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Abstract 
 

Since the discovery of penicillin in 1928 by Alexander Flemming different types of 

antibiotics were discovered. One big group of antibiotics is targeting the cell wall synthesis 

of bacteria. ß-Lactams, like penicillin G, glycopeptides, like vancomycin and 

lipodepsipeptides like ramoplanin are the most prominent antibiotics targeting the cell wall. 

Some bacteria raise resistance against antibiotics via various resistance mechanisms. They 

are able to modify the target protein of the antibiotic or degrade the antibiotic. Because of 

the high number of antibiotic resistant strains a new treatment against bacteria has to be 

found. Promising candidates are the antimicrobial peptides especially the lantibiotics like 

nisin. Nisin is a post-translational modified peptide that is highly active against Gram-

positive bacteria and is used in food industry as a preservative. Some human pathogens 

developed lantibiotic resistance systems. An operon encoding a three component ABC-

transporter in Clostridium difficile (C. difficile) was discovered. This ABC-transporter, 

CprABC, was characterized and it is known that the system performs resistance against 

different lantibiotics, like subtilin, nisin and gallidermin. Also, a two-component system 

with a response regulator, CprR, and a histidine kinase, CprK, could be identified. With a 

closer look to this resistance system a lipoprotein encoded directly in front of the CprABC 

transporter could be identified. Comparing the operon with other resistance systems the 

lipoprotein CD1348, of C. difficile could be similar to NisI of Lactococcus lactis (L. lactis) 

an immunity protein or Nsr of Streptococcus agalactiae (S. agalactiae) a resistance protein.  

In this thesis, the CD1348 protein of C. difficile should be characterized and the function 

and the structure analysed. The purification could be established and with NMR and small-

angle X-ray scattering (SAXS) measurements the calculated model of CD1348 could be 

proven. Also in vivo studies in L. lactis and in vitro interaction measurements with different 

lantibiotics were performed. No resistance in L. lactis cells expressing the CD1348 protein 

could be determined, till date. 

Furthermore, an antibiotic and lantibiotic resistant strain was analysed via growth inhibition 

studies and lipid analysis. Via this study the lipid composition of the original L. lactis strain, 

which was not available till now, and the lipid composition of the resistant strain could be 

determined. 

Additionally, a purification of secreted viral infectivity protein of HIV-1 expressed in 

Escherichia coli (E. coli) was tried to establish.  
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Zusammenfassung 
 

Seit der Entdeckung von Penicillin durch Alexander Flemming 1928 wurden mehrere 

unterschiedliche Antibiotika entdeckt. Eine große Gruppe von Antibiotika hat als 

Angriffsziel die Zellwandsynthese von Bakterien. Die bekanntesten Antibiotika, welche die 

Zellwand angreifen, sind die ß-Lactame wie Penicillin G, die Glycopeptide wie Vancomycin 

und die Lipodepsipeptide wie Ramoplanin. Einige Bakterien sind in der Lage mit 

verschiedenen Mechanismen Resistenzen gegen Antibiotika zu entwickeln. Sie sind in der 

Lage die Angriffsziele der Antibiotika zu modifizieren oder auch durch Abbau die 

Antibiotika zu deaktivieren. Wegen der wachsenden Zahl an antibiotikaresistenten 

Bakterien müssen neue Behandlungsmöglichkeiten gefunden werden. Eine Alternative für 

Antibiotika sind die antimikrobiellen Peptide zu denen auch die Lantibiotika, wie Nisin, 

gehören. Nisin ist ein post-translational modifiziertes Peptid, welches sehr aktiv gegen 

Gram-positive Bakterien ist und schon seit langem in der Lebensmittelindustrie als 

Konservierungsmittel eingesetzt wird. Einige Human Pathogene haben auch gegen 

Lantibiotika Resistenzmechanismen entwickelt. Ein Operon mit einem drei Komponenten 

ABC-Transporter wurde auch in Clostridium difficile (C. difficile) gefunden. Dieser ABC-

transporter, CprABC, ist charakterisiert und es wurde herausgefunden, dass er Resistenz 

gegenüber mehreren Lantibiotika, wie Subtilin, Nisin und Gallidermin vermittelt. Auch ein 

zwei-komponenten System mit einem Responseregulator, CprR, und einer Histidinkinase, 

CprK konnte in C. difficile identifiziert werden. Bei näherer Betrachtung dieses 

Resistenzsystems wurde ein Lipoprotein entdeckt, welches direkt vor dem CprABC 

Transporter kodiert ist. Ein Vergleich dieses Operons mit anderen bekannten 

Resistenzsystemen zeigte, dass das Lipoprotein CD1348 ähnlich zu dem Immunitätsprotein 

NisI aus Lactococcus lactis (L. lactis) und dem Resistenzprotein Nsr aus Streptococcus 

agalactiae (S. agalactiae) sein könnte.  

In dieser Arbeit wurde das CD1348 Protein aus C. difficile charakterisiert, es sollte die 

Funktion und die Struktur gelöst werden. Mit der in dieser Arbeit etablierten Reinigung des 

Proteins konnten NMR und SAXS Messungen zur Ermittlung der Richtigkeit des 

errechneten Modells durchgeführt werden. Mit in vivo Studien in L. lactis und in vitro 

Interaktionsstudien mit unterschiedlichen Lantibiotika sollte die Funktion geklärt werden. 

Es konnte jedoch bisher keine Resistenzfunktion in L. lactis Zellen ermittelt werden.  

Außerdem wurde in dieser Arbeit ein Antibiotika- und Lantibiotika-resistenter L. lactis 

Stamm mit Wachstumsinhibitionsstudien und einer Lipidanalyse näher charakterisiert. 
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Durch die Analyse der Lipide konnte nicht nur die Lipidzusammensetzung des resistenten 

Stamms, sondern auch die des originalen L. lactis Stamms ermittelt werden, welche bis heute 

nicht bekannt war. 

Zusätzlich wurde eine Reinigung von sekretiertem viralen Infektionsfaktor Protein von HIV-

1, welches in Escherichia coli (E. coli) exprimiert wurde, versucht zu etablieren. 
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1. Introduction 

1.1. Antibiotics 
 

In 1928 Alexander Flemming discovered penicillin and since then antibiotics became 

important for human health [1; 2]. Antibiotics are used for treatment of bacterial infections 

and resulted in an increased human life expectancy [2]. For example due to the usage of 

antibiotics the mortality rate by tuberculosis (50%) decreased [3]. Twenty antibiotic classes 

were discovered in between 1930 and 1962, for example in 1932 sulfonamides and in 1959 

kanamycin [4; 5], since then only a few more classes were discovered. The antibiotics which 

reached the market meanwhile, are modifications of already known antibiotics like 

amoxicillin which is based on penicillin [3; 6]. Antibiotics are classified by their cellular 

component or target system. Beside this a separation in bactericidal and bacteriostatic drugs 

is possible. Bactericidal drugs induce cell death, whereas bacteriostatic drugs inhibit cell 

growth [7]. In general antibiotics can be distinguished due to their mode of action [5]. The 

four main targets of antibiotics are shown in Figure 1: nucleic acid synthesis (I), protein 

synthesis (II), metabolic pathway (III) and the cell wall synthesis (IV).  

Nucleic acid synthesis (Figure 1) is one target of different antibiotics, for example 

quinolones, which are interacting with the nucleic acids synthesis machinery [8]. Quinolones 

bind to the DNA gyrase and topoisomerase IV, thereby inhibiting the bacterial DNA 

replication resulting in bacterial cell death [2; 9; 10; 11].  

The protein synthesis (Figure 1) is also a target of antibiotic classes like chloramphenicol 

[2]. Chloramphenicol is highly specific in binding the peptidyl transferase of the 50S 

ribosomal subunit of the 70S ribosome (Figure 1) and by this inhibiting the peptide chain 

elongation. Chloramphenicol is active against Gram-positive as well as Gram-negative 

bacteria [12; 13; 14].  

Sulfonamides are part of the antibiotics impacting the metabolic pathway as they inhibit the 

folate synthesis (Figure 1) [5]. The inhibition of folate synthesis results in a hindrance of 

replication of the bacterial cells as cells are no longer able to produce nucleotides [15]. 

The cell wall synthesis (Figure 1) of bacteria is a major target for antibiotics [16]. The first 

discovered antibiotic penicillin is part of the ß-lactam group which influence the cell wall 

synthesis of bacteria [17]. Glycopeptides, especially vancomycin and teicoplanin are used 

in clinical trials for their high potential against Gram-positive pathogens. 



Introduction 

 2 

 
Figure 1: Targets of different known antibiotic classes.  
A schematic bacterial cell is shown containing DNA, ribosome subunits, cell wall and the folate synthesis. There are 
antibiotics targeting the metabolic pathway like sulfonamides, some targeting the nucleic acid synthesis like quinolones, 
some are targeting protein synthesis like chloramphenicol and some are targeting the cell wall synthesis, like penicillin. 
Based on [5; 8]. 
 

Lipodepsiglycopeptides are a third group targeting the cell wall. Ramoplanin, a member of 

this group, is a good candidate for treatment against the human pathogen Clostridium 

difficile (C. difficile) [18; 19]. These antibiotics are highly specific targeting cell wall 

synthesis of bacteria [2; 16]. All in all, there are different antibiotics influencing the cell 

syntheses pathways. In the following chapter (1.2) antibiotics targeting the cell wall 

synthesis are described more in detail. 

 

1.2. Cell wall synthesis as target of antibiotics 
 

As mentioned in section 1.1 cell wall synthesis is an important target of different antibiotics. 

Three prominent antibiotic classes targeting cell wall synthesis are the ß-lactams, the 

glycopeptides and the lipodepsipeptides [2; 16]. ß-Lactams are one large group of 

antibiotics. They were the first discovered antibiotic group containing penicillin [1; 17; 20; 

21]. All members of the ß-lactam family contain a ß-lactam ring within their molecular 

structure, like penicillin, cephalosporins and carbapenems [20; 21]. The difference between 

antibiotics of the ß-lactam group are the specific chemical structures. While penicillins 

contain a 6-aminopenicillanic acid, cephalosporins have a cephalosporin ring. There are 

varying penicillins known and synthetically developed, the only difference between these is 
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the chemical site group R (Figure 2) [3; 17; 21]. Cephalosporins and carbapenems are also 

members of the ß-lactam antibiotic family and can also have different site groups resulting 

in diverse antibiotic names [21]. 

 

 
Figure 2: ß-Lactams.  
Three different ß-lactam classes and their basic structure are shown. All classes penicillins, cephalosporins and 
carbapenems contain the ß-lactam ring depicted in red. Based on [21]. 
 

The mode of action of ß-lactam antibiotics is to inhibit the cell wall synthesis. ß-Lactams 

bind to the so-called penicillin-binding protein (PBP). Binding to the PBP results in 

inhibition of the crosslinking of peptidoglycans, and by this inhibiting transpeptidation in 

the bacterial cell wall. The inhibited transpeptidation causes a weakened cell wall and results 

in cell death due to the build-up osmotic pressure [20; 22; 23].  

Glycopeptides are antibiotics produced by actinomycete, synthesized by non-ribosomal 

peptide synthase [16]. They contain unique tricyclic or tetracyclic heptapeptide cores [24]. 

Glycopeptides find clinical use in the treatment of bacterial infection caused by Gram-

positive bacteria, Staphylococci, Enterococci and Clostridia [25]. The first discovered 

glycopeptide was vancomycin produced in the secondary metabolite by a soil bacteria 

Streptomyces orientalis discovered in 1950 [26; 27]. Vancomycin and teicoplanin, produced 

by Actinoplanes teichomyceticus, are the two glycopeptides used in clinical treatment 

(Figure 3) [2; 26]. 
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Figure 3: Glycopeptides and Lipodepsiglycopeptides. 
Structure of the two main glycopeptides in clinical use vancomycin and teicoplanin. Beneath, the structure of one 
lipodepsiglycopeptide, ramoplanin A2, is shown. Based on [16]. 
 

Vancomycin was called “drug of last resort” for a long time, because of the use in treatment 

of the methicillin-resistant Staphylococcus aureus (MRSA) strain, one main reason for 

hospital-acquired infections [25]. The mode of action of glycopeptides is the inhibition of 

extracellular steps of peptidoglycan synthesis. They are interacting with the D-Ala-D-Ala 

terminus of the uncross-linked peptidoglycan pentapeptide. In detail, the glycopeptides 

interact with the D-Ala-D-Ala dipeptide via five hydrogen bonds. This eventuates in an 

inhibition of the transpeptidation and transglycosylation [27]. Due to steric hindrance, the 

formed complex is shielding the peptidoglycan from the penicillin-binding protein. 

Lipodepsiglycopeptides are naturally derived and have antibacterial activity. They are short 

oligopeptides (up to 25 amino acids) with an N-terminal acylated fatty acid moiety (Figure 

3) [16; 28]. One of the most prominent lipodepsipeptides is ramoplanin, isolated from 

Actinoplanes sp. ATCC 33076 as a mixture of three closely related compounds [16; 28; 29]. 
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The fatty acid substituents, which are bound to the identical heptadecapeptide ring are the 

differing elements of the compounds [16; 30; 31].  

 

 
Figure 4: Structure of lipid II.  
Lipid II is made up of an N-acetylglucosamine-ß-1,4-N-acetylmuramic acid disaccharide, connected to a 
undecaprenylpyrophosphate. The undecaprenyl membrane anchor is depicted as grey oval in the membrane. The muramic 
acid contains a pentapeptide with a lysine necessary for later cross-linking. Based on [32; 33]. 
 

Ramoplanin is combined of three different variants A1, A2 and A3. The most prominent 

variant is A2 which shows activity against a broad spectrum of Gram-positive pathogens 

(Figure 3). Ramoplanin is a promising candidate in treatment of the multi-resistant pathogen 

C. difficile, causing infections in the gastrointestinal tract resulting in a chronical disease and 

inflammation of the colon [19; 30]. It could be shown that ramoplanin binds to the cell wall 

precursor lipid II (Figure 4) and inhibits the peptidoglycan synthesis. Ramoplanin is binding 

to the pyrophosphate and the first sugar unit muramic acid (MurNAc) of lipid II, in a 

stoichiometric complex of 2:1 [31; 34; 35].  

Although antibiotics are useful antagonists for bacterial infections, bacteria find adaptions 

resulting in resistance. 
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1.3. Antibiotic resistance  
 

Since the first discovered antibiotic, antibiotic resistance has become a rising problem. 

Bacteria were able to develop varying mechanisms to bypass different antibiotics [2; 8; 16; 

36]. Some developed resistance mechanisms are active efflux (I), inactivation via an enzyme 

(II) and modification of the drug target (III) [2; 36]. In general, the developed mechanisms 

are multifunctional and inhibit not only the activity of one antibiotic. 

(I) The active removal of antibiotics is one resistance mechanism performed by different 

cells. One of the most important groups is the resistance-nodulation-cell division (RND) 

class [36; 37]. Well studied members are the AcrAB-TolC from Escherichia coli (E. coli) 

[38] and MexAB-OrpM from Pseudomonas aeruginosa [39]. 

(II) Antibiotic resistance performed by inactivation of antibiotics via enzymes are also 

described. The first described bacterial enzyme rising the penicillin resistance was the AmpC 

ß-lactamase [40]. ß-Lactamases are the most widespread resistance enzymes and have a high 

clinical importance [36]. ß-Lactamases are classified based on their amino acid sequences 

and functionality. ß-Lactamases can be divided in four classes (class A-D), which are based 

on the sequence similarity [41]. The classes A, C and D are so-called serine-ß-lactamases 

and group B are metallo-ß-lactamases [17; 42; 43]. Depending on whether they are serine-

or metallo-ß-lactamase, they perform different chemical mechanisms to inactivate the ß-

lactams. The serine-ß-lactamases need a catalytic serine, while the metallo-ß-lactamases 

need zinc ions for initiate the ß-lactam hydrolysis. Both mechanisms are targeting the ß-

lactam centre and inactivate the ß-lactam through opening the ß-lactam ring [17; 36].  

(III) Modification of the antibiotic target is another way to perform resistance in the bacterial 

cell. In fluoroquinolone resistant cells, resistance is created by a single mutation in the target 

genes gyrA or gyrB [36; 44; 45]. A short DNA sequence in these genes is known as quinolone 

resistance-determining region (QRDR). The mutation in this QRDR is resulting in an amino 

acid substitution and alters a structural change of the target protein of fluoroquinolone. As a 

consequence of this structural change the binding affinity of fluoroquinolone is decreased 

and results in a drug resistance [46]. Beside this mechanism, modifications in the 23S rRNA 

via the enzyme erythromycin ribosome methylation (Erm) are known to perform resistance 

against antibiotics like erythromycin [36; 47; 48]. The modification of the pentapeptide of 

the peptidoglycan is known to perform resistance against glycopeptides like vancomycin and 

teicoplanin. As vancomycin binds specific to the D-Ala-D-Ala pentapeptide and is highly 

active against Gram-positive bacteria, it was used for antibiotic resistant bacteria. Bacteria 



Introduction 

 7 

come up with a change of the pentapeptide to a D-Ala-D-Lac or D-Ala-D-Ser. This change 

implies a 1000-fold lesser activity of vancomycin, as one single hydrogen bond is missing 

[16; 27; 49]. This modification in the peptidoglycan is a result of van operons. The proteins 

VanA, VanB and VanD are creating the D-Ala-D-Lac depsipeptide mutation, VanC, VanE 

and VanG proteins result in the D-Ala-D-Ser pentapeptide mutation [26; 49]. Resistance to 

the glycopeptides, vancomycin and teicoplanin are discovered in different Gram-positive 

bacteria: Enterococcus, Erysipelothrix, Lactobacillus, Leuconostoc, Pediococcus and 

Staphylococcus. The most prominent cells, having this resistance, are the vancomycin-

resistant Enterococcus (VRE) and vancomycin-resistant Staphylococcus aureus (VRSA) 

[50; 51]. Also, a modification of the PBP can raise antibiotic resistance against ß-lactams. 

The ß-lactam is unable to bind to the altered PBP and consequently is less effective against 

the cell wall synthesis. The MRSA strain is the most prominent candidate creating this 

change. This strain generated a resistance against methicillin, a penicillin containing a big 

steric group at the penicillin backbone [20; 52]. Developing varying mechanisms against 

nearly all antibiotics rise the need for new antimicrobial agents against human pathogens. 

 

1.4. Antimicrobial peptides 
 

Since antibiotic resistance became a global health problem the need for new antimicrobial 

agents rises. Antimicrobial peptides (AMPs) are a promising group of new antimicrobial 

treatment [53; 54]. AMPs are a conserved component of the innate immune response in all 

organisms. All domains of life produce these kinds of peptides [55; 56; 57]. Alexander 

Flemming discovered the first AMP, lysozyme in 1922 [58]. Another early discovered AMP 

was nisin in 1928, which is produced by Lactococcus lactis (L. lactis) [59; 60]. Since then 

hundreds of AMPs have been discovered and it will become more in future. AMPs are 

defined as short (< 60 amino acids) overall positively charged (generally +2 to +9) 

amphipathic molecules. They have a broad antimicrobial spectrum and can have different 

mode of actions [61; 62; 63]. AMPs are active against nearly all organisms. They are 

antibacterial against Gram-positive and Gram-negative bacteria, antifungal against for 

example Candida albicans [64], antiparasitic against e.g. Leishmania [65] and also antiviral 

against for example human immunodeficiency virus (HIV-1) [62; 66]. Typically, AMPs 

mediated killing of microorganisms is performed via membrane permeation. The permeation 

can be catalysed by membrane-disruption or membrane-interaction resulting in pore 

formation [67]. Separated from this kind of membrane-disruptive peptides also non-
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membrane disruptive peptides have been discovered. These peptides are able to interact with 

nucleic acids, protein synthesis and translation [68; 69]. There are numerous of 

classifications of the AMPs like biological source, functions and peptide properties [61; 70]. 

The most prominent classification is based on the three-dimensional structure. AMPs can be 

divided in four major classes: ß-sheet, a-helical, loop and extended peptides [55; 71; 72]. 

The first two mentioned classes are most common in nature. 

 

1.5. Bacteriocins  
 

AMPs produced by bacteria are called bacteriocins. Bacteriocins have a broad spectrum of 

activity, killing other related bacteria and also killing non-related ones [73]. Nisin is one of 

the best characterized bacteriocins and has been used in food industry the past 50 years [53]. 

Bacteriocins can be classified in Gram-positive produced bacteriocins and Gram-negative 

produced once [74]. In Gram-negative produced are colicins and microcins [74]. Colicins 

are antibacterial proteins, which can kill cells closely related to the producer strain. Colicins 

are organized in three domains, an N-terminal translocation domain, a central receptor-

binding domain and a C-terminal cytoxic domain (Figure 5) [74; 75; 76]. Microcins are 

ribosomal synthesized hydrophobic antimicrobial peptides of low molecular weight (< 10 

kDa). They are post-translational modified and produced as precursor peptides with an N-

terminal leader peptide [74; 77; 78]. 

Bacteriocins of Gram-positive bacteria are classified in three classes, the lantibiotics, the 

non-lantibiotics and the bacteriolysins [53; 79].  

 

 
Figure 5: Structure of bacteriocins from Gram-negative and Gram-positive bacteria.  
The crystallography structures of the bacteriocins colicin M (PDB code: 2XMX) from E. coli, NMR structure of nisin (PDB 
code: 1WCO) from L. lactis and the NMR structure of leucocin A (PDB code: 1CW6) from Leuconostoc gelidum. 
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Class I bacteriocins the lantibiotics are post-translational modified small membrane active 

peptides < 5 kDa big. They contain dehydrated amino acids and methyl- and lanthionine 

rings. Lantibiotics can be linear or globular peptides and are named based on the typical 

lanthionine rings, lanthionine containing antibiotics, lantibiotics. Nisin, subtilin and 

gallidermin are examples of this bacteriocin class. They are interacting with the membrane 

and can perform pore formation in a nanomolar range [80; 81; 82]. 

Class II bacteriocins are non-lanthionine unmodified peptides containing 30 - 60 (< 10 kDa) 

amino acids. Typical for the class II bacteriocins is the heat tolerance of these peptides. They 

are unmodified non-lanthionine containing peptides and positively charged. Class II 

bacteriocins are inducing the membrane permeabilization and they are also active in a 

nanomolar range [53; 74; 79]. Members of this bacteriocin class are leucocin A, lactacin F 

and reuterin 6 [79]. 

Class III bacteriocins are, in comparison to the other bacteriocins, large (> 30 kDa) heat 

labile antimicrobial proteins. They are subdivided in two groups. The group A, like 

enterolisin A which lysis the cell resulting in cell death. The group B like caseicin 80 belongs 

to the non-lytic proteins [53; 74; 79].  

 

1.6. Lantibiotics and their classification 
 

Lantibiotics are small ribosomal synthesized peptides. Lantibiotics are containing thioether 

cross links, which are installed with the help of the post-translational enzymes. The 

dehydration of serine or threonine forms the typical dehydrated amino acids like 2,3-

didehydroalanine (Dha) and 2,3-didehydrobutyrine (Dhb). By a followed Michael-type 

addition of a neighboured cysteine thiol, resulting in the thioether bridges called methyl- and 

lanthionine rings [33; 83; 84]. These rings are related to the name of the lantibiotics, they 

are lanthionine containing antibiotics. Depending on the post-translational modification 

enzymes, four classes can be distinguished [32; 83; 84]. 
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Figure 6: The four classes of lanthionine-generating enzymes.  
Class I is characterized by two modification enzymes LanB and LanC. LanB is a dehydratase and LanC a cyclase. Class II 
contains one modification enzyme LanM, that includes a dehydratase and a LanC-like cyclase domain. Class III contains 
one modification enzyme with three distinct catalytic domains. A N-terminal lyase domain followed by a kinase domain 
and an C-terminal cyclase domain, lacking the LanC typical zinc binding motif. Class IV is mainly homolog to the class 
III enzyme. The difference is that the cyclase domain contains the zinc binding motif. Based on [83]. 
 

The operons of class I lantibiotics contain two modification enzyme families, the LanB and 

LanC (Figure 6) [32; 33; 85]. The LanB enzyme family (dehydratase) dehydrates serine and 

threonine and generates dehydrated amino acids, didehydroalanine (Dha) and 

didehydrobutyrine (Dhb) [86; 87]. The LanC enzyme family (cyclase) forms thioether 

bridges between the dehydrated amino acids and the thiol group of a neighbouring cysteine 

[88]. So lantibiotic characteristic (methyl-) lanthionine rings are formed [33; 84]. A zinc 

binding motif is characteristic for this enzyme family [88; 89]. Nisin, subtilin and 

gallidermin are members of class I lantibiotics (Figure 7) [32]. 

Class II lantibiotics contain a bifunctional synthetase LanM, which combines the 

dehydration and the cyclization reaction [32; 83]. LanM consists of an N-terminal 

dehydratase and a C-terminal cyclase domain. The dehydratase domain shows no homology 

to the LanB family while the C-terminal domain has 25% sequence similarity to LanC [83]. 

The cyclase domain also contains the zinc binding motif, like LanC. The most prominent 

members of this family are cinnamycin, lacticin 481 and mersacidin, which are showing 

antimicrobial activity against Gram-positive bacteria like all members of this class (Figure 

7). 
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Figure 7: Representative examples of lantibiotic classes.  
Class I structural examples of nisin, subtilin and gallidermin. Class II cinnamycin, lacticin 481 and mersacidin are chosen 
as examples of this class of lantibiotics. Class III the structure of SapB and SapT are shown. The dehydrated amino acids 
and the cysteines of the lantibiotics are highlighted in yellow and orange. The (methyl-) lanthionine rings are visualized in 
orange and red. Based on [32]. 
 

The first discovered class III lantibiotic was SapB containing two lanthionine rings and is 

produced by Streptococcus coelicolar [90]. These class III lantibiotics contain a LanKC 

modification enzyme. Distinct to the other classes enzyme LanKC contains three different 

domains, a lyase domain, a kinase and a cyclase domain (Figure 6). Interestingly the cyclase 

domain is lacking the zinc binding motif, which is unique for the lantibiotic modification 

enzymes [32]. SapB and SapT are the best-known members of this class (Figure 7). This 

kind of lantibiotics do not show an antimicrobial activity [83]. Since 2010 a fourth class of 

lantibiotics is known. The venezuelin was discovered in Streptomyces venezuelae [83; 91]. 

Like class III lantibiotics the modification enzyme is a tri-functional enzyme with a lyase, a 
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kinase and a cyclase domain. But different to the class III, the class IV cyclase domain 

contains the zinc binding motif (Figure 6) [83; 92]. 

 

1.7. Nisin 
 

Nisin is one of the most studied and best characterized lantibiotics. It was discovered in 1928 

and is produced by some Lactococcus lactis and Streptococcus uberis strains [59; 60; 93]. 

Nisin is an amphipathic molecule with a long hydrophobic N-terminal part and a short 

hydrophilic C-terminal part [94; 95]. It shows a broad antimicrobial activity and is active 

against several Gram-positive bacteria, like Staphylococci, Streptococci, Bacilli and 

Enterococci. The 3D solution structure of nisin was solved in 1991 via NMR [96]. Nisin can 

be divided in three regions, the N-terminal part containing the (methyl-) lanthionine rings 

A, B and C followed by the flexible hinge region and the C-terminal part containing the two 

intertwined rings D and E and the last six amino acids [97; 98]. Nisin has at least two main 

modes of action [99].  

 

 
Figure 8: Mode of action of nisin.  
First nisin binds with rings A and B to the diphosphate moiety of lipid II. By increased concentration of nisin a nisin-lipid 
II complex is formed and with the flexible hinge region nisin is able to insert the C-terminal part in the cytoplasmic 
membrane. Due to the nisin-lipid II complex containing eight nisin molecules and four lipid II molecules pores are formed. 
This build pore has a 2-2.5 nm diameter and leads to cell death. Based on [100]. 
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First, it is able to bind to the peptidoglycan precursor molecule lipid II (Figure 8). Nisin 

binds via the first two (methyl-) lanthionine rings (A and B) to the diphosphate moiety of 

lipid II [101; 102]. The binding to the diphosphate moiety was determined via NMR in 2004 

[101]. Because of this, the transglycosylation is blocked and the cell wall synthesis is 

inhibited [99]. Second, if the concentration of nisin increases to a certain threshold nisin 

forms a complex with lipid II [102]. Via the flexible hinge region and the two last rings nisin 

is able to flip into the membrane including pore formation (Figure 8) [99; 101; 103; 104]. 

This complex consists of eight nisin and four lipid II molecules with a diameter of 2 - 2.5 

nm [102]. The pore results in the release of essential ions and small nutrients leading to cell 

death based on a collapse of the membrane potential [102]. Due to the pore formation nisin 

is highly active in nanomolar range [105].  

 

1.8. Lantibiotic resistance 
 

Lantibiotics are highly effective against several bacteria with the major targets cell wall and 

membrane. But like for antibiotics, bacteria are able to develop different resistance 

mechanisms against lantibiotics. Varying resistance mechanisms are known: Cell membrane 

and cell wall can be modified and also resistance operons containing a two-component 

system and an active transporter are known to perform resistance [67; 106; 107; 108; 109]. 

In the following parts the different resistance mechanisms are explained. In Figure 9 the 

resistance mechanisms are depicted. Some bacteria have a mixture of these resistance 

mechanisms. 
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Figure 9: Mechanism of lantibiotic resistance.  
A) D-alanylation of lipoteichoic acids (LTA) and wall teichoic acids (WTA) is performed via the dltABCD operon. Based 
on the change of the cell wall charge; the net charge is less negative and the lantibiotic cannot interact with the cell wall 
anymore. B) Phospholipid composition is changed and the interaction of lantibiotics is inhibited. C) Membrane fatty acids 
are changed and the membrane fluidity is reduced. D) A thicken cell wall can also result in lantibiotic resistance. E) Lysine 
esterification of phosphatidylglycerol (PG) by MprF, changes the negatively net charge. F) Resistance mechanism via a 
two-component system and an ABC-transporter. The two-component system is depicted in green, the histidine kinase (light 
green) and the response regulator (dark green) form the two-component system. The ABC-transporter is highlighted in 
blue. The nucleotide binding domain (dark blue) and the two transmembrane domains (light blue and cyan). As an example, 
the resistance system of Clostridium difficile is depicted. Based on [106]. 
 

1.8.1 Cell wall modification 

 

The cell wall of Gram-positive bacteria in general contains a thick peptidoglycan structure. 

Additionally, teichoic acids are present polymers of phosphate and alditol. There are two 

different kinds of teichoic acids, the wall teichoic acids (WTAs) and the lipoteichoic acids 

(LTAs). The difference between these two groups is the binding position. While WTAs are 

binding to the muramic acids of peptidoglycan via phosphodiester, the LTAs are binding to 

the membrane glycolipid [110; 111]. A cell wall has a negative net charge generated by 

different phospholipids and the teichoic acids [112]. This negative net charge attracts the 

positive charged lantibiotics. Lantibiotics cannot interact with the cell wall if the net charge 

is changed. One known mechanism of bacteria to change the net charge of the cell wall is 

the dlt (D-alanyl-lipoteichoic acid) operon. This operon was characterized in many different 

species, e.g. Staphylococcus, Streptococcus, Clostridium and Bacillus and it contains four 

different genes dltABCD (Figure 9 A) [113; 114; 115; 116; 117; 118]. These genes are 
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responsible for the D-alanine esterification or D-anylation of the LTAs and the WTAs. The 

D-anylation reduces the negative charge by adding more positive charges to the teichoic 

acids cell wall and hinders the lantibiotic to interact [119]. 

Another reason for lantibiotic resistance can be the penicillin-binding protein (PBP). The 

PBP is also important for lantibiotic resistance instead of only antibiotic resistance [120]. 

Some strains which have an increased PBP expression show resistance against lantibiotics, 

like Listeria monocytogenes (L. monocytogenes) and L. lactis IL1403 [121; 122].  

 

1.8.2 Cell membrane modification 

 

Lantibiotic resistance can also be developed by changing the membrane composition which 

consists of different phospholipids. The composition is different between the different 

species, and can also vary under growth conditions and the growth phase. One of the most 

common phospholipid in bacteria is the phosphatidylglycerol (PG), which has a negatively 

charged head group [123]. In the different strains the percentage of PG can vary but most of 

the cells also contain cardiolipin (CL). It is known that nisin penetrates membranes 

containing a higher cardiolipin concentration more effective than membranes of PG, 

phosphatidylethanolamine (PE) or phosphatidylcholine (PC) [106]. The composition of the 

membrane has an important role for lantibiotic resistance. A resistant strain of L. 

monocytogenes Scott A is known which developed a membrane with more PG than CL 

against nisin (Figure 9 B) [67; 124]. A variation in the fatty acid composition is also able to 

provide resistance against lantibiotics beside these impacted by the head group of the 

phospholipids. An increase in saturated fatty acids within the membrane results in a more 

rigid membrane [67; 125]. Beside this, an increase in long chain fatty acids is known to 

perform resistance. All these changes result in reduced membrane fluidity and a more rigid 

membrane (Figure 9 C) [125; 126; 127]. 

It was discovered that some Gram-positive bacteria developed a way to change the 

negatively net charge of the membrane without a change of the main phospholipid [67; 128]. 

They use a lysine esterification of one of the hydroxyl groups of the PG and create a lysyl-

phosphatidylglycerol (L-PG). The free amino groups give the PG a positively net charge. 

The protein which is responsible for this modification is the multiple peptide resistance 

factor (MprF). MprF is an integral lysyl-phosphatidylglycerol synthetase with two functional 

domains (Figure 9 E) [129; 130]. A hydrophilic cytoplasmic domain necessary for 

synthesize of the L-PG and a large hydrophobic domain responsible for the flipping of the 
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L-PG. Both domains are important for complete resistance as only if the L-PG is located in 

the outer layer of the membrane the resistance against lantibiotics can be performed [106; 

129]. The MprF mediated resistance could be detected in different Gram-positive bacteria 

like Staphylococcus aureus (S. aureus) [128; 131], Bacillus subtilis (B. subtilis) [132], 

Mycobacterius tuberculosis (M. tuberculosis) [133]. 

An additional mechanism to perform resistance against lantibiotics in the membrane 

modification is the fab operon. A decreased expression of this operon results in lantibiotic 

resistance. Fab is involved in the saturation and elongation in the membrane synthesis. A 

decreased expression results in a reduced densely packed membrane which influences the 

ability of the lantibiotic interaction [121; 134]. 

 

1.8.3 Lantibiotic Resistance Operons  

 

Expression of membrane or membrane associated proteins lead to a lantibiotic resistance. 

Lantibiotic resistance operons are containing a two-component system and an ATP binding 

cassette transporter (ABC-transporter). Based on the different components the two-

component systems and the ABC-transporter can be divided in different groups. Various 

classes are described for the two-component systems (TCSs) while for the ABC-transporters 

two types are known. As the resistance machinery of Gram-positive bacteria against 

lantibiotics includes both components there are various options [67; 106; 135].  

The two-component system consists mostly of two proteins, a histidine kinase and a response 

regulator [136]. The histidine kinase acts as sensor of the lantibiotic and is membrane bound. 

The response regulator mediates the cellular response [137]. A lot of two-component 

systems are identified in various Gram-positive bacteria. In general, they can be divided in 

two groups the BceRS like and the LiaRS like two-component systems. The BceRS system 

was first discovered in B. subtilis and is performing resistance against actagardine and 

mersacidin [138]. It was the first discovered two-component system of this type and is the 

name giving one. The kinase is missing the characteristic extracellular sensor domain and is 

called intramembrane sensing kinase [137; 139; 140]. This is a difference to kinases with 

this extracellular sensory domain, like EnvZ from E. coli a kinase of one of the best 

characterized two-component systems or SpaK from B. subtilis. Both are so called 

periplasmic sensing histidine kinases [135; 141]. The BceRS like kinases are functionally 

linked to homodimeric ABC-transporter [135; 137].  
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In contrast, the LiaRS like two-component system from B. subtilis is a special two-

component system as it contains three proteins. The LiaRS like TCSs are containing the 

LiaR regulator, the LiaS kinase and the additional protein LiaF acting as a negative regulator 

of gene expression [142]. Some examples for this special type of two-component system are 

VraRS of S. aureus, LiaRS of L. monocytogenes and CeaRS of L. lactis [143; 144; 145; 

146]. 

 

1.9. ABC-transporter of lantibiotic resistance  
 

Some Gram-positive bacteria are able to perform an active resistance mechanism with an 

ATP binding cassette (ABC) transporter [135]. In general ABC-transporter transport or 

efflux the lantibiotics out of the cell. ABC-transporter use ATP to drive the transport of the 

substrate across the membrane. In general they consist of two different domains, the 

transmembrane domain (TMD), which is spanning through the membrane and the nucleotide 

binding domain (NBD), necessary for ATP binding and hydrolysis to generate the energy 

for the transport [147]. There are two different kinds of ABC-transporter known for 

lantibiotic resistance, the homodimeric ABC-transporter and the heterodimeric ABC-

transporter [67; 135].  

The homodimeric ABC-transporter involved in lantibiotic resistance were first discovered 

in B. subtilis and this kind of ABC-transporter are called BceAB (bacitracin efflux) type 

transporter [148]. The most BceAB type transporters have several substrates, even when 

they are structurally different to each other. There are several ABC-transporter of the BceAB 

type in different bacteria known. Examples are VraDE in S. aureus [149], PsdAB in B. 

subtilis [150], MbrAB in Streptococcus mutans (S. mutans) [151] and NsrFP in 

Streptococcus agalactiae (S. agalactiae) (Figure 10). These transporters are encoded next to 

a BceRS-like TCS. They contain one large TMD, containing ten transmembrane helices and 

one NBD, which is functional as a dimer. One of the most characteristic components of these 

transporter is the extracellular domain between helices VII and VIII [135]. The mechanism 

of the recognition of the different substrates has not been solved yet but it is suggested that 

the extracellular domain has an important role for the recognition [135]. 
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Figure 10: Overview of the lantibiotic resistance operons belonging to the Lan- and Bce-type systems.  
Three operon structures, each are highlighted as representatives for the Lan and Bce group. For Lan-type these are 
cprABCK-R from C. difficile, nsrFE1E2G-XRK and lcrSR-lctFEG from S. mutans. Additionally, the nisRK-FEG system 
from L. lactis involved in nisin immunity is also highlighted. For Bce-type, the three representatives comprise of bceRS-
AB from B. subtilis, braSR-vraDE from S. aureus and the nsrFP-RK system from S. agalactiae. The size of the genes 
corresponds directly with the gene length as deposited in the NCBI database. The TCSs with RR (dark green) and HK 
(light green); and the ABC transporters are shown in different shades of blue. In the BceAB system, the NBD is dark blue 
while the TMD is shown in light blue. The additional TMD present in the CprABC systems is shown in cyan. The proteins, 
which are part of the operon but the function has not been determined so far are shown in gray. In case of the nis and nsr 
operons, an additional membrane-associated protein is present which is colored in red. Taken from [152]. 
 

The heterodimeric ABC-transporter types are mainly recognized in lantibiotic producing 

bacteria, called LanFEG ABC-transporter, and normally have a narrow substrate range. In 

many cases the substrate is only the self-produced lantibiotic and highly identical variants. 

Examples are the EpiFEG which is able to transport gallidermin from Staphylococcus 

gallinarium (S. gallinarium) and epidermin from Staphylococcus epidermidis (S. 

epidermidis) but not nisin [135; 153]. They contain one NBD protein, working as dimer, and 

two TMD proteins. Two prominent members of these ABC-transporter types are the NisFEG 

and the SpaFEG [154; 155]. But NukFEG is also known [135; 156]. All of these are 

immunity transporters to protect the bacteria from the self-produced lantibiotic. There are 

only few resistance ABC-transporters of this type known. The CprABC (cationic 

antimicrobial peptide resistance) transporter from C. difficile is not associated with any 

lantibiotic biosynthesis genes and performs resistance, not immunity, separating it from the 

other members of the LanFEG family [106; 135]. Interestingly, this transporter has a broad 

spectrum of lantibiotics like the BceAB type transporter. It was shown that the CprABC 
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transporter is able to confer resistance against nisin, gallidermin and subtilin [157]. 

Suggestions are that the second ring motif, the proline and glycine, is important for the 

interaction and recognition of this ABC-transporter [157]. The CprABC transporter is 

expressed next to a histidine kinase, member of the periplasmic sensing histidine kinase. A 

response regulator was also found but is not located in the genome next to the other proteins 

[157; 158]. Also in S. mutans two transporters are known to perform resistance against 

lantibiotics, LctFEG and NsrFE1E2G and these are members of this CprABC family (Figure 

10) [143; 159]. The resistance operons are always the same, containing an ABC-transporter 

and a two-component system, no matter which family the transporter belongs to. These two 

components are responsible for the resistance against lantibiotics in different Gram-positive 

bacteria [135].  

 

1.10. Membrane associated proteins of lantibiotic resistance 
 

Additionally, to the ABC-transporter there are some strains expressing a resistance or 

immunity membrane associated protein. Nearly all self-producing strains contain an (auto)-

immunity system containing a LanI protein and an ABC-transporter, independently of the 

produced class of lantibiotic [160]. The nisin system contains both a membrane associated 

LanI, NisI (Figure 11 B) and the ABC-transporter NisFEG mentioned above. This system is 

able to perform nearly a 100-fold higher nisin immunity in L. lactis compared to the 

immunity system lacking L. lactis strain [154; 161; 162; 163]. So, the bacteria carrying the 

immunity system are able to grow in presence of a high nisin concentration while bacteria 

lacking this system are dead. This seems to be a cooperatively mechanism as each protein 

alone induces 10-30% lesser immunity levels. Further examples of these immunity systems 

are also found in other lantibiotic producer strains. B. subtilis producing subtilin contains a 

SpaI (Figure 11 C) protein additionally to the SpaFEG transporter [164]. The epidermin and 

gallidermin producer strains S. epidermidis and S. gallinarium are also known to express 

immunity proteins EpiH and GdmH [153; 165; 166]. These immunity systems are highly 

active against the cell-produced lantibiotic but do not show a broad spectrum of immunity 

against different lantibiotics. 
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Figure 11: Cartoon representation of crystal structures of NisI and SaNsr and NMR structures of SpaI and MlbQ.  
A) The crystal structures of SaNsr from S. agalactiae (PDB code: 4Y68). B) The crystal structure of NisI from L. lactis 
(PDB code: 5XHB). C) NMR structure of SpaI from B. subtilis (PDB code: 2LVL). D) NMR structure of MlbQ from 
Microbispora ATCCPTA-5024 (PDB code: 2MVO). Depicted in red are the helices, in yellow the sheets and in green the 
loops. 
 

NisI is an immunity protein of L. lactis and performs two different immunity mechanisms 

against nisin. The first characterized mechanism of NisI is the binding of nisin. Binding to 

nisin protects the bacteria against the mode of action of nisin [154; 161; 162; 167]. A second 

characterized mechanism is that the expressed NisI in presence of nisin is able to cluster the 

cells. This results in large cell chains up to 30 cells [162]. The clustering is able to impede 

nisin from binding to the lipid II and inhibit the pore formation [162]. Interestingly, this is a 

reversible mechanism and by removing nisin the cells are able to start growing normal again 

[162].  

Some Gram-positive human pathogens produce one lantibiotic, but are highly resistant 

against another lantibiotic like S. agalactiae, which produces agalacticin but has a resistance 

system against nisin [168]. This system is highly resistant against nisin and contains a 

homodimeric ABC-transporter, NsrFP, mentioned above with a broad substrate spectrum of 

lantibiotics [169; 170]. Also, a membrane associated protein called SaNsr could be identified 
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and characterized (Figure 11 A). SaNsr is known to perform 20-fold of resistance to nisin in 

L. lactis strain compared to a sensitive strain [169; 171]. SaNsr is a serine protease and is 

active against nisin. It cleaves of the last six amino acids which results in a 100-fold less 

bactericidal activity of nisin [162; 172]. Another lipoprotein is MlbQ in Microbispora ATCC 

PTA-5024 from the NAI-107 biosynthetic gene cluster (Figure 11 D). This lipoprotein 

confers specific resistance to NAI-107-like lantibiotics [173; 174]. There are different 

mechanisms to prevent immunity or resistance with the help of membrane associated 

proteins. Comparing the gene cluster of different Gram-positive bacteria containing a 

resistance system a lipoprotein encoded in front of a three component ABC-transporter in C. 

difficile could be identified (Figure 10). The lipoprotein CD1348 is encoded directly in front 

of the CprABC transporter of C. difficile. This lipoprotein is uncharacterized but maybe it is 

able to perform resistance against some lantibiotics [157; 158]. This protein shows no 

homology to any known protein of these immunity and resistance systems but also NisI and 

Nsr are just showing 23% homology to each other and both are protecting the bacteria in 

total different mechanisms [175]. Also, no sequence homology to any other known protein 

could be determined. So, it could be interesting to characterize the CD1348 to solve a 

different way of resistance mechanism. 

 

1.11. Retroviruses 
 

Lantibiotics are not only active against bacteria but also DNA and RNA viruses, like 

retroviruses, are inhibited by some lantibiotics. One big group of RNA viruses are the 

retroviruses. A retrovirus is a single-stranded positive-sense RNA virus with a DNA 

intermediate. After the retrovirus entered the host cell the virus is able to produce DNA from 

its RNA genome with its own reverse transcriptase enzyme. An integrase enzyme 

incorporated the formed virus DNA in the host cell genome. At this point the host cell treats 

the virus DNA as part of own genome and translates and transcribes the viral genes in the 

same way like the own genes [176; 177; 178].  

Retroviruses can be separated in in different sub groups. Here the a-retrovirus, b-retrovirus, 

g-retrovirus, d-retrovirus, e-retrovirus and lentiviruses are known. One of the most 

prominent lentivirus is the human immunodeficiency virus (HIV) [178]. 
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1.12. Human immunodeficiency virus (HIV) 
 

HIV is a member of the lentivirus a subgroup of the retroviruses and can be divided in HIV-

1 and HIV-2, while HIV-1 is the most common type occurring in patients [176; 179; 180]. 

HIV infections cause the acquired immunodeficiency syndrome (AIDS). Main characteristic 

is the reverse transcriptase enzyme using RNA as template for transcription into double 

stranded DNA. The HIV consists of three major genes the env, the pol and the gag gen 

(Figure 12) [181]. The gag encodes the virus matrix (MA), the capsid (CA), the nucleocapsid 

(NC) and the P6 precursor proteins (P6) [177; 182; 183]. The pol (polymerase) precursor 

protein encodes the protease (PR), the reverse transcriptase (RT) and the integrase (IN) [177; 

181; 184]. The env gen encoded the monomeric envelope proteins containing two linked 

subunits, an outer subunit gp120 and the second subunit gp41 (Figure 12) [181; 184]. 

 

 
Figure 12: HIV-1 genome.  
The operon contains the three structural genes gag (orange), pol (green) and env (blue). They are encoding the structure 
proteins of the HI-virus. Gag encodes the matrix (MA), the capsid (CA), the nucleocapsid (NC) and the P6 precursor 
protein (P6). The pol is encoding the proteasome (PR), the reverse transcriptase (RT) and the integrase (IN). The env gene 
encodes the outer subunit gp120 and the second subunit pg41.The genome also contains six accessory proteins depicted in 
yellow. Based on [184]. 
 

Additionally, to the three major genes there are encoded six so-called accessory proteins in 

the HIV genome. 

 

1.13. Accessory proteins of HIV 
 

Additional to the structural genes there are six accessory proteins known in the HIV genome, 

The Vpr, Nef, Tat, Rev, Vpu and Vif protein [185; 186; 187].  

The Vpr (viral protein R) is a 96-amino acid 14 kDa small protein, encoded in central region 

of the HIV-1 genome. Vpr has two distinct functions, once the regulation of the nuclear 

translocation of the HIV-1 pre-integration complex (PIC) [188; 189]. The entry of the PIC 

is an essential step in the retroviral replication. Also, the induction of the cell cycle arrest in 
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infected proliferating cells is a function of Vpr. Additionally, some other activities could be 

observed [186; 188]. The stimulation of transcription of HIV-1 LTR and other promoters 

could be observed. Forming ion-selective channels and regulating the cell apoptosis are 

known activities of Vpr [190]. All these different functions are induced by interaction of Vpr 

with various different proteins of the host cell. The different functions are occurring at 

different times in the HIV replication cycle [189].  

Tat (transactivator of transcription) and Rev (regulator of expression of virion) are two 

accessory proteins involved in the regulation of gene expression. Tat is one of the first 

proteins produced in the replication steps. Tat is 14 kDa big and is a potent transactivator 

required for the viral replication [191]. It is able to bind the transactivation-responsive region 

(TAR) a part of new transcribed RNA. This region mediates the phosphorylation of the 

polymerase II C-terminal domain [192]. The result of this interaction is the activation of the 

cellular transcription machinery to initiate transcription of the viral proteins [181; 193]. Rev 

is an 18 kDa big phosphoprotein which is involved in the nucleocytoplasmic transport of 

viral RNA. Rev is later expressed in the HIV replication cycles and forms multimers binding 

the Rev response element (RRE) [194]. After binding Rev exports unspliced viral mRNA, 

before they are processed by the human spliceosome. It could be shown that Rev can bind a 

number of cellular proteins which all contributes to the nuclear export of viral mRNA [181]. 

Nef (negative factor) is a 205 amino acid myristoylated phosphoprotein. Nef is dispensable 

for infection, its function is the down regulation of cell surface proteins [195]. The down 

regulated proteins are the cluster of differentiation (CD) 4 and the histocompatitibility 

complex I, resulting in the prevention of cell lysis of infected cell. Nef also down regulated 

the CTLA-4 to ensure T-cell activation [196]. Nef effects additional on the TCR signaling 

and combats the anti-viral SERINC proteins [197]. 

Vpu (viral protein U) is a 17 kDa viral protein. Vpu contains a hydrophobic membrane 

anchor and a phosphorylated cytoplasmic tail [198]. It is an integral membrane protein 

enhancing the budding of the viruses from the host cell. Vpu has two functions in the viral 

life cycle. Degradation of CD4 receptor preventing by this a formation of CD4 and HIV is 

one. Beside this Vpu can neutralize the cellular restriction factor tetherin [181].  

Last of the six accessory proteins is the Vif (viral infectivity factor) protein a 23 kDa big 

protein targeting the cellular cytidine deaminases for ubiquitination and degradation. Vif is 

an interesting candidate for new drug development.  
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1.14. Viral infectivity factor  
 

The viral infectivity factor protein is a 23 kDa big protein and is necessary for the HIV-1 

replication in the human body. The Vif protein is one of the most interesting proteins in the 

HIV-1 drug development. It is forming a complex with 5 host cell proteins and degrades the 

human answer of the viral entry, the apolipoprotein B mRNA editing enzyme catalytic 

polypeptide-like 3 (APOBEC3) family.  

There are proteins in the human body which have antiviral properties and negatively impact 

on the viral replication [199; 200; 201]. In humans are seven of the APOBEC3 proteins 

encoded the APOBEC3A, APOBEC3B, APOBEC3C, APOBEC3D, APOBEC3F, 

APOBEC3G and APOBEC3H [201; 202; 203]. The principal activity of APOBEC3 proteins 

is the cytidine deamination of single-stranded DNA, shown in biochemical and cell culture 

assays [204; 205]. Four of these proteins are able to reduce the HIV-1 replication. These 

proteins are A3D, A3F, A3H and A3G [206].  

 

 
Figure 13: Complex formed by the Vif protein.  
The complex is formed from the Vif protein to ubiquitinate and degrade the APOBEC3G protein. The Vif protein is 
recruiting the Cullin 5, CBF-ß and the adapter proteins Elongin C and B. This results in the degradation of the human 
immunity cytidine deaminase APOBEC3G. The corresponding binding domains are depicted in Figure 14. Based on [206]. 
 

Because of Vif this effect of reduced replication is not able to intervene in the HIV-1 

replication in the host cell. The Vif protein uses the cellular Cullin-Ring ubiquitin ligase, 

leading to the ubiquitination and proteasomal degradation of the APOBEC3 protein and the 

virus can replicate itself without any hindrance [207; 208; 209]. 

This complex, which degrades the APOBEC3 proteins, is only able to be formed in presence 

of the Vif protein. Vif is a basic protein and it is well known characterized. The function and 

the corresponding binding sites are already known.  
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The formed complex, which is important for the degradation of the APOBEC3 is containing 

the Vif protein, the APOBEC3 protein, the transcription co-factor CBF-ß, the adapter 

proteins ELONGIN B and C, and the CULLIN-5 (Figure 13) [210].  

The corresponding binding sites necessary for forming the complex are well characterized. 

The N-terminal part of the protein is not only necessary for RNA binding but also all-

important APOBEC3 binding sites are located here as well [210]. The DRMR domain is 

known for binding the APOBEC3F while the YRHHY domain is necessary to bind the 

APOBEC3G [211; 212]. An additional APOBEC3F domain could be determined in the end 

of the N-terminal region of Vif which is the domain of the protein necessary for APOBEC3 

binding (Figure 14) [213].  

 

 
Figure 14: Functional domains of the Vif protein.  
Shown are the known binding sites of the Vif protein. The N-terminus is known for binding RNA and more important 
binding the APOBEC3 proteins. Here are solved two FG-boxes where APOBEC3F and G can bind. Also, two F-boxes are 
known for APOBEC3F binding and one G-box is known to bind APOBEC3G. After the APOBEC3 binding domain the 
Cullin 5 binding site is located. The HCCH domain is also a zinc binding site which is important for Cullin 5 binding. The 
SOCS domain is for Elongin C binding responsible. Based on [179; 214]. 
 

Two FG-boxes, meaning APOBEC3F and APOBEC3G, are interacting with the Vif protein 

at the same domains could also be identified [213; 214]. The HCCH region is known for two 

different functions. Firstly, it is a zinc binding motif and secondly the interaction with the 

Cullin 5 is a function of this region [215; 216]. The so called SOCS box was identified as 

the Elongin C binding side [217]. 
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2. Aims 
 

Several membrane associated proteins in different Gram-positive bacteria performing 

immunity and resistance towards different lantibiotics are known. They usually belong to an 

operon cluster containing an ABC-transporter and a two-component system. Also in 

Clostridium difficile (C. difficile) such a system could be determined as well. This system 

performs resistance against different lantibiotics. In front of this system a lipoprotein 

CD1348 could be identified which is uncharacterized so far. 

The first aim of this thesis was to establish the heterologous expression of the CD1348 

protein of C. difficile in Escherichia coli and subsequently the purification of this protein. 

To determine if it is a resistance protein, different in vivo and in vitro studies were used. 

Further, a structural characterization with the help of crystallography, small-angle X-ray 

scattering (SAXS) and nuclear magnetic resonance (NMR) analysis of the lipoprotein 

CD1348 was performed. 

 

Over the last years antibiotic resistance became a raising problem. There are different kinds 

of resistance mechanisms known for antibiotics and also lantibiotics. An antibiotic and 

lantibiotic resistant Lactococcus lactis (L. lactis) strain, which has a non-determined 

resistance mechanism, should be characterized. This strain was analysed with several 

lantibiotics and antibiotics to investigate against which types of antimicrobial agent it 

performs resistance. The second aim was to analyse this antibiotic and lantibiotic resistant 

L. lactis strain more in detail and to determine the resistance mechanism using different in 

vivo analyses for characterization. 

 

The last aim of this thesis was to establish a high scale purification of pure viral infectivity 

factor (Vif) protein of human immunodeficiency virus (HIV-1) to perform interaction 

studies and structural analysis of the Vif protein with the APOBEC3 interaction protein.  
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3. Publications 
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Insight into Two ABC Transporter Families Involved in Lantibiotic 
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Frontiers in Molecular Biosciences 
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Scientific reports 
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Characterization of CD1348 of the CprABC operon: Purification and 

interaction studies with different lantibiotics 

In preparation 
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3.2. Chapter II - Lantibiotic maturation complex 
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3.3. Chapter III - CD1348 lipoprotein from Clostridium difficile  
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Characterization of CD1348 of the CprABC operon: Purification and 

interaction studies with different lantibiotics 

 
Rebecca Clemens, Jens Reiners, Daniel Mulnaes, Wolfgang Hoyer, Philipp Neudecker, 

Holger Gohlke and Sander H. J. Smits 

 

Abstract 

 

Bacteriocins are small ribosomally synthesized peptides and some of them are showing 

antimicrobial activity against Gram-positive bacteria. One large group are the lanthionine 

containing antibiotics (lantibiotics). They are post-translational modified by dehydration 

serine and threonine residues followed by an intramolecular addition of a neighboured 

cysteine residue. This modification is performed by different modification enzymes 

depending on which class the lantibiotic are belonging to. Lantibiotics are used since decades 

in the food industry. Some human pathogenic bacteria express resistance proteins which 

counteract with the lantibiotic [1; 2; 3; 4; 5]. In Clostridium difficile such resistance proteins 

have been identified. The resistance system consists of an ABC-transporter, the CprABC 

and a two-component system, containing a response regulator (CprR) and a histidine kinase 

(CprK), which are encoded on one operon. The Cpr system confers resistance against nisin, 

gallidermin and subtilin [1]. The present study focuses on the CD1348 lipoprotein encoded 

directly in front of the CprABC operon. The purification of the so far uncharacterized 

lipoprotein was established and first interaction studies were performed with different 

lantibiotics, nisin and gallidermin using in vitro studies and in vivo studies in Lactococcus 

lactis. It was determined that the CD1348 does not generate a resistance to the lantibiotics 

nisin and gallidermin and also no real interaction could be observed. Reason for missing 

observed interactions might be that the correct substrate was not found or it is a protein 

generating heat stability to the cell, which could be a reason of the high heat stability of the 

CD1348 up to 90 °C. 
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Introduction 
 

The urgency of novel antibiotics generation has put the focus on possible alternatives like 

the antimicrobial peptides (AMPs). One large group of this AMPs are bacteriocins. They are 

small ribosomal- synthesized peptides, of which some display high antimicrobial activity [6; 

7]. This bacteriocins are used since decades as food preservatives and recently as antibiotic 

alternatives [8; 9]. One large group of this bacteriocins are the lanthionine containing 

antibiotics, called lantibiotics. These lantibiotics are antimicrobial peptides which are post-

translational modified [10]. Mostly they are produced by Gram-positive bacteria and consist 

of 19-38 amino acids [10; 11; 12]. The post-translational modification involves the 

dehydration of serine and threonine, resulting in the lantibiotic typical 2,3-didehydroalanine 

(Dha) and 2,3- didehydrobutyrine (Dhb). This is followed by the intramolecular addition of 

a neighboured cysteine residue onto Dha or Dhb to form the lanthionine or 

methyllanthionine rings [10; 13]. It is already known, that lantibiotics are able to inhibit 

multi-drug resistant pathogens like Staphylococci, Enterococci, Streptococci and Clostridia 

species [14]. They are classified in four different classes depending on which enzyme types 

are involved in the post-translational modification [13; 15; 16]. 

Nisin is till date the best characterized lantibiotic and was first described in 1928 [17]. It 

belongs to the class I lantibiotics which are post-translational modified via the dehydratase 

NisB and the cyclase NisC. Nisin is produced by some Lactococcus lactis and Streptococcus 

uberis strains [11; 13]. Nisin is able to perform at least a dual mode of action. First it is able 

to bind to the pyrophosphate group of the precursor molecule of peptidoglycan, the lipid II 

and inhibits the cell wall synthesis [18; 19; 20; 21]. Second, after binding to lipid II it is able 

to form pores through the membrane, which leads to cell death [22]. Nisin is highly active, 

it leads to cell death even in a nanomolar range [13; 23]. 

Some bacteria show resistance against lantibiotic, nisin, even if they are non-producer 

strains, they express protein systems which protect them from the lantibiotic around. This 

systems and mechanisms are in detail reviewed in Draper et al. (2015) [24].  

Understanding the resistance mechanism of these lantibiotic resistance in bacteria is needed 

as the aim is the use of lantibiotics in medicine.  

In former studies resistance systems have been identified and characterized, e.g. BceAB in 

Bacillus subtilis [25; 26], BraAB [5], VraDE in Staphylococcus aureus [4; 5], LctFEG, 

NsrFE1E2G in Streptococcus mutans [27], the NsrFP in Streptococcus agalactiae [3], and 

the CprABC system of Clostridium difficile [1; 2]. 
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The resistance system of S. agalactiae contains an ABC-transporter NsrFP and a two-

component system, containing a histidine kinase NsrK and a response regulator NsrR 

(Figure 1). Directly in front of the NsrFP ABC-transporter a membrane associated serine 

protease is encoded, Nsr. This protease is characterized and the structure is figured out in 

detail. Nsr cleaves of the last six amino acids of nisin and shows a 20-fold higher resistance 

expressed in L. lactis against nisin [3; 28; 29]. Also, the NsrFP transporter has been 

characterized recently. This transporter is not only able to transport nisin (17-fold of 

resistance), but also gallidermin seems to be one substrate (13-fold of resistance) of the ABC 

transporter as well [30]. 

 

 
Figure 1: Resistance and immunity systems of Gram-positive bacteria. Shown in blue are the ABC-transporter of the 
resistance and immunity systems. The nucleotide binding domain is depicted in dark blue. The transmembrane domains 
are depicted in light blue and cyan. In green the two-component system consisting of the histidine kinase (light green) and 
response regulator (dark green) is depicted. The lipoprotein NisI and the Nsr, membrane associated serine protease are 
depicted in red, belonging to the corresponding resistance and immunity system. The CD1348 lipoprotein is depicted in 
grey which is till date uncharacterized. Based on [31] (Chapter I). 

 

The resistance system of C. difficile also contains an ABC-transporter (CprABC) and a two-

component system (CprK and CprR). Former studies are showing, that the system is also 

recognizing different lantibiotics and is able to provide resistance against all of them [1; 2]. 

C. difficile is a Gram-positive, spore forming bacteria, which causes intestinal diseases, 

mostly chronical [32]. The spores are resistant against cell death and even against heat [33; 

34]. The vegetative cells, once in the human colon, can survive there. The normal flora 

provides colonization of the C. difficile. Antimicrobial treatment accelerated the overgrowth 

of C. difficile, this leads to clinical diseases. These diseases are often chronical and can be 

diarrheal to fatal colitis [32; 35; 36]. The symptoms of the disease are caused by two toxins, 

TcdA and TcdB. C. difficile is able to secret the two toxins in the gastrointestinal tract of 

mammals [37]. 

Because of the CprABC system C. difficile is also resistant against several lantibiotics so 

that the treatment of C. difficile is difficult [1]. 
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In this study, we focused on the CD1348 lipoprotein [1; 2], which is encoded directly in 

front of the CprABC transporter. This protein is till date uncharacterized. To investigate the 

function of the CD1348 protein the first step was to purify it in high quality to do in vitro 

analysis. Two different constructs were purified, a none codon optimized and a codon 

optimized one. For in vitro interaction studies, analytical co-elution studies and tryptophan 

measurements were chosen. To investigate, whether the CD1348 lipoprotein is a resistance 

protein, in vivo studies in L. lactis were performed as well. An expression test in L. lactis 

NZ9000 was performed to be certain, that the protein is expressed in the growth inhibition 

studies with nisin and gallidermin (Figure 2). 

 

 
Figure 2: Schematic representation of lantibiotics nisin and gallidermin. The dehydrated amino acids and the cysteines 
of the lantibiotics are depicted in yellow and orange. The (methyl-) lanthionine rings are highlighted in orange and red. 
Based on [10]. 

 

The hypothesis was, that the CD1348 lipoprotein is able to perform resistance against 

lantibiotics. Like other proteins directly encoded in front of an ABC-transporter which 

perform resistance or immunity. Examples are the serine protease, mentioned before, Nsr 

[3] and the immunity protein of L. lactis, NisI [38]. 
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Material and Methods 
 

Cloning. The gene for the lipoprotein was synthesized from GeneArt (Thermo Fisher 

Scientific) as a none codon optimized and as an optimized gene for E. coli. The different 

genes were cloned in pMAT. The plasmid pET16-NHis-Lipo(opt) was cloned with the 

Gibson Assembly Cloning Kit (New England BioLabs) according to the manufacturer’s 

protocol. Therefore, plasmid pET16b was linearized by PCR using the primers pET16-NHis-

for and pET16-NHis-rev. The primer pair LipoEcoli-Gibs-F and LipoEcoli-Gibs-R was used 

to amplify the sequence of the lipoprotein without the first 19 amino acids and changing the 

twentieth amino acid C20A. The new plasmid was verified with sequence analysis.  

To insert a TEV cleavage site a site directed mutagenizes was performed with the TEV LIPO 

for and TEV LIPO rev primer pair. The new plasmid was verified with sequence analysis. 

The gene for CD1348 lipoprotein was synthesized from GeneArt (Thermo Fisher Scientific) 

and cloned in pIL-SV. The plasmid pIL-SV-Lipo was cloned with the Gibson Assembly 

Cloning Kit (New England BioLabs) according to the manufacturer´s protocol. Therefore, 

plasmid pIL-SV was linearized by PCR using the primers pIL-SV-C-lipo-for and pIL-SV-

C-lipo-rev. The primer pair pIL-SV-Del-C for and pIL-SV-Del-C rev was used to delete the 

C-terminal His-tag. The new plasmid was verified with sequence analysis. 

 
Table 1: Oligonucleotide used for cloning. 

Oligonucleotide Sequence 

pET16-NHis-for GAAATTTATTACAACGGTAAACTGATCGAACTGCGTTAACTAGCATAACCCC

TTGGGGC 

pET16-NHis-rev GTTCAACCGCAGAAATGCTGTAATCCATGGCGCCGCTGCTGTGATGATGATG 

LipoEcoli-Gibs-F GCCATGGATTACAGCATTTCTGCG 

LipoEcoli-Gibs-R ACGCAGTTCGATCAGTTTACC 

TEV LIPO for GCCATGGATTACAGCATTTCTGCG 

TEV LIPO rev GCCCTGAAAATAAAGATTCTCGCCGCTGCTGTGATGATGATG 

pIL-SV-C-lipo for GATATACTACAATGGAAAATTAATAGAATTAAGACACCACCACCACCACTAA

AAAG 

pIL-SV-C-lipo rev CAATTATTAAAAAACTTACTGCTATTTTATTCATATAATTCTCCTTTATTTATT

ATACCCGCG 

pIL-SV-Del-C-for TCTTAATTCTATTAATTTTCCATTGTAGTATATC 

pIL-SV-Del-C-rev TAAAAAGGATTGGTTATTTTACCAATC 
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Test expression of CD1348. E. coli BL21 (DE3) cells transformed with the pET-16b-Lipo 

plasmid were used for a 5 mL lysogeny broth (LB) preculture containing 100 µg/mL 

ampicillin. For test expression 300 mL flasks with baffles were used. 8 x 50 mL LB media 

containing 100 µg/mL ampicillin was inoculated to an optical density (OD600) of 0.1. Four 

cultures were grown at 37 °C and 180 rpm. At an OD600 of 0.8 two cultures were induced 

with 1 mM Isopropyl-ß-D-thiogalactopyranoside (IPTG) and two with 0.1 mM IPTG. 

Four cultures had a decreased temperature curve during culture from 37 °C to 18 °C at an 

OD600 of 0.5 and induced with 1 mM IPTG (two flasks) and 0.1 mM IPTG (two flasks) at 

an OD600 of 0.8. Every hour a sample was taken and the cells were centrifuged 2 min at 

14,000g at 4 °C. The harvested cells were diluted to an OD600 of 1 and further analysed via 

Western blot with a Penta-His Antibody. 

 

Overexpression of CD1348 and the CD1348 codon optimized. E. coli BL21 (DE3) cells 

containing the pET-16b-Lipo opti. Plasmid/ pET-16b-Lipo-TEV opti. were used for 100 mL 

LB preculture containing 100 µg/mL ampicillin. Two litres LB medium with 100 µg/mL 

ampicillin was inoculated to an OD600 of 0.1, and grown at 37 °C and 180 rpm shaking to an 

OD600 of 0.5. The temperature was degraded to 18 °C and till the OD600 of 0.8 was reached. 

The culture was induced with 0.1 mM IPTG and grown overnight. After 20 h cells were 

harvested at 6,000g and stored at -20 °C. 

 

Purification tests of CD1348 non-codon optimized. Cells were thawed on ice and 

resuspended in 50 mM Tris-HCl pH 8, 50 mM NaCl and 10% glycerol. Cells were lysed 

with a cell disruptor (Microfluidics M-110P, 1500 bar) 5-6 cycles and centrifuged at 4 °C 

for 45 min at 200,000 g. The supernatant was supplemented with imidazole (pH 8) in a final 

concentration of 20 mM imidazole. The supernatant was loaded on an immobilized metal-

ion affinity chromatography (IMAC) column (Chelating HP column 5mL preloaded with 

Ni2+ GE Healthcare) with 1 mL/min. After washing the loaded column till baseline using the 

washing buffer (20 mM Tris-HCl pH 8, 500 mM NaCl and 20 mM imidazole) the CD1348 

was eluted with the elution buffer (20 mM Tris-HCl pH 8, 500 mM NaCl and 400 mM 

imidazole) in gradient step 100% in 100 min.  

Different elution steps were tested as well. The stepwise elution was performed in 5 steps of 

different imidazole concentrations 40 mM, 60 mM, 80 mM, 150 mM and 400 mM. The 

eluted protein was monitored via NanoDrop and SDS-PAGE. Fractions containing the 

CD1348 protein were pooled. Via size-exclusion chromatography (SEC) the concentrated 
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protein was further purified. The column was equilibrated with the SEC buffer (25 mM MES 

pH 6.5, 150 mM NaCl) and the protein was purified with a Superdex 75 10/300 GL column 

with a flow rate of 0.3 mL/min. All fractions containing the CD1348 were pooled and 

concentrated with an Amicon ultracentrifugation unit (10 kDa MWCO). 

 

Purification of CD1348 with His-tag codon optimized. Cells were thawed on ice and 

resuspended in 50 mM Tris-HCl pH 8, 50 mM NaCl and 10% glycerol. Cells were lysed 

with a cell disruptor (Microfluidics M-110P, 1500 bar) 5-6 cycles and centrifuged at 4 °C 

for 45 min at 200,000 g. The supernatant was supplemented with imidazole (pH 8) in a final 

concentration of 20 mM imidazole. The supernatant was loaded on an IMAC column 

(Chelating HP column 5mL preloaded with Ni2+ GE Healthcare) with 1 mL/min. After 

washing the loaded column till baseline with the washing buffer (20 mM Tris-HCl pH 8, 

500 mM NaCl and 20 mM imidazole) the CD1348 was eluted with the elution buffer (20 

mM Tris-HCl pH 8, 500 mM NaCl and 400 mM imidazole) in one step. The eluted protein 

was monitored via NanoDrop and SDS-PAGE and the fractions containing the CD1348 

protein were pooled. Via size-exclusion chromatography (SEC) the concentrated protein was 

further purified. The column was equilibrated with the SEC buffer (25 mM MES pH 6.5, 

250 mM NaCl and 10% glycerol) and the protein was purified with a HighLoad 16/600 

Superdex 200 pg with a flow rate of 0.5 mL/min. All fractions containing the CD1348 were 

pooled and concentrated with an Amicon ultracentrifugation unit (10 kDa MWCO). The 

CD1348 was concentrated to 10 mg/mL, flash frozen in liquid nitrogen and stored at -80 °C. 

To determine the concentration the absorbance at 280 nm with a NanoDrop ND-1000 

spectrophotometer using the theoretical extinction coefficient of CD1348 of 21.43 L mol-1 

cm-1 and the molecular weight 20.18 kDa was used (Calculated via EXPASY ProtParam). 

 

Determination of the oligomeric state of CD1348. To determine the oligomeric state of 

the CD1348 a multi- angel light scattering and size exclusion (MALS-SEC) was used. The 

analyses were performed on an Agilent 1260 HPLC system in combination with a triple-

angle light scatter detector (miniDawn treos) and a differential refractive index detector 

(Optilab rEX- both Wyatt Technology Europe). The purified CD1348 was analysed on a 

Superdex 200 10/300 increase column (GE Healthcare) with a MALS buffer containing 25 

mM MES pH 6.5 and 250 mM NaCl. The used protein concentration was 300 µM and the 

Data analysis was performed with the ASTRA software (Wyatt Technology). 
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Purification of CD1348 without His-tag codon optimized. Cells were thawed on ice and 

resuspended in 50 mM Tris-HCl pH 8, 50 mM NaCl and 10% glycerol. Cells were lysed 

with a cell disruptor (Microfluidics M-110P, 1500 bar) 5-6 cycles and centrifuged at 4 °C 

for 45 min at 200,000 g. The supernatant was supplemented with imidazole (pH 8) with a 

final concentration of 20 mM imidazole. The supernatant was loaded on an IMAC column 

(Chelating HP column 5mL preloaded with Ni2+ GE Healthcare) with 1 mL/min. After 

washing the loaded column till baseline with the washing buffer (20 mM Tris-HCl pH 8, 

500 mM NaCl and 20 mM imidazole) the CD1348 was eluted with the elution buffer (20 

mM Tris-HCl pH 8, 500 mM NaCl and 400 mM imidazole) in one step. The eluted protein 

was monitored via NanoDrop and SDS-PAGE and the fractions containing the lipoprotein 

were pooled. 

The protein was diluted with Dilution buffer (20 mM Tris-HCl pH 8, 250 mM NaCl) to a 

concentration to 2 mg/mL and 1:200 TEV Protease (Sigma) was added and the His-tag was 

cleaved over night at 4 °C.  

To purify the cleaved protein, a second IMAC was performed. The whole solution was 

loaded on an IMAC column (Chelating HP column 5mL preloaded with Ni2+ GE Healthcare) 

with 1 mL/min and the load was fractionated to get the protein without His-tag eluted. After 

washing till base line with wash buffer (20 mM Tris-HCl pH 8, 250 mM NaCl) the none 

cleaved CD1348 was eluted like mentioned before. The load fractions with the cleaved 

CD1348 protein were pooled and concentrated with an Amicon ultracentrifugation unit (10 

kDa MWCO) and further purified via SEC. 

The column was equilibrated with the SEC buffer (25 mM MES pH 6.5, 250 mM NaCl and 

10% glycerol) and the protein was purified with a HighLoad 16/600 Superdex 200 pg with 

a flow rate of 0.5 mL/min. All fractions containing the CD1348 were pooled and 

concentrated with an Amicon ultracentrifugation unit (10 kDa MWCO). The CD1348 was 

concentrated to 10 mg/mL, flash frozen in liquid nitrogen and stored at -80 °C. To determine 

the concentration, the absorbance at 280 nm via NanoDrop ND-1000 spectrophotometer 

using the theoretical extinction coefficient of CD1348 of 21.43 L mol-1 cm-1 and the 

molecular weight 18.63 kDa was measured (calculated via EXPASY ProtParam). 
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Expression and purification of CD1348 for NMR measurements. E. coli BL21 (DE3) 

cells containing the pET-16b-Lipo opti plasmid were used for 100 mL LB preculture 

containing 100 µg/mL ampicillin. Two litres M9 minimal medium containing 15N 

ammonium chloride (Cambridge Isotope Laboratories, Inc.) /and 13C-D-glucose (Cambridge 

Isotope Laboratories, Inc.) and 100 µg/mL ampicillin were used. The medium was 

inoculated to an OD600 of 0.1, grown at 37 °C and 180 rpm shaking to an OD600 of 0.5. The 

temperature was degraded to 18 °C and till the OD600 of 0.8 was reached. The culture was 

induced with 0.1 mM IPTG and grown overnight. After 20h cells were harvested at 6,000g 

and stored at -20 °C. 

Cells were thawed on ice and resuspended in 50 mM Tris-HCl pH 8, 50 mM NaCl and 10% 

glycerol. Cells were lysed with a cell disruptor (Microfluidics M-110P, 1500 bar) 5-6 cycles 

and centrifuged at 4 °C for 45 min at 200,000 g. The supernatant was supplemented with 

imidazole (pH 8) in a final concentration of 20 mM imidazole. The supernatant was loaded 

on an IMAC column (Chelating HP column 5mL preloaded with Ni2+ GE Healthcare) with 

1 mL/min. After washing the loaded column till baseline with the washing buffer (20 mM 

Tris-HCl pH 8, 500 mM NaCl and 20 mM imidazole) the CD1348 was eluted with the 

elution buffer (20 mM Tris-HCl pH 8, 500 mM NaCl and 400 mM imidazole) in one step. 

The eluted protein was monitored via NanoDrop and SDS-PAGE and the fractions 

containing the CD1348 were pooled. Via size-exclusion chromatography (SEC) the 

concentrated protein was further purified. The column was equilibrated with the SEC buffer 

(25 mM MES pH 6.5 and 100 mM NaCl) and the protein was purified with a HighLoad 

16/600 Superdex 200 pg with a flow rate of 0.5 mL/min. All fractions containing the CD1348 

were pooled and concentrated with an Amicon ultracentrifugation unit (10 kDa MWCO). 

The CD1348 was concentrated to 14 mg/mL and 5 mM sodium azide was added to the 

sample. To determine the concentration, the absorbance at 280 nm with a NanoDrop ND-

1000 spectrophotometer using the theoretical extinction coefficient of CD1348 of 21.43 L 

mol-1 cm-1 and the molecular weight 20.18 kDa was used (Calculated via EXPASY 

ProtParam). 
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Visualization of CD1348 from C. difficile by small-angle X-ray scattering (SAXS). 

At the EMBL-Lab outstation Grenoble, the protein was freshly purified with a Superdex 200 

10/300 column (GE Healthcare) pre-equilibrated with SAXS-buffer (25 mM MES pH 6.5, 

250 mM NaCl, 5 % glycerol) at a flow rate of 0.5 mL/min. 

All SAXS data were collected on beamline BM29 at the ESRF Grenoble [39; 40], equipped 

with a PILATUS 1M detector (Dectris) with a fixed distance of 2.867 m. The achievable q-

range under these conditions was 0.025 - 5 nm-1 and the maximum measurable Rg (radius of 

gyration) of the investigated particles were 20 nm. All measurements were performed at 4 

°C with protein concentrations between 0.51 and 7.68 mg/mL. For each sample, ten frames 

with an exposer time of one second were collected. By comparing these frames, the 

possibility of radiation damage during the measurement was excluded.  

All used programs for data processing were part of the ATSAS Software package (Version 

2.8.1) [41], available on the EMBL website (http://www.embl-

hamburg.de/biosaxs/software.html). The primary data reduction was performed with the 

program PRIMUS [42]. With the Guinier approximation [43] (implemented in PRIMUS 

[42]) the forward scattering I(0) and the radius of gyration (Rg) was determined. The 

maximum particle dimension (Dmax) with the pair-distribution function p(r) was estimated, 

computed with the program GNOM [44]. Low resolution ab initio models were calculated 

with GASBOR [45]. Superimposing of the predicted model was done with the program 

SUPCOMB [46]. A reference solution of bovine serum albumin (66 kDa) was used to 

determine the molecular weight of the lipoprotein from the forward scattering. 

 

Circular dichroism spectroscopy measurements. Far-UV circular dichroism (CD) spectra 

were measured on a JASCO J-815 spectropolarimeter in a 1 mm Quartz cuvette (Hellma) 

using protein samples at a concentration of 10 µM. The buffer was 25 mM MES pH 6.5, 250 

mM NaCl and 25 mM MES pH 6.5, 100 mM NaCl. Melting curves were recorded at 220 

nm with a heating rate of 1 °C min-1. 

 

Crystallization. The screening for protein crystals was performed at 12 °C with a NT8robot 

(Formulatrix) and the sitting-drop vapour-diffusion method. Initial screens were performed 

with several of commercial crystallization screens. The used purified protein concentration 

was between 7 mg/mL and 15 mg/mL. The drop consisting of 0.1 µL protein solution and 

0.1 µL reservoir solution were placed on a sitting drop plate and equilibrated against 50 µL 

of the reservoir solution. If an initial crystal was grown the prepared plates were observed 
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after 2 days and till 1 month. Some quasi micro crystals could be observed in the PACT plate 

with the conditions 0.2 M Sodium/ potassium phosphate and 0.1 M Bis Tris propane pH 8.5 

20% (w/v) PEG 3350 and the 0.2 M sodium iodide and 20% (w/v) PEG 3350. Two 

optimization plates containing 250 mM-100 mM Sodium/ potassium phosphate (50 mM 

steps) and 5%-30% (w/v) PEG 3350 (5% steps) in a sitting drop plate were performed, 

containing 1 µL protein (8 mg/mL or 14 mg/mL) and 1 µL the reservoir buffer was placed 

and equilibrated against 300 µL buffer. Another two optimization plates containing 300 mM-

150 mM Sodium iodide (50 mM steps) and 5%-30% (w/v) PEG 3350 (5% steps) in a sitting 

drop plate were performed, containing 1 µL protein (8 mg/mL or 14 mg/mL) and 1 µL the 

reservoir buffer was placed and equilibrated against 300 µL buffer. 

 

Nuclear magnetic resonance (NMR)-measurements. The NMR samples contained 

0.63 mM [U-15N] or 0.63 mM [U-13C,15N] CD1348, 100 mM NaCl, 5 mM NaN3, 25 mM 

MES (pH 6.5) in 10% (v/v) D2O. NMR experiments were recorded at 30 °C on Bruker 

AVANCE III HD 600 MHz, Bruker AVANCE III HD 700 MHz, Varian VNMRS 800 MHz, 

or Varian VNMRS 900 MHz NMR spectrometers, equipped with room temperature 

(900 MHz) or cryogenically cooled (600 MHz, 700 MHz, 800 MHz) triple or quadruple 

resonance probes with z-axis pulsed field gradient capabilities. The sample temperature was 

calibrated using methanol-d4 [47]. Sequence-specific assignments for the backbone 

resonances were obtained from TROSY [48; 49; 50] versions of the following 2D and 3D 

triple-resonance experiments [51]: [1H,15N] TROSY [50], [1H,13C] CT-HSQC [52], [1H,15N] 

TOCSY-HSQC [53] with a 10.0 kHz DIPSI-2rc mixing scheme [54] (60 ms mixing time), 

[1H,15N] NOESY-TROSY [53] (120 ms mixing time), TROSY-HNCO [49], TROSY-

HN(CO)CA [55], TROSY-HN(CO)CACB [49], TROSY-HNCA [55], TROSY-HN(CA)CO 

[55], TROSY-HNCACB [55], and H(CCO)NH-TROSY and C(CO)NH-TROSY [56] with 

a 16.7 kHz FLOPSY-16 mixing scheme [57] (14 ms mixing time). The 1H2O resonance was 

suppressed by gradient coherence selection, with quadrature detection in the indirect 

dimensions achieved by States-TPPI [58] and the echo-antiecho method [59; 60]. All NMR 

spectra were processed with NMRPipe [61] software and analysed with NMRViewJ [62]. 
1H chemical shifts were referenced with respect to external DSS in D2O, 13C and 15N 

chemical shifts were referenced indirectly [63]. 1HN and 15N amide group chemical shifts 

were obtained from the peak positions of the TROSY multiplet components by subtracting 

out the scalar coupling contribution of -|1JNH|/2 and +|1JNH|/2, respectively, assuming a 

uniform scalar coupling constant of 1JNH = -93 Hz. Random Coil Index (RCI) [64] 
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backbone order parameters, SRCI2, and confidence levels for helical (H) or extended/strand 

(E) secondary structure, PH or PE, respectively, were calculated from the backbone chemical 

shifts using TALOS-N [65] with the default parameters. 

 

Purification of Nisin. Nisin was purified as described in Abts et al. (2011) [66]. To 

determine the nisin concentration, nisin was measured by using RP-HPLC as previously 

described in Abts et al. (2013) [67]. 

 

Analytical co-elution studies of CD1348 with nisin. To see interaction between the 

CD1348 protein and nisin, a Äkta micro system and a Superdex 75 PC 3.2 column (GE 

Healthcare) were used. The column was preequilibrated with 25 mM MES pH 6.5, 250 mM 

NaCl buffer with a flow of 0.05 mL/min. 50 µL of a protein mixture of 15 µM purified His-

tag CD1348 and 150 µM purified nisin was incubated 1h at 20 °C and analysed via size 

exclusion. The corresponding fraction were analysed via 15% SDS-PAGE. 

 

Tryptophan fluorescence measurements. To determine the tryptophan fluorescence of the 

CD1348 protein in interaction with different lantibiotics, 1 µM CD1348 protein, purified as 

described, the fluorescence with an excitation at 280 nm with an emission of 300-400 nm 

was measured (FluorEssence V3.5, Horiba Scientific Slits both 4 nm) at 30 °C. Then the 

lantibiotic was added in 10 µL steps after every 2min and the fluorescence was measured. 

As a control, the used buffer (25 mM MES pH 6.5, 250 mM NaCl) was measured with 1 µM 

Protein and 10 µL buffer was stepwise added. Also, the buffer and the lantibiotic was 

measured stepwise to be sure that the fluorescence change is no artefact from the used 

lantibiotic or buffer. The control protein buffer was subtracted from the protein lantibiotic 

measurements to be sure that just the changes of binding are observed. 

 

Expression of CD1348 in L. lactis. The NZ9000CD1348 strain was grown in GM17 media 

supplemented with 5 µg/mL chloramphenicol. To induce the expression of the lipoprotein 1 

ng/mL nisin was added and the cells were grown at 30 °C overnight. The cells were harvested 

at OD600 of 2.5 by centrifuging at 5,000g for 30min. With a 50 mM HEPES pH 8, 150 mM 

NaCl and 10% (v/v) glycerol buffer the cells were resuspended to an OD600 of 200 and 1/3 

(w/v) glass beads (0.3 mm) were added. To lyses the cells were 1 min disrupted and 2 min 

storing on ice, this cycle was repeated six times and the lysed cells were centrifuged. The 

low centrifugation step at 10,000g at 4 °C for 20 min were performed to collect the 
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cytoplasmic part. The high centrifugation step for 1 h at 100,000g at 4 °C were performed 

to harvest the membranes. To analyse the membrane, fraction SDS Loading dye was added 

and the samples were used for an SDS-PAGE and Western blot analysis. 

 

Determination of the resistance of the L. lactis NZ9000 CD1348 strain by Growth 

Inhibition (IC50). L. lactis NZ9000 and NZ9000CD1348 cells were grown overnight in 

GM17 containing 5 µg/µl chloramphenicol and 1 ng/mL nisin at 30 °C. The cells were 

diluted to an OD600 of 0.1 and then incubated with a serial dilution of the analysed lantibiotic 

in a 96-well plate. Each well contain 50 µL of the respective lantibiotic and 150 µL GM17 

with the corresponding strain, so in total the volume of each well contains 200 µL. The 96-

well plate was incubated at 30 °C for 5 h. The optical density was determined via plate reader 

BMG at 584 nm. The optical density was normalized and plotted against the logarithm of 

the corresponding antibiotic concentration. The IC50 value was calculated using the 

following equation  

𝑦 = 𝑂𝐷%&' +	
𝑂𝐷%*+ −	𝑂𝐷%&'

1 +	10 /01 2345 6+ ∗8 

 

ODmax stands for the normalized OD value, at which the lowest concentration of the 

antibiotic was added and the strains grew without inhibition. The ODmin corresponds to the 

normalized OD were the highest lantibiotic concentration was added and the cell growth was 

inhibited the most. x is the logarithmic of the antibiotic/ lantibiotic concentration with was 

added and y represents the calculated normalized OD value. In general, the IC50 value is the 

concentration of one lantibiotic where the growth of cells is inhibited by 50%.  
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Results 
 

Test expression of CD1348. To find the best expression conditions of the CD1348 protein 

expression tests were performed. The cloning was successful so E. coli BL21 (DE3) cells 

containing the pET16b-Lipo plasmid could be used for test expression. Four different 

conditions were tested. First different temperatures 37 °C and 37 °C followed 18 °C were 

tested. Different Isopropyl-ß-D-thiogalactopyranoside (IPTG) concentrations, 1 mM IPTG 

and 0.1 mM IPTG were also tested. LB media containing 100 µg/mL ampicillin was 

inoculated to an OD600 of 0.1 and the cells were grown at 37 °C and 180 rpm. At an OD600 

of 0.5 two cultures the temperature was decreased to 18 °C. The other cultures were still 

grown at 37 °C. At an OD600 of 0.8 the cells were induced with 1 mM IPTG or 0.1 mM 

IPTG. Every hour samples were taken adjusted to an OD600 of 1 and analysed via Western 

blot (Penta-His antibody) (Figure 3). The molecular mass was compared with the calculated 

weight 20.18 kDa (calculated via EXPASY ProtParam). 

 
Figure 3: Expression tests of the CD1348 protein. A) The test expression at 37 °C was sampled after every hour and 
detected via Western blot (Penta-His Antibody). 10% SDS-PAGE gel was used. 1 is the sample after the first hour of 
expression till 7 overnight. The different IPTG concentrations are shown. B) The test expression at 37 °C / 18 °C was 
sampled after every hour and detected via Western blot (Penta-His Antibody). 10% SDS-PAGE gel was used. 1 is the 
sample after the first hour of expression till 7 overnight. The different IPTG concentrations are shown. M is the protein 
ladder (PageRuler prestained protein ladder (Thermo Fisher Scientific)). 

 

The best observed condition was the expression at 37 °C followed by 18 °C induced with 

0.1 mM IPTG grown over night (Figure 3). This condition was used for following 

purifications, codon optimized and non-codon optimized plasmids. 

 

Purification tests of the CD1348. To establish the purification of the CD1348 a two-step 

protocol out of 2 L cell culture was tested. First a nickel affinity chromatography was 

performed to determine at which concentration of imidazole the CD1348 elute, a gradient 

elution was tested. The gradient was chosen 100% (400mM imidazole) in 100 min (Figure 
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4). Here could be shown that the CD1348 elute in an inhomogeneous peak at an imidazole 

concentration over the whole gradient (Figure 4). 

 

 
Figure 4: IMAC chromatogram and SDS-PAGE gel of the first CD1348 purification. A) Shows the IMAC 
chromatogram with the gradient elution step 100% imidazole concentration (400 mM Imidazole, depicted in green) in 100 
min. Here the absorption at 280 nm [mAU] against the volume [mL] is shown. B) Shows the zoom in of the elution peak 
of A) the peak is inhomogeneous and is eluting nearly over the whole chromatogram. Here the absorption at 280 nm [mAU] 
against the volume [mL] is shown. (C) Shows the 10% SDS-PAGE analysis of the whole elution peak of (B). It is shown 
that the peak consists of a lot of impurities and some CD1348 protein shown in the last three lines. M is the protein ladder 
(PageRuler prestained protein ladder (Thermo Fisher Scientific)). 

 

The protein was concentrated and a size exclusion chromatography was performed. Here a 

small inhomogeneous peak could be seen (data not shown). To optimize the purification the 

protein was purified again out of 6 L cell culture. A nickel affinity chromatography was 

performed now with a stepwise elution. The steps were chosen at 40 mM, 60 mM, 80 mM, 

150 mM and 400 mM imidazole (chromatogram not shown). As a control, a sample of every 

elution step was analysed via SDS-PAGE (Figure 5).  
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Figure 5: Stepwise IMAC Elution SDS-PAGE of CD1348 purification. 10% Gel of the taken samples of the step elution 
IMAC fractions. The sample was taken from the main peak of the elution peak. The different steps were taken at 40 mM, 
60 mM, 80 mM 150 mM and 400 mM imidazole concentration. The gel shows that the impurities are getting lesser but the 
protein is not pure. Marker is protein ladder (PageRuler prestained protein ladder (Thermo Fisher Scientific)). 

 

Although, the stepwise elution produced better results than the gradient elution still some 

impurities were found. After this purification protocol, impurities were still detected and the 

yield was not good enough, therefore the E. coli codon optimized gene was ordered and it 

was tried to purify the protein again.  

 

Expression and Purification of CD1348 codon optimized protein. The cloning and the 

overexpression in E. coli BL21 (DE3) cells of the CD1348 lipoprotein was successfully. The 

protein was purified via two-step protocol with His-tag and via three-step protocol with the 

His-tag cleaved out of 2 L cell culture. A nickel affinity chromatography was the first step 

in both purifications followed by a size exclusion chromatography for the His tagged protein 

or a second nickel affinity chromatography after TEV cleavage followed by a size exclusion 

chromatography. The CD1348 protein eluted in three (none cleaved) (Figure 6) or two peaks 

(cleaved one) (Figure 8) from the size exclusion. The yield of the non-cleaved protein was 

around 15 mg/L and for the cleaved one the yield was around 4 mg/L of cell culture. The 

purity of the protein was checked via SDS-PAGE and Western blot. The molecular mass 

was compared with the calculated weight 18.63 kDa and 20.18 kDa (calculated via EXPASY 

ProtParam). Interestingly the none-cleaved protein appears as a double band in SDS-PAGE 

analysis, while the cleaved protein shows a single band (Figure 6, Figure 8). To be sure, that 

the seen double bands are both the CD1348 protein, the Western blot was performed with 

an anti CD1348 antibody (Figure 6) so it was sure that it is the CD1348 protein. 
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Figure 6: CD1348 purification without cleaving the His-tag. A) The size exclusion using a HighLoad 16/600 Superdex 
200 pg. The third peak is the CD1348 protein in high purity. Here the absorption at 280 nm [mAU] against the volume 
[mL] is shown. B) 15% SDS-PAGE showing the purification steps and the purity of the CD1348 protein. The Western blot 
shows, that the protein is highly pure. M is the used protein ladder (PageRuler prestained protein ladder (Thermo Fisher 
Scientific)) 1 is the load of the IMAC, 2 the flow through and 3 the IMAC elution. 4 is the SEC elution and shows the 
highly pure CD1348 protein. The used Antibody was an anti-CD1348 polyclonal antibody from rabbit 
(DavidsBiotechnologie GmbH). 

 

To determine the oligomeric state of the CD1348 a multi-angle light scattering and size 

exclusion (MALS-SEC) measurement was performed. The purified CD1348 protein was 

measured on a Superdex 200 10/300 increase (GE Healthcare) column and the molar mass 

was calculated (Figure 7). The calculated molar mass of 21.19 ± 0.19 kDa in comparison to 

the molar mass of 20.18 kDa indicated that the CD1348 is a monomer in solution. 

 

 
Figure 7: MALS measurements of CD1348 with His-tag. To obtain the oligomeric state of the CD1348 protein a MALS 
measurement was performed. A Superdex 200 column was used. The differential reflective index and the molecular mass 
was plotted against the time. The calculated molecular mass of 21.19 ± 0.19 kDa in comparison to the 20.18 kDa is showing 
that the CD1348 has an oligomeric state of a monomer. 
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Figure 8: Purification CD1348 without His-tag. A) The size exclusion using a HighLoad 16/600 Superdex 200 pg. The 
second peak is the CD1348 protein in high purity. Here the absorption at 280 nm [mAU] against the volume [mL] is shown. 
B) 15% SDS-PAGE showing the purification steps and the purity of the CD1348 protein. The Western blot shows as well, 
that the protein is highly pure. M is the used protein ladder, PageRuler prestained protein ladder (Thermo Fisher Scientific), 
1 the IMAC load, 2 the flow through, 3 the IMAC elution. 4 is the load of the SEC, 5 the first peak at 50 mL and 6 the high 
pure cleaved CD1348 in the SEC elution peak. The used Antibody was an anti-CD1348 polyclonal antibody from rabbit 
(Davids Biotechnologie GmbH). 

 

CD measurements melting curves. The Far-UV circular dichroism (CD) spectra were 

measured on a JASCO J-815 spectropolarimeter in a 1 mm Quartz cuvette (Hellma) using 

protein samples at a concentration of 10 µM CD1348 with His-tag. The buffer was 25 mM 

MES pH 6.5, 250 mM NaCl and 25 mM MES pH 6.5, 100 mM NaCl. Melting curves were 

recorded at 220 nm with a heating rate of 1 °C min-1. To observe the stability of the CD1348 

protein we performed melting curves to get an idea how heat stable the protein is with 

different salt concentrations. CD 1348 is stable even until 90 °C based on the melting curves 

(Figure 9). Salt concentration is not significant influencing the behaviour of the protein. 

 

 
Figure 9: CD Measurement melting curves. The CD1348 protein concentration was 10 µM and the melting curves were 
recorded at 220 nm with a 1 °C min-1 heating rate. Blue shows the curve of CD1348 protein in a 25 mM MES pH 6.5, 100 
mM NaCl and red the protein in a 25 mM MES pH 6.5, 250 mM NaCl buffer.  
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Crystallography. To characterize the structure of the CD1348 lipoprotein crystallography 

was chosen. The yield and the quality of the CD1348 was high enough to try crystallography 

tests. These tests were performed with and without the His-tag, to check, if the His-tag has 

an influence on the crystallization of the CD1348. Initial screenings were performed with 

commercial available screens using the sitting drop method. No initial diamond- shaped 

crystal could be observed in one of the initial plates. Only some quasi micro crystals could 

be observed in the PACT plate with the conditions 0.2 M Sodium/ potassium phosphate and 

0.1 M Bis Tris propane pH 8.5 20% (w/v) PEG 3350 and the 0.2 M sodium iodide and 20% 

(w/v) PEG3350 (Figure 10). 

 

 
Figure 10: Crystallization initial drops with quasi micro crystals. A) The drop containing 0.1 µL CD1348 protein and 
0.1 µL reservoir solution (0.2 M Sodium/ potassium phosphate and 0.1 M Bis Tris propane pH 8.5, 20% (w/v) PEG 3350) 
after 10 days. Some micro crystals could be observed. B) The drop containing 0.1 µL CD1348 protein and 0.1 µL reservoir 
solution (0.2 M sodium iodide and 20% (w/v) PEG3350) after 10 days. Two micro crystals could be observed. 

 

An optimization 24-well plate containing 250 mM-100 mM Sodium/ potassium phosphate 

(50 mM steps) and 5%-30% (w/v) PEG 3350 (5% steps) in two sitting drop plates were 

performed. The drops contain 1 µL protein (8 mg/mL or 14 mg/mL) and 1 µL buffer. 300 

µL buffer were placed in the reservoir for equilibration. Another optimization 24-well plate 

containing 300 mM-150 mM Sodium iodide (50 mM steps) and 5%-30% (w/v) PEG 3350 

(5% steps) in two sitting drop plates were performed. The plates were prepared as mentioned 

before with a protein concentration of 8 mg/mL or 14 mg/mL. The optimized plates do not 

show any crystals at all. 
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NMR-Measurements. Beside the crystallography NMR measurements are a method to 

determine the structure of the CD1348 protein. The CD1348 protein is a small protein with 

20 kDa. NMR spectroscopy is an option to determine the structure of such small proteins. 

Purified CD1348 protein with His-tag was used for the first NMR measurement. The 1D 1H 

spectrum (Figure 11) was used to control if the CD1348 protein is a good candidate for NMR 

measurements and to analyse if the combination of protein and buffer are good for further 

analyses.  

 

 
Figure 11: 1D 1H spectrum of the CD1348 protein. A) The whole 1D 1H spectrum of the CD1348 protein. The resonance 
between 2 ppm and 4 ppm is the spectrum of the used MES buffer. B) A zoom in of the CD1348 protein spectrum. A 1D 
1H spectrum is too complex to determine the structure. Therefore, 2D spectra like the [1H,15N] TROSY was measured. 

 

The 1D 1H spectrum confirms that the used conditions and concentration of the CD1348 are 

useable for NMR measurements with 15N and 13C labelled protein. The CD1348 protein was 

labelled with a M9 minimal media containing 15N ammonium chloride /and 13C-D-glucose. 

Different NMR spectra were measured to determine the structure. One of the measured NMR 

spectra is shown in Figure 12. It is a [1H, 15N] TROSY measured at 600 MHz. 630 µM of 

[U- 15N] CD1348 protein was measured in a 25 mM MES pH 6.5, 100 mM NaCl, 5 mM 

NaN3 buffer containing 10 % D2O. The sample was measured at 30 °C in a Bruker AVANCE 

III HD 600 MHz. 
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Figure 12: [1H, 15N] TROSY spectrum of 630 µM [U-15N] CD1348 protein. The protein was measured in 25 mM MES 
pH 6.5, 100 mM NaCl, 5 mM sodium azide and 10% D2O. The spectrum was recorded at 30 °C at 600 MHz on a Bruker 
AVANCE III HD. 

 

To calculate the structure, additionally [1H,13C] CT-HSQC, [1H,15N] TOCSY-HSQC with a 

10.0 kHz DIPSI-2rc mixing scheme, [1H,15N] NOESY-TROSY, TROSY-HNCO, TROSY-

HN(CO)CA, TROSY-HN(CO)CACB, TROSY-HNCA, TROSY-HN(CA)CO, TROSY-

HNCACB, H(CCO)NH-TROSY and C(CO)NH-TROSY with a 16.7 kHz FLOPSY-16 

mixing scheme were measured (data not shown). NMR structure calculation is still in 

progress. 

 

SAXS-Measurements. To determine the overall shape of a protein SAXS is an easy and 

fast way. In the ESRF Grenoble at Beamline 29 with a PILATUS detector the measurements 

with freshly purified CD1348 protein SAXS measurements were performed. The protein 

was purified with a Superdex 200 10/300 column (GE Healthcare) at a flow rate of 0.5 

mL/min. The used buffer was a MES pH 6.5 buffer (25 mM MES pH 6.5, 250 mM NaCl, 5 

% glycerol). The protein concentration range of the SAXS measurement was between 0.51 

mg/mL and 7.68 mg/mL. For each sample ten different frames with an exposer time of one 

second were measured, resulting in a scattering curve (Figure 13).  
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Figure 13: SAXS plot and analysis of the CD1348 protein. A) Experimental curve is shown in black dots and the ab-
initio model fit as red line. The intensity is displayed as a function of momentum transfers. B)The volumetric envelope 
from the CD1348 lipoprotein, as calculated from the scattering data using GASBOR [45], is shown in red surface. The 
predicted model of the lipoprotein (shown in blue) was docked into the volumetric envelope using SUPCOMB [46].  
 

With the measured scattering curve a low resolution ab initio model was calculated with 

GASBOR [45]. The ab initio model shows a volumetric envelope with a long flexible N-

terminal domain and a compact C-terminal domain (Figure 13, Table 2). With the TOP 

model program (D. Mulnaes et al., unpublished) a model structure of the CD1348 was 

calculated. The model contains a long flexible N-terminal loop domain, five ß-sheets and 

two major a-helices. This calculated model was fitted in the SAXS low-resolution model. 

In Figure 13 B the fit is shown. The independent calculation of the structure of CD1348 and 

the ab initio model of CD1348 are showing high similarity and both models are fitting 

perfectly together. 
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Table 2: Overall SAXS data of CD1348. 

Beamline BM29, ESRF Grenoble [39; 40] 
Data collection parameters  

Detector PILATUS 1 M 
Detector distance (m) 2.867 
Beam size (µm x µm) 700 x 700 
Wavelength (Å) 0.99 
Sample environment Quartz glass capillary, 1 mm ø 
s range (nm-1)‡ 0.025–5.0 
Temperature (°C) 4 
Exposure time per frame (s) 10 x 1s  
Mode of measurement static 
Protein concentration range (mg/mL) 0.51 – 7.68 

Sample CD1348 from C. difficile 
Structural parameters  

I(0) from P(r) 14.31 
Rg (real-space from P(r)) (nm) 2.54 
I(0) from Guinier fit 14.25 
s-range for Guinier fit (nm-1) 0.154 – 0.453 
Rg (from Guinier fit) (nm) 2.43 
Dmax (nm) 10.14 
POROD volume estimate (nm3) 35.12 

Molecular mass (kDa)  
From POROD volume  20.66 
From I(0) 14.28 
From sequence 18.63 

Software  
Primary data reduction PRIMUS [42] 
Data processing GNOM [44] 
Ab initio modelling GASBOR [45] 
Superimposing SUPCOMB [46] 
Model visualization PyMOL 

 

Interaction tests in vivo and in vitro. To get an answer, whether the CD1348 is a lipoprotein 

which provides resistance against lantibiotics or is able to interact with them analytical co-

elution studies, tryptophan measurements and growth inhibition (IC50) were performed. 

To see if there is an interaction between the CD1348 and the lantibiotics in vitro analytical 

co-elution and tryptophan measurements were performed. For the co-elution studies the 

purified lipoprotein (His-tag) and the purified nisin were incubated at 20 °C for 1 h and 

added on a Äkta micro with an Superdex 75 3.2 column. A shift in the chromatogram would 

support the theory of interaction as the interacting protein complex is bigger and this will 

influence the elution volume. A SDS-PAGE for analysis was done to see if the nisin elute in 

a different fraction when the lipoprotein is present (Figure 14). Here the lipoprotein 

corresponds to the band of 20.18 kDa, where nisin is the lower band in the SDS-PAGE. In 

the control measurement, the same amount of CD1348 and nisin were run on the same 

column to see the difference.  
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Figure 14: Co-elution studies of CD1348 and nisin. A) Co-elution chromatograms black 15 µM CD1348 and 180 µM 
nisin incubated for one hour. Cyan 180 µM nisin as control, and magenta as control 15 µM CD1348. There is no shift in 
the chromatogram observed. B) 15% SDS-PAGE of the corresponding fractions. First CD1348 and nisin incubated, second 
CD1348 control and third the nisin control. There are no differences in the elution. The CD1348 is elution alone and with 
nisin in the fractions A10-B02. 
 

As shown in Figure 14 the chromatogram of the CD1348 with nisin does not show any 

difference to the control measurement of CD1348 and nisin alone. Also, the SDS-PAGE 

analysis does not show a shift in the elution fractions. The CD1348 is eluting alone and with 

nisin in the fractions A10-B02 as well. Nisin is eluting in both cases (control measurement 

and with CD1348) in the fractions B02-B04. Analytical co-elution studies do not show 

interaction of nisin and CD1348. 

Tryptophan fluorescence measurement is a more sensitive method to detect interactions. 

This method was used, as the results before have shown no interaction and to exclude a 

missing sensitivity. The lipoprotein with nisin and gallidermin were measured with different 

lantibiotic concentrations to see an interaction and a saturation. The tryptophan quenching 

measurements were performed with 1 µM purified cleaved lipoprotein and purified nisin and 

gallidermin. If the protein binds to the lantibiotics a tryptophan quenching should be 

observed. With higher lantibiotic concentration the quenching should be more as a saturation 

is reached. The curves can be analysed with Prism (One site-Total and nonspecific binding) 

and a KD value could be calculated (Table 3). 

 
Table 3: Tryptophan quenching measurements with One site-Total and nonspecific binding analysis 

CD1348 Gallidermin Nisin 

KD value [µM] 2.4 9.6 
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Figure 15: Tryptophan quenching 1 µM CD1348 with gallidermin. A) The intensity against the wavelength is shown. 
The different colours are presenting the different used gallidermin concentrations, starting with black 0 µM till dark green 
47.85 µM gallidermin. A tryptophan quenching can be observed by using higher concentrations of gallidermin. B) The 
relative tryptophan quenching is plotted against the gallidermin concentration [µM]. A One site-Total and nonspecific 
binding is the best fitting parameter and results in a KD value of 2.4 µM for gallidermin.  

 

In the tryptophan quenching measurements (Figure 15) a decreasing fluorescence signal 

could be observed. With increasing gallidermin concentration (0-47.85 µM) the calculated 

KD value of 2.4 µM gallidermin (9.6 µM nisin) shows an interaction. These experiments are 

two times single measurements for both lantibiotics. The measurements of nisin was 

influenced by the low solubility of nisin in the used buffer. This measurement was a first try 

to have an impression if interactions take place. To determine if the observed interaction 

results in resistance of Gram-positive cells IC50 measurements were performed. 

The IC50 measurements were performed in L. lactis NZ9000 cells containing the pIL-SV-

Lipo plasmid and an empty pIL-SV as control. This control was used to assure the observed 

results are based on expressed CD1348 protein. To control the functionality of the expression 

of the lipoprotein in the NZ9000 cells, a membrane preparation was performed and the 

membrane was analysed via Western blot analysis. The expression level of the CD1348 

lipoprotein was successful (Figure 16) and the IC50 measurements could be performed. 
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Figure 16: Western blot membrane preparation NZ9000CD1348. M is the PageRuler prestained protein ladder (Thermo 
Fisher Scientific) 1 is the cell pellet and 2 is the prepared membrane with the containing CD1348 lipoprotein. The CD1348 
is expressed and located in the membrane. The used antibody was an anti-CD1348 polyclonal antibody from rabbit (Davids 
Biotechnologie GmbH). 

 

The IC50 measurements were performed in a 96-well plate for 5h with a serial dilution of 

nisin and gallidermin. The CD1348 was cloned in a pIL-SV shuttle vector for induction 1 

ng/mL nisin was used. As a control, a strain containing just the empty shuttle vector was 

used and treated the same way. This control vector is also used in former studies Reiners et 

al. (2017) and it is known that this strain is not resistant to nisin. The IC50 value of this strain 

is in a low nanomolar range (4.9 ± 0.4 nM) [30]. An already established expression system 

was used to identify the behaviour of nisin resistance or immunity proteins [28; 30; 38]. To 

determine if the CD1348 protein has a resistance function growth inhibition experiments 

were performed with the two mentioned strains.  

Nisin is highly active against the control strain (5.2 ± 0.5 nM) but also the NZ9000CD1348 

strain is highly sensitive to nisin and does not show any resistance towards the lantibiotic 

(Table 4; Figure 17). The same setup was performed with gallidermin in literature the control 

strain has an IC50 value of 67.1 ± 9.1 nM gallidermin [30]. Also in this study, the control 

strain is in the same value (34.7 ± 3.3 nM). The NZ9000CD1348 strain has nearly the same 

IC50 value and also shows no resistance against gallidermin (Table 4). 

 
Table 4 : IC50 values of nisin and gallidermin against NZ9000Cm and NZ9000CD1348 strains. 

 NZ9000Cm NZ9000CD1348 

Lantibiotic IC50 [nM] IC50 [nM] 

Nisin 5.2 ± 0.5 4.9 ± 0.4 

Gallidermin 34.7 ± 3.3 20.9 ± 1.9 
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Figure 17: Activity of nisin and gallidermin against the NZ9000Cm and the NZ9000CD1348 strain. A) The IC50 of 
nisin against NZ9000 (black) and NZ9000CD1348 (blue) was determined. As observed the curves do not shift significant, 
so the two strains are equal resistance against nisin. B) The IC50 of gallidermin against NZ9000 (black) and NZ9000CD1348 
(blue) was determined. As observed the curves do not shift significant, so the two strains are equal resistance against 
gallidermin. 

 

As the control strain and the NZ9000 strain expressing the CD1348 protein are showing the 

same IC50 values, the CD1348 lipoprotein seems not protecting cells from the mode of action 

of nisin and gallidermin. 
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Discussion 
 

The urgency of developing new antibiotics is the reason for focusing on the lantibiotics in 

treatment of Gram-positive bacteria. Lantibiotic are one possible answer of the development 

of new treatments. They are used in food industry since decades and some are also already 

tested in medical studies to treat diseases [8; 9; 68]. They are antimicrobial active against a 

lot of Gram-positive bacteria already in a nanomolar range [6; 7; 13; 23]. But already there 

are some bacteria and especially human pathogens showing inherently resistance against 

some lantibiotics [24].  

The known resistance systems are mostly similar structured all have a two-component 

system, containing a histidine kinase and a response regulator [24] and an ABC-transporter. 

The CprABC system of C. difficile, a spore forming Gram-positive bacteria, contains also 

all these components even it is not known yet how the CprABC transporter works, transport 

or efflux. This described system shows resistance against nisin, gallidermin, subtilin and 

mersacidin [1; 2]. 

These different lantibiotics containing one thing in common the second ring [1]. To 

characterize the CD1348 lipoprotein directly encoded in front of the ABC transporter 

(CprABC) was the aim of this study. 

The hypothesis that this lipoprotein is a resistance protein could not be proven. It does not 

show resistance in the experimental set up in NZ9000 cells. Also, the in vitro interaction 

studies do not show a result to get a clear answer of the functionality of this protein. The co-

elution studies show no interaction. In the tryptophan measurements a quenching could be 

observed, but no saturation was reached and the best fitting result were observed in One site-

Total and nonspecific binding. Missing resistance in the NZ9000 cells is more sensing to say 

that the in vitro interaction is just because of the negatively charged regions in the protein 

and the positively charged lantibiotics. The tryptophan measurements are more sensible than 

the co-elution studies, so that the observed charge interaction is not strong enough to be seen 

in a stable complex. As a control for these results, obtained by tryptophan fluorescence 

measurements, another positively charged molecule like Pep5 would give an idea about it 

[69]. A different reason of the missing resistance could be that nisin and gallidermin are not 

substrates of the CD1348. In other systems, it has been shown that these resistance proteins 

can be highly specific to one substrate [28; 38]. It might be possible that CD1348 protein 

does not recognize the N-terminal part of the lantibiotics. But maybe some specific C-

terminal region has to be part of the lantibiotic which we do not know yet. 
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Another reason could be that the lipoprotein is not involved in the lantibiotic resistance. 

Maybe because of this it shows no overexpression with the CprABC transporter like 

described in previously studies [2]. A structure model was calculated with the TOP model 

program (D. Mulnaes, unpublished). Via SAXS the model could be determined as correct. 

A fitting of both models shows that the independent calculated model and the measured 

results are showing a high similarity. Via MALS and SAXS measurements it could be 

determined that CD1348 is present in a monomeric state. The NMR measurements results 

in a first secondary structure which could be compared with the TOP model structure. Here 

it could be shown that the NMR secondary structure and the secondary structure of the model 

are highly similar (Figure 18).  

 

 
Figure 18: Comparison of the secondary structures of NMR measurement and model of CD1348. A) Amino acid 
sequence of the CD1348. B) Secondary structure as measured by NMR. C) Predicted secondary structure 
determined from the model using DSSP [70]. 

 

So, with this knowledge the model of CD1348 could be used as the structure of CD1348 till 

the NMR calculation is finished and the structure is solved.  

One of the interesting result of this study is the thermostability of the CD1348 up to 90 °C. 

This could be one hint about the function of the protein. To get an idea how the protein is 

able to be heat stable a closer look to the structure model of the CD1348 protein could help. 

Hydrophobic regions and hydrogen bonds are known to be necessary for heat stable proteins 

[71]. The model structure of the CD1348 protein is containing three major parts a long loop 

region on the N-terminus, a a-helices region and a ß-sheet region (Figure 19). 
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Figure 19: Model structure of the CD1348. A) The structure of CD1348. In green the loop region is depicted. In red, the 
a-helices are shown and in yellow the ß-sheets are shown. B) A zoom in of the CD1348 structure lacking the N-terminal 
loop. In green the loop region is depicted. In red, the a-helices are shown and in yellow the ß-sheets are shown. C) A zoom 
in in the centre of the structure. In green are the hydrophobic amino acids isoleucine, leucine and valine depicted. The 
distance between the amino acids of the a-helical region and the ß-sheet region is depicted in black. There are a lot of 
distances between 3 and 4 Å so these amino acids can interact with each other and this could be a reason for the heat 
stability of the CD1348 protein. 

 

Because of the hydrophobic amino acids isoleucine, leucine and valine, which are more or 

less all located in the centre of the structure the a-helices and the ß-sheets can interact with 

each other and the structure is stabilised. Nearly all amino acids have a distance between 3 

and 4 Å so they are able to interact with each other. This can be one reason for the heat 

stability of the protein. If the heat stability has an influence of the function of the CD1348 is 

not yet known. In C. difficile is a regulator lipoprotein, gerS, known which is necessary for 

heat resistance of the germination of the spore [72]. If the CD1348 lipoprotein is potentially 

important for heat resistance of spores is not determined until know. The CD1348 protein 

does not show a sequence similarity to any other protein known yet. A NCBI blast of the 

CD1348 supports this (Table 5).  
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Table 5: Examples of NCBI protein blast of the CD1348 (UniProt code Q18BL3) amino acid sequence. The 
Clostridium difficile was excluded. 

Description Identity 

Hypothetical protein (Romboutsia maritimum) 45% 

Hypothetical protein (Romboutsia lituseburensis) 44% 

Hypothetical protein (Romboutsia sp. MT17) 43% 

Hypothetical protein (Asaccharospora irregularis) 42% 

Hypothetical protein (Clostridium dakarense) 40% 

Lipoprotein (Romboutsia ilealis) 37% 

Hypothetical protein (Clostridium baratii) 29% 

 

Characterization of CD1348 might be easier if other similar proteins are found. The position 

and the surrounding proteins can then give an idea about the function of this kind of proteins. 

Genome studies could be helpful to see in which condition the protein is overexpressed. This 

also can be a step closer to characterize CD1348 more in detail. In this study first steps in 

characterization are done with purification and exclusion of first substrates.  
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Lantibiotic resistant L. lactis has an altered lipid composition 

 
Rebecca Clemens, Thomas Zobel, Diran Herebian, Julia Zaschke-Kriesche, Hans Klose and 

Sander H. J. Smits 

 
Abstract 

 
In this study, we characterized a lantibiotic and antibiotic resistant Lactococcus lactis subsp. 

cremoris NZ9000 strain, called NZ9000Pseudo. This strain shows resistance against nisin, 

gallidermin, vancomycin and penicillin G, which all target the cell wall synthesis machinery 

of Gram-positive bacteria. Although nearly all tested anti- and lantibiotics are targeting the 

peptidoglycan precursor lipid II, the binding sides of the anti- and lantibiotics are located at 

different positions of lipid II. Only penicillin binds to the penicillin-binding protein and 

inhibits transpeptidation. To determine the cause of resistance in the Lactococcus lactis 

strain, we performed different tests with the resistant strain and the control strain NZ9000. 

Via growth curves and IC50 measurements, we determined the resistance of NZ9000Pseudo 

strain. Since it shows resistance against nisin, a Sytox green assay was performed, to 

determine whether the pore formation of nisin is inhibited by the resistant strain. 

Peptidoglycan and phospholipid analyses were performed to find the reason of the 

resistance. Also, microscopy analyses of the living cells were performed to visualize the 

cells and to see differences between the cells of NZ9000Pseudo and the control strains.  

We were able to analyse the lipid composition of the original L. lactis strain, which is not 

available till date and compare it with the resistant strain. This comparison shows difference 

in the lipid composition. The living cells of the NZ9000Pseudo strain are not clustered like 

the control strain and the resistant strain is able to inhibit the pore formation of nisin. With 

the help of genome sequencing, we want to determine the reason of the different lipid 

composition, but till date it was not able to find the exact reason of the resistance in the 

genome.  
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Introduction 

 
Antibiotics became important for human life expectancy since the discovery of penicillin by 

Alexander Flemming [1; 2]. There are a lot of different classes of antibiotics based on the 

mode of action of the antibiotic and the target they have [3]. While some antibiotics target 

the nucleic acid synthesis like quinolones, some target the protein synthesis or the metabolic 

pathways, chloramphenicol and sulfonamides are examples of this kind of antibiotics [4; 5]. 

In this study, we would like to focus on the antibiotics that target the cell wall synthesis [3; 

6]. These antibiotics are ß-lactam (such as penicillin G), glycopeptides (e.g. vancomycin and 

lipodepsiglycopeptides (such as ramoplanin A2) (Figure 1) [7; 8; 9].  

 

 
Figure 1: Members of three different classes of antibiotics. Vancomycin is the first discovered glycopeptide antibiotic, 
while penicillin is the first ß-lactam antibiotic and ramoplanin A2 is a lipodepsiglycopeptide antibiotic. Based on [10; 11]. 

 

All these antibiotics target the cell wall synthesis of Gram-positive bacteria. Vancomycin is 

targeting the D-Ala-D-Ala part of the pentapeptide of lipid II and binding via 5 hydrogen 

bonds [8; 12]. Ramoplanin is also interacting with the lipid II via the MurNAc-(GlcNAc)-

Ala-g-D-Glu pyrophosphate region [6]. Penicillin G is inhibiting the transpeptidation via 

binding to the penicillin binding protein (PBP) (Figure 2) [2]. 
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Figure 2: Cells wall synthesis and target of selected antibiotics and lantibiotics. Depicted is the cell wall synthesis 
starting with the first muramic acid. The red flashes show the target positions of the different anti- and lantibiotics. Based 
on [13; 14]. 

 

Some resistance mechanisms against these antibiotics have already been discovered, such as 

example the vancomycin resistant bacteria. There are different ways of conferring to perform 

resistance. First some cells are able to develop an alternative depsipeptide D-Ala-D-Lac 

instead of the original D-Ala-D-Ala peptide, for example here the vancomycin resistance 

(van) operon is responsible for the alternative depsipeptide production [10; 15; 16]. Due to 

the modification to a D-Ala-D-Lac depsipeptide the vancomycin loses one hydrogen bond 

to the precursor molecule lipid II and the binding is 1000-fold reduced in comparison to the 

original D-Ala-D-Ala peptide [6; 12; 15]. Another route of vancomycin resistance is trough 

production of a thicker cell wall with a lesser degree of cross-linked peptidoglycan compared 

to non-resistant strains. Staphylococcus aureus strain Mu50 is one example of Gram-positive 

bacteria performing such a resistance [17; 18]. Via microscopy and peptidoglycan analyses, 

the resistance mechanism thicker cell wall was determined [17; 18]. With the thicker cell 

wall and lesser cross-linked peptidoglycan molecules, the binding capacity of vancomycin 

is increased. Vancomycin binds to the D-Ala-D-Ala molecules in the peptidoglycan layer 

and does not reach the original target molecule, lipid II. So, with the help of the `false´ 

binding the transglycosylation and transpeptidation is not inhibited and the cell can still grow 

[16; 17; 18]. Strains like the methicillin-resistant Staphylococcus aureus (MRSA), one main 

reason for hospital-acquired infections [19], contain a modified penicillin-binding protein 
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(PBP) which results in resistance against the penicillin, methicillin. With the modification 

of the PBP, the penicillin has a lower affinity towards the PBP and does not inhibit the 

transpeptidation anymore [20; 21; 22].  

Antibiotics are not the only antimicrobial reagents which target cell wall synthesis. There 

are so called antimicrobial peptides (AMPs) which display antimicrobial activity against 

Gram-positive bacteria [23; 24]. One main subgroup of AMPs is called lantibiotics.  

Some lantibiotics such as nisin and gallidermin are active in the nanomolar range [25; 26]. 

The best characterized lantibiotic is nisin (Figure 3). This lantibiotic has at least a dual mode 

of action. First it is able to bind to lipid II, a peptidoglycan precursor and thereby inhibits 

cell growth [27; 28; 29; 30]. Second, nisin is able to form pores with the lipid II in the 

membrane which leads to cell death [31]. Nisin binds via the first two rings to the 

diphosphate moiety of lipid II, which inhibits cell growth. With increased nisin 

concentration, a complex of eight nisin and four lipid II molecules is formed and nisin can 

flip into the membrane via the flexible hinge region [27; 32; 33]. Another lantibiotic is 

gallidermin from Staphylococcus gallinarium (Figure 3) which is also able to interact with 

the lipid II and inhibits cell growth [34]. Like for antibiotics, also against lantibiotics 

different resistance mechanisms have been described. 

 

 
Figure 3: Schematic representation of two examples of lantibiotics, nisin and gallidermin. The dehydrated amino acids 
and the cysteines of the lantibiotics are highlighted in yellow and orange. The (methyl-) lanthionine rings are depicted in 
orange and red. Based on [35]. 

 

The dltABCD operon is responsible for the D-alanylation of lipoteichoic acids (LTAs) and 

the wall teichoic acids (WTAs). This alanylation confers a positive charge to the LTAs and 

WTAs and therefore, the positively-charged lantibiotics are not able to interact with the cell 

membrane anymore [36; 37; 38]. Also changes in the phospholipid composition and the 

membrane fatty acid composition are known to provide resistance against nisin. Here the 

charge of the membrane is one reason how resistance could arise. If the changes results in a 

more positively-charged membrane, the lantibiotics are not able to interact with the 
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membrane as efficiently as in the wild type [36; 39; 40; 41]. The composition of the fatty 

acids is changing the fluidity of the membrane and it is more rigid [36; 42; 43]. 

All these mentioned anti- and lantibiotics have common mode of interaction with the cell 

wall. The targets of this anti- and lantibiotics are different and to observe a resistance against 

nearly all of the used substances was really surprisingly.  

In this study, we have a closer look on an antibiotic and lantibiotic resistant L. lactis NZ9000 

strain, named here as NZ9000Pseudo strain. It exhibits resistance against nisin, gallidermin, 

penicillin G and vancomycin. To characterize the NZ9000Pseudo strain in detail and to 

analyse the resistance against the different substances, various analyses were performed. 

First, growth curves and growth inhibition assays were performed to determine the resistance 

against different antibiotics and compared with the sensitive L. lactis NZ9000 strain. Next 

step was to analyse via Sytox analysis with nisin if the pore formation is inhibited. To 

determine the resistance mechanism of the NZ9000Pseudo strain, lipid analyses of both 

strains were performed. Via LC-MS/MS analysis it was analysed if there are differences in 

the membrane lipid composition. To visualize the bacterial cells, microscopy measurements 

were performed using both strains, NZ9000Pseudo and NZ9000Cm and the cells were 

compared.  
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Material and Methods 

 
Determination of the resistance of the L. lactis NZ9000Pseudo strain by Growth 

Inhibition (IC50). L. lactis NZ9000Cm and NZ9000Pseudo cells were grown overnight in 

GM17 media containing 5 µg/µl chloramphenicol and 1 ng/mL nisin at 30 °C. The cells 

were diluted to an OD600 of 0.1 and then incubated with a serial dilution of the analysed 

antibiotic or lantibiotic in a 96-well plate. Each well contained 50 µL of the respective 

antibiotic/ lantibiotic and 150 µL GM17 with the corresponding strain, thus, a total the 

volume of 200 µL in each well. The 96-well plate was incubated at 30 °C over 5 h. The 

optical density was determined via plate reader BMG at 584 nm. The optical density was 

normalized and plotted against the logarithm of the corresponding antibiotic. The IC50 value 

was calculated using the following equation:  

𝑦 = 𝑂𝐷%&' +	
𝑂𝐷%*+ −	𝑂𝐷%&'

1 +	10 /01 2345 6+ ∗8 

 

Here, ODmax stands for the normalized OD value where the lowest concentration of the 

antibiotic was added and the strains grew without inhibition. The ODmin corresponds to the 

normalized OD were the highest antibiotic/ lantibiotic concentration was added and the cell 

growth was inhibited the most. x is the logarithmic of the antibiotic/ lantibiotic concentration 

which was added and y represents the calculated normalized OD value. In general, the IC50 

value is the concentration of an antibiotic or a lantibiotic where the growth of cells is 

inhibited by 50% [44]. 

 

Calculation of the fold of resistance. In order to compare the different antibiotics/ 

lantibiotics and the corresponding IC50 values, the IC50 value of the NZ9000Pseudo strain 

was divided by the IC50 value of the control strain resulting in the fold of resistance [44]. 

Fold	of	resistance = 	
IC45(NZ9000Pseudo)
IC45(control	strain)

 

 

Determination of the growth curves with the different antibiotics. To determine the 

growth curves of L. lactis NZ9000Cm and the NZ9000Pseudo strains, the optical density 

was measured over 18 h every hour in presence of different concentrations of the 

corresponding antibiotic/ lantibiotic. Therefore, a preculture of the corresponding strain in 

GM17 media containing 5 µg/mL chloramphenicol and 1 ng/mL nisin was prepared and 

grown over night at 30 °C. A 96-well plate was prepared with a serial dilution of the 
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antibiotic, where each well contained 50 µL of the antibiotic. The cells were diluted to an 

OD600 of 0.1 in freshly prepared GM17 and then 150 µL of the cells were added in the 96-

well plate. Then the plate was measured over 18 h at 30 °C via the plate reader BMG at a 

wavelength of 584 nm. The measured optical densities were added in one data file separated 

in the different used antibiotic/ lantibiotic concentration to see at which concentration the 

NZ9000Cm and NZ9000Pseudo begin growing and to see the different behaviour of the 

strains. 

 

Purification of nisin. Nisin was purified as described in Abts et al. (2011) [45]. To 

determine the nisin concentration, nisin was measured by using RP-HPLC as previously 

described in Abts et al. (2013) [46]. 

 

Lipid extraction. To extract the membrane lipids of both NZ9000Cm and the 

NZ9000Pseudo strains. A membrane preparation was performed. Cells were grown in GM17 

media containing 5 µg/mL chloramphenicol and were inoculated to an OD600 to 0.1 with a 

preculture. The cells were grown at 30 °C for 6 h. The cells were harvested at 8,000 rpm for 

30 min and resuspended in HEPES buffer (50 mM HEPES pH 8, 150 mM NaCl and 10% 

(v/v) glycerol), the OD600 in each prepared cell sample was inoculated to an OD600 of 200. 

The cells were flash frozen in liquid nitrogen and stored at -80 °C. 

The cells were thawed on ice and 10 mg/mL lysozyme was added. The cells were incubated 

for 30 min at 30 °C. A pinch of DNAse I was added to the cells and incubated again for 15 

min on ice. The cell suspension with an OD600 of 200 were lysed using cell disruptor 

(Microfluidics M-110P, 1500 bar) in 5-6 cycles and then centrifuged at 27,000g x 2 for 15 

min. The supernatant was centrifuged again at 55,000 rpm for 1 h 15 min to sediment the 

membranes. 

The pellet was solubilized in 10 mL of 20 mM HEPES pH 7. 20 mL chloroform and 40 mL 

methanol were added to the membranes and it was incubated for 24 h at 4 °C. The 

supernatant was taken and additionally 20 mL chloroform and water each was added and 

everything was mixed for 3 h at room temperature. To separate the different phases the 

solution was incubated over night at 4 °C. The next day the chloroform phase was taken and 

the lipids were separated from chloroform with the help of a rotary evaporator. The lipids 

were solved in a 50 mM HEPES pH 7.4, 150 mM NaCl and 10% (v/v) glycerol to a 

concentration of 20 mg/mL. 
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Thin layer chromatography (TLC). To perform the thin layer chromatography (TLC) a 

TLC Silica plate was prepared with 10 µL spots of the NZ9000Cm and the NZ9000Pseudo 

lipids (20 mg/mL). As solvent, a 90:54:5.5:5.5 mixture of chloroform, methanol, ammonia 

and water was added in a TLC chamber. The plate was put in the chamber and running for 

2h 30min. The endpoint of the solvent was marked and the plate was stained with iodide. 

Also, a staining with ninhydrin (2 g/L in butanol) [47] and Dragendorff´s reagent 3.5 mL 

water, 1 mL solution A and 0.25 mL solution B; solution A: 25 g/L bismuth nitrate in 20 % 

acetic acid; solution B: 400 g/L potassium iodide was performed. 

With these different staining methods, the different amines were stained. The iodide is 

capable of staining all amines, while the ninhydrin stains the primary and secondary amines 

and the Dragendorff´s reagent stains the tertiary amines. 

 

LC-MS/MS analyses of lipids. Lipid extraction was performed as previously described. 

Tandem mass spectrometric analyses were conducted on a QTRAP 5500 mass spectrometer 

coupled with an UHPLC-system ExionLC AD (Sciex). Flow injection analysis was used for 

all experiments. Identification and quantification of lipid species were performed by using 

different scan techniques (neutral loss, precursor ion scan, multiple reaction monitoring and 

full scan) in positive or negative electrospray ionization mode. Cardiolipin molecular species 

were measured by coupling SelexIon-QTRAP-MS/MS (Sciex) based on differential 

mobility spectrometry technology (DMS). All data were then processed by LipidView 

(Sciex) software. Standards and internal standards were purchased from Avanti Polar Lipids.  

 

Microscopy. To prepare the cells for microscopy analysis, the coverslips were prepared in 

a 24-well plate. The coverslips were coated with poly-L-lysin for 10 min. Afterwards the 

coverslips were washed two times with PBS buffer and one time with GM17 media 

containing 5 µg/mL chloramphenicol and 1 ng/mL nisin. Different dilutions (1:500 / 1:50 / 

1:5) of prepared overnight culture (see above) were prepared in 500 µL. The prepared 

dilutions were added to the coverslips and the 24-well plate was centrifuged for 5 min at 

3,000 rpm. The cells were fixed with 4% PFA and washed three times. The mounted 

coverslips were visualized under a microscope. 63x oil was used in a NA1.46 and DIC and 

Z-stacks were made. 
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Sytox binding assay. The cells of NZ9000Cm and NZ9000Pseudo were grown over night 

in GM17 media containing 5 µg/mL chloramphenicol and 1ng/mL nisin.  

The grown cells were diluted to an OD600 of 0.1 in freshly prepared GM17 media containing 

5 µg/mL chloramphenicol. The cultures were grown until an OD600 of 0.4-0.5 and SYTOX 

green dye (Invitrogen) was added to a final concentration of 2.5 µM and incubated for 5 min. 

The fluorescence was measured at an excitation of 504 nm and an emission of 523 nm, and 

was monitored for 500 sec. When a stable baseline was reached nisin in different 

concentrations was added and the signal was monitored for additional 10 min.  

 

Genome Preparation. To isolate the genome DNA of NZ9000Cm and NZ9000Pseudo the 

cells were grown over night in 50 mL GM17 media containing 5 µg/µl chloramphenicol at 

30 °C. The cells were harvested at 4,000 rpm for 15 min at 4 °C. The genomic DNA was 

isolated with the ZR Fungal/Bacterial DNA MiniPrepTM (ZYMO RESEARCH) kit 

according to the manufacturer´s protocol. The quality of the genomic DNA was determined 

via NanoDrop and via an agarose gel (1%). The genome sequencing was performed by 

GATC BIOTECH NextGenSequencing.  
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Results 

 
Determination of antibiotic and lantibiotic resistance. To determine the resistance of the 

resistant strain NZ9000Pseudo, IC50 measurements were performed. The measurements 

were performed with a NZ9000 strain transformed with a pIL-SV empty vector as a control, 

because this strain is sensitive against the different lantibiotics and antibiotics. To compare 

the different strains to each other the NZ9000Pseudo strain was transformed with a pIL-SV 

empty vector. Nisin was purified as previously described [45]. The other tested antibiotics 

and lantibiotics were bought in the highest purity (vancomycin by Sigma Aldrich; 

ramoplanin by Sigma Aldrich, penicillin by Fluka BioChemica and gallidermin by Enzo Life 

science). To address the activity of the antibiotics against the NZ9000Pseudo strain growth 

experiments and growth curves were performed with increasing antibiotic concentrations. 

The calculated IC50 values (Table 1) display that the lantibiotics are highly active against the 

NZ9000Cm and also the antibiotics are active against this strain. The NZ9000Pseudo is more 

resistant to nearly all tested lantibiotics and antibiotics. The IC50 values of the 

NZ9000Pseudo strain are higher as compared to the NZ9000Cm. For nisin the 

NZ9000Pseudo strain has a IC50 value of 47.1 ± 3.7 nM, while the NZ9000Cm has a value 

of 8.8 ± 0.6 nM. For gallidermin the values are 42.7 ± 3.5 nM (NZ9000Cm) and 134.4 ± 

18.7 nM (NZ9000Pseudo). For vancomycin and penicillin G the values are 285.9 ± 14.7 nM 

(NZ9000Cm), 594.4 ± 30.9 nM (NZ9000Cm) and 706.8 ± 32.3 nM (NZ9000Pseudo), 2697 

± 153.5 nM (NZ9000Pseudo), respectively (Table 1). Only the ramoplanin shows no 

resistance in the NZ9000Pseudo strain. The IC50 values of ramoplanin are 116.5 ± 4.1 nM 

(NZ9000Cm) and 141.7 ± 6.1 nM (NZ9000Pseudo), nearly the same (Table 1).  

 
Table 1: IC50 values of the used antibiotics and lantibiotics against NZ9000Cm and NZ9000Pseudo strains. 

 NZ9000Cm  NZ9000Pseudo 

Antibiotic/Lantibiotic IC50 (nM)  IC50 (nM) Fold of resistance 

 

Nisin 

 

8.8 ± 0.6 

  

47.1 ± 3.7 

 

5.3 

Gallidermin 42.7 ± 3.5  134.4 ± 18.7 3.2 

Vancomycin 285.9 ±14.7  709.8 ± 32.3 2.5 

Ramoplanin 116.5 ± 4.1  141.7 ± 6.1 1.2 

Penicillin G 594.4 ± 30.9  2697 ± 153.5 4.5 
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By dividing the two IC50 values, the fold of resistance (Table 1; Figure 4) was determined. 

This fold of resistance makes it easier to compare the different antibiotics and the lantibiotics 

to each other. Against nisin the NZ9000Pseudo is most resistant with a fold of resistance of 

5.3, which means that it needs 5 times more nisin to kill 50 % of the cells compared to the 

NZ9000Cm strain. As mentioned before, the NZ9000Pseudo strain is not resistant against 

ramoplanin as seen from the fold of resistance of 1.2. The other antibiotics are in a range of 

2.5-5.3 fold of resistance (Table 1, Figure 4). This displays that the NZ9000Pseudo raises 

resistance against several antibiotics and lantibiotics. 

 
Figure 4: Fold of resistance of NZ9000Pseudo. The fold of resistance is calculated by dividing the IC50 value of 
NZ9000Pseudo strain by the IC50 value of the NZ9000Cm strain. The NZ9000Pseudo strain shows higher resistance against 
nisin, while there is nearly no resistance against ramoplanin. 

 

Determination of the growth behaviour of the NZ9000Pseudo strain. To determine if the 

growth of the NZ9000Pseudo strain is different to the control NZ9000Cm strain growth 

curves were performed. The cells were grown for 18 h at 30 °C in GM17 media containing 

5 µg/mL chloramphenicol. OD600 was measured hourly in the plate reader (Fluostar BMG). 

To prevent variance in the measurements for every experimental set up the NZ9000Cm and 

the NZ9000Pseudo were measured together on one 96-well plate with serially diluted 

antibiotics or lantibiotics. It could be observed that the NZ9000Pseudo strain grows faster in 

the presence of higher concentrations of antibiotics and lantibiotics than the NZ9000Cm. 

The NZ9000Pseudo strain is able to survive in higher concentrations and regrow after hours 

to a high OD600 while the NZ9000Cm is not growing at all. These growth curves were 

performed with every antibiotic and lantibiotic tested. As the IC50 measurements before 

proves, the ramoplanin does not show a difference in the growth curves of the 

NZ9000Pseudo and NZ9000Cm. The NZ9000Pseudo maybe starts to grow one hour before 
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the NZ9000Cm strain but in comparison with the other tested reagents here, this is not a 

significant resistance. The other substances the NZ9000Pseudo grows one or two 

concentrations higher than the NZ9000Cm strain (Figure 5). 

 
Figure 5: Growth curves of NZ9000Cm and NZ9000Pseudo strains with the different tested antibiotics and 
lantibiotics. The growth curves amplify the results of the IC50 measurements where the NZ9000Pseudo starts growing at 
higher concentrations compared with the NZ9000Cm strain. With ramoplanin nearly the same growth pattern of the two 
strains could be observed, so the sensitivity of strains is the same towards ramoplanin. With nisin and penicillin it can be 
observed that the NZ9000Pseudo grow faster to a high OD600 in presence of high concentrations of these substances. 



Chapter IV – Lipid composition of Lactococcus lactis 

 115 

Determination of the pore forming behaviour of NZ9000Pseudo. To determine if the 

NZ9000Pseudo strain is able to prevent the L. lactis strain from the mode of action of nisin, 

a Sytox green assay was performed. Nisin is able to form pores in the membranes of Gram-

positive bacteria via binding to the precursor molecule lipid II [31]. Sytox green nucleid acid 

dye is an established method to monitor the pore formation [44; 48]. The dye binds to the 

DNA, enters the cell through the built pores and the fluorescence signal increases. With the 

determined IC50 values (see above) different nisin concentrations were calculated to monitor 

the pore formation on the two different strains. It could be observed that the NZ9000Pseudo 

strain does not form pores as fast as the NZ9000Cm strains (Figure 6). In the slope of the 

fluorescence measurements, the pore formation is visualized. If the pores are formed fast, 

with a concentration higher than the IC50 value, the measured slope is steep and the saturation 

is reached in a short time resulting in direct death of the bacterial cells upon addition of nisin. 

If the cells are inhibiting pore formation, the same nisin concentration results in a flatter 

slope and a longer time is needed till saturation.  

With the help of the lag-phase, the time till the slope starts to increase, the two strains could 

be compared. An explanation for the different used values, lag-phase and k-value is depicted 

in Figure 6 A. Comparing both strains, the NZ9000Pseudo strain has a longer lag-phase than 

the NZ9000Cm strain at the same nisin concentrations. The pore formation is inhibited by 

the NZ9000Pseudo. The slope of the Sytox measurements were determined as k-value 

(Figure 6) and shows for the NZ9000Cm strain that the slope is getting steeper with higher 

nisin concentrations till a saturation is reached, meaning it is not able to form the pores faster 

anymore. Comparing these results with the NZ9000Pseudo, the k-value of the 

NZ9000Pseudo measurements is lower. The slope of these measurements is constant upon 

addition of higher concentrations of nisin.  
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Figure 6: Determination of pore formation in NZ9000Cm and NZ9000Pseudo. A) Example of the different values of 
the Sytox green assay. In black the measurement is depicted in red the fit to determine the different values. B-C) The 
measurements of the Sytox green assay. The fluorescence plotted against the time. 0 is the point of addition of nisin. The 
difference of the two strains in the time and increase of fluorescence is shown. D) The lag-phase of the NZ9000Cm and 
NZ9000Pseudo Sytox measurements are shown. The lag-phase of different nisin concentrations is depicted and, in the 
diagram, it is shown that the NZ9000Pseudo cells have a longer lag-phase until the pore formation is started. E) The slope 
of the Sytox curve is plotted against the nisin concentration. With a higher concentration of nisin the slope of the 
NZ9000Cm is increased. The slope of the NZ9000Pseudo is mostly the same at all concentrations. 

 

The NZ9000Pseudo cells are able to inhibit pore formation. The lag-phase is increased and 

the k-value is constant at mostly all nisin concentrations. All in all, it could be said that the 

NZ9000Pseudo strain is able to prevent nisin to form a pore with the lipid II molecules. It 

could be a hint that just the same amount of nisin is able to get to the membrane and is able 

to bind, no matter how high the concentration is. Because nisin binds to the lipid II 
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peptidoglycan precursor the next step is to figure out why the NZ9000Pseudo strain is more 

resistant against the different antibiotics and lantibiotics and is able to inhibit the pore 

formation of nisin. Thus, a peptidoglycan analysis of the purified peptidoglycan was 

performed via HPLC-MS in cooperation with University of Tuebingen (PD Dr. Evi 

Stegmann). The HPLC-MS data of the peptidoglycan does not show any difference upon 

comparing the NZ9000Pseudo and the NZ9000Cm (data not shown). The peptidoglycan was 

not modified or somehow changed in the composition. If some differences could be observed 

here, then the modification of the peptidoglycan could be the cause of resistance. However, 

the results of the peptidoglycan analysis did not show any differences.  

Thus, the peptidoglycan could be excluded as reason for the determined resistance in the 

NZ9000Pseudo strain and there is a different cause. All of the tested antibiotics and 

lantibiotics are targeting the cell wall synthesis. The membrane lipids can have an influence 

on the binding and the charge of the membrane so that the antibiotics cannot bind anymore 

or the membrane is more rigid [36; 39; 40; 41; 42]. To analyse whether the membrane lipids 

are changed, a lipid extraction was performed. Via thin layer chromatography and LC-

MS/MS the membrane lipids were further analysed. Analyses were performed with the 

NZ9000Cm and the NZ9000Pseudo strains because there are so far, no available data of the 

membrane lipid composition of L. lactis. To see differences, analyses of the original has to 

be performed first to compare the strains. 

The thin layer chromatography was performed for 2 h 30 min, 10 µL of NZ9000Pseudo 

lipids (20 mg/mL) and NZ9000Cm lipids (20 mg/mL) were spotted on a thin layer silica 

plate and run in a thin layer chamber with a solvent, a 90:54:5.5:5.5 chloroform, methanol, 

ammonia and water mixture. Afterwards the plate was stained with iodide, ninhydrin and 

the Dragendorff´s reagent. To stain the different amines, primary and secondary are stained 

via ninhydrin and tertiary via Dragendorff´s reagent. Iodide is used to stain all amines.  

In the thin layer chromatogram stained with the ninhydrin a difference in the lipid band could 

be observed as one band was running lower in the NZ9000Pseudo strain compared to the 

NZ9000Cm (Figure 7). While the iodide staining of the two strains looked similar to each 

other (Figure 7). Because of the ninhydrin staining it could be said that the lipid composition 

is different. To determine the lipid composition in detail a LC-MS/MS analysis was 

performed to get the exact lipid compositions of both strains.  



Chapter IV – Lipid composition of Lactococcus lactis 

 118 

 
Figure 7: Thin layer chromatography of NZ9000Cm and NZ9000Pseudo lipids. A TLC was performed with 
90:54:5.5:5.5 chloroform methanol ammonia and water mixture. 10 µL of 20 mg/mL lipids solution of NZ9000Cm and 
NZ9000Pseudo was stained with iodide and ninhydrin. The iodide stained plate does not show differences in the two 
different strains. The ninhydrin stained shows a band running lower in the NZ9000Pseudo than in the NZ9000Cm marked 
with black in the figure. 

 

As a control to identify the different lipids, standards were purchased from Avanti Polar 

Lipids. The lipids could be identified and the composition of the lipids in the NZ9000Cm 

and the NZ9000Pseudo could be determined. The fraction of the different lipids is shown in 

Figure 8. Here difference between the two strains, NZ900Cm and NZ9000Pseudo could be 

observed. The phosphatidylcholine (PC) and phosphatidylethanolamine (PE) are more 

present in the control strain (NZ9000Cm). Therefore, the cardiolipin (CL) and 

phosphatidylglycerol (PG) is increased in the NZ9000Pseudo strain. The lipid compositions 

of the strains are different which could be a reason for the determined resistance in the 

NZ9000Pseudo strain. The distribution of the lipids is changed and so the membrane 

components are different.  
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Figure 8: Composition of the lipids of NZ9000Cm and the NZ9000Pseudo strains. The NZ9000Pseudo (red coloured 
columns) shows more PC and PE concentrations. The CL and the PG concentrations are increased in comparison to the 
NZ900Cm strain (blue coloured columns). This is a two-time experiment. Data Supplementary table 1. 

 

Visualization of the NZ9000Pseudo cells. To determine if the living cells are behaving 

differently, not only in the growing behaviour but also in the accumulation of the cells, 

microscopy was performed. For microscopy, overnight cultures of the NZ9000Cm and the 

NZ9000Pseudo strain were prepared. On the next day, they were inoculated to an OD600 of 

0.1 and grown till an OD600 of 0.3.  

To prepare the cells for microscopy analysis, the coverslips were prepared in a 24-well plate. 

The coverslips were coated with poly-L-lysin for 10 min. To wash the coverslips PBS buffer 

was used and in the last washing step GM17 media containing 5 µg/mL chloramphenicol 

and 1 ng/mL nisin. Different dilutions (1:500 / 1:50 / 1:5) of prepared cultures were prepared 

in 500 µL. The prepared dilutions were added to the coverslips and the 24-well plate was 

centrifuged for 5 min at 3,000 rpm. The cells were fixed with 4 % PFA and washed again. 

With the microscopy, it was possible to determine the different length of the cells and how 

the cells accumulate. In Figure 10, the percentage of the observed length of the NZ9000Cm 

and NZ9000Pseudo cells are shown. It could be observed that the NZ9000Pseudo strain 

shows more 1 µm cells (41.28% 1 nM; 55.5 % 10 nM) in comparison with the NZ9000Cm 

(23.45% 1 nM). The control strain contains more 2 µm (33.67%) and 15 µm (27.54%) cells. 

The NZ9000Pseudo strain contains 29.43% (1 nM) and 25.61% (10 nM) of the 2 µm and 

only 14.20% (1 nM) and 9.7% (10 nM) of the 15 µm cells (Figure 10). 
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Figure 9: Microscopy of the NZ9000Cm and the NZ9000Pseudo. With the microscope, it was able to determine the 
length of the different accumulation states of the cells. The length of the different cell types is also different. A single cell 
of the NZ9000Cm is 0.957 µm in size, while a single cell of the NZ9000Pseudo is just 0.823 µm in size. Also, the various 
accumulation states of the different cell numbers are depending in the two strains. 

 

The length which could be observed stands for how many cells are accumulated (Figure 9). 

A single cell is 1 µm in length. So, the NZ9000Pseudo cells does not accumulate like the 

NZ9000Cm cells. The observed behaviour shows that the strains are not only different in the 

resistance and lipid composition, they also behave different in the accumulation, which is 

also an interesting behaviour and could be a reason for the observed resistance of the 

NZ9000Pseudo strain. This may also be an outcome of the different lipid composition. 

 

 
Figure 10: Microscopy analysis of the appearance of the NZ9000Pseudo and the NZ9000Cm strains. There are two 
different amounts of NZ9000Pseudo cells depicted (1 nM, 10 nM) and 1 nM NZ9000Cm as a control. It is obvious that the 
NZ9000Pseudo has a higher percentage of 1 µm length than the NZ9000Cm strain. 
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Determination of the reason behind the resistance via genome sequencing. The genome 

sequencing of the NZ9000Cm and the NZ9000Pseudo strain was performed by GATC 

BIOTECH NextGenSequencing. The genome preparation was performed with the ZR 

Fungal/Bacterial DNA MiniPrepTM (ZYMO RESEARCH) kit. The analysis of the 

NZ9000Cm was showing nearly no difference to the genome of Lactococcus lactis subsp. 

cremoris NZ9000 strain (GenBank Number CP002094.1) and thus, the NZ9000Cm strain is 

the original Lactococcus lactis subsp. cremoris NZ9000 strain. The genome sequencing of 

the NZ9000Pseudo strain shows different mutations, which were more in comparison to the 

NZ9000Cm. Just 50% of the sequencing frames could be mapped to the control genome of 

the Lactococcus lactis subsp. cremoris NZ9000. Even though there were many changes in 

the genome sequence of the NZ9000Pseudo strain, some just occurred only once in the 

sequencing frames and even more occurred in 50% of the sequencing frames. Hence, it was 

not obvious to determine which mutation results in a significant change in the genome. 

Because of the less mapping efficiency, a contamination in the bacterial sample had to be 

excluded. To identify if the used cells were contaminated IC50 tests were performed with 

different NZ9000Pseudo colonies of a GM17 agar plate containing 5 µg/mL 

chloramphenicol. Seven colonies were tested and all showed nearly the same IC50 curve 

(Figure 11).  

 
Figure 11: IC50 measurements with seven different NZ9000Pseudo colonies. It is shown that the seven tested colonies 
have the same IC50 curves (colonies 1-7). It is a one-time experiment. 

 

Since the IC50 measurements of the single colonies showed no difference in behaviour, it 

can be excluded that the cells are containing any impurity. This cannot be the reason for the 

low alignment percentage of the genome sequencing. Three proteins which had many 

mutations in the DNA sequence are shown in Table 2. The whole mutation list is mentioned 

in the supplemental part.  
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Table 2: Three examples of the genome sequencing. These proteins showed mutations in the genome sequencing, 
which are less than 50%. 

Protein Gen-

Position 

Reference Observed 

23S ribosomal RNA 2524827 T TA 

 2524829 C A 

2524837 T A 

2524881 C T 

2524904 T C 

2524910 C A 

2524911 G A 

2524915 T C 

2524917 C T 

2524922 G A 

2524978 A C 

2524991 A T 

2524994 T A 

pstA – phosphate transporter 

ATP binding protein 1876050 C T 

 1876065 T C 

1876120 A T 

atpA and atpB 

F0F1-type ATP synthase  1929139 T A 

 1929151 C A 

1929152 C T 

1929157 A C 

1929163 A G 

1929175 A T 

1929178 A C 

1929184 C A 

1929193 T A 

1929199 T G 

1929202 A G 

1929208 A C 

1929211 A T 

1929214 G A 
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1929232 G A 

1929238 C T 

1929247 G A 

1929250 A T 

1929252 G A 

1931512 A T 

1931518 A G 

1931525 T A 

1931529 C T 

1931532 C T 

1931533 C T 

1931545 A G 

1931557 A G 

 

Nevertheless, the observed mutations appeared in several different proteins (Table 2) which 

are not directly involved in the lipid synthesis or the cell wall synthesis. At this moment, it 

is not possible to determine which mutation is a real one and which one has an influence on 

the lipid composition. However, there are some mutations in the genome of the 

NZ9000Pseudo strain. In Uniprot the amino acid sequence of the proteins, containing a 

mutation, was checked. The known activity sites and binding sites of this proteins are not 

directly affected by the mutations. That does not mean that the mutation is not important but 

the closer look to the genome do not give the answer to the resistance behaviour of the 

NZ9000Pseudo strain yet. 
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Discussion 

 
There are already some mechanisms known of lantibiotic resistance and also against 

antibiotic resistance. Vancomycin resistant bacteria have developed different resistance 

strategies. They can develop a new amino acid D-Ala-D-Lac combination in comparison to 

the original D-Ala-D-Ala. The van operon is responsible for the alternative depsipeptide [10; 

15; 16]. Because of this alternative depsipeptide formation, the vancomycin loses one 

hydrogen bond to the precursor molecule lipid II and the binding is 1000-fold reduced in 

comparison to the wild type bonds [6; 12; 15]. Also, a thicker cell wall formation is known 

to perform resistance against vancomycin. Vancomycin resistance in Staphylococci are 

known to be performed due to a thicker cell wall and an increased peptidoglycan synthesis. 

So that the vancomycin still binds to the D-Ala-D-Ala but there is much more peptidoglycan 

and thus the cells are still alive [16]. Also, there are resistant strains against penicillin known 

that contain mutations in the penicillin binding protein (PBP). Thereby, the penicillin has a 

lower binding affinity and is not inhibiting the transpeptidation anymore [20; 21; 22]. 

Also, nisin resistance can have several different reasons like resistance proteins, like ABC-

transporters, positively charged LTAs and WTAs, both due to the dltABCD operon, cell wall 

thickness and a different membrane composition of phospholipids and fatty acids [36]. The 

strain in this study shows resistance against nearly all tested antibiotics. Via different 

analysis it could not be determined directly the cause of the resistance of the cells. But one 

difference was observed in the lipid composition of the NZ9000Cm and the NZ9000Pseudo 

strains. Here, it was not only interesting to analyse the lipid composition of the 

NZ9000Pseudo strain but also the NZ9000Cm strain was interesting because till date the 

exact lipid composition of the L. lactis is not published. Here the major phospholipid is the 

cardiolipin (CL) different to Bacillus cereus (B. cereus) which contains PE as major 

phospholipid. Also, Bacillus subtilis (B. subtilis) and Staphylococcus aureus (S. aureus) 

contain a different major phospholipid, here the phosphatidylglycerol (PG) is the major one. 

In the L. lactis strains, measured in this study, the percentage of PG and CL are different to 

the other strains. The most prominent phospholipid in both strains is the cardiolipin with 

48.9% and 76.7% in the NZ9000Cm and NZ9000Pseudo strains. In the L. lactis are 

lysolipids detectable with 6.5% in the NZ9000Cm and 4.3% in the NZ9000Pseudo. The lipid 

composition of bacteria can vary a lot. While B. subtilis has PG as major phospholipid (70%) 

[49], B. cereus has PE as major phospholipid (43%-70% depending the growth temperature) 

[50]. In contrast S. aureus with 58% PG and 42% CL [51]. So, the original L. lactis has 
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different to all strains CL (48.9%) as major phospholipid and contains 33.1% PC as second 

most present lipid. With the known phospholipid composition of the L. lactis strain it was 

possible to compare the resistant NZ9000Pseudo strain with the original strain. The 

phospholipids of the NZ9000Pseudo are different in the composition. The strain contains 

more CL (76.7%) than the NZ9000Cm, original, strain (Table 3). 
 
Table 3: Major phospholipid components of different Gram-positive bacteria [51]. 

Phospholipid  

(% total membrane) 

 

L. lactis 

NZ9000  

 

L. lactis 

NZ9000Pseudo  

 

B. cereus 

(a) 

 

B. subtilis 

[49] 

 

S. aureus 

[52] 

PE (-O) 3.2 2.9 43 12 - 

PG (-O) 6.9 7.5 40 70 58 

CL 48.9 76.7 17 4 42 

PC (-O) 33.1 7.4 - - - 

SM 1.4 1.1 - - - 

LPE (-O) 1 2 - - - 

LPC (-O) 5.4 2.3 - - - 

a) Growing at 37 °C a higher value up to 70% PE is found at 15 °C growth conditions. The PG is then reduced to 

17%, the CL is nearly the same [50]. 

 

In the L. lactis NZ9000 strain PC and SM was detectable which is not mentioned in the 

different compared Gram-positive bacteria (Table 3). Here the two L. lactis strains also show 

differences. The NZ9000Cm contains 33.1% PC (PC+PC-O) and 1.4% SM while the 

NZ9000Pseudo contains 7.4% PC (PC+PC-O) and 1.1% SM.  

 

 
Figure 12: Phospholipids and their head groups. Based on [53]. 
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PC is a neutrally charged phospholipid like the PE. The NZ9000Cm strain consists of more 

neutrally charged PC and PE but lesser negatively charged CL and PG (Figure 8, Table 3, 

Figure 12). That was surprising because it is published that a decrease in negatively charged 

could lead to nisin resistance in the cell [36]. But here the NZ9000Pseudo the resistant strain 

contains more negatively charged CL. So maybe it is not the phospholipids itself, but fatty 

acids of the phospholipids could be the reason. The composition of the phospholipids with 

the different fatty acids, is shown in the supplementary part. So, the membrane fluidity can 

also be another reason for the observed resistance. 

In general, at the moment the cause of the resistance in the NZ9000Pseudo strain against 

nisin, gallidermin, penicillin and vancomycin could not be determined in detail. At the 

moment, it seems that a different composition of the phospholipid or fatty acids could be the 

reason. The diversification of the lipids compared to the NZ9000Cm strain is different as 

there are less PC lipids and PE but more of the CL and PG lipids. The reason behind the 

different composition cannot be determined. The genome sequencing does not show a reason 

for this. If it is a mixture of the different mutations or if one mutation is the reason for all 

cannot be said. If the composition of the lipids is the only reason behind this resistance would 

be really interesting to know, because then a strain used in a lab could mutate suddenly and 

be highly resistant. The reason behind this would be really interesting to analyse the 

evolution of the cells. This could appear in patients as well and could result in a new multi 

resistant bacteria.  

The living cells were analysed via microscopy and it could be observed that the 

NZ9000Pseudo cells do not accumulate like the NZ9000Cm cells. This could also be a 

reason of the different cell membrane composition. The cells are not able to cluster anymore 

and are present as single cells with a length of 1 µm. The cells have to be analysed again to 

be sure of the reason behind the observed resistance. It seems to be the different lipid 

composition but the WTAs and LTAs have not been analysed yet, and it is also known that 

the different charged WTAs are able to generate resistance against nisin [36; 37]. Also, a 

thicker cell wall could be a reason for the resistance. Although the peptidoglycan was 

analysed it has not been quantified. Maybe the peptidoglycan is not modified but the amount 

of peptidoglycan is different. This could also answer the resistance. It could also be all 

together and not only the lipid composition, as also the peptidoglycan amount is different. 

We can definitely say that the strain described here is a lantibiotic and antibiotic resistant 

strain which develops this resistance due to a self-mutation. The L. lactis phospholipid 
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composition has been solved, so that any difference in the phospholipids of L. lactis can now 

be compared. 
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Supplementary part 

 
Supplementary table 1: Phospholipid composition of NZ9000Cm and NZ9000Pseudo. 

Phospholipid 

(% total membrane) 

 

NZ9000Cm 

 

NZ9000Pseudo 

LPC 2.2 0.9 

LPC-O 3.2 1.4 

PC 27.6 5.6 

PC-O 5.6 1.8 

LPE 0.3 0.5 

LPE-O 0.8 1.46 

PE 2.8 2.3 

PE-O 0.4 0.7 

PG 3.29 5.4 

PG-O 3.7 2.1 

CL 48.9 76.7 

SM 1.4 1.1 

 

 

 

 
Supplementary figure 1: LPC fatty acid composition of NZ9000Cm and NZ9000Pseudo. 
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Supplementary figure 2: LPC-O fatty acid composition of NZ9000Cm and NZ9000Pseudo. 

 

 

 

 

 

 

 

 
Supplementary figure 3: PC fatty acid composition of NZ9000Cm and NZ9000Pseudo. 
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Supplementary figure 4: PC-O fatty acid composition of NZ9000Cm and NZ9000Pseudo. 

 

 

 

 

 

 

 

 
Supplementary figure 5: LPE fatty acid composition of NZ9000Cm and NZ9000Pseudo. 
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Supplementary figure 6: LPE-O fatty acid composition of NZ9000Cm and NZ9000Pseudo. 

 

 

 

 

 

 

 

 
Supplementary figure 7: PE fatty acid composition of NZ9000Cm and NZ9000Pseudo. 

 

 



Chapter IV – Lipid composition of Lactococcus lactis 

 135 

 
Supplementary figure 8: PE-O fatty acid composition of NZ9000Cm and NZ9000Pseudo. 

 

 

 

 

 

 

 

 
Supplementary figure 9: SM fatty acid composition of NZ9000Cm and NZ9000Pseudo. 
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Supplementary figure 10: CL fatty acid composition of NZ9000Cm and NZ9000Pseudo. 

 

 

 

 

 

 

 

 
Supplementary figure 11: PG fatty acid composition of NZ9000Cm and NZ9000Pseudo. 
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Supplementary figure 12: PG-O fatty acid composition of NZ9000Cm and NZ9000Pseudo.  
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Supplementary table 2: All mutations found in the genome analysis of NZ9000Pseudo genome and the 
corresponding proteins. Reference was the Genbank Genome of Lactococcus lactis subsp. cremoris NZ9000 strain 
(GenBank Number CP002094.1).  

Name Gen-Position Reference Observed 

tRNASer, tRNAMet 25777 T G 

25784 G C 

25790 G A 

25791 T A 

25805 A T 

25806 C T 

25831 A G 

25840 C T 

25841 T C 

25874 A G 

25815 T TTC 

25818 A 

AGGAATT

AAGTTTC

CTTAGTC

T 

tRNAPro  517908 T G 

eno 608204 ACT A 

608210 A AGC 

LLNZ_05175 

 
970028 T C 

970124 

970125 

G 

 

T 

T 

 

A 

pstA – phosphate 

transporter ATP 

binding protein 

 

1876050 C T 

1876065 T C 

1876120 A T 

atpA and atpB  

F0F1-type ATP 

synthase 

1931622 CTGA C 

1929139 T A 

1929151 C A 
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1929152 C T 

1929157 A C 

1929163 A G 

1929175 A T 

1929178 A C 

1929184 C A 

1929193 T A 

1929199 T G 

1929202 A G 

1929208 A C 

1929211 A T 

1929214 G A 

1929232 G A 

1929238 C T 

1929247 G A 

1929250 A T 

1929252 G A 

1931512 A T 

1931518 A G 

1931525 T A 

1931529 C T 

1931532 C T 

1931533 C T 

1931545 A G 

1931557 A G 

rpoC 1966101 TAGC T 

1964917 A T 

1964931 A T 

1964932 G A 

1964941 C T 

1966165 C T 

1966168 C T 

1966185 G T 
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1966240 T A 

1966264 A T 

1966285 T A 

LLNZ_t13347 2131340 T C 

2131363 A G 

2131347 AT A 

LLNZ_t13349 

2131349 

AACCTA

G A 

pheS  2163381 G GGA 

2163309 T C 

2163325 C A 

2163454 C A 

Val S 

 

 

2409209 G T 

2409210 T A 

2409212 T A 

rpsI 

 

2506521 G GC 

2506524 AC A 

2506432 G A 

2506452 C G 

2506453 T A 

2506477 G A 

2506513 C A 

23S ribosomal RNA 2524827 T TA 

2524829 C A 

2524837 T A 

2524881 C T 

2524904 T C 

2524910 C A 

2524911 G A 

2524915 T C 

2524917 C T 
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2524922 G A 

2524978 A C 

2524991 A T 

2524994 T A 

elongation factor G 2515898 G A 

2515913 G A 
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Purification and interaction studies of the viral infectivity factor 

of HIV 

 
Rebecca Clemens, Carsten Münk and Sander H. J. Smits 

 

Abstract 

 
Human immunodeficiency virus (HIV) is a lentivirus, a retrovirus belonging to the RNA 

viruses. Viral infectivity factor (Vif) protein is one of six known accessory proteins of HIV-

1 and known to be necessary for the HIV replication in the host cells. Vif forms a complex 

with the human apolipoprotein B mRNA editing enzyme catalytic polypeptide-like 3 

(APOBEC3) proteins and inhibits by this the effect of APOBEC3 proteins. These proteins 

have antiviral properties and negatively affect the virus replication. APOBEC3 proteins get 

ubiquitinated and degraded because of the formed Vif complex. The HI-virus is able to 

replicate in the host cell without hindrance based of the formed complex. To develop new 

treatments of HIV the Vif protein became one of the most interesting target proteins. 

In this study, we try to purify Vif in high yield and monodispersity to perform structural 

studies. Therefore, we cloned a construct allowing to secret the Vif protein from Escherichia 

coli directly into the media and purify it in a soluble manner.  

 
Keywords: Lentivirus, HIV, accessory protein, Vif, APOBEC, purification, secretion 
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Introduction 

 
The human immunodeficiency virus (HIV) belongs to the RNA virus family and exploit 

cellular components for its own replication [1]. More specifically, HIV belongs to the 

lentiviruses, which are a class of the retroviruses [2; 3]. HIV can be divided in two different 

subtypes the HIV-1, the most prominent subtype, and the HIV-2 [4; 5; 6]. The used 

treatments against HIV are combinations of targeting key viral enzymes [7]. These 

treatments are successful in controlling viral load, but because of the long-time use they 

become ineffective due to mutations of the virus [8]. So one of the six accessory proteins of 

HIV becomes an interesting target in the HIV drug development. This protein is the viral 

infectivity factor (Vif) [9; 10; 11]. Vif is necessary for the survival of the HIV in the human 

body [12; 13].  

There are proteins in the human body which have antiviral properties and negatively impact 

on viral replication [1; 14; 15]. In the human body are seven of the apolipoprotein B mRNA 

editing enzyme catalytic polypeptide- like 3 (APOBEC3) proteins encoded, APOBEC3A, 

APOBEC3B, APOBEC3C, APOBEC3D, APOBEC3F, APOBEC3G and APOBEC3H [15; 

16; 17]. The principal activity of APOBEC3 proteins is the cytidine deamination of single-

stranded DNA, shown in biochemical and cell culture assays [18; 19]. Four of these proteins 

are able to reduce the HIV-1 replication. These proteins are A3D, A3F, A3H and A3G [8].  

The Vif protein inhibits the effect of reduced replication and by this no intervention of the 

HIV-1 replication in the host cell takes place. The Vif protein makes use of the cellular 

Cullin-Ring ubiquitin ligase and by this leading to the ubiquitination and proteasomal 

degradation of the APOBEC3 proteins. Based on this degradation the virus can replicate 

itself without any hindrance [20; 21; 22].  

The complex, which degrades the APOBEC3 proteins, is only able to be formed in presence 

of the Vif protein. Vif is a 23 kDa basic protein and it is well characterized. The function 

and the corresponding binding sites are already known. The formed complex which is 

important for the degradation of the APOBEC3 contains the Vif protein, the APOBEC3 

protein, the transcription co-factor core-binding factor subunit ß (CBF-ß), the adapter 

proteins ELONGIN B and C, and the CULLIN-5 (Figure 1) [23].  
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Figure 1: Complex formed by Vif. The complex is formed from the Vif protein to ubiquitinate and degrade the 
APOBEC3G protein. Vif is recruiting the Cullin 5, CBF-ß and the adapter proteins Elongin C and B. This results in the 
degradation of the human immunity cytidine deaminase APOBEC3G. The corresponding binding domains are depicted in 
Figure 2. Modified from [8]. 

 

The corresponding binding sites necessary for the complex forming are well characterized. 

The N-terminal part of the protein is not only necessary for RNA binding also all-important 

APOBEC3 binding sites are located here [23]. The DRMR domain is known for binding the 

APOBEC3F, while the YRHHY domain is necessary to bind the APOBEC3G [24; 25]. An 

additional APOBEC3F domain could be determined at the end of the N-terminal region of 

Vif. This domain of the protein is necessary for APOBEC3 binding [26].  

 

 
Figure 2: Functional domains of Vif. Shown are the known binding sites of the Vif protein. The N-terminus is known for 
binding RNA and more important binding the APOBEC3 proteins. Two FG-boxes which are necessary for APOBEC3F 
and G binding, are determined. Also, two F-boxes are known for APOBEC3F binding and one G-box is known for 
APOBEC3G binding. After the APOBEC3 binding domains the Cullin 5 binding site is located. The HCCH domain is also 
a zinc binding site which is important for Cullin 5 binding. The SOCS domain is for ElonginC binding responsible. 
Modified [4; 27]. 

 

Two FG-boxes are identified in this domain. APOBEC3F and APOBEC3G interact with the 

Vif protein [26; 27]. The HCCH region is known for two different functions. First it is a zinc 

binding motif but beside this the Cullin 5 interacts with this region [28; 29]. The so called 

SOCS box was identified as the Elongin C binding side [30].  

Although the function and most binding sites are characterized, still not everything is known 

about the protein. There is no crystal structure of the Vif APOBEC3 protein complex 

available and it is unknown if there is a conformation change while binding to the different 

proteins, like APOBEC3F and APOBEC3G. Knowing the structure would be a step forward 
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in understanding the binding process and developing more specific drugs, which are 

inhibiting the binding step.  

Therefore, we want to establish a purification of Vif with a high yield for co-crystallography 

with APOBEC3. In this purification, first Vif should be secreted out of Escherichia coli to 

have folding in a native way, without defolding the protein using urea or guanidine. 

Constructs of different Vif variants from HIV-1 type viruses were cloned. These variants 

concern a C-terminal secretion signal followed by a TEV-cleavage site and a 6x His-tag. To 

generate the needed yield, test secretion studies were performed and different purification 

ways were tested. Also, first interaction studies with A3C protein were performed via 

pulldown assays. 
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Material and Methods 

 
Cloning. The plasmid p3S-TEV-Vif (all different variants) was cloned with the In-Fusion 

Cloning Kit (New England BioLabs) according to the manufacturer`s protocol. Therefore, 

plasmid p3S was linearized by PCR using the primer pair p3S-rev and p3S-for. The primer 

pair inf-1-Vif-for and inf-1-Vif-rev was used to amplify the sequence of the viral infectivity 

factor. Sequence analysis verified the new plasmid. 

With a side-directed mutagenesis the construct p3S-TEV-Vif47 was cloned with a 10xHis-

tag. Therefore, the primer pair Vif-10H-for and Vif-10H-rev was used. Via Sequence 

analysis the new plasmid was verified. 

 
Table 1: Oligonucleotides used for cloning. 

Oligonucleotide Sequence 

p3S-for ATTGATGGCCGTCACCACC 

p3S-rev CATTTAATTACCTCTTAACCAGTTAATGAAAAATTAAAATC 

inf-1-Vif-for AGAGGTAATTAAATGGAAAACAGATGGCAGGTGATG 

inf-1-Vif-rev GTGACGGCCATCAATGTGTCCATTCATTGTATGGCTCCC 

Vif-10H-for CATCATCATCATGATTATGATATTCCTACTACTGAGAATTTGTATTTTC

AGG 

Vif-10H-rev GTGGTGGTGGTGGTGGTGACG 

 

Secretion of the viral infectivity factor. Chemically competent E. coli BL21 (DE3) cells 

were transformed with the pSJ37 (pK184-HlyBD) and the p3S-TEV-Vif (different variants) 

plasmids and were grown on a LB agar plate supplemented with 100 µg/mL ampicillin and 

30 µg/mL kanamycin at 37 °C. An overnight culture of a single colony was used to inoculate 

30 mL 2xYT media supplemented with 100 µg/mL ampicillin, 30 µg/mL kanamycin and 5 

mM (final concentration) of CaCl2 to an OD600 0.1. At 37 °C and 180 rpm the cells were 

grown in flasks with baffles. At an OD600 of 0.4-0.6 the cells were induced with 1 mM 

Isopropyl-ß-D-thiogalactopyranoside (IPTG) and grown for 6 h. After every hour 500 µL 

aliquots were taken and centrifuged at 14,000 g for 5 min at 4 °C. The cells were adjusted 

to an OD600 of 1 and the supernatant were analysed by SDS-PAGE and Western Blot, the 

protein was compared with the calculated molecular mass 49 kDa (EXPASY ProtParam). 

The used antibodies are a polyclonal secretion signal Antibody and HIV-1 Vif Monoclonal 

Antibody (#319) (Thermo Fisher Scientific).  
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Purification of the viral infectivity factor. To purify the viral infectivity factor of HIV-1 

the protein was secreted like described above. 2 x 30 mL 2xYT media supplemented with 

100 µg/mL ampicillin, 30 µg/mL kanamycin and 5 mM (final concentration) of CaCl2 were 

induced with 1 mM IPTG at an OD600 of 0.4-0.6 and were grown for 3h. Afterwards the cells 

were centrifuged at 8,000 rpm for 40 min at 4 °C. The supernatant was filtered throw a 0.45 

µm filter and loaded to two Nickel affinity chromatography columns 2 x 1 ml HiTrapTM 

IMAC HP (GE Healthcare) with a flow rate of 0.5 mL/min. By washing the column with 

washing buffer (20 mM Tris-HCl pH 8, 150 mM NaCl and 10% (v/v) glycerol) with a flow 

rate of 1 mL/min till baseline, non-binding proteins are excluded. To elute the protein a 

gradient elution was used, 100% elution buffer (100 mM Tris-HCl pH 8, 150 mM NaCl, 

10% (v/v) glycerol and 400 mM imidazole) in 50 min. The elution peak containing fractions 

were analysed via SDS-PAGE and Western blot as control of the purification steps. 

 

Purification with dialyses step. To purify the viral infectivity factor of HIV-1 the protein 

was secreted like described above. 4 x 50 mL 2xYT media supplemented with 100 µg/mL 

ampicillin, 30 µg/mL kanamycin and 5 mM (final concentration) of CaCl2 were induced 

with 1 mM IPTG at an OD600 of 0.4-0.6 and were grown for 3 h. Afterwards the cells were 

centrifuged at 8,000 rpm for 40 min at 4 °C. The supernatant was filtered with a 0.45 µm 

filter and concentrated to a volume of 40 mL with an Amicon ultracentrifugation unit (30 

kDa MWCO). The concentrated supernatant was dialysed in a 12-15 kDa dialysis membrane 

tube (thermos scientific) overnight in 5 L of dialysis buffer (100 mM Tris-HCl pH 8, 150 

mM NaCl and 10% (v/v) glycerol). After dialysis, the supernatant was centrifuged 25 min 

45,000 rpm at 4 °C to get rid of aggregate. The supernatant was loaded to a nickel affinity 

chromatography column 5 mL HiTrapTM IMAC HP (GE Healthcare) with a flow rate of 0.5 

mL/min. Also, copper and cobalt affinity chromatography were tested. After a washing step 

with the washing buffer till baseline a gradient elution 100% elution buffer (100 mM Tris-

HCl pH 8, 150 mM NaCl, 10% (v/v) glycerol and 400 mM imidazole) in 50 min was chosen 

for elution. For tests with TEV cleavage 1 mg TEV was added to the supernatant in the 

dialysis step. The purification steps were analysed via SDS-PAGE and Western-Blot. 

Protein bands were compared with the calculated molecular mass of full length 49 kDa and 

cleaved 23.9 kDa (EXPASY ProtParam). 
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Purification with Nickel NTA resin. To purify viral infectivity factor of HIV-1 the protein 

was secreted like described above. 4 x 150 mL 2xYT media supplemented with 100 µg/mL 

ampicillin, 30 µg/mL kanamycin and 5 mM (final concentration) of CaCl2 were induced 

with 1 mM IPTG at an OD600 of 0.4-0.6 and were grown for 3 h. Afterwards the cells were 

centrifuged at 8,000rpm for 40 min at 4 °C. The supernatant was filtered with a 0.45 µm 

filter and concentrated to a volume of 25 mL with an Amicon ultracentrifugation unit (30 

kDa MWCO). 2 mL Nickel NTA resin (Qiagen) was added and incubated over night at 4 °C 

shaking. Next day the resin was loaded in a drip column. To wash the resin 2 x 10 mL 

washing puffer (20 mM Tris- HCl pH 8, 250 mM NaCl, 5mM CaCl2 and 10 % (v/v) glycerol) 

was added to the column. After these, two additional washing steps (2 x 10 mL) with a buffer 

containing 5 mM imidazole were performed. To elute the protein 5 mL of elution buffer (20 

mM Tris- HCl pH 8, 250 mM NaCl, 5mM CaCl2, 10 % (v/v) glycerol and 400 mM 

imidazole) was added. All washing and elution steps were analysed via SDS-PAGE and 

Western blot to determine the purification steps.  

 

Size exclusion chromatography. For size exclusion chromatography, a Superdex 200 

10/300 GL (GE Healthcare) column was used. The column was equilibrated with a 100 mM 

Tris-HCl pH 8, 150 mM NaCl and 10 % (v/v) glycerol. 500 µL of the protein was injected 

to the equilibrated column with a flow rate of 0.3 mL/min and fractionated (300 µL).  

 

Purification with cross flow concentration. To increase the volume of the secretion a cross 

flow system was used. In 5 x 1 L Vif protein was secreted as before and concentrated with 

a cross flow system. A 10 kDa membrane was used. Washing steps with water and NaOH 

were performed to clean the membrane. The membrane was equilibrated with 3 L buffer (20 

mM Tris-HCl pH 8, 250 mM NaCl 10% (v/v) glycerol and 5 mM CaCl2). 5 L supernatant 

was concentrated with a flow rate of 2 mL/min and washed with 1 L buffer to a volume of 

250 mL. With an Amicon ultracentrifugation unit (30 kDa MWCO) the supernatant was 

concentrated to a total volume of 40 mL. 10 mL resin was added and incubated overnight. 

Next day the resin was added in a glass column and washed till baseline with 20 mM Tris-

HCl pH 8, 250 mM NaCl, 10% (v/v) glycerol and 5 mM CaCl2. With a gradient of 100% in 

100 min the column was eluted with a 20 mM Tris-HCl pH 8, 250 mM NaCl, 10% (v/v) 

glycerol, 5 mM CaCl2 and 400 mM imidazole. 
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Inclusion body purification. To purify the Vif protein out of inclusion bodies E. coli BL21 

(DE3) cells containing the p3S-TEV-Vif47 were used. Cells were grown in 2xYT media 

containing 100 µg/mL ampicillin and were inoculated to an OD600 of 0.1. At 37 °C 180 rpm 

the cells were grown till an OD600 of 0.5 and were induced with 1 mM IPTG. After 3 h the 

temperature was decreased to 25 °C over night. The next day, the cells were harvested for 

30 min at 8,000 rpm. The cells were resuspended in 50 mM Tris-HCl pH 8, 50 mM NaCl 

and 50 mM EDTA. After a 15 min centrifugation step at 5,000 rpm the cells were flash 

frozen in liquid nitrogen and stored at -80 °C. 

For inclusion body purification cells were thawed on ice with 50 mM Tris-HCl pH 8, 50 mM 

NaCl and 50 mM EDTA buffer containing DNAse I. After resuspending the cells were lysed 

via cell disruption (Microfluidics M-110P, 1500 bar) for 5-6 cycles. Then the disrupted cells 

were centrifuged 30 min for 15,000 rpm. The pellet was resuspended in 50 mM Tris-HCl 

pH 8 50 mM NaCl, 50 mM EDTA and 1% (v/v) Triton X 100 and centrifuged again for 30 

min. The pellet was then resuspended in 50 mM Tris-HCl pH 8 and 1 M NaCl buffer and 

centrifuged again. The pellet was again resuspended this time in a defolding buffer 

containing 50 mM Tris-HCl pH 8, 50 mM NaCl and 6 M Guanidine. The solution was 

incubated for 4 h at 10 °C.  

Afterwards the solution was centrifuged again, and the supernatant was used for the 

refolding buffer test. Here 100 µL of the inclusion body solution was added in dialysis knots 

and the dialysis takes place in 100 mL of the corresponding buffers overnight.  

 
Table 2: Components for the inclusion body buffer screen. 

pH Buffer Ionic strength Amphiphilic Reducing (10mM) Additive 

4 50 mM NaAc 100 mM NaCl Glycerol 10% (v/v) ß-mercaptoethanol 800 mM Arginine 

5 50 mM MES 200 mM NaCl   Glucose 500mM 

6,5 50 mM MOPS     

7 50 mM TRIS 5 mM CaCl2 PEG 400 

0.05% (w/v) 

  

8 50 mM TRIS     

9 50 mM CHES     
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Table 3: Buffer used for the inclusion body refolding. 

 pH 4 pH 5 pH 6.5 pH 7 pH 8 pH 9 

1 

100 mM NaCl 

Glycerol 

Arginine 

CaCl2 

100 mM NaCl 

Glycerol 

Arginine 

CaCl2 

100 mM NaCl 

Glycerol 

Arginine 

CaCl2 

100 mM NaCl 

Glycerol 

Arginine 

CaCl2 

100 mM NaCl 

Glycerol 

Arginine 

CaCl2 

100 mM NaCl 

Glycerol 

Arginine 

CaCl2 

2 

100 mM NaCl 

PEG 400 

ß-mercaptoethanol 

CaCl2 

100 mM NaCl 

PEG 400 

ß-mercaptoethanol 

CaCl2 

100 mM NaCl 

PEG 400 

ß-mercaptoethanol 

CaCl2 

100 mM NaCl 

PEG 400 

ß-mercaptoethanol 

CaCl2 

100 mM NaCl 

PEG 400 

ß-mercaptoethanol 

CaCl2 

100 mM NaCl 

PEG 400 

ß-mercaptoethanol 

CaCl2 

3 150 mM NaCl 150 mM NaCl 150 mM NaCl 150 mM NaCl 150 mM NaCl 150 mM NaCl 

4 

100 mM NaCl 

PEG 400 

Arginine 

CaCl2 

100 mM NaCl 

PEG 400 

Arginine 

CaCl2 

100 mM NaCl 

PEG 400 

Arginine 

CaCl2 

100 mM NaCl 

PEG 400 

Arginine 

CaCl2 

100 mM NaCl 

PEG 400 

Arginine 

CaCl2 

100 mM NaCl 

PEG 400 

Arginine 

CaCl2 

5 

200 mM NaCl 

PEG 400 

Glucose 

CaCl2 

200 mM NaCl 

PEG 400 

Glucose 

CaCl2 

200 mM NaCl 

PEG 400 

Glucose 

CaCl2 

200 mM NaCl 

PEG 400 

Glucose 

CaCl2 

200 mM NaCl 

PEG 400 

Glucose 

CaCl2 

200 mM NaCl 

PEG 400 

Glucose 

CaCl2 

6 

200 mM NaCl 

Glycerol 

ß-mercaptoethanol 

CaCl2 

200 mM NaCl 

Glycerol 

ß-mercaptoethanol 

CaCl2 

200 mM NaCl 

Glycerol 

ß-mercaptoethanol 

CaCl2 

200 mM NaCl 

Glycerol 

ß-mercaptoethanol 

CaCl2 

200 mM NaCl 

Glycerol 

ß-mercaptoethanol 

CaCl2 

200 mM NaCl 

Glycerol 

ß-mercaptoethanol 

CaCl2 

7 

PEG 400 

ß-mercaptoethanol 

Arginine 

PEG 400 

ß-mercaptoethanol 

Arginine 

PEG 400 

ß-mercaptoethanol 

Arginine 

PEG 400 

ß-mercaptoethanol 

Arginine 

PEG 400 

ß-mercaptoethanol 

Arginine 

PEG 400 

ß-mercaptoethanol 

Arginine 

 

At the next morning, the solution was centrifuged to separate the refolded protein from the 

aggregate. Afterwards the pellet and the supernatant SDS-PAGE loading dye was added and 

a Western blot was performed to analyse if Vif protein was refolded and in the supernatant. 
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Purification of interaction protein APOBEC3C. The GST-tagged APOBEC3C protein 

was purified as described before [31; 32]. Protein concentration was determined via 

NanoDrop with the (theoretical) extinction coefficient and molecular mass.  

 

Pulldown of viral infectivity factor and APOBEC3C. For interaction studies of Vif and 

the APOBEC3C protein PierceTM gluthathione magnetic agarose beads (ThermosFisher 

SCIENTIFIC) were used. The concentration of the purified proteins was determined via 

NANO Drop with the theoretical molecular mass and extinction coefficient. At first the 

beads were incubated with 60 µg of the GST tagged APOBEC3C and the beads were washed 

three times with 100 µL washing buffer (50 mM Tris-HCl pH 8, 10 mM CaCl2, 5 mM ß-

mercaptoethanol, 500 mM NaCl and 10% (v/v) glycerol) to get rid of not bind protein. After 

the washing steps 28 µg of Vif protein was added and incubated for 15 min at 25 °C with 

the beads containing the APOBEC3C protein and softly mixed every 3 min. The beads were 

again washed 7 times with 100 µL washing buffer to be sure that all protein which was not 

bind to the APOBEC3C was washed out. In the end 30 µL elution buffer (50 mM Tris-HCl 

pH 8, 10 mM CaCl2, 5 mM ß-mercaptoethanol, 500 mM NaCl, 40 mM reduced L-

glutathione and 10% (v/v) glycerol) was added to elute the APOBEC3C Vif complex. All 

washing and elution steps were saved for SDS-PAGE and Western blot analysis.  
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Results 

 
Test secretion of the different Vif variants. To determine if the Vif proteins were secreted 

in E. coli BL21 (DE3) a test secretion was performed. In small scale secretion (30 mL) 2xYT 

media containing 100 µg/mL ampicillin, 30 µg/mL kanamycin and 5 mM (final 

concentration) of CaCl2 the test secretion was performed at 37 °C at 180 rpm. The cells were 

inoculated to an OD600 of 0.1 with a preculture of a single colony. At an OD600 of 0.4-0.6 

the cells were induced with 1 mM IPTG. After every hour 500 µL of cell culture were 

harvested and centrifuged for 5 min at 14,000 g. 200 µL of the supernatant was mixed with 

50 µL SDS-PAGE loading dye. The samples were analyzed via Western blot analysis with 

a specific antibody for secretion signal (Figure 3). The results of the different variants were 

compared with the calculated molecular mass 49 kDa (EXPASY ProtParam). Here all 

different Vif variants were secreted over 6 h. The different variants were secreted in various 

amounts. The best secreted variants were the Vif 47, 283, 460, 523 and 564, while the 

variants 221 and 224 showed lower secretion level.  

 

 
Figure 3: Secretion tests of the different Vif variants. The different samples taken every hour after induction are shown 
for different variants of Vif proteins. After 1 to 6 hours 200 µL of the media supernatant was loaded on a 10 % SDS-PAGE 
and analysed via Western blot with the first antibody of the secretion signal. The used marker was the PageRulerTM 
prestained protein ladder. 

 

Three other variants 222, 330 and 454 did not show any secretion level via Western Blot 

analysis and were not shown here. The best time of secretion was determined as three hours 

after induction point. 

To determine if the antibody of the secretion signal and the new antibody which is a 

monoclonal antibody of Vif (Thermo Fisher Scientific) are detecting the same variants and 

having the same sensitivity, the samples of three hour of all variants were analysed again 

with both antibodies (Figure 4).  
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Figure 4: Antibody check against the different variants of Vif proteins. The secretion test sample of every variant after 
3 h was tested again with the Anti secretion signal and with the anti-Vif antibody it was obvious that the Vif antibody is 
giving clearer signals but not for all variants. M is the PageRulerTM prestained protein ladder. See Table 4. 

 

It was determined that the Vif antibody detected just five of the ten different variants. The 

results of the Western blot using the Vif antibody are showing distinct signals compared to 

the secretion signal antibody. The secretion signal antibody detected six of the ten variants. 

Even when the signals are not distinct as the Vif antibody bands, this antibody detects more 

variants. The different sensitivity of detected Vif variants by the antibodies are listed in Table 

4.  
Table 4: Overview of the Antibodies and the variants. X is marking for which variant the antibody is working. 

Secretion 

Vif Name Antibody detection 

  Anti-Vif Anti-Secretion 

signal 

47 NL4-3 Vif WT X X 

221 Vif-D-158 (D-2) X X 

222 Vif-C-564 (C-1) - - 

224 Vif-C-748 (C-2) - X 

283 Vif-D-114 (D-1) X X 

330 Vif-C-MJ4 (C-3) - - 

454 Vif-F-029 (F-1) X - 

460 Vif-F-019 (F-2) - X 

523 Vif-F-020 (F-3) - X 

564 Vif-B-R01 (B-2) X X 

 

Interesting is that some variants are detectable of both antibodies and some just of the 

secretion signal antibody. The three variants mentioned before (222, 330 and 454) which 

show no signal in the first secretion test, are showing new results in the second analysis. The 

samples (222, 330) were also not detectable with the Vif antibody and seem to be not 
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secreted at all. The variant 454 was not detectable with the secretion signal antibody but with 

the Vif antibody it became clear that the secretion is working and just the detection in the 

secretion tests were limiting. 

For first purification trails the Vif 47 variant was chosen. Because both antibodies are 

working with the variant and the high amount of secretion level. 

 

Purification tests of the Vif 47 variant. The first step of the purification tests was a nickel 

affinity chromatography. The cells were grown in 2 x 30 mL 2xYT media containing 100 

µg/mL ampicillin, 30 µg/mL kanamycin and 5 mM (final concentration) CaCl2. At an OD600 

of 0.4-0.6 the cells were induced with 1 mM IPTG. 3 hours after induction the cells were 

harvested for 1 h at 8,000 rpm and the supernatant was additionally filtered throw a 0.45 µm 

filter. The supernatant was loaded on a 2 x 1 mL IMAC HP column (GE Healthcare) with a 

flow rate of 0.5 mL/min. After washing the column, a gradient elution was chosen to elute 

the protein (100% are 400 mM imidazole). The first try of purification was not successful. 

There was nearly no elution peak and via SDS-PAGE analysis no Vif protein bands were 

detectable. Only the Western blot analysis determined that a lot of the protein was not 

binding to the column. It was detected in the flow through (Figure 5). The used construct 

contains a 6 x His-tag at the C-terminus of the Vif protein and after the His-tag a TEV 

cleavage site and the secretion signal is located.  

 

 
Figure 5 First Nickel affinity chromatography of Vif. A) The IMAC chromatogram of the secreted Vif protein. A small 
elution peak is shown at the beginning of the gradient elution (green line). In B) a zoom in in the elution peak is shown. C) 
Here a Western blot analysis was performed to determine in which step the protein get lost. 1 is the supernatant and 2 the 
load of the IMAC. 3 and 4 are fractions of the main loading peak. 5-7 are the shoulder of the loading peak and 8-10 the 
elution fractions were loaded. It can be seen that the protein is not binding to the column and a lot of protein was determined 
in the loading peak. M is the PageRulerTM prestained protein ladder. 
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Due to the fact that the His-tag is located in the middle of the construct, it could be possible 

that the His-tag is not available for binding to the column. 

To increase the amount of bound protein the volume of the secretion was increased to 200 

mL and a bigger column (5 mL HiTrapTM IMAC HP column) was used. Also the elution 

was changed to a two-step elution. The first step contains 200 mM imidazole and the second 

step 400 mM imidazole. The changed conditions of this purification compared to the first 

purification did not show an increased elution peak. The changes had a contradictory effect 

and no elution peak was detected anymore. One reason for this effect could be that the 

supernatant with the media components were blocking the binding positions and the protein 

could not bind anymore. The column becomes brown while loading the supernatant. So, the 

next step was to concentrate the supernatant of the secretion up to 40 mL (start volume 200 

mL) with an Amicon ultracentrifugation unit (30 kDa MWCO) and perform a dialysis to get 

rid of some media components and to perform a buffer exchange. Also 1 mg TEV protease 

was added to see if the secretion signal was cleaved and so the amount of Vif protein binding 

to the column could be increased (Figure 6). The used TEV protease (Sigma Aldrich) is 23 

kDa big and contains also a His-tag. So, the used TEV will also bind to the column and has 

the same size as the cleaved Vif protein (23 kDa). To detect the difference between TEV 

and Vif a Western blot analysis with penta-His antibody and Vif antibody was performed 

(Figure 6). 

 
Figure 6: Purification after TEV cleavage. A) Nickel affinity chromatogram of Vif is depicted. A small elution peak is 
shown in the beginning of the gradient elution (green line). B) SDS-Page analysis of the different purification steps. 1 
shows the supernatant and 2 the concentrated supernatant. 3 is the flow through of the concentration step. 4 shows the 
supernatant before dialysis and TEV cleavage. 5 is the supernatant after overnight dialysis and TEV cleavage. 6 is the flow 
through of the IMAC and 7-9 are the elution peaks. To determine the steps in a more sensitive way and to analyse whether 
there is a lot of cleaved protein two Western blots were performed. One with a penta-His-tag antibody C) and one with the 
Vif antibody D). It became obvious that the cleavage of the TEV did not work correct and that there is more none cleaved 
protein in the fractions. M is the PageRulerTM prestained protein ladder. 
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The IMAC looks promising and the elution peak has increased compared to the first 

purification. Also, the SDS-PAGE shows less impurities but still in the IMAC elution peak 

there were still no detectable Vif bands visible.  

The Western blot analysis determined that there was nearly no cleaved protein and the 

amount of Vif protein binding to the column was not increased. The affinity of the His-tag 

to the column was still not high and also the TEV cleavage shows that the region the His-

tag is located in could be a problem for purification due to steric hindrance  

To determine if different metal ions are solving the problem of binding the column was 

loaded once with 100 mM copper chloride. Copper is known for a higher binding affinity.  

The elution peak of the IMAC performed with copper ions shows a high elution peak. The 

peak was concentrated and a further size exclusion was performed. Via SDS-PAGE analysis 

it could be shown that the purification with copper is also not working properly. The huge 

elution peak consisted mostly of impurities. And the size exclusion peaks were full of 

impurities too (Figure 7). 

 

 
Figure 7: Copper affinity chromatography of Vif. A) In A the IMAC chromatogram is depicted and the elution peak in 
the gradient elution (green line) is shown. B) Because of the huge elution peak, the elution peak was concentrated and a 
size exclusion chromatogram with a Superdex 200 10/300 GL (GE Healthcare) was performed. The chromatogram was 
not homogeneous and there are two different dominant peaks. For analysis, the peaks were concentrated and analysed via 
SDS-PAGE. C) In C the purification steps are analysed via SDS-PAGE, 1 shows the concentrated supernatant, 2 the flow 
through of the concentration step. 3 is the supernatant after dialysis. 4 and 5 are the flow through fractions of the IMAC 
and 6 - 8 are the elution peak fraction. 9 is the concentrated first peak of the size exclusion and 10 the second. It became 
clear that the protein is still not pure. M is the PageRulerTM prestained protein ladder. 

 

The copper ion increases the elution peak but the Vif protein was not purified in high yield 

and purity. So the copper ion does not show a better performance in the purification of the 
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Vif protein. The ion was changed to a more His-tag specific metal ion, cobalt. The affinity 

of cobalt ions is not as high as the copper ion, but the specifity to a His-tag is better. The 

IMAC was performed as before. The only change was the used metal ion. The observed 

elution peak was comparable with the nickel affinity chromatogram (Figure 8). Via SDS-

PAGE it could be detected that less impurities in the concentrated elution peak (band 9) are 

available than in comparison to the purification using copper. 

 

 
Figure 8: Cobalt affinity chromatography of Vif. A) In A the IMAC chromatogram is depicted and the elution peak in 
the gradient elution (green line) is shown. B) Zoom in of the elution peak. C) In C the purification steps are analysed via 
SDS-PAGE. 1 shows the concentrated supernatant, 2 the flow through of the concentration step. 3 is the supernatant after 
dialysis. 4 and 5 are the flow through fractions of the IMAC and 6 - 8 are the elution peak fraction. To see how high the 
purity of the elution is, the elution fractions were concentrated and loaded on the gel, lane 9. It became clear that the protein 
is still not pure. M is the PageRulerTM prestained protein ladder. 

 

The purification with cobalt improved the binding of Vif to the column but the protein was 

still not pure and the yield was way too low for crystallography. The next try to purify the 

Vif protein was with 2 mL Nickel NTA agarose resin (Qiagen). The intention was to incubate 

the supernatant with resin over night at 4 °C and shaking, to increase the binding of Vif. The 

resin was added to 25 mL concentrated supernatant (start volume 200 mL) and incubated 

over night at 4 °C. Then the resin and the supernatant were loaded to a drip column. The 

washing steps were performed 2 times with 10 mL wash buffer and 2 times 10 mL wash 

buffer containing 5 mM imidazole. The elution step was performed with elution buffer. All 

steps were analysed via SDS-PAGE and Western blot (Figure 9). The resin seems to work 

much more efficient in the purification of Vif. In the flow through of the resin was still 

unbound protein, but with this purification much more Vif protein could be purified 

compared to the previous ones. 
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Figure 9: First purification of Vif via Nickel NTA resin. A Nickel NTA agarose resin (Qiagen) was used to purify the 
Vif protein. 1 is the concentrated supernatant of the secreted media. 2 is the flow through of the concentration step. 3 is the 
flow through of the resin load, not all Vif protein binds to the resin. 4-7 are the different washing steps, no Vif protein 
elutes in these steps. 8 the elution step of the Vif purification with resin. The Vif protein elutes in these 5 ml in a 
concentration of 0.1 mg/mL. M is the PageRulerTM prestained protein ladder, the used antibody was the Vif antibody. 

 

The concentration of the 5 mL elution fraction was determined via NanoDrop containing a 

concentration of 0.1 mg/mL. 

To increase the binding of the Vif protein a construct with a 10 x His-tag was cloned via a 

side directed mutagenesis. The new plasmid was verified with sequence analysis. The new 

construct was used with an increased secretion volume 5 L 2xYT media. To concentrate the 

5 L of secretion supernatant a cross flow system with a 10 kDa membrane was used. The 5 

L were concentrated with a flow rate of 2 mL/min up to 250 mL and then again concentrated 

via an Amicon ultracentrifugation unit (30 kDa MWCO) to 25 mL. To the concentrated 

supernatant 10 mL of the Nickel NTA agarose resin was added and incubated over night at 

4 °C shaking. The supernatant and resin were added in a glass column and washed with 

washing buffer till baseline. The elution was performed with 400 mM imidazole. The elution 

fractions were analysed via SDS-PAGE and Western blot (Figure 10). 

 

 
Figure 10 Crossflow purification of Vif. With the cross flow 5 L supernatant could be concentrated and washed with 
buffer. 1 is the concentrated supernatant after cross flow. 2 is the flow through of the crossflow. 3 is the flow through of 
the resin load to the glass column and does not contain any Vif protein. This time everything was binding to the resin. 4-6 
are the washing steps of the resin and 7-11 are the elution fractions, 7 and 8 still impurities are found but the Vif protein 
was purified in a better quality than in any purification before. M is the PageRulerTM plus prestained protein ladder, the 
used antibody was the Vif antibody.  

 

The purification via cross flow and resin purification showed better results than all other 

purifications. The elution fractions contain Vif protein, but still some impurities were 

detected. The protein amount achieved with the optimized elution was not useable for 
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crystallography tests, but first interaction studies of the Vif protein with APOBEC3C protein 

(see below) could be performed.  

To get a higher yield another purification was tested, without secreting the protein. The next 

tested purification variant was the purification of Vif from inclusion bodies in E. coli. 

Therefore, the plasmid was transformed, without the pSJ37 plasmid, in E. coli BL21 (DE) 

cells. The cells were grown at 37 °C 180 rpm till a OD600 0.5 and induced with 1 mM IPTG. 

The temperature was decreased to 25 °C and the cells were grown over night. After 

harvesting the cells, the cells were lysed via cell disruption and the inclusion bodies were 

purified. With defolding buffer, containing 6 M guanidine, the inclusion bodies were 

incubated for 4 hours at 4 °C to defold the protein. Afterwards dialysis buffer tests were 

performed via dialysis knots to determine a refolding buffer. 42 different refold buffers were 

tested to analyse if the Vif protein is refolded and soluble in the supernatant after dialysis. 

Just one buffer, buffer 4 (100 mM NaCl, 0.05% (w/v) PEG 400, 400 mM Arginine and 50 

mM corresponding pH dependent buffer substance) shows Vif protein in the supernatant 

(Figure 11). 

 
Figure 11: Refolding tests of Vif protein. Shown is buffer 4 with different pH. S is the supernatant after dialysis overnight 
and P is the pellet after dialysis. The refolded protein should be in the supernatant in a soluble state. It is obvious that the 
low pH like 4-6.5 the protein is hardly refolded. At pH 7-9 the protein is found in the supernatant and it can be said that 
the buffer 4 pH 8 is the best refolding buffer which was tested. M is the PageRulerTM prestained protein ladder. 

 

So this buffer, buffer 4 pH 8 (50 mM Tris–HCl pH 8, 100 mM NaCl, 0.05% (w/v) PEG 400 

and 400 mM Arginine) was tested to refold the Vif protein and an IMAC was performed 

afterwards. But this purification does not show a purified and high yielded Vif protein. The 

purification of Vif protein for crystallography and co-crystallization with APOBEC3C could 

not be established. 

 

 

 



Chapter V – Viral infectivity factor of HIV 

 161 

Pulldown assay of APOBEC3C and Vif protein. The quality of the purified Vif protein 

was not good enough to perform crystallography, but first interaction tests could be 

performed. A pulldown assay with PierceTM glutathione magnetic agarose beads (Thermo 

Fisher Scientific) was performed. Therefore, APOBEC3C was purified and Vif protein was 

purified as described before. 60 µg APOBEC3C protein was bound to the beads. After three 

washing steps 28 µg Vif protein was added to the beads and incubated for 15 min at 25 °C. 

After seven washing steps the bound protein was eluted with 30 µL elution buffer. All steps 

were analysed via SDS-PAGE and a Western blot (Figure 12).  

 

Figure 12: Pulldown and controls of APOBEC3C and Vif. A) Pulldown assay with APOBEC3C and Vif. In 1 the 60 
µg APOBEC3C protein was given to the beads but not all of the protein is binding to the beads. In 2-4 the wash of the 
beads is shown, nearly no APOBEC3C elute in the wash steps of the beads. In 5 the 28 µg Vif, still with some impurities 
are incubated with the APOBEC3C containing beads. In the western blot, it can be seen that in the supernatant the Vif 
protein is detected and so it does not bind to the APOBEC3C protein. In 6-12 the wash steps are shown. 13 shows the 
elution step. Here the bound APOBEC3C is eluting and in the Western blot shows, that no Vif protein is co-eluting. B) In 
B) the control of APOBEC3C alone is shown. It looks exactly the same like the pulldown assay. C) Vif alone with the 
GST- magnetic beads. Also, no difference is shown in comparison to the pulldown assay. M is the PageRulerTM prestained 
protein ladder. 

 

The pulldown assay shows that the APOBEC3C protein binds to the beads and can be eluted 

from the beads. In Western blot analysis, it became obvious that the Vif protein is not 

interacting with the APOBEC3C and is not detectable in the elution fraction. The protein is 

detectable in the load and in the first washing step of the interaction step. So, there is no 

interaction of the both proteins. It could not be checked if the secretion signal was inhibiting 

the interaction of both proteins because the TEV cleavage did not work efficient and there 

was too little cleaved Vif protein.  
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Discussion 

 
At the moment treatments of the HI-virus are targeting main enzymes of the virus [7]. This 

leads to successfully control the virus. Nevertheless, the long-time use of these drugs is 

resulting in mutations of the virus and in ineffectiveness of the drugs [8]. Therefore, one of 

six accessory proteins of lentiviruses like HIV becomes the main interest of drug 

development [9; 10; 11]. This viral infectivity factor protein generates a complex of different 

host cell proteins. This complex results in a degradation of the host cell virus immunity 

proteins of the APOBEC3 family [12; 13; 20]. The Vif protein is already well characterized. 

The different binding sites necessary for the complex forming are solved [24; 25; 26; 27; 28; 

29]. One big question is still the crystal structure of the Vif protein in combination with 

APOBEC3 proteins. Therefore, a purification of the Vif protein in high yield and quality has 

to be established. In this thesis, a new kind of purification in E. coli was tested. Therefore, 

different Vif proteins out of varying HIV-1 types were successfully cloned with a C-terminal 

secretion signal and a six His-tag. The secretion was successfully determined via Western 

blot analysis. It was proven that some of the constructs are not detectable with the used 

antibodies. As a next step, correct antibodies need to be found for some constructs. For first 

purification tests a variant was used which is detectable with both used antibodies.  

Via column nickel affinity chromatography, the first tests were performed. The affinity of 

the protein out of the secretion supernatant was too low for purification. Therefore, dialysis 

and a bigger amount of secretion volume was tested. Changing the used metal ions to copper 

or cobalt also does not show a significant increase of the purified Vif protein. Zinc could 

also be an option in immobilized metal ion chromatography. It was not tested because it is 

already known that the zinc binding motif HCCH can lead to increased protein-protein 

interaction if zinc is available for binding [33]. To increase the binding efficiency a nickel 

NTA resin was tested but the affinity of the protein binding to the resin was still too low for 

a high yield purification. For purification of Vif the nickel NTA resin is the best tested 

purification variant. Vif should be purified in a folded form and not via denaturating and 

refolding it [33; 34; 35]. Therefore, E. coli as a secretion pathway was used to purify Vif out 

of the media. In the tested purification steps the protein does not aggregate, resulting in two 

possibilities. First the aggregated protein does not bind to the column or resin and it could 

be not observed or second Vif shows less aggregation in this way of purification.  

To test if the protein is purified in higher yield also purification of denaturated Vif protein 

were performed. A purification out of inclusion body was tested with the same construct 
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used before but without additional pSJ37 plasmid, which is only needed for secretion. A 

refolding of the protein was determined in a 50 mM Tris–HCl pH 8, 100 mM NaCl, 0.05% 

(w/v) PEG 400 and 400 mM arginine buffer. This was the only buffer of the tested 42 which 

shows refolded soluble protein. The purification out of inclusion bodies was not as effective 

as the purification with Nickel NTA resin. The best tested purification of Vif protein in this 

thesis was to secrete the protein and purify it with a Nickel NTA resin.  

Based on the purification issues the increase of Vif protein concentration was not high 

enough to perform crystallography, but first interaction studies with APOBEC3C protein 

could be performed. The interaction studies show no interaction between Vif and 

APOBEC3C. If the secretion signal has an influence on the interaction of the proteins could 

not be determined, as the cleavage efficiency of the TEV protease was not sufficient. The 

established purification seems to be the way for purifying Vif protein in big scale. There was 

no aggregate observed and with an improvement of the used construct it could be possible 

to increase the yield.  

One possible option could be a change of the used tag. The tag has to be reachable for the 

used column or resin. Therefore, it could be a possibility to use a GST-tag (26 kDa), like in 

the APOBEC3C protein [31; 32]. In comparison to the 1 kDa big His-tag the GST-tag is 

bigger and could be increase the probability for binding. Also, one big advantage of a 

different tag could be the absence of metal ions. Duarte et al. observe even in the presence 

of nickel ions a higher aggregation of Vif [35]. So, an ion independent purification like 

glutathione might improve the purification of the secreted Vif protein. A bigger tag can also 

have an advantage on the TEV cleavage efficiency. So further improvements for the 

established purification should be made in future in order to purify soluble, folded, high 

yielded Vif protein with different APOBEC3 proteins for crystallography. This is needed to 

get information about possible structural changes and by this develop drugs to inhibit the 

binding. 
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4. General Discussion 
 

In this thesis, cloning of the CD1348 from Clostridium difficile (C. difficile) for heterologous 

expression in Escherichia coli (E. coli) and for in vivo analysis in L. lactis was completed. 

CD1348 purification was established and activity and affinity analyses were performed. 

Additionally, via multi-angle light scattering (MALS) a further characterization test of 

CD1348 was achieved. A model of the protein structure was described with Small-angle X-

ray scattering (SAXS) and nuclear magnetic resonance (NMR) (Chapter III). 

Additionally, the lipid composition of the Lactococcus lactis (L. lactis) NZ9000 was 

analysed to compare it with a lantibiotic and antibiotic resistant strain (Chapter IV).  

 

4.1. Potential function of CD1348 

 

CD1348 is a lipoprotein from C. difficile encoded directly in front of a known lantibiotic 

resistance ABC-transporter, CprABC. This resistance operon consists of a two-component 

system and the mentioned ABC-transporter [157; 158]. These components are known to be 

involved in immunity or resistance mechanisms of bacteria against lantibiotics. Two 

different constellations of resistance and immunity systems are known. One constellation is 

a two-component system with a periplasmic sensing histidine kinase and a response 

regulator in combination with a LanFEG type immunity transporter or a CprABC resistance 

transporter. The other one is an intramembrane sensing kinase and a response regulator 

forming a two-component system in combination with a BceAB type resistance transporter 

[67; 106; 135; 152]. Some systems contain an additional membrane associated protein 

performing resistance or immunity [160]. The hypothesis was that CD1348 is a membrane 

associated protein performing resistance against lantibiotics like the resistance protein Nsr 

in S. agalactiae, or the immunity proteins of lantibiotic producer strains like NisI in L. lactis 

or SpaI in Bacillus subtilis (B. subtilis) [154; 160; 161; 162; 164] (Chapter I). 

In Chapter III the purification of CD1348 was established and first characterization studies 

were performed. In vivo and in vitro measurements were performed with gallidermin and 

nisin, known lantibiotics against which the ABC-transporter CprABC confers resistance 

[157]. Comparing results of L. lactis NZ9000 strain, expressing the CD1348 protein, to a 

sensitive NZ9000 strain it could be concluded that CD1348 is not conferring resistance in L. 

lactis against nisin and gallidermin. The IC50 values are with 4.9 ± 0.4 nM nisin (CD1348) 

and 5.2 ± 0.5 nM nisin (20.9 ± 1.9 nM and 34.7 ± 3.3 nM gallidermin) nearly the same 
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(Chapter III, Table 4). In vitro analyses determine KD values of a µM range (2.4 µM 

gallidermin/ 9.6 µM nisin) (Chapter III, Table 3), a deathly concentration for in vivo 

measurements. The interaction studies do not provide an answer for the possible protein 

function with the tested lantibiotics, but show that some kind of interaction is possible. Also, 

an amino acid sequence blast in the NCBI data base does not give an idea of potential 

functions. Only hypothetical proteins of C. difficile were found with a high similarity. In 

Figure 15 a NCBI amino acid blast is depicted. The highest alignment score results were 

found in C. difficile strains (Figure 15 red). Excluding the C. difficile genome results in a 

homology loss (45%-29%) of hypothetical proteins from Romboutsia or Clostridia (Chapter 

III, Table 5) (Figure 15 pink). So, the function of CD1348 remains elusive.  

 

 
Figure 15: Amino acid NCBI blast of CD1348.  
In red, the blast results showing the highest homology are depicted. Here are only C. difficile strains mentioned with an 
identity of 100% - 89%. In pink bacteria with lesser alignment score are depicted. Here also different Clostridia strains are 
shown and also Romboutsia strains, like Romboutsia weinsteini. In Blue and black the less identity strains are coloured, 
also here are just Clostridia strains, like Clostridium cadaveris or Clostridium baratii mentioned. 
 

In this thesis, the structure of CD1348 was modelled. A modelling program was used for a 

protein model and with the help of SAXS and NMR measurements it was able to analyse 

the protein structure of CD1348 (Chapter III). The SAXS measurements were performed to 

create a low-resolution model of the protein. A fitting of the calculated model and the SAXS 

low-resolution model showed that the model structure is highly fitting to the measured 

SAXS model (Chapter III, Figure 13). Comparing the solved structure with known resistance 

and immunity proteins like NisI, SpaI or Nsr the uniqueness of the CD1348 structure was 

detected [171; 218; 219]. The structure of SaNsr from Streptococcus agalactiae (S. 

agalactiae) was solved via X-ray crystallography in 2016 [171] (Figure 16). SaNsr contains 
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three domains, an N-terminal helical bundle, the protease cap and a core domain forming a 

hydrophobic tunnel of 10 Å width [171]. SaNsr belongs to the S41 family of peptidases and 

contains a highly conserved TASSAEM motif. This sequence contains the catalytically 

active serine residue necessary for activity, shown via deletion mutant of this serine [169; 

171]. SaNsr cleaves of the last six amino acids of nisin, therefore SaNsr needs the C-

terminus, the rings D-E and the last serine, of nisin. An absence of these motifs results in a 

loss of activity of SaNsr. Based on this known mode of action SaNsr is highly specific to the 

C-terminus of nisin [169; 171]. 

 

 
Figure 16: Cartoon representation of crystal structures of NisI and SaNsr and NMR structures of SpaI and model 
structure of CD1348.  
A) The crystal structures of SaNsr from S. agalactiae (PDB code: 4Y68). B) The crystal structure of NisI from L. lactis 
(PDB code: 5XHB). C) NMR structure of SpaI from B. subtilis (PDB code: 2LVL). D) Model structure of CD1348 from 
C. difficile. Depicted in red are the helices, in yellow the sheets and in green the loops. 
 

The structure of lipid-free NisI was also solved via X-ray crystallography in 2018 [219] 

(Figure 16). NisI is different to SaNsr a two domain predominantly ß-sheet protein. The N-

terminal domain is highly positive charged and is able to bind to the membrane while the C-

terminal domain of NisI is negatively charged which is important for the nisin interaction 

[220]. The interaction of the C-terminal domain and nisin was analysed with deletion 

mutants and with a hybrid containing the N-terminus of NisI and the C-terminus of SpaI. 

This hybrid was not able to bind nisin anymore instead it binds to subtilin [221]. This 

observation was interesting as the original NisI is only able to bind nisin and not subtilin 

[221]. In vivo NisI provides immunity up to a nisin concentration of 60 nM in L. lactis. In 

vitro a rather weak affinity was determined in low µM range, perhaps because of the lacking 

membrane environment [220; 221]. Both domains of NisI contain a similar fold which also 
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has been observed in the structure of SpaI. SpaI is the immunity protein of B. subtilis and is 

a single domain protein and also a ß-sheet protein. The structure of SpaI was solved via 

NMR spectroscopy in 2012 (Figure 16) [218]. SpaI is highly specific to subtilin [155; 218]. 

The CD1348 structure contains three different domains, a large N-terminal loop region, two 

a-helices and five ß-sheets. The a-helical domain seems to interact via hydrophobic force 

with the five ß-sheets which could be a reason for the observed heat resistance of the CD1348 

protein (Chapter III, Figure 19). There is no dominant positively or negatively charged 

separation into N-terminus or C-terminus in the protein observed, like in NisI [220]. But still 

some negatively charged regions could be determined were a positive charged interaction 

partner could bind. The negative charge in CD1348 is located in the small  a-helix at the top 

of the structure and the C-terminal small a-helical bundle.  

 
Table 1: Result of EBI structure blast of CD1348.  
Proteins are ordered due to their RMSD value, representing higher similarity to low. 

RMSD 

(Å) 

Gene Name Organism Sequence domain Aligned 

Amino 

Acids 

Function 

2.72 CBFG_00659 

(PDB code: 4olo) 

[222] 

Clostridiales Bacterium 

1_7_47FAA 

CcmK-like superfamily 

 

109 Not assigned 

2.73 SMU_848 

(PDB code: 2g0j)  

Streptococcus mutans Cysteine protease Prp 145 Not assigned 

2.74 SAOUHSC_01 

(PDB code: 4peo)  

Staphylococcus aureus Cysteine protease Prp 106 Not assigned 

2.89 VC0395_A0969 

(PDB code: 4hi2) 

[223] 

Vibrio cholera O395 Acylphosphatase-like domain 91 Acylphosphatase 

activity 

2.91 PF1909 

(PDB code: 2z8q) 

Pyrococcus furiosus 

DSM 3638 

3Fe-4S ferredoxin 66 Metal ion binding 

2.96 SP_1106 

(PDB code: 2idl) 

Streptococcus 

pneumoniae TIGR4 

Cysteine protease Prp 

 

117 Not assigned 

3.04 TRQ2_1395 

(PDB code: 2mew) 

Thermotoga Maritima Ribosomal protein S10 82 RNA binding 

3.13 Pecwa_4094 

(PDB code: 4olp) 

[222] 

Pectobacterium 

parmentieri WPP163 

Microcompartment protein 107 Not assigned 

3.20 TM1457 

(PDB code: 1s12) 

[224] 

Thermotoga Maritima Cysteine protease Prp 94 Not assigned 

3.38 BSU13900 

(PDB code: 1jem) 

[225] 

Bacillus subtilis Phosphocarrier protein 87 Protein binding 
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To obtain a more general overview of similar proteins and not only focus on possible 

resistance proteins, the solved structure model was used for a structure blast in the EMBL-

EBI Protein Data Bank in Europe to see if any known protein has a similar structure. This 

search results in a list of several proteins containing a similar structure (Table 1).  

Several different Gram-positive bacteria carrying a protein with a somehow similar protein 

structure could be identified. The proteins were ordered by the Root Mean Square Deviation 

(RMSD). The RMSD value is calculated between Ca-atoms of matched residues at best 3D 

superposition of the query and the target structure. Large RMSD values (>3 Å) represent a 

reduced similarity of the compared protein structures [226]. In Figure 17 depicted are the 

CD1348 (178 aa) structure and two matched structures with different RMSD values. The 

SMU.848 has a RMSD value of 2.73 Å and the Pecwa_4094 of 3.13 Å. The similarity of the 

Pecwa_4094 structure is matching less than for SMU.848. Because there was no protein 

found with a RMSD value under 2 a second blast was performed, lacking the large N-

terminal loop domain, to see if a better match could be found. This blast was performed to 

figure out whether the N-terminal part influences the outcome. But no changes in RMSD 

values were detected in this second outcome.  

Having a closer look to the structures of the fitting proteins the blast results only show a 

reduced similarity to CD1348. The detected similar proteins all have a ß-sheet and a  a-

helical domain like CD1348 but they are all lacking the large N-terminal loop region. One 

explanation for the lacking N-terminal loop region might be that these proteins are no 

lipoproteins and are not anchored within the membrane.  

 

 
Figure 17: Structures of CD1348 and two example structures from the structural blast.  
A) CD1348 model structure calculated via TOP model (D. Mulnaes, unpublished). B) Structure of the SMU.848 protein of 
S. mutans with a cysteine protease sequence domain (PDB code: 2g0j). SMU.848 has similar to the CD1348 protein five 
ß-sheets and two a-helices, and a similar structure to the head of the CD1348. C) Structure of the Pecwa_4094 protein of 
Pectobacterium parmentieri WPP163 (PDB code: 4olp). It contains four ß-sheets and four a-helices and does not show a 
high similarity to the CD1348 protein. The a-helices are depicted in red, the ß-sheets in yellow and the loops are coloured 
in green. 
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Nevertheless, one interesting result was observed. Four different proteins containing a 

cysteine proteases Prp sequence domain are identified in the blast. These proteins were 

identified in Streptococcus mutans, Staphylococcus aureus and Streptococcus pneumoniae 

which were all human pathogens and one in Thermotoga Maritima [227; 228; 229]. This 

was a promising result because C. difficile is also a human pathogen and even when the 

fitting result is not high based on the RMSD value it provides a further potential function of 

the CD1348. A closer look to the genome position using the NCBI data base of the four 

identified proteins shows that these proteins are not encoded in front of an ABC-transporter 

or two-component system, so this cysteine proteases are not involved in a resistance system.  

Therefore, a comparison to cysteine proteases Prp was performed and analysed if the 

CD1348 protein could be part of this protein family. The cysteine protease Prp has a 

conserved motif of GHxxxxxxGxDxxC (x is any amino acid), and some are known to cleave 

of ribosomal protein L27 [230]. The amino acid sequence of CD1348 and structure show 

none of these motifs. CD1348 does not contain the Prp cysteine protease typical residue. In 

Figure 18 an alignment of the CD1348 protein and the cysteine protease Prp SMU.848 is 

depicted. The typical cysteine protease Prp residues are coloured red in the SMU.848 

(yellow) and are labelled. The corresponding amino acids in CD1348 (blue) at the same 

structural location are EExxxxxxLxLxxD, depicted in orange. Here it became clear that the 

residues of a Prp cysteine protease are not located in the CD1348 protein. Also, due to the 

different length of the a-helices the alignment shows that the structures, even excluding the 

N-terminal loop region, are not exactly fitting. To determine if CD1348 is another kind of 

cysteine protease the CD1348 sequence was compared to cysteine protease typical amino 

acid residues. Cysteine proteases consist of a cysteine, histidine and asparagine triad within 

the active site [231]. The histidine residue is present in the active site and acts as a proton 

donor to enhance the nucleophilicity of the cysteine residue. This nucleophilic cysteine 

residue can then interact with the carbon of the reactive peptide bond [231]. CD1348 also 

does not contain this triad motif. Both kinds of residues cannot be identified in CD1348. 

Based on these findings the potential function of CD1348 as Prp cysteine protease and 

typical cysteine protease can be excluded.  
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Figure 18: Structure alignment of CD1348 and SMU.848.  
A) Depicted are the cartoon representation structures of CD1348 from C. difficile (blue) lacking the N-terminal loop domain 
and the cysteine protease Prp SMU.848 from S. mutans (yellow) (PDB code: 2g0j). The typical amino acid sequence in a 
Prp cysteine protease GHxxxxxxGxDxxC is depicted in red [230]. The structural related amino acids of CD1348 are 
depicted in orange, the residue of EExxxxxxLxLxxD (x any amino acid) does not share any similarity with the cysteine 
protease Prp motif. It is shown that the structure alignment shows a similarity. B) Zoom in of the SMU.848 structure and 
the labelled amino acids of the Prp cysteine protease motif. C) Zoom in of the CD1348 protein and the corresponding 
amino acids. 
 

To sum up, the purification of the CD1348 protein is established and the protein structure 

could be solved. The function of the protein is still unknown and even structural and 

sequence blasts do not result in a possible function. The structure of CD1348 is till date 

unique and the protein is expressed only in C. difficile. The structure shows less similarity 

to other proteins. The first hypothesis of CD1348 being a lantibiotic resistance protein 

neither could be excluded or validated in this thesis and the functional analysis has to be 

carried on. Furthermore, a potential protease function, like SaNsr, needs to be figured out 

[169; 171]. Comparing the till date characterized resistance and immunity proteins with the 

data of analysed CD1348 it became clear that no complete matching could be detected. 

Interesting is that the in vitro analysis of CD1348 results in an interaction with the 

lantibiotics in a deathly concentration, like in in vitro analysis of NisI (Table 2). For NisI the 

membrane environment is missing so the affinity is reduced [220]. As no resistance in vivo 

could be observed, the interpretation of in vitro results for CD1348 is difficult. Maybe a 

correct substrate will show a resistance in vivo. 
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Table 2: Comparison of immunity protein NisI, resistance protein SaNsr and the potential resistance protein 
CD1348. 

 NisI CD1348 SaNsr 

Molecular weight 27.8 kDa 20.6 kDa 36.2 kDa 

Localization Membrane attached/ 

Lipid-free 

Membrane attached Membrane spanning 

Sequence motif N-terminal signal peptide N-terminal signal peptide N-terminal transmembrane 

helix 

Substrate Nisin Not determined Nisin 

Function Nisin binding Not determined Nisin cleavage 

Mechanism Cell clustering Not determined Activity lowering of nisin 

Fold of resistance 8-10 - 20 

Binding affinity Nisin: 1 µM Nisin: 9.6 µM 

Gallidermin: 2.4 µM 

Not determined 

Heat stability Not determined Up to 90 °C Not determined 

Structure determined X-ray crystallography Modell calculation and 

NMR 

X-ray crystallography 

Domains two  three  three  

 

To identify the substrate, function, mechanism and the fold of resistance of CD1348 

interaction studies have to be performed (Table 2). For these experiments different possible 

substrates have to be used, as it is known that resistance and immunity proteins are highly 

specific to mostly one lantibiotic.  

 

4.2. Potential substrates of CD1348 
 

Lantibiotic resistance and immunity membrane associated proteins, which have been 

characterized so far, are highly specific for one substrate. This was analysed in detail for the 

NisI and SpaI proteins [154; 155]. It is published that the proteins are just performing 

immunity against the produced lantibiotic of the corresponding strain. NisI recognises nisin 

but not subtilin although the structures have a high homology [135; 221]. Due to this it is 

still possible that CD1348 is performing resistance but nisin and gallidermin, which are 

substrates of the CprABC transporter, are not the correct substrates of CD1348 (Chapter III). 

The structural analyses performed before show that the CD1348 protein seems to be a unique 

protein within C. difficile. Based on this information an analysis of different bacteriocin 

producing Clostridia seems reasonable to find a possible substrate of the CD1348 protein. 

C. difficile is not known to produce a bacteriocin so other Clostridia were analysed with the 

Bagel 3 and Bagel 4 program [232], which analyses different genomes to identify possible 

bacteriocins. Also in publications some bacteriocins produced in Clostridia were found 
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[168]. In Table 3 a list of different bacteriocins produced in Clostridia are shown. In this 

research, different classes of bacteriocins could be identified in various Clostridia. Class I 

(lantibiotics), class II (non-lanthionine unmodified peptides) and class III bacteriocins could 

be identified [79].  

Due to the fact that the CprABC transporter is active against class I bacteriocins, like nisin 

and gallidermin, three possible candidates were still left [157; 158]. The class I bacteriocin 

produced by Clostridium maddingley (C. maddingley), Clostridium perfringens (C. 

perfringens) and Clostridium beijerinckii (C. berijerinckii) [168]. Comparing the amino acid 

sequence with the lantibiotics the ABC-transporter could be active against two bacteriocins, 

maddinglicin and fringenlicin. The comparison with the ABC-transporter is done as it could 

be suspected that CD1348 will have a substrate also interacting with the ABC-transporter. 

The ABC-transporter is unspecific in binding different substrates in a resistance system [135; 

152; 170].  

 
Table 3: Different bacteriocins produced by various Clostridia species.  
In green the Class I bacteriocins, in yellow the class II and in red the class III bacteriocins are depicted [168; 232]. 

Bacteriocin Bacteria Sequence Name 

 Clostridium 

maddingley 

ITSKSLCTPGCITGVLMCITQNSCVSCKSCIKC Maddinglicin 

Class I Clostridium 

perfringens 

ITSVAYCTPGCLTGELCGSSECGLTRSCTNTWLCS Fringenlicin 

 Clostridium 

beijerinckii 

MFLVAGALGVQTAAATTIVNVILNAGTLVTVLGIIASIASGGAG

TLMTIGWATFKATVQKLAKQSMARAIAY 

Circularin_A 

 Clostridium 

perfringens 

MENLNLNQLENINGGYWKTIWAVGPGLYQRDTETGKYRWIQT

QDNLSYTTNVIANGWAGSAAGGYFSGR 

Lactococcin_A 

Class II Clostridium 

botulinum 

MQKPEIISADLGLCAVNEFVALAAIPGGAATFAVCQMPNLDEIV

SNAAYV 

Boticin_B 

 Clostridium 

perfringens 

MDSELFKLMATQGAFAILFSYLLFYVLKENSKREDKYQNIIEEL

TELLPKIKEDVEDIKEKLNK 

UviB 

 

 

 

 

 

 

Class III 

Clostridium 

perfringens 

 

MANNIIPNVSSGDLVGSTPTFPPNAVVRGDFLYLRDVDGNQIPG

RTVSDGDEITVLFISNEKNIVLVQYPTSSGYRQGYVTNATSIIKY

KDDYSWVNGSTPEPVYDFDKTTQIGTLDPRERAVVLYKVDGM

TYVAYDTGKGKLTKSGLVHYEGSGSSTGGGSFNGVAPGEVVP

GGFTYENNAEVVGDELYLRDANGNLIPGRSVSVGDKITVLDVG

YTKQLALVQYPAGDVVRQGYVTNATNLIRYFNQYSWHNG 

Bacteriocin_ 

BCN5 

 

 Clostridium 

tyrobutyricum 

 

MRKVFLRSIISTLVMCAFVSSSFSVNADESKPNDEKIINNIENVTT

TKDIVKSNKNNIVYLDEGVMSIPLSGRKPIAIKDDNNKEDLTVT

LPIKNTGDISKISSNGTILYKNNSSNSSNIALQPKNDGFKALININ

DKLANKEYEFTFNLPKNSKLISAATYLGKEYDTKEVFVVDKNNI

ITSIISPAWAKDANGHNVSTYYKIVSNNKLVQVVEFTENTAFPV

VADPNWTKIGKCAGSIAWAIGSGLFGGAKLIKIKKYIAELGGLQ

KAAKLLVGATTWEEKLHAGGYALINLAAELTGVAGIQANCF 

Closticin_574 

 

 

 



General Discussion 

 176 

Two interesting class I bacteriocins were found [168]. One is maddinglicin from C. 

maddingley and one is an uncharacterized bacteriocin from C. perfringens [168; 233]. These 

possible substrates are interesting as both sharing a high similarity to the ring A and B from 

nisin. Maddinglicin shares a higher similarity than fringenlicin but both contain the ring B 

motif proline and glycine. This motif seems to be necessary for the CprABC transporter as 

recognition structure [157]. The predicted structures of the peptides are calculated with the 

RIPPMiner to see structural differences to nisin (Figure 19) [234]. The lantibiotic 

maddinglicin shows a higher similarity to nisin. The first two rings are highly similar to nisin 

and also the third ring is similar. But after the third ring the structure is not homolog to nisin 

anymore. The flexible hinge region is missing and maddinglicin contains four rings instead 

of two at the C-terminus. The mentioned four rings are all intertwined. Maddinglicin 

contains three lanthionine rings and four methyllanthionine rings. Because of the amino acid 

sequence and the first three rings, which are highly similar to nisin maddinglicin should be 

able to bind lipid II [101; 102].  

 

 
Figure 19: Potential substrates of CD1348 compared to nisin.  
Schematic structures of three lanthipeptides. First depicted is nisin, one of the best characterized lantibiotics. The N-
terminal part contains the (methyl-) lanthionine rings A-C, ring C is followed by the flexible hinge region and the last two 
lanthionine rings D-E. The CprABC transporter of C. difficile is recognising the second ring. Maddinglicin and fringenlicin 
are two possible substrates of CD1348. They are sharing a high similarity in the N-terminus of the peptide, and in special 
the second ring. The C-terminus is different in comparison to nisin. The dehydrated amino acids and the cysteines of the 
lanthipeptides are highlighted in yellow and orange. The (methyl-)lanthionine rings are visualized in orange and red. 
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It has still to be determined if maddinglicin forms pores. Because of the missing hinge region 

and the four intertwined rings, it does not seem flexible enough to flip in the membrane to 

form pores, like nisin does [99; 103; 235].  

The uncharacterized lantibiotic, here named fringenlicin, shows similarity to nisin in the first 

two rings. The other rings are different to nisin. A flexible hinge region like in nisin is present 

in fringenlicin. Beside this the C-terminus contains three rings instead of two intertwined 

compared to nisin.  

Because of our measurements in L. lactis it is suspected that the CD1348 protein is not 

recognising the N-terminus with the rings A and B like the CprABC transporter [157]. A 

theory is that CD1348 recognises the C-terminus of the lantibiotic, like SaNsr does [169; 

171]. So, both lanthipeptides could be promising candidates of the CD1348 protein. C. 

maddingley is a Clostridia isolated from coal-seam gas formation water in Victoria, 

Australia [233]. Because less is known about C. maddingley and no information is available 

if it is a human pathogen, it is unknown if it would be useful for C. difficile to be resistant 

against a lantibiotic produced by this organism [233]. C. perfringens is a human pathogen 

like C. difficile so it is possible that both organisms get in contact. C. perfringens is found in 

the gastrointestinal tract of human and animals. The Gram-positive bacteria is the cause of 

human diseases such as gas gangrene and food poisoning [236]. C. difficile is a multi-

resistant pathogen causing infections in the gastrointestinal tract resulting in a chronical 

disease and inflammation of the colon [237; 238]. Due to the fact that C. difficile and C. 

perfringens are both present in the gastrointestinal tract. C. difficile could be resistant to a 

lantibiotic produced by C. perfringens as they are competitors in the human body. 

A blast of the sequence of CD1348 and the genome of C. perfringens and C. maddingley 

using NCBI data base does not show any similar protein in these bacteria. CD1348 seems to 

be a unique protein only present in C. difficile.  

Further interaction studies with the described lantibiotics and the CD1348 protein have to 

be done. The lantibiotics can be modified and purified with the established Lactococcus 

lactis system containing the modification enzymes of the nisin system [163; 239]. The 

CprABC transporter should also be tested in presence and absence of the CD1348 protein to 

assure that the protein function is correctly determined, like for NisI. If a substrate can be 

identified also the mechanism description can be detected if it is cooperative with the 

transporter like NisI and NisFEG [154; 161; 162; 163]. These tests can also identify if the 

CD1348 may support the transporter in presence of one special lantibiotic like a mechanism 

known in S. aureus with a small transmembrane protein VraH. VraH supports the ABC-
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transporter VraDE. Interestingly, VraH is only important for resistance against gallidermin. 

The nisin and bacitracin resistance of the transporter appears to be independent of VraH 

[240].  

In conclusion, the research of possible substrates still can go on to prove a function as 

resistance protein against lantibiotics of CD1348. There are still bacteriocins as candidates 

for research and these candidates can also be interesting without the CD1348 protein as new 

lantibiotics, which can be interesting for disease treatment in medicine. Not only interaction 

with CD1348 and CprABC are interesting for further research of this described possible 

substrates, beside this also the mode of action could be of interest as only less is known about 

them till date. 

 

4.3. Lipid composition of L. lactis 
 

In the second major topic of this thesis the lipid composition of L. lactis NZ9000 was 

determined. Lipids have several major functions in cells. Of course, they are involved in the 

membrane structural components, but they can also be energy and heat sources, signalling 

molecules, protein recruiting platforms and substrates for protein-lipid modification [241; 

242; 243; 244; 245]. The understanding of lipids is an important step in biology. Membrane 

lipids like phospholipids are important in many mechanisms. An interesting aim is to check 

the influence of changing lipid compositions. A change in lipid composition is not only 

inevitably resulting in changes of membrane properties. Lipids are involved in protein 

interaction and activity so a change can also have an effect on integral membrane and non-

membrane proteins [241]. 

In this thesis, the lipid composition of L. lactis NZ9000 was determined which was not 

available in detail till date. The Gram-positive bacterium Lactococcus lactis has become a 

good system for overexpression of membrane proteins over the last 20 years [246; 247; 248; 

249; 250]. One major reason is the nisin-controlled expression system (NICE). This system 

contains the two-component system, a regulatory system NisK and NisR which is involved 

in the production of nisin A [251; 252]. There are also some other reasons why L. lactis is 

suitable for prokaryotic and eukaryotic membrane protein expression beside the different E. 

coli. The benefits of Lactococcus are a rapid growth and the high cell density without 

aeration in comparison to E. coli or yeast [249; 250]. It is not able to produce endotoxins 

and is a food-grade organism. One major advantage is that expressing of eukaryotic 

membrane proteins in L. lactis does not result in inclusion bodies [246; 247; 249]. One 
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example is the KDEL receptor while expression in E. coli results in inclusion bodies, L. 

lactis is targeting exclusively to the cytoplasmic membrane [253; 254]. Other advantages 

are the low protease activity, no spore forming like other Gram-positive bacteria and 

containing only one membrane. Due to the fact that there is only one membrane, transport 

and binding assays can be performed with whole cells [249; 250]. In 2003 Kunji et al. 

published different examples for overproduction of eukaryotic membrane proteins in L. 

lactis. Here the focus was on mitochondrial transporters and carriers [249]. In this paper, it 

was shown that mitochondrial proteins are easy and functional overexpressed with the help 

of the NICE system. The tested carriers have been overproduced in E. coli in large amount 

before, but the protein was found in inclusion bodies, misfolded or non-functional [249; 

255]. Mitochondrial carrier can also be overexpressed in yeast mitochondria, but their 

purification from carriers with overlapping substrate specificities is difficult [256; 257]. L. 

lactis does not show such problems therefore it is a good expression system also for 

mitochondrial carriers [256; 257]. Some disadvantages are the AT-rich codon usage of the 

organism and the relatively high resistance against lysis. The disadvantages are negligible 

in comparison to the advantages. The good results of already expressed membrane proteins 

in this organism are showing that L. lactis NZ9000 is a good candidate for membrane protein 

expression [246; 247; 248; 249]. Because of its rising use in protein purification the lipid 

composition is a further step to optimize protein expression.  

Due to the fact membrane proteins are able to interact with phospholipids like cardiolipin 

(CL), phosphatidylglycerol (PG), phosphatidylethanolamine (PE) and phosphatidylcholine 

(PC) it is important to know the significant lipids for the protein of choice. One example is 

ABCB10 a human mitochondrial ATP-transporter binding to CL [258; 259]. Membrane 

proteins are not such easy to purify as soluble proteins and some proteins can be inactive 

without the right phospholipid. So the lipid composition of the different expression systems 

like E. coli, L. lactis or yeast has to be known and maybe compared to the one of the host 

organism (Table 4) [260]. This knowledge helps the scientists to choose the right expression 

system for the membrane protein of interest. 
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Table 4: Phospholipid composition of three different used expression systems. 
 

Organism Phospholipids Reference [260] 

Escherichia coli Inner membrane: 

PE 70 -80%; PG 15-20%; CL 5% 

[261] 

 

Lactococcus lactis 

 

CL 48.9%; PC 33.1%; PG 6.9 %; LPC 5.4%; PE 3.2%;  

SM 1.4%; LPE 1% 

 

Chapter IV 

 

Saccharomyces cerevisiae 

 

 

Plasma membrane: 

PC 17%; PE 20%; PI 18%; PS 34%; PA 4%; Cl 0.2% 

 

Mitochondrial membrane: 

PC 40%; PE 26%; PI 15%; PS 3%; PA 2%; CL 13% 

 

 

 

[262] 

 

The lipid composition of these bacteria and other used expression systems can be compared 

and the best expression system could be used for the membrane proteins expression. Some 

membrane proteins are known to need CL or PG for correct folding or activity [242; 263; 

264]. So, an expression system containing these phospholipids should be used. If a wrong 

expression system is used this may result in a wrong folded purified protein and due to this 

the protein is inactive. 

Comparing Gram-positive bacteria lipid compositions can be used to show that these 

bacteria are varying a lot in the composition (Chapter IV, Table 3). Even different treatment 

in the growth of bacteria can change the lipid composition of one organism like in S. cereus. 

For this bacteria it could be shown that the lipid composition is changed in different growth 

temperatures while at 37° C the PE value is 43 % the value increased at a growth temperature 

at 15 °C up to 70% [265]. Resulting in a high variety of composition.  

Not only the membrane charge is depending of the lipid composition also the membrane 

curvature can be influenced by different phospholipids [241]. The head group and the 

hydrophobic tails have a high effect on the lipid shape and the curvature of the membrane 

[266]. The fluidity of the membrane can also have an influence on the system therefore the 

fatty acids are important. While long and saturated fatty acids make membranes thicker and 

less fluid, unsaturated fatty acids do the opposite [241; 242; 267]. All this causes different 

membranes which are important for proteins. 

In L. lactis the major phospholipids are CL (48.9 %) and PC (33.1 %) so this system can be 

a candidate for overproduction of membrane proteins and especially mitochondrial proteins. 

CL is one major component in the inner mitochondrial membrane and it is known that some 

membrane proteins bind to CL like the ADP/ATP carrier, which is responsible for of ADP 
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transport into the mitochondria [258; 268]. Also, PC is a common phospholipid in 

membranes. Some proteins are known binding this phospholipid like the cytochrome bc1 

from yeast [269]. Comparing this to E. coli lipid composition of CL (5%) and no PC this 

could be an indication for inclusion bodies or misfolded mitochondrial membrane proteins 

expressed in E. coli [246; 249; 250; 255; 260; 261]. Based on the lipid composition in L. 

lactis it seems to be a good expression system for eukaryotic membrane proteins. The lipid 

composition can be one reason for the good expression results of mitochondrial membrane 

proteins in L. lactis [246; 249; 250; 258; 268]. 

The expression of proteins is not the only field for which the knowledge about major 

phospholipids could be helpful. It is also known that a change in lipids can results in a 

resistance against lantibiotics [67; 106]. Bacteria are able to change the lipids to be more 

resistant against drugs, like lantibiotics. To be able to see the reason for this resistance the 

difference in lipid composition to the non-resistant strain has to be verified.  

In this thesis, a multi resistant L. lactis NZ9000 strain was identified and analysed (Chapter 

IV). This strain is resistant against several antibiotics and lantibiotics. To determine the 

reason for resistance several analyses were performed. All tested antibiotics and lantibiotics 

are targeting the cell wall synthesis so the peptidoglycan and the lipid composition was 

analysed. The reason for these analyses was the knowledge of other strains performing 

resistance with the help of a modified cell wall or cell membrane modification [67; 106]. 

The peptidoglycan, cell wall, analyses does not show significant modifications but in the 

lipid analysis it was able to determine a different lipid composition of the resistant strain 

compared to the original NZ9000. The changes were surprising as results did not match with 

a first hypothesis of changes. It was expected that the membrane is less negatively charged 

like it is published for L. monocytogenes Scott A. This strain developed a resistance against 

nisin because the membrane contains more PG than CL than a not resistant strain [67; 124]. 

Here the membrane contains more negative charged CL than the original strain. So, it is 

possible that this strain developed a new way of lipid composition change to perform a 

different kind of resistance. The effects like membrane fluidity or thickness were not tested 

in this thesis so this needs to be analysed in further studies to find the reason for the 

resistance. In sum, the composition of lipids has a big influence on organisms.  

Knowing the lipid composition of L. lactis is one step forward to understand the influence 

of phospholipids in more detail. Based on composition an expression system can be chosen 

to reduce the possibility of inactive proteins only because an essential lipid is missing for 

the correct folding. Also, one highly resistant L. lactis strain was analysed which seems to 
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be resistant because of a changed lipid composition. Lipids have a huge influence in bacteria 

and understanding the function of lipid more in detail can change the understanding of 

membranes, membrane proteins and resistance mechanism of bacteria a lot. 
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