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Bacitracin reduces the cytotoxic effects of Clostridium
difficile toxins A and B on mammalian cells and human
intestinal organoids
1. Introduction
1.1 Clostridium difficile and associated diseases (CDADs)
Clostridium difficile (C. difficile) is a gram-positive, spore-forming bacterium [1], which
spreads via the fecal-oral route by the ingestion of acid-resistant spores. C. difficile
produces three protein toxins, namely toxin A (TcdA), toxin B (TcdB), and Clostridium
difficile transferase (CDT) [2]. TcdA and TcdB are the main etiological factors for the C.
difficile-associated diseases (CDADs), like pseudomembranous colitis (PMC). C. difficile
was firstly identified by Hall and O’Toole in 1935 and was originally named Bacillus
difficilis for its difficult isolation [3]. Followed by decades of pathological research and
several cases reporting, C. difficile was eventually demonstrated as the etiology of PMC, a
severe, life-threating bowel disease in 1978 [4]. In recent years, Clostridium difficile
infection (CDI) is becoming the most frequent factor inducing nosocomial diarrhea in
U.S.A. and Western Europe among the seniors and younger generation [5]. Nowadays, the
Center for Disease Control and Prevention has listed CDI as one of the three most urgent
threats to public health worldwide [6]. That is the reason why CDI is drawing more and
more attention these years among researchers all over the world, including our group.
The CDI-induced presentations range from asymptomatic carrier state to toxic megacolon
or PMC, and the typical clinical symptoms caused by acute CDI are watery diarrhea,
anorexia, nausea, and leukocytosis with a neutrophilic predominance [1]. C. difficile toxins
also contribute to vascular changes, including angiogenesis and dilatation via the
induction of vascular endothelial growth factor A (VEGF-A) and the increase of vascular
permeability [7], which contributes to severe chronic colitis in inflammatory bowel
disease (IBD) [8]. Normally, the CDI could not be diagnosed simply based on the typical
clinical symptoms due to its wide spectrum of presentations. Even though the PMC (Fig. 1)
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found in colonoscopy is important in the diagnosis, it is not widely-used because of the
practical reasons. Therefore, typical clinical symptoms and the detection of C. difficile
toxins or the oxygenic strains in stool samples through nucleic acid amplification tests
(NAATs) should be combined to confirm the CDADs [1]. The traditional therapy against
CDADs is the symptomatic treatment with the regular use of antibiotics based on the
severity of the infection, such as metronidazole, and vancomycin [9].

Figure 1 The picture of the colon during the colonoscopy from a patient with
pseudomembranous

colitis

(PMC).

Modified

from

[1],CC

BY-NC

3.0,

https://creativecommons.org/licenses/by-nc/3.0/
The lining of the colon was dispersed with the yellow or light yellow plaques or nodules with of diameters
2-3 cm approximately (approx.), which represent the Clostridium difficile infection (CDI) induced
pseudomembranes (arrows).
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1.2 The toxins TcdA and TcdB
The major pathogenic factors of C. difficile-induced diseases are the large protein toxins
TcdA and TcdB, both of which are single-chain AB-type toxins. The different functional
domains for cellular uptake and catalytic activity are located on one protein. In more
details, TcdA and TcdB share high amino acid sequence homology and a comparable
structure consisting of at least four major functional domains as described in the ABCD
model [2]. ABCD represent enzyme activity (A), binding to receptors on cell surface (B),
cutting the active moiety of the toxin in cells (C), and delivery of the A subunit into the
cytosol (D). The concerted mode of action of these domains is essential for the
intoxication of cells by TcdA/TcdB. The major four domains are arranged in the toxins as
schematically depicted in Fig. 2.

Figure 2 ABCD model of Clostridium difficile toxins A (TcdA) and B (TcdB), based on [2]
Domain A is the enzyme subunit harboring the glucosyltransferase domain (GTD), domain B consists of
combined repetitive oligopeptides (CROPs), and domain C harbors the auto-protease domain (APD) [2].

1.2.1 The cellular uptake of TcdA and TcdB
To exhibit their cytotoxic activities, TcdA and TcdB must deliver their glucosyltransferase (A)
domains into the cytosol of human target cells. The molecular mechanisms underlying
these sophisticated processes were investigated in recent years by various research
groups, including the Aktories and the Barth groups [2, 10]. The cellular uptake of TcdA
and TcdB starts with the binding to the respective specific receptors on target cells surface.
TcdB could bind to the cells not just through the CROPs, which may explain its stronger
toxicity. Chondroitin sulfate proteoglycan 4 (CSPG4) is the CROPs-dependent receptor on
human colorectal cells [11]. Meanwhile, the Frizzled (FZD) family on human colonic cells
could also bind to TcdB without the help from CROPs [12]. For TcdA, glucoprotein 96 (gp96)
is the major receptor on the human colonocyte surface and is also involved in endocytosis
3

[13]. Bonded toxins are internalized by receptor-mediated endocytosis. Then, toxins reach
endosomal vesicles following the acidification of the endosomal lumen with the help from
vacuolar H+-ATPase pump [14]. Afterwards, the toxins change their conformations and
specific parts insert into endosomal membranes, thereby forming trans-membrane pores
[15]. Earlier work form the Barth group and others demonstrated that these pores are
essential for the intoxication process, because they serve as translocation channels for the
delivery of the A domains across endosomal membranes into the cytosol of the target
cells [14]. However, the precise molecular mechanisms of toxin translocation are not fully
understood so far. Domain D is probably involved in delivery of the toxins (or part of the
toxins) into the cytosol [2]. The enzyme subunit harboring A domain is released into
cytosol after auto-proteolytic cutting by the C domain and facilitated transported by the D
domain (Fig. 3). More specifically, with the activation of autocatalytic cleavage function
induced by inositolhexaphosphate (InsP6), the conformation changes, releasing A domain.
Afterwards, this subunit is transported to its target protein in the cytosol [16].

Figure 3 Scheme of the cellular uptake and mode of action of Clostridium difficile toxins
A (TcdA) and B (TcdB), based on [2]
TcdA as well as TcdB are internalized via receptor-mediated endocytosis after specific receptor-binding on
cell surface. The low pH values in the lumen of acidified endosomal vesicles trigger the insertion of the
translocation domains of the toxins, which is associated with formation of trans-membrane pores. Finally,
the enzymatically active A domain is released and translocated through these pores across the endosomal
membranes into the host cell cytosol, where they modify the Rho-GTPases (Ras homologous- guanosine
triphosphate enzyme) [2].
4

1.2.2 TcdA and TcdB modify Rho-GTPases
C. difficile toxins TcdA and TcdB specifically target Rho-GTPase proteins in the cytosol and
transfer glucose to specific amino acid residues of Rho-GTPases [2]. Since Rho-GTPases
play an essential role controlling the actin cytoskeleton, the epithelial barrier function,
migration, phagocytosis etc. [17, 18]. This toxin-induced UDP-glucosylation of
Rho-GTPases blocks the interaction with their effectors, inhibiting the signal transduction,
leading to the disorder of several cellular functions [18] (Fig. 4). The Rho-GTPase family
includes at least 20 members, dividing into six groups [19]. According to the results from
other groups, Rac1 is one of the crucial modifications for the cytopathic effect of
UDP-glucosylating toxins [20].

Figure 4 Clostridium difficile (C. difficile) toxins inhibit signal transduction mediated by
Rho-GTPases (Ras homologous- guanosine triphosphate enzymes), based on [21]
Rho-GTPases mediate the cellular functions as “molecular switches” through the “GTPase cycle” of GTP
bound form (active) and GDP (Guanosine diphosphate)-bound form (inactive). Normally, GDP-Rho proteins
are inactivated by the GDIs (Guanine nucleotide dissociation inhibitors) in the cytosol. Then, “GTPase cycle”
is triggered by the activation of Rho-GTPases with the help of GEFs (Guanine nucleotide exchange factors)
and is terminated by hydrolysis of GTP. The active Rho-GTPases control multiple cellular functions through
the interaction with specific effectors. C. difficile toxins inactivate Rho-mediated signal transduction through
glucosylating Rho-GTPases, which blocks the interaction with GEFs, eventually leading to cell apoptosis [20,
21].
5

1.2.3 TcdA and TcdB cause CDADs
TcdA and TcdB are the two primary virulence factors responsible for CDI, which may cause
CDADs [23] and result in extensive colonic inflammation through the histological damage
of the gut among the patients [24]. The recent research showed that TcdA and TcdB were
responsible for the clinical syndromes of CDADs. Because they induce cell apoptosis, open
the tight junctions between neighboring colonic cells [25], allow the infiltration of
neutrophils and induce the rapid fluid loss into the intestinal, which leads diarrhea [26].
TcdB causes majority of intestinal damage in CDI, while TcdA causes more superficial and
localized damage. Furthermore, TcdB is involved in other systemic organ damage besides
in gut shown in animal models, suggesting that CDI might induce multiple organ
dysfunction syndrome (MODS) as a serious complication [24].

1.3 Bacitracin
Bacitracin is an established peptide antibiotic for medical use [27]. It is produced
by Bacillus subtilis as a mixture of closely related compounds and exhibits antibiotic
activity against Gram-positive bacteria [28]. Only bacitracin-A possesses the antibiotic
effect, although all the bacitracin derivatives just differ slightly in their molecular structure
(Fig. 5).

Figure 5 Structure of bacitracin, reprinted from [33]
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1.3.1 Bacitracin associated researches
Since its first discovery in the 1940s by John T. Goorley, bacitracin has been applied
against numerous bacterial infections [29]. Because of its renal toxicity, the use of
bacitracin is normally locally on the wounds in many surgical subspecialties. For examples,
bacitracin is applied to reduce the rate of wound infections in CSF (cerebrospinal fluid)
shunt surgery [30]. Other researchers apply bacitracin to prevent infection and promote
wound closure of the continuous irrigation in vascular graft [31]. Besides, there are some
new investigations about the interaction between bacitracin and HIV-1 (human
immunodeficiency virus type 1) infection, which causes AIDS (Acquired immune deficiency
syndrome). The data proves that bacitracin inhibits the HIV-1 infection via targeting the
processes of viral entry or fusion against the target cells [32].

1.3.2 Bacitracin inhibits bacterial cell wall synthesis
Bacitracin has long history of clinical use because of its bactericidal effect against
Gram-positive bacteria, including C. difficile. The mechanism behind the inhibition is that,
bacitracin disturbs the cell wall synthesis by specifically inhibiting the dephosphorylation
process of undecaprenyl pyrophosphate [34], which is essential for the peptidoglycan
biosynthesis as the building blocks for bacterial cell wall.

7

1.4 Aim of this thesis
An increased number of cases induced by C. difficile with severe outcomes have been
observed worldwide [35]. Furthermore, CDADs is a serious condition with approximately
25% mortality in frail elderly people [36]. It affects older, frailer, hospitalized patients and
also younger patients who are immunosuppressed [1]. The single-chain toxins TcdA and
TcdB are the main virulence factors inducing CDADs [23, 35]. The traditional therapies
against CDADs consist of supportive care, symptomatic treatment and the addition of
antibiotics based on the severity of patient's condition [37, 38]. The representative
antibiotics are vancomycin, metronidazole and rifaximin etc. [37, 38, 39]. However,
following the antibacterial efficiency, antibiotic therapy has the potential to increase the
resistance towards these antibiotics [38]. Moreover, the usage of antibiotics is a possible
risk factor for the selection of antibiotic-resistant enterococci in human gut, which may
spread among the hospitalized patients and cause serious infection [40]. Therefore, it is
necessary to identify and characterize efficient toxin inhibitors to directly neutralize TcdA
and TcdB, proposing alternative therapeutic options for clinical use. The primary idea of
this thesis was inspired by the latest observation in the Barth group that bacitracin
prevents the intoxication on mammalian cells induced by C. difficile transferase (CDT). CDT
is a binary toxin also produced by C. difficile. It is shown that bacitracin directly interferes
with the B subunit (transport domain) of CDT, therefore preventing the translation of the
A subunit (enzyme domain) into the cytosol of target cells [41]. Prompted by the former
results, the effect of bacitracin on TcdA and TcdB and its mechanism was investigated in
this thesis, obtaining novel pharmacological options to neutralize these clinically
important toxins in future medical use.
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2. Materials and Methods
2.1 Materials
2.1.1Chemicals
6-Biotin-17-NAD

Trevigen Inc., Gaithersburg, MD, USA

Acetic acid glacial

VWR International GmbH, Darmstadt

Acrylamide (Rotiphorese® Gel 30)

Carl Roth GmbH & Co. KG, Karlsruhe

Ammonium persulfate (APS)

Carl Roth GmbH & Co. KG, Karlsruhe

Ampicillin sodium salt

SERVA Electrophoresis GmbH, Heidelberg

Adenosine triphosphate (ATP)

Sigma-Aldrich Chemie GmbH, Steinheim

Bacto TM Tryptone

Becton, Dickinson and Company,
Franklin Lakes, NJ, USA

Bromophenol blue sodium salt

Sigma-Aldrich Chemie GmbH, Steinheim

Enhanced chemiluminescent (ECL)

ImmobilonTM Western
ImmobilonTM
Chemiluminescent
Western HRP Substrate
HRP Substrate, Darmstadt, Germany

CompleteTM Protease Inhibitor Cocktail

Roche Diagnostics GmbH, Mannheim

Coomassie Brilliant Blue G250

SERVA Electrophoresis GmbH, Heidelberg

Coomassie Brilliant Blue R250

SERVA Electrophoresis GmbH, Heidelberg

Dimethyl sulfoxide (DMSO)

AppliChem GmbH, Darmstadt

Disodium hydrogen phosphate dihydrate

AppliChem GmbH, Darmstadt

(Na2HPO4x 2H2O)
Dithiothreitol (DTT)

Merck KGaA, Darmstadt

Ethanol

VWR International GmbH, Darmstadt

Ethylenediaminetetraacetic acid

Carl Roth GmbH & Co. KG, Karlsruhe

disodium salt (EDTA )
Fetal calf serum (FCS)

GIBCO® life technologies, Karlsruhe

L-Glutamine

Biochrom AG, Berlin

Glycerol

Sigma-Aldrich Chemie GmbH, Steinheim
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Glycine

AppliChem GmbH, Darmstadt

Guanidine hydrochloride

Carl Roth GmbH & Co. KG, Karlsruhe

Hydrochloric acid

Sigma-Aldrich Chemie GmbH, Steinheim

Hydrogen peroxide (H2O2) 30%

J.T. Baker, Griesheim

Imidazole

Carl Roth GmbH & Co. KG, Karlsruhe

Isopropanol

Sigma-Aldrich Chemie GmbH, Steinheim

Isopropyl-β-D-1-thiogalactopyranoside

AppliChem GmbH, Darmstadt

(IPTG)
Luminol

AppliChem GmbH, Darmstadt

Methanol

Sigma-Aldrich Chemie GmbH, Steinheim

β-Mercaptoethanol

Fluka Chemie GmbH, Buchs, Switzerland

Magnesium chloride (MgCl2)

Carl Roth GmbH & Co. KG, Karlsruhe

N, N, N’, N’- tetramethylethane-1,2-diamine

Carl Roth GmbH & Co. KG, Karlsruhe

(TEMED)
Non-essential amino acids

GIBCO® life technologies, Karlsruhe

Ortho-Phosphoric acid (H3PO4) 85%

Carl Roth GmbH & Co. KG, Karlsruhe

p-Coumaric acid

Sigma-Aldrich Chemie GmbH, Steinheim

Penicillin/streptomycin

Thermo Fisher Scientific Inc.,
Waltham, MA, USA

Phenylmethylsulfonyl fluoride (PMSF)

Fluka Chemie GmbH, Buchs, Switzerland

Ponceau S

AppliChem GmbH, Darmstadt

Potassium chloride (KCl)

Carl Roth GmbH & Co. KG, Karlsruhe

Potassium diydrogen phosphate (KH2PO4)

Carl Roth GmbH & Co. KG, Karlsruhe

Skim milk powder

Carl Roth GmbH & Co. KG, Karlsruhe

Sodium chloride (NaCl)

Sigma-Aldrich Chemie GmbH, Steinheim

Sodium dodecyl sulfate (SDS)

Carl Roth GmbH & Co. KG, Karlsruhe

Sodium hydroxide (NaOH)

Merck KGaA, Darmstadt

Sodium pyruvate

GIBCO® life technologies, Karlsruhe

Streptavidin-peroxidase (strep-POD)

Roche Diagnostics GmbH, Mannheim
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Triton®X-100

Sigma-Aldrich Chemie GmbH, Steinheim

Trypsin-EDTA solution

Sigma-Aldrich Chemie GmbH, Steinheim

Trypsin

Roche Diagnostics GmbH, Mannheim

Trypsin inhibitor

Roche Diagnostics GmbH, Mannheim

Tween® 20

AppliChem GmbH, Darmstadt

Yeast extract Servabacter® powder

SERVA Electrophoresis GmbH, Heidelberg
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2.1.2 Consumables
24-Well Hanging Inserts

EMD Millipore Corporation, Darmstadt,

(0.4 µm PET)

Germany

Developer and fixer PTU 60

Adefo-Chemie GmbH, Dietzenbach

Dulbecco's Modified Eagle Medium

GIBCO® life technologies, Karlsruhe

(DMEM)
Dulbecco’s Modified Eagle Medium

Thermo Fisher Scientific Inc.,

F-12 Nutrient Mixture (Ham)

Waltham, MA, USA

(DMEM/F-12 (1:1) (1X) + GlutaMAXTM-I)
Medical X-ray film CX-BL+
Human Epidermal Growth Factor (EGF)

Novoprotein Scientific Inc., Shanghai, China

Minimum Essential Medium (MEM)

GIBCO® life technologies, Karlsruhe

(CellTiter 96® AQueous One Solution)
Monolith NT Standard Treated Capillaries

NanoTemper Technologies GmbH, Munich

Neubauer Hemocytometer

LO-Laboroptik GmbH, Friedrichsdorf

Ni-NTA-Agarose Beads

Qiagen N.V., Venlo, Netherlands

Nitrocellulose Blotting Membrane

GE Healthcare Life Sciences, Uppsala,

AmershamTMProtranTM0.45 m NC

Sweden

Normal Goat Serum

Jackson ImmunoResearch Laboratories, Inc.,
GerWest Grove, PA, USA

Parafilm M®

Bemis Company Inc., Neenah, WI, USA

Pasteur glass pipettes

Sarstedt AG&Co., Nümbrecht

Nucleo Bond® Xtra Midi

Macherey-Nagel GmbH & Co. KG, Düren

Pipette tips

Sarstedt AG & Co., Nümbrecht

ProLongTM antifade reagent

Life Technologies Corporation, Carlsbad,
CA , USA

Sterican® sterile needles

B. Braun Melsungen AG, Melsungen

(Ø 0.45 x 25 mm 26 G x 1, Gr. 18)
Sterile cell scraper (25 cm)

Sarstedt AG & Co., Nümbrecht
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Sterile syringe BD PlastipakTM (1 mL)

Becton, Dickinson and Company
Franklin Lakes, NJ, USA

SuperFrost Ultra Plus© slides

Thermo Fisher Scientific Inc., Waltham,

(25 x 75 x1.0 mm)

MA, USA

Tissue culture dish 100(d=10 cm)

TPP® Techno Plastic Products AG,
Trasadingen, Switzerland

Tissue culture testplates (12/24/96 well)

TPP® Techno Plastic Products AG,
Trasadingen, Switzerland

Tissue-Tek® Cryomold®

Sakura Finetek Inc., Torranc, CA, USA

(10x 10x 5 mm)
Tubular film 100 µm

HT-Verpackungen, Esslingen

Vivaspin ultrafiltration spin columns

Sartorius Stedim Biotech GmbH, Goettingen

(500 µL)
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2.1.3 Devices
Bio-DotTM Apparatus

Bio-Rad, Munich

Centrifuge 5415 D

Eppendorf AG, Hamburg

Centrifuge 5417 R

Eppendorf AG, Hamburg

EL 340 Microplate Reader

Bio Tek Instruments GmbH, Bad
Friedrichshall

Electrophoresis Power Supply– EPS 601

Amersham Bioscience GmbH, Freiburg

Glass plate cut 20x 10 cm

PEQLAB Biotechnologie GmbH, Erlangen

Glass plate 20x 10 cm

PEQLAB Biotechnologie GmbH, Erlangen

ImmEdge™ PEN

Vector Laboratories, Inc., CA, USA

iMic Digital Microscope

FEI, Munich

Incubator HERAcell 240i

Thermo Fisher Scientific Inc., Waltham,
MA, USA

J2-HS centrifuge

Beckman Coulter Inc., Brea, CA, USA

Magnetic stirrer IKA® RET basic C

IKA® -Werke GmnH & Co.KG, Staufen

Micro centrifuge

Carl Roth GmbH & Co. KG, Karlsruhe

Micro scales

Sartorius AG, Göttingen

Microscope Camera ProgResTM C10 plus

Jenoptik AG, Jena

Microscope Axiovert 40CFL

Carl Zeiss AG, Oberkochen

Multi-channel pipette/Transferpette®-8

Brand GmbH & Co. KG, Wertheim

(50- 200 µL)
PerfectBlueTMDouble Gel System Twin ExW

PEQLAB Biotechnologie GmbH, Erlangen

PerfectBlueTM Semi-Dry Electro Blotter

PEQLAB Biotechnologie GmbH, Erlangen

pH-meter ino Lab pH 720

WTW GmbH, Weilheim

Photometer Gene QuantTM pro

Amersham Bioscience Europe GmbH,
Freiburg

Pipetboy

INTEGRA Biosciences GmbH, Fernwald

Pipette Reference (0.5- 10 µL)

Eppendorf AG, Hamburg

Pipette Pipetman® (2- 20 µL, 20- 100 µL,

Gilson Inc., Middelton, WI, USA
14

50- 200 µL, 200- 1000 µL)
Platform shaker Doumax 1030

Heidolph Instruments GmbH & Co.
KG, Schwabach

Platform shaker Doumax 2010

Heidolph Instruments GmbH & Co. KG,
Schwabach

Safety cabinet HERAsafe

Heraeus Holding GmbH, Hanau

Safety cabinet LaminAir®HA 2448

Heraeus Holding GmbH, Hanau

Scale Kern EG 2200-2 MM

HERN & SOHN GmbH, Balingen

Sonifier® B-12

Branson Ultraschall, Dietzenbach

Spectrophotometer DU® 640

Beckman Coulter Inc., Brea, CA, USA

EVOM2 Epithelial Voltohmmeter

Sarasota, Florida, USA

Thermomixer comfort

Eppendorf AG, Hamburg

Thermomixer compact

Eppendorf AG, Hamburg

Tube shaker Reax top

Heidolph Instruments GmbH & Co. KG,
Schwabach

Tissue-Tek® O.C.T. Compound

Sakura Finetek Inc., Torranc, CA, USA

Water bath AQUAline AL 18

Lauda Dr. R. Wobser GmbH & Co. KG,
Lauda-Königshofen
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2.1.4 Buffers and solutions
1 PBS (pH 6.8):

5 Laemmli buffer (pH 6.8):

Running gel buffer (pH 8.8)

Stacking gel buffer (pH 6.8 )

10 SDS running buffer

1 SDS running buffer

NaCl

137 mM

KCl

2.7 mM

Na2HPO4

8 mM

KH2PO4

1.8 mM

H2O

ad.

Tris

312.5 mM

SDS

10%

Glycerol

50%

Bromphenolblue sodium salt

0.015%

DTT

10%

H2O

ad.

Tris

1.5 mM

H2o

ad.

Tris

0.5 mM

H2O

ad.

Tris

1.19 M

Glycine

439.6 mM

H2O

ad.

10

SDS running buffer

10%

SDS

0.1%

H2O

ad.

Commassie blue staining

Coomassie brilliant

3 mM

Solution

blue R250

Ponceau S staining solution

Methanol

45%

Acetic acid glacial

10%

H2O

ad.

Ponceau S

2.63 mM

Acetic acid glacial

5%
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H2O
Towbin transfer buffer

10

SDS running buffer

10%

Methanol

20%

H2O

ad.

NaCl

137 mM

KCl

2.7 mM

Na2HPO4

8 mM

KH2PO4

1.8 mM

Tween®

0.1%

H2O

ad.

Glycine

0.2 M

NaCl

0.5 M

H2O

ad.

Tris

0.5 M

H2O

ad.

PBS- T (pH 6.8):

Stripping buffer A (pH 2.0):

ad.

Stripping buffer B (pH 11.0):

2.1.5 Mammalian cell lines

Cell line

Organism

Tissue

Cell type

ATCC

HeLa

Homo sapiens, human

cervix

epithelial

CCL-2

Vero

Cercopithecus aethiops,
African green monkey

kidney

epithelial

CCL-81

CaCo-2

Homo sapiens, human

colon

epithelial

HTB-37
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2.1.6 Molecular weight markers for SDS-PAGE
PageRulerTM Prestained Protein Ladder

Thermo Fisher Scientific Inc.,
Waltham, MA, USA

LMW SDS Marker

GE Healthcare Europe GmbH,
Freiburg

Primary antibodies
anti-actin

Thermo Fisher Scientific, Waltham, MA, USA

anti-Rac1

BD Biosciences, Franklin Lakes, NJ, USA

Secondary antibodies
Hoechst®33342

Thermo Fisher Scientific, Waltham, MA, USA

m-IgGκ BP-HRP

Santa Cruz Biotechnology Inc., Heidelberg

m-IgGκ BP-CFL 647

Santa Cruz Biotechnology Inc., Heidelberg

Phalloidin-FITC

Sigma-Aldrich Chemie GmbH, Steinheim

2.1.7 Toxins
TcdA and TcdB were kindly provided by Prof. Klaus Aktories (University of Freiburg) and stored
at -80 ℃.

2.1.8 Inhibitors
Bacitracin: obtained from Calbiochem, stored at 4 ℃ as powder.
Bafilomycin A1: offered by Calbiochem, dissolving in DMSO and stored at -20 ℃.

2.1.9 Software
Axiovision 4.7

Carl Zeiss Microscopy GmbH, Jena, Germany

ImageJ 1.41

National Institutes of Health, Bethesda,
MD, USA

Microsoft® Office 2007

Microsoft Corporation, Redmend, WA, USA
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2.2 Methods
2.2.1 Cell and human intestinal organoids culture
2.2.1.1 Cell culture of Vero, HeLa and CaCo-2 cell lines
Vero and HeLa cells were normally seeded in 10 cm culture dishes in different dilutions
according to the growth periods, 1:2 (1 day), 1:3 (2 days) and 1:10 (3 days). When proceed
the cell culture, cells were washed by 3 mL 1x PBS medium, then 2 mL trypsin-EDTA was
added into washed cells. The dish was put in 37 ℃ and 5% CO2 incubator for maximal 3
min for detaching. This process was stopped by the addition of 8 mL MEM with 10% fetal
calf serum (FCS) medium and few regular gentle pipetting. After detaching, a certain
amount of cells were seeded into the culture plates (24/ 48/ 96 well-plate) for the further
intoxication, normally in 2- 3 days. 10 µL cell suspension was taken out of 10 mL, and was
spread on the neubauer hemocytometer. The cell density is N

104 /mL, N is the average

amount of cells in all the four quarters. CaCo-2 cells were also normally seeded in 10 cm
culture dishes as the following dilutions 1:2 (1 day); 1:3 (2 days); 1:5 (3 days) with DMEM
medium containing 10% FCS following the same protocol. For TEER assay, 900 µL DMEM
with 10% FCS was put into 24 well-plate before the hanging inserts were put into, then
200 µL suspension containing 7 x 104 CaCo-2 cell were added into the wells.

2.2.1.2 Mini-gut organoid culture
The organoids were seeded into 48-well plates and incubated with 5% CO2 at 37 ℃. When
the mini guts grow as the diameter around 1 mm, it is necessary to do the culture. For the
splitting, the medium was replaced by 200 µL of ice-cold DMEM/F12/Glutamax per well,
then, the organoids were moved from matrigel with a plastic pipette tip. Through gently
pipetting up and down repeatedly, the mini-guts were separated into proper size pieces.
The mini-guts were inspected under microscope and separated in 3 cm dishes, then were
transferred into a test tube for the 1 min centrifugation (800 rmp) at room temperature
(RT). Afterwards, the deposit was put on ice for 1 min to cool down, matrigel (20 µL) was
added into the tubes and all components were mixed. The prepared compound was
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dropped in the center of a 48-well plate and then incubated at 37 °C for 5 min. Eventually,
250 µL of the DMEM/F12/Glutamax medium with supplements was added. The use of
organoids from human material in this research project is already approved by the ethical
committee of Ulm University (Nr. 0148/2009) and Tuebingen University (638/2013BO1).
Following the guidelines from the federal government of Germany and the ethical
principles of declaration of Helsinki.

2.2.2 Intoxication experiments with cultured cells
For HeLa, Vero and CaCo-2 cell lines, after 2-3 days growth, cells are dense and adherent
on culture plates for the intoxication experiments. Firstly, the medium in the plate was
changed with fresh FCS-free MEM (Vero, HeLa) or DMEM (CaCo-2) medium. To determine
the inhibitory effect of bacitracin, pre-incubation of certain concentrations bacitracin on
cells at 37 ℃ and 5% CO2 for 30 min is necessary. TcdA or TcdB were diluted in FCS-free
medium and then added into cells, following the pre-incubation. The appropriate
environment in incubator could trigger the intoxication process. The concentration of the
toxins will be shown in respective experiment. Morphological changes were recorded at
certain incubation periods by Axiovert 40CFL microscope and Axiovision 4.7 software. To
quantify the changes of the morphology, the percentage of rounded cells (intoxicated cells)
were counted and analyzed using the Image J software. The data was presented as
means+ SD (standard deviation) (n=3).

2.2.3 TEER (Trans-endothelial Electrical Resistance) assay
TEER assay is a quantitative technique to measure the integrity of tight junction dynamics
in epithelial monolayer, which could represent the morphological changes of intoxicated
CaCo-2 cells on monolayer by the resistances. The monolayer of CaCo-2 cells would be
prepared after 2-3 days growth in 24 well-plate. The density on the membrane of inserts
should be evaluated before the intoxication using the device (EVOM2 Epithelial
Volt-Ohm-Meter) through the metal probes. The experiment could begin when all
the resistances are around 3000, which means an appropriate integrity on CaCo-2
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monolayer for the intoxication. Followed by the addition of a blank control, the
pre-incubation of bacitracin and intoxication process could be accomplished into the
upper compartment, just as the normal intoxication. The resistances after toxin-addition
were recorded as the original values for the comparison with the resistances at different
incubation periods. Hence, the loss of epithelial integrity was evaluated.

2.2.4 Toxin-binding process to cells
To detect whether bacitracin had effect on the toxin-binding process, certain amount of
bacitracin was added into 96-well-plate of Vero cells at different periods (pre, during and
post toxin-binding) through the intoxication assay. Normally, Vero cells with appropriate
density (70-80 %) are ready for this experiment. Fresh serum-free MEM medium was
change for all the groups and 3 mM bacitracin was added into certain experimental group
for pre-incubation in warm incubator (37 ℃ and 5% CO2). Followed by 30 min
pre-incubation, the plates were put on ice for 5 min before TcdA or TcdB was added. The
addition of 3 mM bacitracin for the “bacitracin during toxin-binding” experimental group
need to complete simultaneously. The plates were put on ice for 30 min to enable
toxin-binding to their specific receptors on the surface of target cells. Afterwards, the
toxin-binding process was stopped by removing toxins and the addition of fresh
serum-free medium simultaneously. Last step, bacitracin was applied into the “bacitracin
post toxin-binding” experiment group. As normal intoxication, morphological changes
were recorded and quantified by Axiovert 40CFL microscope and Image J software
respectively. The data was presented as means+ SD (standard deviation) (n=3).

2.2.5 pH-dependent membrane translocation
For the detection of the effect on translocation process caused by bacitracin, HeLa cells
(seeded in 96-well-plate) were pre-incubated with fresh serum free MEM medium
containing 200 nM bafilomycin A1 in warm incubator for 30 min, 1 mM bacitracin was also
added into certain experimental group during this pre-incubation. Afterwards, the toxins
were added into all the experimental groups (expect the control) to enable the toxins
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binding to the cells surface at 4 ℃ for 40 min. Subsequently, warm acidic medium
(pH=7.5± 1 mM bacitracin or pH= 3.8± 1 mM bacitracin) was added to trigger the
pH-dependent membrane translocation in warm incubator for 5 min. Medium was
changed with fresh MEM medium (with 10% serum) containing 200 nM bafilomycin A1 for
all the experimental groups [14]. Morphological changes will be recorded and quantified,
the data was presented as means+ SD (standard deviation) (n=3).

2.2.6 Enzyme activity test of toxins in vitro
For the detection of inhibitory effect caused by bacitracin on TcdA and TcdB. The protein
samples are composed by 40 ng CaCo-2 cell lysate, glucosylation buffer, ± 3 mM bacitracin
and the respective toxins. All the components were added into the test tubes at same
time on ice, the whole amount for each compound is 25 µL. The samples were incubated
at 37 ℃ for 2 h. The reaction was stopped by addition of 8 µL 5x Laemmli buffer
supplemented 10% DTT. Then, the samples were heated at 95 ℃ for 10 min, centrifuged,
and analysed by Western blotting. The samples without toxins or bacitracin are the
controls.

2.2.7 Western blotting
For the analysis of different proteins in the same sample, it is necessary to use Western
blotting identifying the target proteins. This assay was performed to detect the
glucosylation status of Rac1, confirming the inhibitory effect of bacitracin on TcdA or TcdB
induced intoxication. To investigate the hidden mechanism, CaCo-2 cell lysate was used to
detect whether bacitracin had effect on the glucosylation of Rac1, which is the evidence
of enzyme activity of TcdA or TcdB in vitro. The protein samples (total amount 25 µL)
containing 40 ng CaCo-2 cells lysate, 3 mM bacitracin (2 µL), TcdA (50 ng), TcdB (300 ng)
and glucosylation buffer (the control= glucosylation buffer+ CaCo-2 lysate). Following 2 h
of incubation at 37 ℃, the protein samples were heated at 95 ℃ and subjected to
SDS-PAGE for the Western blotting analysis. The G-actin and non-glucosylated Rac1 were
detected with specific antibodies and the chemiluminescence (ECL) system to confirm the
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comparable protein loading and the enzyme activity of TcdA and TcdB. The quantitative
analysis was measured by the Image J software, the values obtained for the
non-glucosylated Rac1 signals were firstly divided by the G-actin for the relative density,
and again were compared with the control group separately. The loss of non-glucosylated
Rac1 determines the efficient enzyme activity of toxins.

2.2.7.1 CaCo-2 lysate preparation
CaCo-2 cell lysate was produced for the detection of toxins enzyme activity in vitro, or for
the Western blotting assay. Few 10 cm culture dishes full with CaCo-2 cells were prepared
for the lysate production. The medium was removed and the cells were washed with 2 mL
fresh PBS. Then, 1 mL of glucosylation buffer with 1% complete protease was added into
the first dish, then the cells were scratched and dissolved in the buffer. The suspension
with cells was collected from first dish and transferred to the next dish for the new
scratching. This process was repeated until all the dishes were processed, and all the cells
were in the same suspension. The cells in suspension would be lysed at -20 ℃ overnight.
The insoluble compounds were devastated through the centrifugation with 1000 rcf at 4 ℃
for 10 min, afterwards, the supernatant was collected and measured for the
concentration of the protein. The lysate was aliquoted and kept in -20 ℃ afterwards. For
the SDS-PAGE samples preparation, post-experiment CaCo-2 cells were washed with 1 mL
PBS. Followed by which, 40 µL 2.5x Laemmli buffer with 10% DTT was added into each
well and the cells were scratched off and heated at 95 °C for 10 min. The protein samples
were analyzed by Western blotting.
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2.2.7.2 SDS-gel preparation
SDS-gel is consist of two sections, top running gel and base stacking gel. Here is the recipe
of double standard gels preparation at RT.
Running gel 12.5%

Stacking gel 6%

H2O [mL]

8

8

Running gel buffer [mL]

6.2

-

Stacking gel buffer [mL]

-

3.8

10% SDS [µL]

273

150

Acrylamide [mL]

10.4

3

10% APS [µL]

248

150

TEMED [µL]

25
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2.2.7.3

SDS-PAGE

(sodium

dodecyl

sulfate

polyacrylamide

gel

electrophoresis)
SDS-PAGE is a widely-used analytical method to separate protein mixtures based on their
molecular masses. The SDS-gel, 1x SDS running buffer and electrophoresis power supply
compose the whole electric field. Followed by the preparation of the samples, proteins
were loaded into the pockets of the 12.5% SDS-gel and run at 40 mA/gel for about 1 h

2.2.7.4 Semi-dry blot process
Followed by SDS-PAGE, separated proteins were transferred equally onto a nitrocellulose
blotting membrane in Towbin transfer buffer by the semi-dry electro blotter, with the
electric current based on the blotting area (1.5 mA/cm2). For the transformation, a
blotting-membrane sandwich was completed as the sequence from top to bottom: blotter,
three remaining blotting paper, SDS-gel, membrane, blotting paper, blotter. The protein
loading and blotting process was confirmed by staining the proteins with Ponceau S on
the membrane after 70 min of blotting. The remaining proteins in the gel were stained by
Coomassie.
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2.2.7.5 Specific protein staining and detection
The transferred proteins on the blot membrane were washed gently by running water for
removing the stained Ponceau S. Afterwards, the membrane was incubated in 5% skim
milk powder diluted in PBS-T for 1 h at RT to block the unspecific binding sites on the
membrane Then, the specific primary antibodies (anti-actin 1: 1000; anti- Rac1 1: 1000)
were diluted in PBS-T and added to the membrane for staining 1h at RT or overnight at 4 ℃
to detect the α-actin and non-glucosylated Rac1. The secondary antibody m-IgGκ BP-HRP
(1: 2500) was applied to the membrane at RT for another 1 h. Afterwards, the proteins
were detected by using the ECL system and the exposed X-ray films were developed to
visualize the protein bands. Finally, the signals were analyzed by Image J software for
quantification. The quantitative data are presented as means+ SD (standard deviation)
(n=3).

2.2.7.6 Stripping of the membrane
When the detection of target proteins was not successful, the membranes could be
stripped by using an established protocol to remove all antibodies again. In brief, after a
short wash with PBS-T, the membrane was incubated with stripping buffer A (pH 2.0) for 5
min at RT on the horizontal shaker with 100 rpm, washed with running water, incubated
for 10 min with stripping buffer B (pH 11.0) and washed again. The membrane was
blocked with 5% milk powder and the detection was performed as described in 2.2.7.5.

2.2.8 Intoxication of mini-guts with TcdA and TcdB
The intoxication of mini-guts was performed comparably to the experiments with cultured
cells. Followed by the pre-incubation for 30 min at 37 °C with certain concentrations of
bacitracin, TcdA and/or TcdB were added and the organoids were incubated for 3 h at
37 °C. The organoids were untreated are the control [42]. Then, each mini-gut was
washed with 1 mL fresh PBS and incubated with 500 µL 4% PFA in 10% sucrose solution
for 20 min at RT and subsequently in 500 µL of 25% sucrose overnight at 4 °C. Thereby,
the mini-guts were extracted from matrigel. For slice-preparation, mini-guts were
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quick-frozen with Tissue-Tek® O.C.T. compound in liquid nitrogen and sliced (8-12 µm).
Then the samples were fixed on SuperFrost Ultra Plus© slides (25x 75x 1.0 mm), blocked in
blocking medium (0.5% TritonX 100 in PBS+ 10% goat serum, 1 h at RT), stained with
primary antibody (anti-Rac1 1: 100, overnight at 4 °C). Afterwards, washed with 0.5%
TritonX 100 in PBS for 5 min 3 times. The secondary antibodies (m-IgGκ BP-CFL 647 1: 200),
Phalloidin-FITC (1: 100) and Hoechst®33342(1: 10000) were incubated at RT for 1 h, and
finally washed twice with 0.5% TritonX 100 in PBS for 10 min and 10 min with PBS. F-actin
and non-glucosylated Rac1 were visualized by iMic Digital microscopy.
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3. Results
3.1 Bacitracin decreases the intoxication of cultured epithelial
cells with TcdA and TcdB

3.1.1 Inhibitory effect of bacitracin on TcdA and TcdB induced
intoxication of epithelial cells HeLa and Vero
To test whether bacitracin exhibited neutralizing effect towards TcdA and TcdB, HeLa and
Vero cells were incubated with each toxin in the absence and presence of bacitracin. To
investigate the intoxication, pictures were taken after various incubation periods and the
amount of round cells were determined. The toxin-mediated cell rounding represents an
established and highly specific endpoint of the intoxication process, and the presence of
the enzyme subunit of TcdA and TcdB in the target cell cytosol [15]. The intoxication on
HeLa cells is shown in Fig. 6 and Fig. 7, and the presence of bacitracin in the medium
obviously decreased the amount of round cell percentage induced by TcdA and TcdB in a
time- dependent manner.
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Figure 6 Bacitracin (Bac) reduces the intoxication of HeLa cells induced by Clostridium
difficile toxin A (TcdA)
For detecting the inhibition of bacitracin on Hela cells, cells were incubated at 37 °C with TcdA (100 ng/mL)
in the absence or presence of the pre-incubation of bacitracin (Bac, 1 or 3 mM final concentration) in the
medium. Cells were left untreated as the control (con). Pictures of cells were taken every 1 h after the toxin
addition. Representative pictures after 3 h of incubation shown in the upper panel. The percentage of
round cells comparing with control was calculated based on the pictures (lower panel). It is clear that both 1
mM and 3 mM bacitracin prevent the intoxication as the time-dependent manner. Significance was tested
between toxins only and bacitracin additional incubation groups using student’s t test (ns, not significant, *
P< 0.05, ** P< 0.01, *** P< 0.001). Values are given as means and SD (Standard deviation) (n=3).
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Figure 7 Bacitracin (Bac) reduces the intoxication of HeLa cells induced by Clostridium
difficile toxin B (TcdB)
For detecting the inhibition from bacitracin against TcdB induced intoxication. Hela cells were incubated
with TcdB (7 ng/mL) in the absence or presence of the pre-incubation of bacitracin (Bac 1 or 3 mM final
concentration) in the medium. Morphological changes were recorded as the pictures, and intoxication was
evaluated through the round cell percentages. Representative pictures after 1 h incubation period shown in
the upper panel. Both 1 mM and 3 mM bacitracin prevent the intoxication as the time-dependent manner.
Significance was tested between toxins only and bacitracin additional incubation groups using student’s t
test (ns, not significant, * P< 0.05, ** P< 0.01, *** P< 0.001).Values are given as means and SD (Standard
deviation) (n=3).
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Comparable results were obtained when Vero cells were treated with TcdA and TcdB in
the presence of bacitracin (Fig.8 and 9), indicating the inhibitory effect from bacitracin is
not cell lines specific.

Figure 8 Bacitracin (Bac) decreases the intoxication of Vero cells with Clostridium
difficile toxin A (TcdA)
Vero cells were used to determine the inhibitory effect of bacitracin is unspecific to certain cell line. Cells
were incubated at 37 °C with TcdA (30 ng/mL) in the absence or presence of bacitracin (Bac, 1 or 3 mM final
concentration) in the medium. Cells were left untreated as control (con). Pictures were taken at the
indicated incubation periods (representative pictures after 2 h of incubation shown in the upper panel) and
the percentage of round cells were calculated and shown (lower panel). It is clear that both 1 mM and 3
mM bacitracin prevent the intoxication as the time-dependent manner. Significances were tested between
cells treated with only toxins and bacitracin pre-incubated cells through student’s t test (ns, not significant,
* P< 0.05, ** P< 0.01, *** P< 0.001). Values are given as means and SD (Standard deviation) (n=3).
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Figure 9 Bacitracin (Bac) decreases the intoxication of Vero cells with Clostridium
difficile toxin B (TcdB)
Comparable experiment with TcdB (1 ng/mL) was performed as described in the legend above for TcdA.
Representative pictures after 2 h of incubation shown in the upper panel. Morphological changes were
recorded as the pictures, and intoxication were evaluated through the round cell percentage. Both 1 mM
and 3 mM bacitracin prevent the TcdB-induced intoxication as the time-dependent manner, indicating
bacitracin inhibits the Clostridium difficile toxin-induced intoxication without the cell line limitation.
Significances were tested between cells treated with only toxins and bacitracin pre-incubated cells through
student’s t test (ns, not significant,* P< 0.05, ** P< 0.01, *** P< 0.001). Values are given as means and SD
(Standard deviation) (n=3).
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3.1.2 Effect of bacitracin on the intoxication of human gut epithelial
cells (CaCo-2) with TcdA and TcdB
To investigate the observed protective effect of bacitracin towards TcdA and TcdB in a
medically more relevant cell model, human gut epithelial CaCo-2 cells were challenged
with the toxins in the absence and presence of bacitracin with certain concentrations. The
morphological changes, which showing intoxication at different specific endpoints were
analyzed. Meanwhile, through the loss of integrity in epithelial monolayer formed by
confluent CaCo-2 cells, not based on the uncountable round CaCo-2 cells. As shown in Fig.
10 and 11, bacitracin reduces the cytotoxic effects caused by TcdA as well as TcdB
following the dose-time-dependent manner. In the presence of bacitracin, the integrity of
the monolayer lost less after toxin-treatment, and less Rac1 was UDP-glucosylated
analyzing by Western blotting with cytosolic samples from experimental cells. In this assay,
the antibody for the detection only recognizes the native but not UDP-glucosylated Rac1.
Therefore, a strong signal indicates that Rac1 was not modified by TcdA or TcdB in the
cytosol of cells during incubation period.
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Figure 10 Effect of bacitracin (Bac) on the intoxication of CaCo2 cells with Clostridium
difficile toxin A (TcdA)
A. The loss of the integrity in epithelial CaCo-2 cells monolayer indicates the toxin-induced cell morphology
changes. To analyze the inhibitory effect on morphology, CaCo-2 cells were incubated by serum-free
medium with TcdA (100 ng/mL) in the absence or presence of the bacitracin (Bac, 0.3 mM, 1 mM, 3 mM) at
37 °C. Cells were left untreated for control (con). The incubation with TcdA was stopped after 5, 7, and 9 h.
Pictures were taken at each end point, which are shown for the 5 h conditions in the upper panel. Slight
difference of cell morphology changes shown according to the integrity on the monolayer.

B. The analysis of the uridine diphosphate (UDP)-glucosylation status of Rac1 from experimental cells was
the evidence showing the toxin-induced intoxication and the bacitracin induced inhibition. After the
endpoints of incubation, the cells were lysed and equal amounts of protein were subjected to Western
blotting with a specific antibody that only recognizes unmodified Rac1. Moreover, G-actin was detected
from the same lysate samples to confirm comparable protein loading and blotting. The results in lower
panel shows the inhibitory effect of bacitracin on CaCo-2 cells according to the stronger Rac1 signal after 5
h incubation.
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Figure 11 Effect of bacitracin (Bac) on the intoxication of CaCo2 cells with Clostridium
difficile toxin B (TcdB)
A. The morphological changes of. CaCo-2 cells were not countable, thus the intoxication and inhibition were
determined by integrity in epithelial CaCo-2 cells monolayer and the Western blotting analysis. Cells were
pre-incubated in serum-free medium with TcdB (5 ng/mL) in the absence or presence bacitracin (Bac, 0.3
mM, 1 mM, 3 mM) at 37 °C. Cells were left untreated as control (con). This process was stopped after 3, 5,
and 7 h. Pictures were taken after 7 h (shown in the upper panel). The comparation of integrity in epithelial
monolayer clearly showed the bacitracin induced inhibition against the intoxication.
B. The uridine diphosphate (UDP)-glucosylation status of Rac1 of cells were analyzed through Western
blotting. After the 3, 5, 7 h incubation periods, cells were lysed and subjected to Western blotting analysis.
Unmodified Rac1 and G-actin were detected to confirm the intoxication status and the comparable protein
loading respectively. Western blotting analysis in lower panel shows the inhibitory effect of bacitracin on
CaCo-2 cells after 7 h incubation in the dose-dependent manner according the rising of Rac1 signal.

The absence of non-glucosylated Rac1 in cells treated with either TcdA or TcdB indicates a
complete intoxication. Bacitracin partially protects the CaCo-2 cells from both toxins in a
concentration-dependent manner. This effect lasts for at least 9 h for TcdA, and 7 h for
TcdB when 3 mM of bacitracin was applied.
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3.2 Bacitracin decreases the toxin induced epithelial integrity loss
of CaCo-2 cells monolayer
Next, the effect of bacitracin on TcdA and TcdB was analyzed by measuring the epithelial
integrity of CaCo-2 cells monolayer by the TEER assay as described before. The resistance
was detected immediately and every hour after toxin addition of each experimental group
(blank control inclusive). To quantify the epithelial integrity changes, all the resistances
(controls inclusive) should be calculated as the equation here.
cm2

Rr.: relative resistance (Ω

cm2)

R.: resistances detected by TEER assay of every group at each time point
Br.: blank resistance of each time point
Ipr.: immediate post toxin-addition resistance of every experiment group

All controls were compared with the relative resistances in the same experimental group
at every hour over the incubation periods. The higher relative resistance represents better
epithelial integrity, indicating less intoxicated CaCo-2 cells. The results shown in Fig. 12
indicate that bacitracin reduces the toxin-induced loss of epithelial integrity on CaCo-2
cells monolayer. For TcdB, the inhibition lasts at least 8 h, while the protection against the
toxins compound (TcdA+ TcdB) is not so obvious after 5 h. This indicates that certain
concentrations of bacitracin could block the disruption of CaCo-2 cells monolayer caused
by TcdB only or TcdA and TcdB compound.
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Figure 12 Bacitracin (Bac) inhibits the toxin-induced loss of epithelial integrity of CaCo-2
cells monolayer
4

A. CaCo-2 cells (7× 10 /well) were seeded on filters in 24-well-plates to enable the growth of monolayers
which serve as a model for the human gut barrier. The Clostridium difficile toxin B (TcdB) induced
intoxication was determined by the loss of integrity on epithelial barrier, which could only be detected by
TEER (Trans-endothelial Electrical Resistance) measurements. TcdB (3 ng/mL) was incubated at 37 °C with
the absence or the presence of 1 mM bacitracin. Resistance values were collected every one hour. Cells
were left untreated as control (con). The comparation between the toxin-induced cells (absence and
presence of bacitracin) in the left panel shows that 1 mM bacitracin efficiently blocks the TcdB induced
intoxication on CaCo-2 cells monolayer.
B. As bacitracin shows the inhibitory effect on CaCo-2 cells monolayer against Clostridium difficile toxin B
(TcdB). It is necessary to detect the possible inhibition towards Clostridium difficile toxin A (TcdA) and TcdB
compound. Diluted toxins (TcdB (3 ng/mL)+ TcdA (50 ng/mL)) was added into the upper components,
incubating with absence or the presence of 3 mM bacitracin at 37 °C on the monolayer. Cells were left
untreated as control (con). Values of the resistances shown in the right panel determines the efficient
inhibitory effect of bacitracin.
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3.3 Bacitracin reduces the glucosylation of Rac1 induced by TcdB±
TcdA in human intestinal organoids (mini-guts)
Having demonstrated that bacitracin reduces the cytotoxic effect of TcdA and TcdB on
HeLa, Vero and CaCo-2 cells, and epithelial integrity of CaCo-2 monolayers. Then, the
possible inhibitory effect of bacitracin on the toxins was analyzed in medically relevant
human stem-cell-derived intestinal organoids (min-gut model), which shows the basic
characteristics as human gut [42]. “Mini-guts” were treated with TcdB in the absence and
presence of bacitracin and the effects on F-actin and Rac1 were analyzed by the specific
antibodies and the fluorescence microscopy. In the absence of bacitracin, the signal of
unmodified Rac1 and F-actin was barely visible in TcdB-treated samples, indicating the
intoxication targeting the mini-guts. In contrast, bacitracin prevented the glucosylation of
Rac1 induced by TcdB and prevented the loss of F-actin (Fig. 13). Importantly, bacitracin
alone had no effect on the mini-guts, as no reduction of the signal comparing with the
control.
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Figure 13 Bacitracin (Bac) inhibits the Clostridium difficile toxin B (TcdB)-induced
intoxication on human intestinal organoids (mini guts), reprinted from [43], CC BY 4.0,
https://creativecommons.org/licenses/by/4.0/
Mini-guts were incubated by TcdB (60 ng/mL), with absence or presence of 1 mM bacitracin. The organoids
were left untreated as control (con), or treated with bacitracin (Bac, 1 mM) alone or only with TcdB. After 3
h of incubation at 37 °C, the mini-guts were then fixed and stained with Hoechst, phalloidin-FITC to detect
F-actin and the specific antibodies to detect non-glucosylated Rac1. Nuclei stained by Hoechst are blue,
F-actin and non-glucosylated Rac1 are red and green respectively. The more visible signal of
non-glucosylated Rac1 of TcdB+ bacitracin showing the bacitracin-induced inhibition against the intoxication.
The Size bar is 50 µm.

The effect of bacitracin on the combination of TcdB and TcdA was analyzed in the same
mini-gut model. (Fig 14) Under such conditions, a clear protective effect by bacitracin was
observed.
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Figure 14 Bacitracin (Bac) inhibits the intoxication of human intestinal organoids (mini
guts) by the combination of Clostridium difficile toxins A (TcdA) plus B (TcdB)
As bacitracin shows inhibition against the TcdB-induced intoxication, TcdA and TcdB mixture (TcdB (60 ng/mL)
+ TcdA (100 ng/mL)) was used also for the comparable internal environment as human gut. Mini guts were
incubated for 3 h at 37 °C with toxins and the absence or presence of 5 mM bacitracin. For control (con), the
organoids were left untreated, treated with bacitracin (Bac, 5 mM) alone or with TcdA+ TcdB. Then, the guts
were fixed and stained with Hoechst (blue), phalloidin-FITC (red) or specific antibody detecting
non-glucosylated Rac1 (green). The more visible signal of non-glucosylated Rac1 showing the
bacitracin-induced inhibition against TcdA +TcdB. The size bar is 50 µm.
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3.4 Investigation of the molecular mechanism underlying the
inhibitory effect of bacitracin towards TcdA and TcdB
To investigate the possible molecular mechanism underlying the inhibitory effect of
bacitracin towards TcdA and TcdB. The enzyme activity of these toxins, their binding to
cells as well as the pH-dependent membrane translocation during cellular uptake were
investigated in a series of experiments using established methods of the Barth group [14].

3.4.1 Bacitracin does not inhibit the modification of Rac1 by TcdA or
TcdB
CaCo-2 cell lysate was used as source for Rac1 to detect whether bacitracin had an
inhibitory effect on the enzyme activity of TcdA or TcdB in vitro. The non-glucosylated
Rac1 was detected by Western blotting with a specific antibody that only recognizes
unmodified Rac1.protein. In all experiments, actin was detected to confirm comparable
protein loading and efficient blot transfer of the proteins. To detect the enzymatic
reaction, lysate was incubated with TcdA or TcdB in the absence or presence of bacitracin
and the samples were then subjected to Western blotting. The results shown in Fig. 15
indicate that bacitracin has no inhibitory effect on the enzyme activity of TcdA and TcdB
under such conditions.
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Figure 15 Bacitracin (Bac) does not inhibit the enzyme activity of Clostridium difficile
toxin A (TcdA) or B (TcdB) In vitro, B is reprinted from [43], CC BY 4.0,
https://creativecommons.org/licenses/by/4.0/
A. The glycoslylation status of Rac1 in CaCo-2 lysate was analyzed by Western blotting treated with TcdA in
the presence and absence of bacitracin, indicating the effect of bacitracin on enzyme activity of TcdA. The
equal amounts of protein (containing 40 ng of CaCo-2 lysate protein, ± TcdA, ± 3 mM bacitracin,
glycoslylation buffer, 25 µL in total) were firstly incubated at 37 °C for 2 h, then were subjected and analyzed
by Western blotting with a specific antibody, targeting non-glycosylated Rac1. G-actin was also detected to
confirm comparable protein loading (right panel). For quantitative analysis of the signals, the intensity of the
bands was determined by Image J software, the values obtained for the non-glucosylated Rac1 signals were
divided through the signals obtained for actin to get the relative density, which was then compared with the
control group separately. Statistical differences between the TcdA only and TcdA+ 3 mM bacitracin groups
were analyzed by student’s t test (ns, not significant,* P< 0.05, ** P< 0.01, *** P< 0.001). Values are given as
means and SD (Standard deviation) (n=3).
B. The comparable experiment and the statistical analysis with TcdB (300 ng) was performed as described in
in detail as in A. Statistical differences between the TcdB only and TcdB+ 3 mM bacitracin groups were
analyzed by student’s t test (ns, not significant,* P< 0.05, ** P< 0.01, *** P< 0.001). Values are given as
means and SD (Standard deviation) (n=3).
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3.4.2 Bacitracin does not prevent the binding of TcdA or TcdB to target
cells
To analyze the effect of bacitracin on toxin-binding process to cells, an established assay
based on analysis of morphological changes in cells induced by the toxins was performed.
In brief, the toxins were allowed to bind to cells surface at 4 °C, where binding but no
internalization is possible. Then, cells were washed to remove the unbound toxins, then
were shifted to 37 °C. Only the previously cell-bound toxin is internalized and results in
cell rounding, which is analyzed as specific and sensitive endpoint. Thus, in this context,
the cell rounding serves for analysis of toxin binding. To determine the effect of bacitracin
on the toxin-binding process, bacitracin was added to Vero cells only during or only after
the toxin-binding step, and morphological changes were recorded and analyzed by
evaluating the percentage of round cells. Compared with cells treated with either TcdA
(Fig. 16) or TcdB (Fig. 17) alone, less cells were round when bacitracin was applied after
the toxin-binding step. However, bacitracin had no effect on the amount of round cells
when it was only applied during the binding process of either TcdA or TcdB, indicating that
it does not interfere with the binding of TcdA or TcdB to the surfaces of cells.
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Figure 16 Bacitracin (Bac) does not inhibit toxin-binding of Clostridium difficile toxin A
(TcdA) to cells
To determine the possible effect of bacitracin on toxin-binding process. One portion of Vero cells were
pre-incubated with 3 mM bacitracin for 30 min at 37 °C, while the other cell portions were left untreated.
Then, cells were cooled on ice and incubated for 30 min with TcdA (20 ng/mL) to enable toxin-binding on
the cell surface. Then, the unbound TcdA was removed and cells were shifted to 37 °C. The portion of cells
which was pre-incubated with bacitracin was now incubated without bacitracin (indicated as Bac during
TcdA binding), while another portion was incubated in the presence of bacitracin (indicated as Bac after
TcdA binding). Cells were left untreated as control (con). Pictures were taken at different incubation periods
after TcdA-treatment, and the round cells percentage calculated from the pictures indicates the intoxication.
Representative pictures of the cells shown in the upper panel were taken at 4 h post TcdA binding.
Morphological changes and statistical analysis shown no inhibitory effect on the TcdA-binding, but inhibited
the process after toxin-binding step. Statistical difference between “TcdA binding” and the other two groups
(also treated with bacitracin) were determined through student’s t test (ns, not significant,* P< 0.05, ** P<
0.01, *** P< 0.001). Values are given as means and SD (Standard deviation) (n=3).
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Figure 17 Bacitracin (Bac) does not inhibit toxin-binding of Clostridium difficile toxin B
(TcdB) to cells
The effect of bacitracin on TcdB-binding was detected. One portion Vero cells were pre-incubated with 3
mM bacitracin for 30 min at 37°C. Afterwards, TcdB (10 ng/mL) was added into the cold cells, enabling
toxin-binding to the cell surface on ice for 30 min. Medium was changed removing unbound TcdB before
cells were shifted to 37 °C. The cells incubated with bacitracin was now incubated without bac (indicated as
Bac during TcdB binding), another portion was incubated with bacitracin (indicated as Bac after TcdB
binding). Cells were left untreated as control (con). The pictures shown in the upper panel were taken at 3.5
h after TcdB binding. Morphological changes and statistical analysis shown no inhibitory effect on the
TcdB-binding, but inhibited the process after toxin-binding. Statistical difference between TcdB-treated cells
and other two groups (also treated with bacitracin) were determined with student’s t test (ns, not significant
* P< 0.05, ** P< 0.01, *** P< 0.001), Values are given as means and SD (Standard deviation) (n=3).
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3.4.3 Bacitracin decreases the pH-dependent membrane translocation
of TcdA and TcdB
The results indicate that bacitracin reduces the TcdA or TcdB induced intoxication on
mammalian cells and human intestinal organoids but has no effect on the enzyme activity
of the toxins or their binding process to target cells. Therefore, it is necessary to detect
whether bacitracin inhibited the membrane translocation of the toxins, which is the
crucial step of toxin uptake after receptor- mediated endocytosis. To this end, a
well-established method was used, which mimics the pH-driven transport of the toxins
across the endosomal membrane directly from the cytoplasmic membrane of cultured
HeLa cells. In brief, cells were treated at 4 °C with TcdA or TcdB to enable toxin-binding.
Then, the free or non-specifically bound toxin is washed away and cells are exposed to a
pulse with warm acidic medium. During which period, membrane insertion and
pore-formation by the translocation domains is triggered and also the enzyme domain
was transported through these pores across the cytoplasmic membrane into the target
cells cytosol. Thus, the acidic pulse rapidly results in cell rounding. Subsequently, the
medium was replaced by warm neutral medium containing bafilomycin A1, and the cells
were incubated further at 37 °C to monitor the toxin-induced cell rounding. To prevent
the “normal” uptake of the toxins via acidic endosomes, cells were treated with 200 nM
bafilomycin A1 that inhibits endosomal acidification. Bacitracin was added in this assay
either only during the acidic pulse (i.e. the translocation step) or only before and after
(not during) the acidic pulse. Pictures of the cells were taken every 1 h after the acidic
pulse, and the percentages of round cells were calculated from the pictures (Fig.18, 19).
Bacitracin reduced the amount of round cells when it was present during the acidic pulse,
indicating that bacitracin interferes with the pH-driven translocation of TcdA or TcdB
across cell membranes. This suggests that bacitracin inhibits the release of the catalytic
domains of both toxins from acidic endosomes during the “normal” uptake into cells.
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Figure 18 Bacitracin (Bac) reduces the pH-dependent toxin-translocation of Clostridium
difficile toxin A (TcdA)
To investigate the inhibitory effect of bacitracin on TcdA translocation process. HeLa cells were
pre-incubated with serum-free medium containing 200 nM bafilomycin A1 (BafA1) for 30 min at 37 °C. Then,
cells were kept on ice for 40 min to enable binding of TcdA (400 ng/mL) on the cells surface. Subsequently,
acidic medium (pH 3.8) with the presence or the absence of bacitracin (1 mM) were added at 37 °C for 5
min as the acidic pulse. In another approach, cells were treated prior and after the acidic pulse with
bacitracin, but not during the pulse. Followed by which, the acidic medium was replaced by neutral and
warm medium with 10% serum and 200 nM BafA1. Cells were left untreated as control (con). Pictures were
taken at different incubation periods after the acidic pulse. The representative pictures shown in the upper
panel were taken 7.5 h after the acidic pulse. Both morphological changes and statistical analysis shown
inhibition on the TcdA translocation process. Significance between TcdA only treated and the TcdA and
bacitracin treated cells was tested using student´s t-test (*p< 0.05, ** p< 0.01, *** p< 0.001). Values are
given as means and SD (Standard deviation) (n=3).
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Figure 19 Bacitracin (Bac) reduces the pH-dependent toxin-translocation of Clostridium
difficile toxin B (TcdB)
The comparable experiment as described above was performed with TcdB (200 ng/mL). HeLa cells were
pre-incubated with serum-free medium containing 200 nM bafilomycin A1 (BafA1) for 30 min at 37 °C. Then,
TcdB (200 ng/mL) was added and bind on cooled cells for 40 min. Subsequently, acidic medium (pH 3.8) with
the presence or the absence of bacitracin (1 mM) were added at 37 °C for 5 min to trigger the translocation.
Then, the acidic medium was replaced by neutral and warm medium with 10% serum and 200 nM BafA1.
Cells were treated with bacitracin prior and after the acidic pulse were incubated with bacitracin again after
the acidic pulse (not during the pulse). Cells were untreated as control (con). The representative pictures
shown in the upper panel were taken 6 h after the acidic pulse. Statistical analysis shown bacitracin induced
inhibition on the TcdB-translocation step. Significance between TcdB treated cells and the other groups
(treated with TcdB and bacitracin) was performed using student´s t-test (ns, not significant, * p< 0.05, ** p<
0.01, *** p< 0.001). Values are given as means and SD (Standard deviation) (n=3).
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Taken all together, there are clear evidences that bacitracin inhibits the pH-dependent
membrane translocation of the catalytic subunits from TcdA and TcdB, while does not
interfere with enzyme activity and receptor binding of the toxins. Thus, less of the enzyme
subunits of TcdA and TcdB reaches the cytosol in the presence of bacitracin, which
plausibly explains the observed protection towards cultured cells and human intestinal
organoids from both C. difficile toxins.
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4. Discussion
The background of this research project is the recent observation of the Barth group that
bacitracin neutralizes a variety of bacterial protein toxins. These toxins deliver their
enzyme active subunits via acidic endosomal vesicles into the cytosol of the target cells to
exhibit their cytotoxic effects. One of the toxins which is inhibited by bacitracin is the
binary CDT of C. diffcile [41]. In the present thesis, it was investigated whether bacitracin
also neutralized the two large exotoxins TcdA and TcdB of C. difficile. To address this
question, a series of experiments was performed with medically relevant human cell
models and stem cell-derived human intestinal organoids (“mini-guts”). At first, different
cell lines were screened to test the effect of bacitracin on TcdA and TcdB. HeLa and Vero
cells were challenged with the toxins in the presence and absence of bacitracin, and cell
rounding was analyzed as an established highly specific and sensitive endpoints to
monitor the intoxication [2, 17], i.e. the uptake of the enzyme active subunits of the toxins
into the host cell cytosol [2]. In these initial experiments, a strong inhibition caused by
bacitracin against TcdA and TcdB induced intoxication was observed. This was the starting
point for a further detailed analysis of this inhibitory effect on the more medically relevant
human intestinal epithelial cells (CaCo-2). For CaCo-2 cells, the glucosylation status of
Rac1, one cellular substrate of TcdA and TcdB was analyzed by Western blotting, which
confirmed the results obtained by morphological analysis that bacitracin protected CaCo-2
cells from TcdA/TcdB. As CaCo-2 monolayer cells serve as an established model for the
human intestinal epithelium [44], the loss of epithelial integrity of CaCo-2 monolayers
induced by TcdB/TcdA was analyzed also in the absence and presence of bacitracin. The
protective effect of bacitracin towards TcdA/TcdB and the combination of both toxins was
confirmed through the less destruction on epithelial integrity by TEER assay. Based on the
observations above, the further analysis about the bacitracin induced inhibition towards
TcdB and the toxin combination was investigated in the “mini-gut” model, which was
considered as a highly clinically relevant human intestinal model with basic characteristics
[42]. Bacitracin showed efficient protection on this model as well.
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Taken all together, the results indicate that bacitracin efficiently protects human intestinal
cells from TcdA, TcdB and their combination in a time-dependent manner. Moreover,
bacitracin decreases the toxic effects of TcdB, TcdA and TcdB combination on the intestinal
organoids. Importantly, bacitracin did not exhibit adverse effects in all tested models,
which is an essential prerequisite for a potential future use of bacitracin in therapies of
CDADs. This is of particular interest as bacitracin also neutralizes CDT [41], which is
produced by hypervirulant strains of C. difficile.
To investigate the molecular mechanism underlying the bacitracin induced inhibition of
intoxication, it was tested whether bacitracin affected the enzyme activity of TcdA and
TcdB, or the uptake process of these toxins into the cytosol of target cells.
CaCo-2 cell lysate was used to detect whether bacitracin had an inhibitory effect on the
toxin-induced glucosylation of Rac1. When the cells were lysed, any other interference
factors from toxin-binding or translocation are all excluded. The inhibition could only from
bacitracin itself on the enzyme activity of toxins. It is certain that TcdA and TcdB both
glucosylated the Rac1 protein, and bacitracin had no inhibitory effect on this enzyme
reaction according to Western blotting analysis. This is consistent with the earlier
observation of the Barth group that bacitracin has no effect on the enzyme activity of C.
botulinum C2 toxin [41]. C2 toxin is an AB type binary ADP-ribosylating protein toxin
containing separate transport and enzyme components [45]. The results implicate that
bacitracin has no inhibitory effect on the enzymatic domain of AB type toxins for both
single chain or binary toxins. Considering the results, it is reasonable to conclude that
bacitracin might affect the cellular uptake of TcdA and TcdB. To address this question, the
toxin-binding and membrane-translocation processes were investigated in more detail. To
test the effect of bacitracin on receptor-binding of the toxins, cells were incubated with
bacitracin during or after the toxin-binding step and the intoxication of cells was
monitored as the direct evidence. The statistics analysis indicated that bacitracin had no
effect on toxin-binding, but efficiently inhibited the intoxication process when applied
after toxin-binding. Again, this observation matches the previous results from the Barth
group that bacitracin does not interfere with the receptor-binding of C2 toxin [41].
As all the results indicate that bacitracin does no effect the enzyme activity of toxins or
50

the specific receptor-binding on cell surface. Therefore, it is likely that bacitracin inhibits
the toxin translocation across the endosomal membrane. To address this topic, bacitracin
was applied pre, post or during the translocation step in a well-established model where
the conditions of endosomes are mimicked on the cytoplasmic membrane of epithelial
cells [14]. In this approach, the analysis of intoxicated cells revealed that bacitracin
reduced the intoxication when it was applied during the pH-dependent membrane
translocation TcdA or TcdB. This inhibition of the membrane transport was also found by
the Barth group for the binary C2 toxin [41], suggesting a common mechanism for toxins
that translocate their enzyme subunits from acidic endosomes into the cytosol of target
cells.
Noteworthy, it is observed that the application of bacitracin slightly increased the pH of
the culture medium, which was considered in the experimental approaches where the pH
values were adjusted, accordingly to exclude any effects caused by lower the pH values.
The Peak group reported earlier [46] that bacitracin inhibits the protein disulfide
isomerase (PDI) in cells, which is a molecular chaperone with very broad specificity on
unfolded or partly folded protein substrates [47]. It might be a guess that PDI participates
in the membrane transport of bacterial toxins that harbor disulfide bonds, such as
diphtheria toxin. Based on the recent research in the Barth group revealed that it does not
play a role for the binary clostridial actin ADP-ribosylating toxins [41].
Finally, studies on the protective role of bacitracin towards the C. difficile toxins must be
performed in the established clinically relevant animal models as the next step towards
the final goal of this novel toxin inhibitor: clinical use.
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5. Summary
Clostridium difficile (C. difficile) produces three toxins, namely the binary Clostridium
difficile transferase (CDT) and the large single-chain toxins Clostridium difficile toxin A
(TcdA) and Clostridium difficile toxin B (TcdB). Among which, TcdA and TcdB are the main
etiological factors causing the Clostridium difficile associated disseases (CDADs), with the
severe symptoms such as pseudomembranous colitis (PMC) or inflammatory bowel
disease (IBD). Nowadays, Clostridium difficile infection (CDI) is considered one of the most
urgent threats to public health worldwide, particularly relevant in Western countries.
Although there are some regular antibiotics (metronidazole, vancomycine and
fidaxomycine and so on) available to treat or prevent the CDI, the usage of the antibiotics
helps many strains to resist towards these therapies contrarily. Actually, research has
demonstrated that the main problem of the disease are the toxins, which are not targeted
by the antibiotics so far. Therefore, it is urgent to develop the efficient novel therapeutic
options against CDI, including pharmacological toxin inhibitors. This current research
project, which exactly deals with this topic, was inspired by the observation in the Barth
group. It is observed that bacitracin prevents the intoxication of mammalian cells with
various AB-type protein toxins through inhibiting the translocation process of the enzyme
subunit of the toxins into the cytosol of target cells.
The bacitracin used in this project is produced by Bacillus subtilis as a polypeptide
antibiotic, which is the mixture of closely related compounds. It has antibacterial activity
against Gram-positive bacteria. The efficient neutralizing activity of bacitracin towards
TcdA/TcdB was surprising and proved as the foundation for the future clinically relevant
research. The results of this thesis suggest that, bacitracin has no effect on the enzyme
activity of TcdA/TcdB but specifically blocks the transportation process of the enzyme
subunits into the target cells cytosol. Bacitracin protects human intestinal cells and
organoids with slightly low doses following a concentration-dependent manner, and has
no adverse effects by its own. This makes bacitracin a highly attractive candidate to
develop the novel therapeutic options against CDI and CDADs, as it inhibits the
combination of TcdA and TcdB, and also neutralizes the third toxin CDT.
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