 sp'

orfH

cpe
SgfI

Ligation of cpe
into pMTL vector

pMTL-P_tetO1-sp'-cpe

NotI/SgfI
EcoRI
NotI

catP
orfH

lacZ'
cpe

pDrive-cpe
'lacZ

SgfI
EcoRI

Figure 19: Cloning of the cpe gene downstream of different signal peptide sequences (sp′) and construction
of pMTL-PtetO1-sp′-cpe expression plasmids. Using NotI/SgfI double digestion, the cpe gene was cut out
from pDrive-cpe. Simultaneously, pMTL-PtetO1-sp′-crt (König, 2011) was digested with the same restriction
enzymes, i.e. NotI and SgfI. After the digestion products were separated using 0.8 % agarose gel
electrophoresis, bands corresponding to cpe and linearized pMTL-PtetO1-sp′ were purified and ligated to
form pMTL-PtetO1-sp′-cpe. Identical steps were followed using pDrive-cpe(his)x6, pDrive-cpeT, and
pDrive-cpeT(his)x6,
to
construct
pMTL-PtetO1-sp′-cpe(his)x6,
pMTL-PtetO1-sp′-cpeT,
and
pMTL-PtetO1-sp′-cpeT(his)x6, respectively. PtetO1: tetO1 promoter; sp′: signal peptide sequence; crt: crotonase
gene; orfH: origin of replication for Gram-positive bacteria from C. butyricum; catP: chloramphenicolacetyltransferase resistance gene from C. perfringens; lacI: lac repressor gene; traJ: transcription activator
for conjugative plasmid transfer; lacZ′ and ′lacZ: β-galactosidase of pDrive, interrupted by insertion of the
cpe gene from C. perfringens.

- 100 -

3. Results
Constructs were transformed into E. coli XL1- Blue MRF′ cells using heat shock (2.8.1.2.1.).
Positive transformants were confirmed using restriction testing and plasmid DNA sequencing.
Table 27 shows cpe expression plasmids that could be successfully constructed and confirmed.

Table 27: pMTL-PtetO1-sp′-cpe expression plasmids

Expression plasmid

pMTL-PtetO1-colA′-cpe

Signal peptide

cpe gene

Plasmid size

sequence (sp′); origin

form

(bp)

colA′; collagenase

cpe

6,839

cpe(his)x6

6,863

cpe

6,845

cpe(his)x6

6,869

cpe(his)x6

6,884

cpeT

6,728

from C. sporogenes

pMTL- PtetO1-colA′-cpe (his)x6

colA′; collagenase
from C. sporogenes

pMTL- PtetO1-pec′-cpe

pec′: pectate lyase
from C. acetobutylicum

pMTL- PtetO1- pec′-cpe(his)x6

pec′: pectate lyase
from C. acetobutylicum

pMTL- PtetO1-amyP′-cpe(his)x6

amyP′; α-amylase
from C. acetobutylicum

pMTL- PtetO1-amyP′-cpeT

amyP′; α-amylase
from C. acetobutylicum

3.2.3. Transformation of expression plasmids into C. sporogenes WT
Using electroporation (2.8.1.2.2.), constructs pMTL-PtetO1-sp′-cpe (Table 27) were first
transformed into E. coli CA434 [pANr2-Phelp-tetR-F1], containing the repressor plasmid to
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block the tetO1 promoter and to avoid a toxic effect of (SP′-CPE) fusion proteins. After
confirmation of positive transformants using restriction testing and plasmid DNA sequencing,
plasmids were transferred into C. sporogenes WT using conjugation (2.8.2.).
The positive conjugation of the expression plasmids as well as the loss of the repressor
plasmid were confirmed using restriction digestion tests and DNA sequencing, after plasmid
DNA was prepared from transconjugants, retransformed into E. coli XL1- Blue MRF, and
recovered. These results confirmed the successful generation of the following strains:
•

C. sporogenes [pMTL-PtetO1-colA′-cpe]

•

C. sporogenes [pMTL- PtetO1-colA′-cpe (his)x6]

•

C. sporogenes [pMTL- PtetO1-pec′-cpe]

•

C. sporogenes [pMTL- PtetO1- pec′-cpe(his)x6]

•

C. sporogenes [pMTL- PtetO1-amyP′-cpe(his)x6]

•

C. sporogenes [pMTL- PtetO1-amyP′-cpeT]

3.2.4. Investigation of constitutive production and secretion of CPE from
C. sporogenes [pMTL-PtetO1-sp′-cpe] strains
3.2.4.1 Growth curves of C. sporogenes [pMTL-PtetO1-sp′-cpe] strains and collection of
samples for CPE investigation

Because the activity of the Tet system in C. sporogenes has not been studied before, it was not
known in which growth phase the expression would occur. Growth curves were performed for
all recombinant C. sporogenes [pMTL-PtetO1-sp′-cpe] strains together with C. sporogenes WT
and C. sporogenes [pMTL-PtetO1] strains (Figure 20). All strains were found to grow similarly.
Samples were collected from different growth phases (i.e. mid-exponential, end-exponential,
pre-stationary, and late-stationary phases) to check CPE protein production, both
intracellularly and extracellularly (i.e. secreted CPE).
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Figure 20: Growth curves of C. sporogenes WT strain, C. sporogenes [pMTL-PtetO1] and
C. sporogenes [pMTL-PtetO1-sp′-cpe] recombinant strains

3.2.4.2. Intracellular CPE protein test

Overnight cultures of all C. sporogenes [pMTL-PtetO1-sp′-cpe] strains (3.2.3.) were used to
inoculate 50-ml 2xYT medium to OD600 nm of 0.1. Cultures were incubated anaerobically at
37 ˚C. As a negative control for CPE production, a 50- ml culture of C. sporogenes [pMTL- 103 -
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PtetO1] was also prepared. Cells were harvested at different growth phases (mid-log=3 h, OD600
nm

1/ end-log=5 h, OD600 nm 2.7 / pre-stationary=7 h, OD600 nm 2.7/late-stationary=24 h, OD600

nm

2). Intracellular cytosol and membrane protein fractions were isolated (2.9.1.2.). “Dot Blot”

tests (2.9.10.) were performed by dropping membrane protein samples (~50 µg) onto
nitrocellulose membranes, followed by immunostaining (2.9.12.) using either anti-CPE or
anti-His-tag antibodies. CPE could be detected in membrane fractions after 3 h in case of the
strains containing the colA′ signal peptide sequence, i.e. C. sporogenes [pMTL-PtetO1-colA′cpe] and C. sporogenes [pMTL-PtetO1-colA′-cpe(his)x6]. The strongest signal obtained using
this signal peptide sequence was reached after 7 h (i.e. pre-stationary phase) and using the
strain expressing 6xHis-tagged CPE, i.e. C. sporogenes [pMTL-PtetO1-colA′-cpe(his)x6] (Figure
21A; Dot 9 using anti-CPE antibody; Dot 6 using anti-(His)x6 antibody). This was also the
case, using pec′ signal peptide sequence (Figure 21B; Dot 3), where the strongest signal
resulted from the C. sporogenes [pMTL-PtetO1-pec′-cpe(his)x6] 7h culture. However, in case of
amyP′, the strongest signal was observed in late stationary phase, but also using the 6xHistagged CPE expressing strain C. sporogenes [pMTL-PtetO1-amyP′-cpe(his)x6] (Figure 21C; Dot
9). No CPE could be detected in cytosol fractions from all recombinant strains. Experiments
were repeated five times and similar results were always obtained.
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Figure 21: Dot immunoblotting
ing of the membrane protein fraction from the different C. sporogenes strains,
harboring pMTL-PtetO1-sp′-cpe
cpe expression plasmids. As a negative
ve control for CPE production,
C. sporogenes pMTL-PtetO1 was used. Membrane protein fractions were isolated from all strains at
different growth phases, and samples (~50 µg)
g) were dropped onto nitrocellulose membranes.
Immunostaining of membranes was followed using antibodies against CPE and His-tag
His
sequences.
The strongest signals obtained for each studied signal peptide sequence (colA
(colA′, pec′, and amyP′) are
indicated by red lettering in the text. A) The membrane protein fraction was isolated from colA' signal
peptide sequence-expressing
expressing strains. Using anti-CPE antibody: 1: C. sporogenes [pMTL-PtetO1]/ 3 h;
2: C. sporogenes [pMTL-PtetO1-colA′-cpe]/ 3 h; 3: C. sporogenes [pMTL-P
PtetO1-colA′-cpe(his)x6]/ 3h;
4: C. sporogenes [pMTL-PtetO1]/ 5 h; 5: C. sporogenes [pMTL-PtetO1-colA′-cpe
cpe]/ 5 h; 6: C. sporogenes
[pMTL-PtetO1-colA′-cpe(his)x6]/ 7h; 7: C. sporogenes [pMTL-PtetO1]/ 7 h; 8: C. sporogenes [pMTL-PtetO1colA′-cpe]/ 7 h; 9: C. sporogenes [pMTL-PtetO1-colA′-cpe(his)x6]/ 7h; 10: C. sporogenes [pMTL-PtetO1]/ 24 h;
11: C. sporogenes [pMTL-PtetO1-colA′-cpe]/ 24 h. Using anti-His tag antibody:: 1: C. sporogenes [pMTLPtetO1]/ 3 h; 2: C. sporogenes [pMTL-P
[pMTL tetO1-colA′-cpe(his)x6]/ 3h; 3: : C. sporogenes [pMTL-PtetO1]/ 5 h; 4: C.
sporogenes [pMTL-PtetO1-colA′′-cpe(his)x6]/ 7h; 5: 7: C. sporogenes [pMTL-PtetO1]/ 7 h; 6: C. sporogenes
[pMTL-PtetO1-colA′-cpe(his)x6]/ 7h.
7h B) Membrane protein fractions from pec' expressing strains were tested
using anti-CPE antibody. 1: C. sporogenes
sp
[pMTL-PtetO1]/ 7 h; 2: C. sporogenes [pMTL-P
[pMTL tetO1-pec′-cpe]/ 7 h;
3: C. sporogenes [pMTL-PtetO1-pec′-cpe(his)x6].C)
.C) Membrane protein fraction from amyP' expressing
strains examined by anti-CPE
CPE antibody. 1: C. sporogenes [pMTL-PtetO1]/ 5 h;; 2: C. sporogenes [pMTLPtetO1-amyP′-cpeT]/ 5 h; 3: C. sporogenes [pMTL-PtetO1-amyP′-cpe(his)x6]/ 5 h;; 4: C. sporogenes [pMTLPtetO1]/ 7 h; 5: C. sporogenes [pMTL-PtetO1-amyP′-cpeT]/ 7 h; 6: C. sporogenes [pMTL-PtetO1-amyP′cpe(his)x6]/ 7h; 7: C. sporogenes [pMTL-PtetO1]/ 24 h; 8: C. sporogenes [pMTL-P
[pMTL tetO1-amyP′-cpeT]/ 24 h;
9: C. sporogenes [pMTL-PtetO1-amyP′-cpe(his)
]/
24
h
x6
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3.2.4.3. Extracellular CPE test and evidence of successful secretion in C. sporogenes

Extracellular CPE secretion was tested in C. sporogenes [pMTL-PtetO1-sp′-cpe(his)x6], i.e.
strains coding for 6xHis-tagged CPE. These strains were chosen because they gave the
strongest signals in Dot-immunoblotting of intracellular proteins, as shown in the previous
section 3.2.4.2.

3.2.4.3.1. SDS-PAGE of C. sporogenes [pMTL-PtetO1-sp′-cpe(his)x6] extracellular proteins
Cultures of C. sporogenes [pMTL-PtetO1-colA′-cpe(his)x6], C. sporogenes [pMTL-PtetO1-pec′cpe(his)x6], and C. sporogenes [pMTL-PtetO1-amyP′-cpe(his)x6] were inoculated to an OD600 nm
of 0.1, and incubated anaerobically at 37 ˚C for 7 h (i.e. pre-stationary phase). In parallel, prestationary cultures of C. sporogenes WT and C. sporogenes [pMTL-PtetO1] were prepared to be
used as negative controls for CPE production. Cultures were centrifuged, and the total
extracellular protein fraction was concentrated by ammonium sulfate precipitation of cell free
culture supernatants (2.9.2.2.2.). A positive control for CPE was prepared from E. coli BL21
(DE3) [pET29a-cpe(his)x6], also generated in this study, in which cpe expression from the PT7
promoter was induced using 1 mM IPTG, and intracellular crude protein was prepared
(2.9.1.1.) and concentrated (2.9.2.2.2.). After SDS-PAGE of protein samples (~150 µg), bands
around the expected molecular weight of CPE (~35 kDa) were observed in all strains, even in
negative controls (Figure 22). Here, the gel was stained by Coomassie staining. Silver protein
staining was also done and gave the same band patterns (data not shown). To detect specific
CPE bands, “Western Blot” and immunostaining were performed as described in the next
section 3.2.4.3.2.
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Figure 22: SDS-PAGE
PAGE of total extracellular proteins from C. sporogenes (pMTL
pMTL-PtetO1-sp′-cpe(his)x6).
Extracellular proteins from C. sporogenes WT and C. sporogenes [pMTL-PtetO1] strains were used as
negative controlss for CPE production, while
w
total intracellular protein from E. coli (pET29a- cpe(his)x6)
was used as positive control for CPE
CP production. All protein extracts were concentrated using ammonium
sulfate and samples (~150 µg) were electrophoretically fractionated using SDS-PAGE.
SDS PAGE. The gel was stained
overnight using Coomassie stain. L: “PageRuler™Prestained Protein Ladder” (10 to 170 kDa);
1: C. sporogenes WT; 2: C. sporogenes [pMTL-PtetO1]; 3: C. sporogenes [pMTL
pMTL-PtetO1-colA′-cpe(his)x6];
4: C. sporogenes [pMTL-P
PtetO1-pec′-cpe(his)x6]; 5: C. sporogenes [pMTL
pMTL-PtetO1-amyP′-cpe(his)x6];
6: E. coli BL21 (DE3) [pET29a
[pET29a-cpe(his)x6]

3.2.4.3.2. Western Blot for specific detection of secreted CPE

SDS-PAGE
PAGE was first done to separate proteins in extracellular extracts of C. sporogenes
[pMTL-PtetO1-colA′-cpe(his
his)x6],

C.

sporogenes

[pMTL-PtetO1-pec
pec′-cpe(his)x6],

and

C. sporogenes [pMTL-PtetO1-amyP′-cpe(his)x6].. Extracellular proteins from C. sporogenes
WT, C. sporogenes [pMTL-P
[pMTL tetO1] were used as negative controls, while intracellular extract
from E. coli BL21 (DE3) [pET29a- cpe(his)x6] served
rved as positive control of CPE. After
ammonium sulfate concentration (2.9.2.2.2.), protein samples (~150 µg)
µ were loaded onto
SDS-PAGE,
PAGE, and electrophoresis was performed. Protein bands were directly transferred onto
nitrocellulose membrane using the semi-dry Western Blot technique (2.9.11.). After
immunoblotting (2.9.12.) using a specific antibody against the CPE protein, specific signals at
~35 kDa were detected in case of all signal peptide sequences (i.e. colA′,
colA pec′, amyP′). This
result was confirmed byy the positive control, showing a band at th
thee same molecular mass
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(Figure 23).
). This means that CPE was successfully produced and secreted from C. sporogenes
using the Tet regulatory system and with the aid of N-terminal
N terminal leading signal peptide
sequences.

Figure 23:: Western Blot of extracellular proteins (~150 µg) from C. sporogenes (pMTL-PtetO1-sp′cpe(his)x6). Strains coding for colA′,
colA pec′, and amyP′ signal peptide sequences (Lanes 3-5)
3 showed a specific
CPE band at ~35 kDa, as in the positive control in Lane 6. No bands were observed in case of negative
controls (Lane 1 and 2). L: “PageRuler™Prestained Protein Ladder” (10 to 170 kDa); 1: C. sporogenes
WT; 2: C. sporogenes [pMTL-P
[pMTL tetO1]; 3: C. sporogenes [pMTL-PtetO1-colA′-cpe
cpe(his)x6]; 4: C. sporogenes
[pMTL-PtetO1-pec′-cpe(his)x6]; 5: C. sporogenes [pMTL-PtetO1-amyP′-cpe(his)x6]; 6: positive control for
CPEfrom E. coli BL21 (DE3) [pET29a-cpe(his)
[pET29a
x6]
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4.1. Background
The use of bacteria or their extracts for the treatment of cancer goes back to more than 100
years ago. Vautier reported in 1813 that clostridial infection led to tumor regression in
gangrene patients (Nowotny, 1985; Mengesha, 2007). Certain tumor types showed regression
after hospitalized patients were accidentally infected with erysipelas (i.e. Streptococcus
pyogenes), as observed separately by two German physicians, Busch and Fehleisen (Nauts,
1980). The most cited case was in the late 1800’s, when the American physician and surgeon
Coley observed the regression of neck cancer in one of his patients following S. pyogenes
infection. Moreover, healing from infection allowed the cancer to come back (Coley, 1893).
Based on these observations, Coley began the first use of bacteria to treat advanced cancers.
He vaccinated his patients using two killed bacterial species, S. pyogenes and Serratia
marcescens, and showed efficiency of the developed vaccine in the treatment of sarcomas,
carcinomas, lymphomas, melanomas and myelomas (Richardson et al., 1999; Zacharski and
Sukhatme, 2005). Also, he developed a treatment modality by making extracts of some of
bacteria, later described as Coley’s toxin, which caused shrinkage of tumors in his patients
(Hoption Cann et al., 2003). Moreover, a sterile filtrate of C. histolyticum was used by Connell
to treat advanced tumors (Connell, 1935).

4.2. Anaerobic bacteria in cancer therapy
About 90 % of all tumors are solid tumors. The microenvironment of a solid tumor consists of
a mixture of tumor cells, nontumor cells (e.g. stromal, blood and immune cells) and various
molecules. These various cells together with their metabolism form a unique milieu inside
solid tumor, which facilitates growth and metastasis. Moreover, this milieu is responsible for
the resistance of tumor cells to chemotherapy and radiotherapy. Therefore, these non-effective
traditional methods should be replaced by new potent targeted ones, basing on understanding
the specific nature of tumor microenvironment and exploiting its differences from normal
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healthy tissues (Umer et al., 2012). Tumor microenvironments were studied, where hypoxic
and necrotic regions were found to be present in different degrees. This was referred to the
fact that the growth rate of abnormal cancer cells exceeds that of the angiogenesis, i.e.
formation of new blood vessels for oxygen and nutrients supply into newly formed cancer
tissue is slower that the rate of their formation (Zu and Wang, 2014). Moreover, in contrast to
the well organized and efficient blood vessel networks under normal physiological conditions,
angiogenesis in tumors results in a chaotic blood vasculature and inconsistent blood flow,
leading to the non-uniform distribution of current cancer therapies among all regions of the
tumor, a great disadvantage of these treatments (Helmlinger et al., 1997, Carmeliet and Jain,
2000; Umer et al., 2012).This impaired vascularization is the reason for the low oxygen
pressure in solid tumors (0-20 mmHg), in comparison to that in normal tissues
(20–100 mmHg) (Dewhirst et al., 2008). Consequently, the anaerobic microenvironment
inside tumors can serve as suitable medium for anaerobic bacteria for colonization and
survival.

Some anaerobic bacteria species belonging to genera of Clostridium, Bifidobactrium and
Salmonella were found to survive and grow in hypoxic necrotic cancer regions and, in
contrast, die in oxygenated part of the tumor. Scientists took these observations as an indicator
of these anaerobic bacterial species to be harmless for normal tissues, when used in cancer
therapy (Malmgren and Flanigan, 1955). Referring to the fact that, although anaerobic bacteria
could be used as oncolytic agents, they could not lyse all parts of cancer, treatment should
combine other sorts of therapies (e.g. chemotherapy) to complete tumor regression (Patyar et
al., 2010). Anaerobic bacteria could be genetically modified to produce toxins or
immunotoxins in the tumor microenvironment for selective tumor destruction. Also, bacteria
could be used as delivery vehicles for anticancer drugs or gene therapy. Use of spores of
anaerobic bacteria guarantees that only spores reaching the oxygen-poor cancer regions can
germinate and exert their effects without harming normal cells (Carswell et al., 1975; Patyar et
al., 2010). Bacterial-directed enzyme prodrug therapy was applied using anaerobic bacteria
transformed with an enzyme capable of converting a harmless prodrug into a toxic drug only
in tumors colonized by such bacteria (Mengesha et al., 2009).
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In 1947, the obligate anaerobic clostridial spores were injected for the first time to tumorbearing mice and the induced tumor lysis was attributed to proteolytic enzyme production
(Parker et al., 1947). In 1955, both healthy and tumor-bearing mice were injected
intravenously with Clostridium tetani spores. All tumor-bearing mice died from tetanus
poisoning, while tumor-free mice remained healthy and unaffected by spore injection. It could
be concluded that spores could germinate, vegetatively proliferate and secrete their toxins only
in hypoxic tumor tissues (Malmgren and Flanigan, 1955). Another trial that supported this
conclusion was performed by Moese and Moese (1959), who showed that spore germination
and following multiplying of vegetative cells were only possible in hypoxic tumor regions and
not in oxygenated ones. Both scientists showed that the non-pathogenic C. sporogenes strain
(previously known as C. butyricum (M-55) or C. oncolyticum) selectively colonizes and grows
in specific tumors, where it shows oncolytic potential (Moese and Moese, 1964). Different
animal models were tested for tumor lysis capability of different clostridial species (Gericke
and Engelbart. 1964; Thiele et al., 1964). Clinical studies on cancer patients treated with nonpathogenic clostridia spores were performed, in which spores could only germinate and
multiply in necrotic areas of tumors causing oncolysis. Despite some promising results were
obtained, the tumor lysis was incomplete and growth of remaining living cells caused cancer
recurrence (Heppner and Moese, 1966, 1978).

Non-pathogenic clostridial species were genetically modified to act as delivery agents for
therapeutic proteins, in order to improve lysis efficacy in comparison to that when spores of
unmodified strains were used alone. In this context, “clostridial-directed enzyme prodrug
therapy” (CDEPT) was developed, in which the gene of a prodrug-converting enzyme
(e.g. cytosine deaminase or nitroreductase) was transformed into C. acetobutylicum and
C. sporogenes strains, so that after spores were administered, they can colonize tumor necrotic
regions and express their enzymes. This leads to conversion of prodrugs into their
corresponding toxic forms in situ (Minton et al., 1995; Fox et al., 1996; Theys et al., 2001,
2006; Liu et al., 2002). Tumor regression through cytokine delivery, e.g. tumor necrosis
factor-α (TNF- α), was also studied (Theys et al., 1999). Immunotoxin delivery was achieved
using interleukin-2 (IL-2, Barbé et al., 2005).
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A pathogenic Clostridium novyi strain was able to colonize tumor necrotic regions after spores
had been intravenously injected into mice (Dang et al., 2001). Death of mice occurred rather
due to bacterial lethal toxins. To overcome this problem, an attenuated non-toxic strain, called
C. novyi-NT, was generated and was able to colonize tumors (Agrawal et al., 2004; Krick et
al., 2012).

In addition to clostridia, other anaerobic bacteria were used for tumor therapy. Bifidobacteria
are non-pathogenic and are part of the human intestinal flora. They are used safely as
probiotics (Kopp-Hoolihan, 2001). As an obligate anaerobe, Bifidobacterium longum could
colonize hypoxic regions of tumors in rat and be used for gene therapy (Yazawa et al., 2000,
2001). In another trial using the same species, the prodrug-converting enzyme cytosine
deaminase was transformed into the bacterium, but no tumor lysis occurred after colonization
(Nakamura et al., 2002; Fujimori et al., 2003). However, this genus cannot form spores and is
therefore more susceptible to restrictive conditions, which are considered as limiting factors
for storage, handling, and use in cancer therapy (Zu and Wang, 2014).

The facultative anaerobic Salmonella genus was also used to target and colonize tumors, being
specifically attracted to tumor cells via chemotaxis (Kasinskas and Forbes, 2006). The
pathogenicity of wild type Salmonella causes infectious shock and other problematic side
effects. A non-toxic deletion mutant, msbB- Salmonella, was generated and administered to
animal models, in which the infectious shock incidence was readily reduced with a lower rate
of mortality compared with the wild-type Salmonella, associated with increased tumor growth
inhibition (Clementz et al., 1997; Pawelek et al., 1997, 2003). Another strain, S. typhimurium
A1-R, could target in vitro tumors as well as in vivo primary and metastatic spinal and liver
tumors (Zhao et al., 2006; Kimura et al., 2010; Yam et al., 2010).

The non-pathogenic Escherichia coli Nissle 1917 strain is a probiotic that also showed
selective colonization at the border between viable and necrotic tumor tissues (Stritzker et al.,
2007). Even when using non-virulent modified species, Salmonella and E. coli as facultative
anaerobic bacteria can colonize normal tissue and cause problematic side effects (Wei et al.,
2008), which is considered as a main disadvantage to be used in cancer therapy.
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Non-pathogenic clostridia are the most preferable candidates for bacterial-based targeted
cancer therapy, because they have the advantage over bifidobacteria, Salmonella and E. coli of
being able to form spores, and over Salmonella and E. coli of being strictly anaerobic and can
specifically colonize hypoxic necrotic regions of tumors (Lambin et al., 1998; Umer et al.,
2008).

4.3. “Clostridium sporogenes-directed toxin therapy” (CDTT)
of pancreatic cancer using CPE
Lack of symptoms and delayed diagnosis with a prognosis of < 5 % 5-year survival rate,
meaning that mortality rate is nearly the same as its incidence rate, gives pancreatic cancer the
priority in tumor drug research (Ferlay et al., 2004; Petersen et al., 2012).

The unique features of C. sporogenes make it an efficient candidate to be used in tumor
targeting therapy. C. sporogenes is a non-pathogenic obligate anaerobe, i.e. capable to
colonize only hypoxic necrotic area of tumors and deliver or express drugs in situ, without
mediating toxic side effects to the normally well oxygenated healthy tissues. Moreover,
C. sporogenes can form endospores. Spores are immunologically inert bodies and could be
injected into the patients’ blood circulatory system, so that only those that reach tumor
hypoxic tissues can germinate, multiply and be cytotoxically active (Moese and Moese, 1959;
Patyar et al., 2010). One more favorable reason to use C. sporogenes in tumor therapy is its
proteolytic activity, so that it can grow with amino acids as sole carbon and nitrogen source
(stemming from necrotic tissue) using the coupled deamination reaction between hydrogen
donor and acceptor amino acids as its principal energy source (Stickland reaction; Nisman
1954). This means that the microorganism itself can exert an oncolytic activity on tumor
tissues as demonstrated by Moese and Moese (1964).

Clostridium perfringens enterotoxin (CPE) is a 35-kDa single amino acid polypeptide chain
(Smedley et al., 2007). The only normal cell surface receptors of CPE are claudin-3 and
claudin-4 tight junction proteins (Katahira et al., 1977, 1997). These two claudin receptors are
1000-fold overexpressed on pancreactic cancer cells compared to normal cells (Michl et al.,
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2001; Ryu et al., 2002; Iacobuzio-Donahue et al., 2003), and hence, can be used as targeting
receptors for CPE-mediated pancreatic cancer cytolysis.

The C-terminal domain of CPE (C-CPE184-319) is responsible for the electrostatic binding to
the second extracellular loop of specific receptors, claudin-3 and claudin-4 (Fujita et al., 2000;
Kimura et al., 2010). This binding results in pore complex formation, which interrupts
membrane selective permeability and causes calcium influx leading to calpain activation and
cytolysis within 15 min (Smedley et al., 2007).

4.3.1. Sporulation dependent production of CPE in C. sporogenes
Normally, CPE is produced in the mother cell compartment of sporulating C. perfringens type
A, the second most common identified cause of food poisoning in the United States (McClane,
2007; Scallan et al., 2011). CPE synthesis is sporulation dependent, because the C. perfringens
cpe gene is transcribed from three promoter sequences (P1, P2 and P3), regulated by
sporulation-specific sigma factors SigE and SigK. P1 has σK consensus recognition sequences,
while P2 and P3 have σE-like sequences (Zhao and Melville, 1998; Harry et al., 2009).
Moreover, sporulation in C. perfringens and consequently CPE production are positively
regulated by an Agr-like quorum sensing system (Li et al., 2011).

The native sporulation dependent production of CPE was tried to be exploited in this study.
Using the clostridial specific ClosTron gene knockout system (Heap et al., 2007, 2010),
a C. sporogenes::spo0A mutant strain was generated. The exact spo0A gene sequence in
C. sporogenes (NCIMB 10696) WT strain was first determined using PCR DNA sequencing.
Three insertion sites (csp30|31s; csp536|537a; clo-249) within the chromosomal spo0A gene
were used for group II intron insertion. Specific integration of the group II intron into clo-249
was confirmed at the genetic level using two different PCR tests, for the ermRAM cassette and
spo0A gene (Figure 10). The resulting C. sporogenes::spo0A mutant was confirmed
phenotypically, by its failing to produce spores, in contrast to the C. sporogenes WT strain.
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For sporulation-dependent production of CPE, the expression plasmid pMTL-spo0A-cpe
(Figure 8) was to be constructed and transformed into the C. sporogenes::spo0A mutant. The
expression plasmid should carry the spo0A gene under regulation of the Pfac inducible
promoter (Heap et al., 2007), and cpe regulated by its native promoter from C. perfringens.
After IPTG induction, the spo0A gene would be expressed. The active Spo0A~P, the master
regulator of sporulation (Sonenshein, 2000; Kroos, 2007), should activate other sporulationspecific sigma factors including SigE and SigK (Sonenshein, 2000; Piggot and Hilbert, 2004),
required for activation of the Pcpe native promoter (Harry et al., 2009) leading to cpe gene
expression.

In contrast to the pathogenic clostridial species, few reporter gene systems were used to
monitor gene expression and determination of promoter activity in the non-pathogenic
clostridia. These reporter systems include the gusA gene (Ravagnani et al., 2000; Girbal et al.,
2003), the eglA gene (Quixley and Reid, 2000), the lucB gene (Feustel et al., 2004) and the
lacZ gene (Dürre et al., 1995; Tummala et al., 1999; Thormann et al., 2002). The latter,
i.e. the lacZ gene, is from Thermoanaerobacterium thermosulfurigenes and encodes a
β-galactosidase. This lacZ gene is a favorable reporter system, because of the low G+C
content (31.5 %) of Thermoanaerobacterium that is typically present in Clostridium, and
hence, the codon usage in both genera is the same (Burchhardt and Bahl, 1991; Feustel et al.,
2004).

The lacZ reporter system was used to investigate the Pcpe promoter activity in C. sporogenes
WT, before beginning construction of the expression plasmid pMTL-spo0A-cpe (Figure 8).
For that purpose, the three sporulation dependent Pcpe promoter sequences from C. perfringens
(P1+P2+P3; 183 bp; Zhao and Melville, 1998) were synthesized (biomers.net GmbH, Ulm),
PCR-amplified and cloned upstream of the lacZ reporter gene in the pMTL-Pcpe-lacZ reporter
plasmid (Figure 12). Pcpe promoter activity was determined in terms of lacZ reporter gene
expression, which can be determined by a β-galactosidase test. For the enzyme test, plasmid
pMTL-lacZ (Figure 11, negative control), and plasmids pMTL-Pptb-lacZ and pMTL-PthlA-lacZ
(Figure 13, positive controls) were constructed in parallel. All plasmids, i.e. pMTL-Pcpe-lacZ,
pMTL-lacZ, pMTL-Pptb-lacZ and pMTL-PthlA-lacZ, were successfully transformed into E. coli
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XL1-Blue MRF′, E. coli CA434 and C. sporogenes WT strains, via heat-shock,
electroporation and conjugation, respectively. Plasmid DNA sequencing confirmed the
generation of C. sporogenes [pMTL-Pcpe-lacZ], C. sporogenes [pMTL-lacZ], C. sporogenes
[pMTL-Pptb-lacZ] and C. sporogenes [pMTL-PthlA-lacZ]. Previously, the promoter activities of
Pptb and PthlA were qualitatively investigated in C. sporogenes, and the promoter strength of
PthlA was found to be higher than that of Pptb (Liu et al., 2008). This was the first time to
quantitatively investigate the promoter activity of Pcpe (from C. perfringens) in C. sporogenes,
as well as that of PthlA and Pptb (from C. acetobutylicum). The β-galactosidase tests were
performed using intracellular extracts and extracellular supernatants from cultures from
different growth phases. No difference was obtained between C. sporogenes [pMTL-Pcpe-lacZ]
and the negative control C. sporogenes [pMTL-lacZ], the specific activity of the enzyme being
0.003±0.004 U/mg. In contrast, the positive controls C. sporogenes [pMTL-Pptb-lacZ] and
C. sporogenes [pMTL-PthlA-lacZ] showed specific activities (in the exponential growth phase)
of 0.06±0.02 U/mg and 0.02±0.007, respectively. These quantitative results are in accordance
with the qualitative ones reported by Liu et al. (2008), which showed that, in C. sporogenes,
the PthlA promoter is stronger than the Pptb promoter.
No enzyme activity and hence no Pcpe promoter activity could thus be determined, even in the
pre-stationary phase, when sporulation began and the promoter should be activated. A reason
for this result could be the typically unsynchronized growth habits of Clostridium (Brown et
al., 1957; Collier, 1957; Powers, 1967). This was observed when C. sporogenes cultures were
tested under phase contrast light microscope. All possible cell forms, including young
vegetative cells, cells in various stages of sporulation, free spores, and germinated spores, are
present in the same culture. For a detectable β-galactosidase enzyme activity, sufficient copies
of the lacZ gene need to be expressed at the same time during a synchronized sporulation and
Pcpe promoter activation, which was not the case here.
Another possible reason for the inactivity of the Pcpe promoter (from C. perfringens) in
C. sporogenes could be the differences in the alternative sigma factors mediating the
sporulation in the two different species. In contrast to the Gram-positive aerobic Bacillus
subtilis, in which sporulation was studied in detail, little is still known about the molecular
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regulation of sporulation in the anaerobic clostridia. B. subtilis is considered as a model for
sporulation in Gram-positive bacteria (Piggot and Coote, 1976). Despite the identification of
homologues of genes encoding SigE, SigF, SigG and SigK (Shimizu et al., 2002; Myers et al.,
2006; Sebaihia et al., 2007), evidences showed that regulation of sporulation among clostridial
species differs from the B. subtilis model (Harry et al., 2009; Kirk et al., 2014). In B. subtilis,
the four alternative sigma factors, SigE, SigF, SigG and SigK, regulate the sporulation (Losick
R and Stragier, 1992; Haldenwang, 1995; Hilbert and Piggot, 2004; Kroos, 2007).
In C. perfringens, all four sigma factors control sporulation, while CPE synthesis requires only
SigE, SigF, and SigK and was found to be SigG-independent (Harry et al., 2009; Li and
McClane, 2010). In addition, an Agr-like quorum sensing system is responsible for the
regulation of both sporulation and CPE production in C. perfringens (Li et al., 2011).
Moreover, the virX RNA regulator was recently found to have an important role in the
regulation of sporulation in C. perfringens, by the repression of genes encoding Spo0A and
sigma factors. This could be considered as a main difference in the regulation of sporulation
between certain species of Clostridium and B. subtilis that lacks virX homologues (Othani et
al., 2013). C. sporogenes is the harmless nonneurotoxinogenic twin of C. botulinum.
C. sporogenes belongs genetically to C. botulinum Group I (99.7%–100% 16S rRNA
sequence identity), so that they form together a single phylogenetic unit (Hutson et al., 1993;
Bassi et al., 2013). The three sigma factors, SigF, SigE and SigG, were shown to have
essential role in the regulation of sporulation in C. botulinum ATCC 3502. SigF and SigE
control the early sporulation. In contrast to B. subtilis, SigG mediates the formation of spore
cortex but not spore coat (Kirk et al., 2014).

As a consequence for the inability to investigate the sporulation-dependent activity of native
Pcpe promoter in C. sporogenes, and so the inability to apply a sporulation-dependent
production of the CPE enterotoxin, a new plan has been followed to achieve the goal of
enterotoxin production by using another expression system (Tet-system).
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4.3.2. Tet system-regulated production of signal peptide SP′-CPE fusion
proteins and CPE secretion in C. sporogenes
Inducible gene expression (IGE) systems are the genetic manipulation tools designed to
regulate gene expression using chemical or physical inducers (Terpe, 2006), one member
being the Tet system, also known as tetracycline (Tc)-responsive, originating from the E. coli
Tn10 transposon (tet operon; Skerra, 1994). The Tc-exporting protein is encoded by the tetA
gene in Tn10. At the transcriptional level, tetA expression is controlled by the Tc-responsive
Tet repressor (TetR), the product of the tetR gene (Chopra and Roberts, 2001). The tetA gene
is transcribed from its upstream promoter containing two tetO operator sequences (tetO1 and
tetO2), the binding sites for the TetR repressor (Chalmers et al., 2000). In the absence of the
inducer Tc, TetR binds both tetO operators firmly and inhibits tetA transcription. When
present, Tc binds TetR, leading to a conformational change of the repressor and liberation of
tetO, which in turn induces tetA expression.

As the C. perfringens cpe gene does not code for an N-terminal signal peptide sequence,
produced CPE protein cannot be secreted, and rather accumulates in the cytoplasm of the
sporulating mother cell. CPE is released together with the mature spore at the end of
sporulation through mother cell lysis (Ducan, 1973; Smedley et al., 2007). To mediate
extracellular secretion of CPE in C. sporogenes, three different potent clostridial signal
peptide sequences (sp′; colA′ from C. sporogenes; pec′ and amyP′ from C. acetobutylicum)
were determined using in silico computer-based searches (König, 2008), and found to be
expressed and processed in both Gram-positive and Gram-negative bacteria. Box (2006)
reported toxic effects of an AmyP′-CPE fusion protein in E. coli, the amyP′-cpe fusion
sequence being controlled by the PbdhA promoter (from C. acetobutylicum). Choosing a
suitable gene expression system is critical, to avoid lethal effects. An ideal gene expression
system should be active in C. sporogenes and at the same time being tightly regulated in
E. coli as the intermediate host. The Tet system is the most effective known IGE system for
gene transcription regulation in many organisms including C. acetobutylicum (Orth et al.,
2000; Bertram and Hillen, 2008; Dong et al., 2012), but its activity was still unknown in
C. sporogenes.
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To determine Tet system activity in C. sporogenes, the reporter plasmid pMTL-PtetO1-spo0A
was constructed, by which the expression of the C. sporogenes spo0A gene is controlled by the
PtetO1 promoter (Figure 15). PtetO1 is a modified form of the tetO promoter, containing only one
operator sequence to avoid loop formation between the original two operator sequences (tetO1
and tetO2), and improve gene expression in clostridia (König, 2011; Dong et al., 2012). The
plasmid was successfully transformed in E. coli strains harboring the repressor plasmid
pANr2-Phelp-tetR-F1 (Figure 14), to avoid toxicity from spo0A expression. The reporter
plasmid pMTL-PtetO1-spo0A was conjugated into C. sporogenes::spo0A mutant constructed in
3.1.1. Conjugation resulted in C. sporogenes::spo0A [pMTL-PtetO1-spo0A] containing both the
spo0A mutated and wild type gene forms, in chromosomal and plasmid DNA, respectively.
Coexistence of both gene forms was PCR-confirmed (Figure 16 and Figure 17) using
(spo0A_clo249_FP / EBS universal and spo0A_clo249_FP / spo0A_clo249_RP) primer pairs.
Complementation with the wild type spo0A gene was confirmed phenotypically, as the
C. sporogenes::spo0A [pMTL-PtetO1-spo0A] strain was able to form spores like that of
C. sporogenes WT strain (Figure 18). This positive complementation means a successful
expression of the reporter plasmid spo0A gene, and consequently a positive activity of the
PtetO1 promoter in C. sporogenes.
After Tet system activity was confirmed in C. sporogenes, it could be then used for regulating
sp′-cpe fusion expression. Both, C. perfringens cpe native and truncated (cpeT) gene forms
were PCR-amplified. In cpeT, the 5′- nucleotide sequence coding for the N-terminal 37 amino
acids of the native CPE protein was removed, which enhances the cytotoxicity by 2-3 fold
(McClane, 2007). Also, 6xhis-tagged cpe and 6xhis-tagged cpeT were amplified. Six
expression plasmids (pMTL-PtetO1-sp′-cpe) containing different signal peptide sequences
(colA′, pec′ and amyP′) fused to different cpe gene forms (cpe, cpeT, cpe(his)x6 and
cpeT(his)x6), were successfully constructed and transformed into E. coli strains harboring the
repressor plasmid pANr2-Phelp-tetR-F1, to avoid the cytotoxic effects of Sp′-CPE fusion
protein on these intermediate hosts. After plasmid DNA confirmation using restriction
digestion and PCR tests as well as DNA sequencing, the C. sporogenes WT strain received the
six constructed expression plasmids by conjugation. This resulted in the CPE-expressing
strains C. sporogenes [pMTL-PtetO1-colA′-cpe], C. sporogenes [pMTL-PtetO1-colA′-cpe(his)x6],
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C.

sporogenes

[pMTL-PtetO1-pec′-cpe],

C.

sporogenes

[pMTL-PtetO1-pec′-cpe(his)x6],

C. sporogenes[pMTL-PtetO1-amyP′- cpe(his)x6] and C. sporogenes [pMTL-PtetO1-amyP′-cpeT].
In parallel, the control plasmid pMTL-PtetO1 was also conjugated into C. sporogenes WT
resulting in C. sporogenes [pMTL-PtetO1]. The growth behavior (Figure 20) of all generated
C. sporogenes CPE-expressing strains was nearly the same as that of C. sporogenes WT,
reaching a maximum OD600 nm of ~ 3 after 7-8 h incubation at 37 ˚C. This means that pMTLPtetO1 and pMTL-PtetO1-sp′-cpe have no toxic or growth retarding effects on C. sporogenes.
For testing the intracellular crude extracts for CPE protein, cytosol and membrane protein
fractions were isolated from C. sporogenes [pMTL-PtetO1-colA′-cpe], C. sporogenes [pMTLPtetO1-colA′-cpe(his)x6], C. sporogenes [pMTL-PtetO1-pec′-cpe], C. sporogenes [pMTL-PtetO1pec′-cpe(his)x6], C. sporogenes[pMTL-PtetO1-amyP′- cpe(his)x6], C. sporogenes [pMTL-PtetO1amyP′-cpeT], and from C. sporogenes [pMTL-PtetO1], as negative control for CPE production.
Using “Dot Blot” (2.9.10.) followed by immunostaining (2.9.12.), CPE was detected in
membrane fractions. The strongest signals were observed in C. sporogenes [pMTL-PtetO1colA′-cpe(his)x6], C. sporogenes [pMTL-PtetO1-pec′-cpe(his)x6] and C. sporogenes[pMTLPtetO1-amyP′- cpe(his)x6]. No CPE could be detected in cytosol fractions from all recombinant
strains. This might mean that all three fused signal peptides (ColA′, Pec′, and AmyP′) led CPE
successfully into the membrane to be secreted.

Importantly, successful secretion of CPE was confirmed in C. sporogenes [pMTL-PtetO1-colA′cpe(his)x6], C. sporogenes [pMTL-PtetO1-pec′-cpe(his)x6] and C. sporogenes[pMTL-PtetO1amyP′-cpe(his)x6]

strains.

Extracellular

proteins

were

isolated

and

proteins

were

electrophoretically separated using SDS-PAGE (2.9.7.) and specifically tested using “Western
Blot” (2.9.10.) followed by immunostaining (2.9.12.). In the case of all tested signal peptides
(ColA′, Pec′, and AmyP′), a specific CPE protein signal at ~ 35 kDa was obtained, which is
similar to that of the positive control (intracellular crude extract from E. coli BL21 (DE3)
[pET29a-cpe(his)x6].
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These results confirmed that the sp′-cpe genes were constitutively transcribed from the tetO1
promoter, transported to the cell membrane and successfully secreted in C. sporogenes with
the help of the signal peptide sequences.

Box (2006) reported a successful AmyP′-mediated secretion of CPE from C. acetobutylicum
[p7BIG2TOX]. The C. acetobutylicum PbdhA promoter was used to regulate the expression of
amyP-cpe fusion. The supernatants containing CPE showed a cytotoxic activity on the human
pancreatic cancer cell line CAPAN-1, in collaboration with Prof. Dr. Gress research group,
previously working at Ulm University. Parallel experiments were performed using serial
dilutions of purified CPE from E. coli, as a positive control for cytotoxicity, to determine the
concentration of effective CPE in C. acetobutylicum supernatants, which was found to be 0.5
mg/l. The Same concentration was estimated, by performing Western Blots and comparing the
band intensities of supernatant sample with that of positive control, the same CPE (from E.
coli) gifted by Prof. Dr. Gress teamwork. In contrast to the in vitro assays, no tumor regression
was observed in vivo, after injection of C. acetobutylicum [p7BIG2TOX] spores into “NMRI
nu/nu” mice carrying CAPAN-1 xenografts. This failure to induce cytotoxicity in vivo could
be resulted because of the PbdhA promoter was not strong enough to express CPE at a lethal
concentration.

In the current study, and due to the unavailability of a standard positive control, it was only
possible to investigate CPE qualitatively, using Western Blots. CPE is among the most
poisonous natural compounds, accounting annually for about 1 million cases of food
poisoning (Scallan et al., 2011). Therefore, preparation of a pure CPE to be used as positive
control for quantitative estimation was avoided because of its hazardousness. On the other
hand, it seems that small amount of CPE was produced from the generated recombinant
C. sporogenes strains, as its detection via Western Blots required about 40-fold concentration
of the supernatants using ammonium sulfate precipitation. This raises the question, if this low
CPE concentration has a therapeutic effect. In vivo and vitro tests, using recombinant spores,
should determine, whether the produced amount of CPE is enough for induction of
cytotoxicity in pancreatic tumor cells.
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4. Discussion
In vitro studies showed that the cytotoxic effect of CPE on the pancreatic cancer cell line
PANC-1 was dose-dependent with a maximum toxicity induced at a CPE concentration of
1 µg/ml. The maximum cell damage (~ 80 %) was reached after 30 minutes (Michl et al.,
2001). However, in vivo studies did not result in a significant toxicity, after inducing Panc-1
pancreatic xenograft tumors in nude mice and intratumorally injection of CPE
(40 ng/µl) (Michl et al., 2001). An acute dose-dependent cytotoxic effect was observed in the
pancreatic cancer cell lines PANC-1, BXPC-3, HPAF-II and HPAC. The CPE dose to start
cytotoxicity was 0.25-0.5 µg/ml. In normal HPDE cells, claudin-4 expression and barrier
function were affected, but no CPE-induced cytotoxicity was observed (Yamaguchi et al.,
2011).

4.4. Conclusion
A new “clostridial-directed toxin therapy” (CDTT) system was constructed in this study. The
inherent sporulation-dependent intracellular CPE from C. perfringens could be successfully
cloned into, constutively expressed and secreted from C. sporogenes with the aid of Tet
system and three signal peptide sequences (colA', pec' and amyP'). The cpe gene was fused to
the different N-terminal signal peptide sequences. The whole fusions were cloned downstream
of the tetO1 promoter and the constitutive expression and secretion of the cytotoxic protein
from C. sporogenes have been proven by Western Blots. This C. sporogenes CPE CDTT can
be used for targeting overexpressed claudin-3/-4 on the surface of pancreatic cancer cells. For
therapy, the immunologically inert spores of the recombinant strains C. sporogenes [pMTLPtetO1-colA′-cpe(his)x6], C. sporogenes [pMTL-PtetO1-pec′-cpe(his)x6] and C. sporogenes
[pMTL-PtetO1-amyP′- cpe(his)x6] could be intravenously injected into patients. Due to the
obligatory anaerobic feature of C. sporogenes, spores will localize, germinate, and secrete
CPE only in the anaerobic necrotic areas inside tumors. CPE expression and release are no
longer sporulation dependent, rather a constitutive expression and secretion of CPE is now
provided by this study. Secreted CPE will bind specifically to claudin-3/-4 on the surrounding
tumor cells, which mediates calcium influx and stimulate cancer cell death. This can be
considered

as

a

highly

promising

therapy
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for

refractory

pancreatic

cancer.

5. Summary

5. Summary
A) For a controlled production of Clostridium perfringens enterotoxin (CPE) exploiting its
native sporulation-dependent expression.

1- A sporulation deficient Clostridium sporogenes::spo0A mutant strain was generated using
ClosTron system.

2- An expression plasmid pMTL-spo0A-cpe was to be constructed, in which the spo0A gene
from C. sporogenes is under the control of Pfac inducible promoter, and the cpe gene is
under the control of its native sporulation-dependent promoter from C. perfringens. The
plasmid was to be transformed into the sporulation mutant strain for complementation of
sporulation and controlled enterotoxin expression. After IPTG induction, the Spo0A is
expressed and initiated the sporulation cascade, activating Pcpe promoter and leading to the
CPE production and accumulation in mother cell cytoplasm. At the end of sporulation, the
CPE is released through the mother cell lysis.

3- The reporter plasmid pMTL-Pcpe-lacZ was first constructed to investigate the activity of the
native cpe promoter (Pcpe) in C. sporogenes, in terms of the activity of β-galactosidase, the
product of lacZ reporter gene.

4- For the enzyme test, the negative control plasmid pMTL-lacZ and the positive control
plasmids (pMTL-PthlA-lacZ and pMTL-Pptb-lacZ) were constructed.
5- After successful transformation of all plasmids into C. sporogenes WT, in vitro
β-galactosidase enzyme test could not reveal any Pcpe activity in C. sporogenes, which
could be referred to the unsynchronized growth habits of clostridia or to the differences in
the regulation of sporulation in both, C. sporogenes and C. perfringens.
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5. Summary
B) For Tet system-regulated production and secretion of CPE

1- To

investigate Tet

system activity in

C.

sporogenes.

The reporter plasmid

pMTL-PtetO1-spo0A was constructed, in which the spo0A from C. sporogenes is under
control of tetO1 promoter.

2- The reporter plasmid was transformed into the sporulation deficient C. sporogenes::spo0A
mutant, and the complementation was confirmed at the genetic level as well as
phenotypically, by the restoration of spore formation capability. Meaning that Tet system
is active in C. sporogenes.

3- CPE-expression plasmids pMTL-PtetO1-sp′-cpe were constructed, in which three different
clostridial signal sequences (sp′: colA′, pec′ or amyP′) were fused to the 5′-end of the cpe
gene from C. perfringens. The fusion sequence was under the control of PtetO1.
4- Expression plasmids were successfully transformed into C. sporogenes WT.

5- Dot-immunoblotting confirmed the presence of CPE in the membrane protein fraction, as a
first evidence that the three used signal peptide were able to bring CPE into the membrane
for secretion.

6- Western Blot using culture supernatants confirmed the secretion of CPE from the
recombinant strains C. sporogenes [pMTL-PtetO1-colA′-cpe(his)x6], C. sporogenes [pMTLPtetO1-pec′-cpe(his)x6] and C. sporogenes [pMTL-PtetO1-amyP′-cpe(his)x6].
7- The concentration of the secreted CPE seems to be low, as the Western Blot detection
implied the concentration of supernatants up to 40-fold. In vitro and in vivo studies should
determine if this concentration is enough to induce pancreatic cancer cytotoxicity.
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