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ZUSAMMENFASSUNG 

Targeting of the autopenetrating bacterial effector protein YopM – a first approach 

 

Bischof, Charlotte Stefanie Marie 

 

 

The autopenetrating bacterial effector protein YopM is known to reduce the expression of the 

proinflammatory cytokine TNF-α which plays a central role in the pathogenesis of the autoim-

mune disease rheumatoid arthritis. YopM, though, does not exert this immunosuppressive effect 

selectively but reduces immune responses in all cell lines that were investigated so far. Adding a 

targeting structure to YopM might be a possible approach to achieve a more selective and local-

ized effect. Since the activated endothelium in rheumatoid arthritis expresses a high amount of E-

selectin we used this surface marker as the target structure. With this study, we wanted to inves-

tigate whether a targeting modification of YopM would impair induction and purification of the 

protein, cellular uptake and reduction of TNF-α expression. 

 

Methods Cellular uptake of the fusion protein TSES-YopM was investigated by cellular fraction-

ation, flow cytometry and immunofluorescence microscopy in comparison to unmodified YopM 

and in several different cell lines. Functionality of TSES-YopM was analyzed by quantitative real 

time polymerase chain reaction in RAW cells. 

 

Results The targeting modification of YopM does not impair induction or purification of the 

resulting fusion protein TSES-YopM compared to unmodified YopM. We were able to show that 

also cellular uptake and functionality of TSES-YopM are not impaired and that, compared to 

YopM, TSES-YopM colocalizes to a greater extent with the target structure E-selectin. Our results, 

furthermore, provide first evidence that the targeting modification might even improve cellular 

uptake compared to unmodified YopM. Further investigations will have to address the question 

whether the targeting motif actually leads to a more specific uptake and accumulation of TSES-

YopM in cells that express E-selectin compared to YopM. 
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ZUSAMMENFASSUNG 

 

“Targeting” des autonom zellpenetrierenden bakteriellen Effektorproteins YopM – eine 

erste Annäherung 

 

Bischof, Charlotte Stefanie Marie 
 

Das autonom zellpenetrierende bakterielle Effektorprotein YopM hat die Eigenschaft, die Expres-

sion des proinflammatorischen Zytokins TNF-α, welches eine zentrale Rolle in der Pathogenese 

der rheumatoiden Arthritis spielt, zu reduzieren. Allerdings wirkt sich der Effekt des Proteins nicht 

selektiv auf bestimmte Zellen aus, sondern führte in allen bisher untersuchten Zelllinien zu einer 

reduzierten Zytokinexpression. Das Koppeln des Proteins an eine sogenannte „targeting“-Struktur 

könnte eine Möglichkeit bieten, den Ort des biologischen Effekts stärker einzugrenzen. Da akti-

viertes Endothel im Rahmen der rheumatoiden Arthritis eine große Menge an E-Selektin expri-

miert, wählten wir diesen Oberflächenmarker als Zielstruktur. Mit der vorliegenden Arbeit wollten 

wir untersuchen, ob eine „targeting“-Modifikation von YopM negative Auswirkungen auf die Pro-

teininduktion und –purifikation, die Aufnahme in die Zelle oder den biologischen Effekt hat. 

 

Methoden Die zelluläre Aufnahme des aus der Modifikation resultierenden Fusionsproteins 

TSES-YopM wurde mittels zellulärer Fraktionierung, Durchflusszytometrie und Immunfluoreszenz 

untersucht – jeweils im Vergleich zu unverändertem YopM und in verschiedenen Zelllinien. Ab-

schließend untersuchten wir mittels quantitativer Echtzeit-PCR in RAW-Zellen, ob auch das Fusi-

onsprotein eine Reduktion der TNF-α-Expression herbeiführt. 

 

Ergebnisse Wir konnten zeigen, dass sich TSES-YopM gut induzieren und aufreinigen lässt. Auch 

die Aufnahme in verschiedene Zellen und der biologischen Effekt verschlechterten sich durch die 

Modifikation nicht. Außerdem lagert sich TSES-YopM wesentlich stärker an E-Selektin als YopM. 

Weiterhin sahen wir erste Hinweise, dass die Modifikation sogar zu einer verbesserten zellulären 

Aufnahme führte. Weitere Untersuchungen werden sich mit der Frage beschäftigen müssen, ob 

die Modifikation tatsächlich zu einer zielgenaueren Immunsuppression führt. 
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1 Introduction 

 

1.1 How the human organism ensures its own survival 

“When we arrive on this earth we are endowed with the most perfect, the most effi-

cient, and the best constructed machine ever devised – our body.” (97) This admiring phrase 

might quite frequently come into mind while studying all the mechanisms that allow us to live 

for an average duration of about 80 years (122) in an environment that on the one hand provides 

us with nourishment and water but on the other hand contains countless threats that put our 

bodies under constant pressure to defend and protect themselves. In the course of evolution 

the human organism has, therefore, evolved numerous astonishing mechanisms that aim at en-

suring of survival. Some of these are the coagulation system, which is designated to occlude 

damaged vessel walls to stop blood loss but at the same time is also able to regulate itself in 

order to prevent thrombosis. Another example is the wound and bone healing that – allowing 

some time – leads to regaining of full or at least improved body integrity and function. My last 

example of mesmerizing survival-ensuring mechanisms is the immune system.  

 

1.2 The human immune system 

Although researchers have spent decades on understanding and describing the immune 

system it is still not completely understood today. An attempt to create a bit of structure within 

this complex framework was to differentiate between the innate and the adaptive immune sys-

tem. As the term implies, the innate immune system is functioning and present at birth. Its de-

fense mechanisms are based on physical as well as chemical barriers and soluble and cellular 

components. It provides an immediate reaction upon pathogen contact but works unspecific 

and is less effective than the adaptive immune system. The adaptive immune system, on the 

other hand, is not present at birth but has to develop. It reacts slower during a first pathogen 

contact but in a pathogen specific manner and is able to ‘learn’ and react significantly faster in 

the case of a second contact with the same antigen (55). This distinction, though, should not 

implicate that the systems work independently of each other. On the contrary, innumerous fac-

tors stimulate and regulate each other leading to a highly efficient defense mechanism. The re-

sulting immune response can – in simplified terms – be divided in three phases: epithelial and 
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mucosal barriers with the associated defense factors, such as fatty acids, antimicrobial peptides, 

and lysozymes, represent the first phase. If a pathogen successfully evades the first phase and 

overcomes the installed barriers, the second phase is triggered. Cells of the mononuclear phag-

ocytic system, macrophages, are able to identify components of the bacterial membrane, such 

as lipopolysaccharides, mannose residues and negatively charged lipoteichoic acids (62). While 

most of the pathogens are directly eliminated by phagocytosis, macrophages also recognize 

these so called pathogen associated molecular patterns (PAMPs) on the surface of the invading 

microorganisms with their pattern recognition receptors (87). Binding of the macrophage-re-

ceptor to the surface structure of the pathogen leads to secretion of proinflammatory cytokines 

by the macrophages (43). One of these is the tumor necrosis factor α (TNF-α), a pleiotropic in-

terleukin that exerts its effects predominantly in an IKK2 (IκB kinase)/NF-κB (nuclear factor 

kappa-light-chain-enhancer of activated B cells) dependent manner and to a lesser extent de-

pends on p38 MAP kinase signaling (135). Among other effects it activates the endothelium, the 

inner lining of the blood vessels, and, thereby, increases permeability and migration of blood 

cells into the tissue (102).  

For a long time, the role of the endothelium in inflammatory processes was thought to 

be a passive one. It was only in the 80s that researchers started to discuss that the endothelium 

could have an active share in inflammation since stimulation with proinflammatory cytokines 

led to expression of a surface structure that mediated leukocyte adhesion (12, 32, 104). This 

surface antigen was later named endothelial leukocyte adhesion molecule 1 (ELAM-1) and was 

identified as a protein of 115 kDa consisting of “an amino-terminal lectin-like domain, an EGF 

domain, and six tandem repetitive motifs” a transmembrane region and a short cytosolic tail 

(13). It was shown that endothelial cells only transiently express the adhesion molecule when 

activated during inflammation (11, 13). This knowledge had to be revised when Koch et al. were 

able to detect ELAM-1 in samples from patients with rheumatoid arthritis indicating importance 

of the endothelium also in chronic inflammation (64). Nowadays, ELAM-1 (CD62E) is mostly 

known as E-selectin (10). 

Other cytokines such as IL-6, IL-8, and IL-12 stimulate plasma cells to synthesize antibod-

ies, attract neutrophils, basophils, and lymphocytes, and activate natural killer cells (102).  

Both, the first as well as the second phase are parts of the innate immune system. An-

other, not yet mentioned component of innate immunity is the complement system. It consists 

of numerous proteins and is able to recognize foreign material and damaged endogenous cells 
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and to eliminate these while triggering an immune reaction. Interestingly, it responds to patho-

gen material alone or to antibodies that are bound to material derived from pathogens (76). It 

can, therefore, be understood as one of the connections between innate and adaptive immun-

ity. 

While the innate immune system combats the invading pathogen, it simultaneously 

stimulates the adaptive immune response which represents the third phase (55, 102). Some-

times a fourth phase is mentioned which characterizes the formation of an immunological 

memory. 

Although, this complex defense system is highly efficient and essential for health and, 

ultimately, survival of the harboring organism, it also bears the risk of reaction against itself. A 

mechanism that aims at minimizing this risk is the so-called immunologic self-tolerance. It de-

scribes the ability of the immune system to spare endogenous structures. Severely autoreactive 

lymphocytes are identified and eliminated during their differentiation in the thymus or bone 

marrow, respectively. T lymphocytes that only exhibit low to moderate avidity towards autoan-

tigens, though, are able to escape elimination in the thymus. In order to prevent auto-aggressive 

reactions mediated by those T cells further intercepting mechanisms are installed in the periph-

ery. These are lacking co-stimulation after binding to an antigen with subsequent inactivation 

and the presence of regulatory T cells that inhibit auto-reaction (102). 

Although, this description of the mechanisms that build up the immune system is very 

much simplified it still gives an impression of how complex the maintenance of a functioning 

immunity is. A balance between a sufficient defense against pathogens or neoplastic cells and 

the protection of the own organism has to be established and maintained. 

A malfunction of the immune system can either lead to an over- or underactive immune 

response with the trigger lying internally or externally. An impaired immune system due to in-

trinsic factors includes congenital immunodeficiencies, such as the Wiskott-Aldrich syndrome or 

DiGeorge syndrome, as well as acquired immunodeficiency which can be caused, for example, 

by malignoma, especially those of the hematopoietic system. Externally induced reduced im-

munity can be of iatrogenic source as for example in organ recipients who receive immunosup-

pressive therapy to prevent organ rejection or in patients with asthma who are treated with 

glucocorticoids in order to control symptoms and reduce exacerbations (102). In those cases the 

under-activity of the immune system is accepted and often at least in part counteracted by in-

fection prophylaxis by vaccination and application of antibiotics, virostatic or antifungal agents. 
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However, impaired immune responses in the scope of infection is judged differently as it is un-

derstood that some pathogens intentionally down-regulate the immune system of the host in 

order to evade elimination and to ensure their survival and multiplication – a beneficial mecha-

nism from the pathogen’s point of view, but a potentially life-threatening for the host.  

The status in which the immune system is overactive and attacks the host’s own tissues 

and antigens is referred to as ’autoimmune disease’. 

 

1.3 Autoimmune disease 

The term ‘autoimmune disease’ describes a pathology in which the immune system re-

acts against self-antigens. These self-antigens represent structures within the body that can ei-

ther be of homologous or foreign source. The etiology and exact pathogenesis of autoimmunity 

still remains unclear. Several hypotheses are under consideration. First, MHC genes appear to 

influence the establishment of autoimmunity as MHC molecules are responsible for antigen 

presentation. Furthermore, several genetic defects were identified that contribute to autoim-

munity by increasing susceptibility. The development of an autoimmune disease is generally not 

caused monogenetically but predisposition is evoked by the concurrence of multiple of those so 

called susceptibility genes. Predisposition alone, though, does not lead to manifestation of au-

toimmunity. Exogenous factors, such as infection, injury, and drugs, are required to trigger au-

toimmune disease. For many autoimmune diseases the exogenous trigger has not yet been iden-

tified and thus the onset of the disease appears to happen spontaneously (102).  

 

Two pathogenetic mechanisms of autoimmunity have been identified so far: autoreac-

tive CD8-positive T lymphocytes identify self-antigens on the cell surface and initiate cell lysis, 

which ultimately leads to cell death. The other mechanism is based on autoantibodies that bind 

to autoantigens and thereby activate an immune response. Since for many autoimmune dis-

eases the associated antibodies have been identified, their serological detection plays an im-

portant role in diagnostic investigation (102). 

The reaction against the autoantigen can either lead to an organ-specific manifestation 

with limitation to one specific organ, absence of general symptoms and usually late diagnosis 

since symptoms only arise when the function of the affected organ is affected. Examples for this 

type are the Grave’s disease with limitation to the thyroid gland, diabetes mellitus type 1 affect-

ing the pancreas, and autoimmune hepatitis. Or, the reaction can lead to a systemic manifesta-

tion, where multiple organs are affected. In this case, fever and other general symptoms are 
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commonly observed. This category includes many autoimmune diseases, some of which are sys-

temic lupus erythematodes, scleroderma and rheumatoid arthritis (102).  

1.4 Rheumatoid arthritis 

Rheumatoid arthritis (RA) is a chronic-inflammatory systemic disease whose main char-

acteristic is the affection of the joints in the sense of arthritis with synovitis, synovial hyperplasia, 

and bone and cartilage destruction, bursitis, and tenosynovitis (58, 126). Furthermore, extra-

articular manifestations can develop in the course of the disease such as myocarditis and vascu-

litis (33). The mean age of onset is between 20 and 40, which is considered the most productive 

years of adulthood. Combined with a prevalence of up to 1 % in the population and with up to 

50 % of RA patients having to refrain from a regular job within 10 years after onset the relevance 

of rheumatoid arthritis becomes clear (138). 

Patients who suffer from RA typically present with symmetric polyarthritis of the small 

joints (metacarpophalangeal and proximal interphalangeal joints) with swelling, reddening, pain 

and reduced mobility (1). Due to pain and joint destruction result deformities of the hands, 

which are ulnar deviation, swan neck deformity or bouttoniere deformity (126). Most patients 

also describe a rigidity of the joints in the morning that lasts for at least 30 minutes and positively 

responds to movement. Unspecific general symptoms such as nocturnal sweating, fatigue and 

raised temperature can accompany the typical joint pathology (67). 

Although several years of research and effort have been spent on the elucidation of the 

pathogenesis of rheumatoid arthritis, our knowledge still appears to be quite limited and we do 

not yet see the whole picture. The environmental risk factors that have been described so far 

are smoking, obesity and infections with certain pathogens (4, 131). Endogenously, sex, age, and 

genetic predisposition further increase the risk to develop RA (49, 59, 77, 138). One possible and 

discussed theory is that environmental circumstances such as smoking lead to an enhanced cit-

rullination of endogenous proteins which, in patients with a certain HLA subtype, induces in-

creased activation of autoreactive T cells, triggering autoimmunity (118). Antibodies against cit-

rullinated proteins (ACPA) can often be found years or even decades before the clinical onset of 

RA and are very specific for the disease (109). They are, therefore, together with the rheumatoid 

factor (an IgM antibody against the Fc fragment of IgG) used for serological diagnosis (52).  

As previously mentioned, the site of the most obvious manifestation of RA is the joint, 

or more specifically the synovium. Although, the inflammation of this tissue, namely synovitis, 

has been described as the characteristic feature of RA for decades, the cells of the synovium, 

the synovial fibroblasts have only come into focus as an active player in the last years. In a 
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healthy joint, synovial fibroblasts provide cartilage and the synovial cavity with nutrients and 

maintain a balance between matrix synthesis and degradation (94). In 1983 Fassbender and 

Simmling-Annefeld first identified an altered phenotype of synovial cells in samples from pa-

tients with RA that seemed to contribute to cartilage destruction (40). These cells were called 

rheumatoid arthritis synovial fibroblasts (RA-SF) or fibroblast like synoviocytes (FLS) and within 

the following years they moved from being regarded as a passive actor in the process to the 

major synovial player (93). So far, activation of synovial fibroblasts has been shown to take place 

in several different ways, two of which are via TLR-2 stimulation by bacterial or endogenous 

ligands or via TLR-3 stimulation by RNA from dead synovial cells (20, 70, 125). Upon stimulation, 

RA-SFs start to induce further mechanisms that support the inflammatory process: they secrete 

chemo- and cytokines that attract further cells of the immune system, such as macrophages that 

maintain the inflammation by further secreting cytokines such as TNF-α (51, 84, 98, 101, 114); 

in combination with hypoxia or by RANKL induction through interaction with activated T lym-

phocytes they promote osteoclastogenesis and, thereby, indirectly bone destruction (69, 73). 

More directly, RA-SFs contribute to bone and cartilage destructive processes by releasing matrix 

degrading enzymes, such as matrix metallo proteinases or cathepsins (115, 133). Angiogenesis 

(which is the formation of new capillaries from existing vessels) is induced via secretion of angi-

ogenic factors such as VEGF which leads to enhanced endothelial proliferation and allows in-

creased influx of immune cells into the synovium (28, 65, 132, 132). In order to allow the cells 

of the immune system to evade the blood stream and migrate into the synovium, adhesion mol-

ecules have to be present. Macrophages from patients with RA were shown to express adhesion 

molecules and by secreting cytokines also induce endothelial cells to express the respective 

counterparts (75). The endothelium of vessels in RA-affected joints can be considered as acti-

vated through the chronic inflammation and the activated endothelium presents adhesion mol-

ecules such as E-selectin which allow cells of the immune system to adhere and migrate through 

the vessel wall (12, 64).  

 

1.5 Current treatment options of autoimmune diseases 

Curative treatment requires detailed and exact knowledge about a disease’s etiology 

and pathogenesis. Since for autoimmune diseases these still await their complete elucidation, 

therapy today is based on symptomatic treatment by immunosuppression. Immunosuppressive 

or immunomodulatory therapy in patients with autoimmune diseases does not heal the affected 
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patients from their conditions but aims at induction of remission, control of symptoms, slowing 

down progression, and reduction of mortality caused by the disease (88). 

Several groups of immunosuppressive agents are used today. In patients with rheuma-

toid arthritis, for example, methotrexate, a cytostatic agent applied in lower doses than in can-

cer therapy, is the ‘disease modifying antirheumatic drug’ of first choice. If response to the drug 

is not sufficient or methotrexate is contraindicated, other agents such as leflunomide or sulfasal-

azine are applied alternatively or in combination with methotrexate (29). Since researchers have 

found that upregulation of expression of pro-inflammatory cytokines, especially TNF-α, plays a 

major role in the pathogenesis of rheumatoid arthritis, suppression of cytokines became the 

focus of attention regarding potential therapeutic options (18, 19, 21, 34, 61, 117, 139). In the 

course of the last years, several so called biologicals, most of them antibodies against TNF-α or 

other cytokines, were developed and successfully tested (38). Nowadays, etanercept, infliximab, 

and adalimumab which inhibit TNF-α, as well as the IL-1-receptor antagonist anakinra and IL-6 

inhibitor tocilizumab are already included in the therapeutic algorithm of rheumatoid arthritis 

as well as are the recently introduced JAK inhibitors tofacitinib and baricitinib (29). 

The introduction of these new therapeutic options has dramatically improved the 

health-related quality of life in patients with rheumatoid arthritis (27).  

However, this great achievement should not hide the fact that immunosuppressive 

treatment while it influences the course of the disease in a positive way, is also accompanied by 

a variety of undesirable side effects. Of especially great relevance in this regard is the increased 

vulnerability to infection. The mechanism can be explained by the fact that systemic immuno-

suppressive drugs do not only affect tissues and cells in which – in the framework of the under-

lying autoimmune disease – immune response is pathologically increased but affects all cells of 

the body. While in disease affected cells the impact of the immunosuppressive agent restores a 

physiological immune response, it reduces the overall immunity of the patient at the same time 

leaving him vulnerable to opportunistic infections (141). Patients who are obliged to receive 

immunosuppressive therapy, therefore, should be screened for latent infections, such as tuber-

culosis, as the treatment can lead to reactivation (36, 60). Furthermore, infections with patho-

gens that usually are harmless for the general population can cause life-threatening conditions 

requiring hospital admission and aggressive treatment. To a certain degree, these situations can 

be prevented by consistent vaccination of the patients (134). 
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Although all available measures are taken in order to protect patients from treatment-

induced infections it would be far more favorable to use drugs that instead of affecting the com-

plete immune system selectively act on pathologic tissue. 

 

1.6 Targeting of therapeutic agents- an approach to achieve site-specific ef-

fects  

The term targeting describes the ability of a drug to selectively accumulate in cells that 

display a specific surface marker. Theoretically, it allows an efficient effect on disease-affected 

tissue while sparing the healthy. This concept first found entrance into therapeutic and diagnos-

tic approaches in oncology (120).  

Immunosuppressive treatment of autoimmune disease could be another field of appli-

cation for targeting drugs as it could reduce the extent of undesirable side effects, especially the 

susceptibility for infectious diseases.  

As mentioned above, targeting requires a drug that has the ability to identify the target 

cell. But before such a drug can be developed, the marker that specifically identifies the target 

cell has to be determined. A detailed knowledge of the pathogenetic mechanisms that are in-

volved in the manifestation of a disease is required in order to choose the most specific target 

marker. 

 

In 2013, Sehnert et al. introduced the ‘sneaking ligand construct’ or ‘sneaking ligand fu-

sion protein’ within the framework of investigating the possible therapeutic influence on NF-κB 

signaling in rheumatoid arthritis. This fusion protein consisted of a domain that was responsible 

for selective binding to cells with a specific surface marker to allow targeted application, a trans-

location domain for internalization, and a domain for intracellular function. As target cells they 

chose activated endothelium (123, 124). As described above, activated endothelium plays an 

important role in acute as well as in chronic inflammation. A structure that is present on the 

surface of activated but not of inactive endothelium is E-selectin (CD62E) (11). Because of its 

specific presence only on activated endothelium, E-selectin is a possible marker to target tissue 

affected by inflammatory processes. Martens et al. (80) identified several peptides that were 

able to bind to E-selectin. Among these, AF10166 with the amino acid sequence 

DITWDQLWDLMK exhibited the highest affinity towards E-selectin (80). Further studies con-

firmed that E-selectin could be specifically targeted by synthetically generated proteins (143). In 

their study, Sehnert et al. were able to show that their synthesized fusion protein that contained 
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the above mentioned amino acid sequence selectively accumulated in activated endothelium 

(124). The finding that selective application of anti-inflammatory or immunosuppressive sub-

stances could be achieved via targeting E-selectin opens up new possibilities regarding reduction 

of side effects in the treatment of autoimmune diseases. 

1.7 Manipulation of the immune system by pathogenic Yersinia 

While in autoimmune disease the problem of the patient is the disproportionately high 

activity of the immune system, in infection with some bacteria it is the opposite. The three 

strains of the gram-negative Yersinia which are pathogenic for humans, Y. pseudotuberculosis, 

Y. enterocolitica, and Y. pestis, are able to cause various infectious diseases ranging from gastro-

enteritis to the life-threatening bubonic plague. As the human immune system aims at elimina-

tion of any invading pathogen, those Yersiniae, in the course of evolution, have evolved strate-

gies to evade immune responses to ensure their survival in the host.  

The discovery of Bacon et al. in the 1950s that virulence, namely resistance to phagocy-

tosis by polymorphonuclear cells, in Pasteurella pestis (later renamed Yersinia pestis) was medi-

ated by secreted structures which they called antigen V and antigen W laid the foundation of 

today’s understanding of virulence in Yersinia (6, 23). They were able to show that antigens V 

and W were not only secreted by virulent Pasteurella pestis strains but also by Pasteurella 

pseudotuberculosis (24). Since Carter et al. detected antigens V and W also in virulent Yersinia 

enterocolitica it was common assumption that human-pathogenic Yersiniae share the same 

mechanisms mediating virulence (26). Further studies identified a plasmid in Yersinia entero-

colitica that was necessary for the pathogen to exhibit full virulence (44, 142). The finding that 

also the two other human-pathogenic Yersinia strains harbored a similar-sized plasmid related 

to antigens V and W supported the previously mentioned hypothesis regarding shared virulence 

mechanisms (8, 45, 106, 107). Furthermore, Portnoy et al. (107) associated the existence of the 

72 kb plasmid with the detection of polypeptides and hypothesized that these could play a role 

in pathogenesis of Yersiniae (105, 107). These findings were supported by further studies in the 

following years making it common consent that human-pathogenic Yersiniae retrieved their vir-

ulence from membrane-associated, so called Yersinia outer proteins (Yops) that were encoded 

on the shared plasmid (16, 108, 140). Several of these Yops, such as YopE, Yop2b, Yop20, Yop40, 

and YopM in the course of the following years were identified and found to be essential for full 

virulence (17, 42, 74, 92). As obvious from the term “Yersinia outer proteins” Yops were first 

thought to be membrane proteins. In 1990, though, this assumption had to be revised as it was 

shown that Yops were released into the surrounding culture medium by the bacteria (91). Soon 
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it became clear that Yops did not utilize any of the known secretion pathways but a new one 

that was highly effective (89). The operon virC was found to encode several so called Ysc proteins 

that was held responsible for Yop secretion (2, 50, 90, 99, 103). When proteins of a similar struc-

ture were identified in Pseudomonas solanacearum this finding allowed the assumption of a 

third type of protein secretion compared to the already known two other ones (41, 46, 47). The 

hypothesis was further affirmed by identification of highly similar secretion systems in Shigella 

and Salmonella (111). The first to describe the supramolecular structure of this new, so called 

type 3 secretion system (T3SS) were Kubori et al. who did this in 1998 for Salmonella typhi-

murium. According to their findings, the T3SS was understood to resemble a needle-like struc-

ture with a base spanning the cytoplasmic and the outer membrane of S. typhimurium and the 

thinner needle protruding outwards (68). The studies of the following years confirmed this struc-

ture and further characterized it (14, 31, 56). Until 2010, when Rüter et al. published their data, 

it was commonly consented that effector proteins of gram-negative bacteria where mainly in-

jected by the T3SS that consisted of the injectisome (i.e. needle-like structure) and the pore that 

is formed in the membrane of the host cell (78, 79). However, Rüter et al. found that one of the 

effector proteins, namely Yersinia outer protein M (YopM), was able to translocate into several 

cell lines independently of the type 3 secretion system, thereby representing the first identified 

T3SS-derived cell penetrating effector protein (112). At that point, YopM had been known to be 

a protein of approximately 46 kDa that after incubation of different cell lines with a virulent 

Yersinia strain could be detected in the cytosol and the nucleus of the incubated cells (15, 100, 

127). The horseshoe-shaped protein, that was found to be an important virulence factor in ex-

perimental plague, consists of two N-terminal α-helices and a region of a variable number of 

leucine rich repeats (LRR), generally around 20 repeats (9, 22, 39). Rüter et al. identified the two 

N-terminal α-helices to be responsible for autonomous translocation of the protein into differ-

ent eukaryotic cells in the absence of the pathogen itself. The original protein contains two α-

helices, however, it was shown that either one was sufficient for translocation. Furthermore, 

the α-helices were able to deliver cargo into the cytosol and thus fulfilled the criteria for a pro-

tein transduction domain (PTD) or cell-penetrating peptide(s) (CPP) (112).  

The region of leucine rich repeats contains nuclear localization signals (NLS) that ensure 

nuclear enhancement of YopM in eukaryotic cells (7). Besides containing the NLS, the LRR region 

is thought to be responsible for effects on the cell that mediate virulence of Yersiniae (30, 85, 

112).  
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Since the protein’s detection its exact way of function in the pathogenesis of infectious 

diseases has been under investigation and it is still not completely understood. Furthermore, 

the findings have been made in different Yersinia species and strains. Due to the variance of the 

LRRs one cannot assume that a function that was found for YopM in one species can also be 

seen in another species.  

Initially, it was hypothesized that YopM’s (from Y. pestis) main way of function was the 

reduction of platelet aggregation by binding thrombin (74). Further studies in Y. pestis, though, 

made it seem unlikely that inhibition of platelet aggregation was the effector protein’s main 

virulence mechanism(54, 96). Several effects of YopM on cell metabolism and signaling have 

been identified so far. McDonald et al. showed that YopM from Y. enterocolitica forms com-

plexes with the kinases ribosomal S6 kinase 1 (RSK1) and protein kinase C-related protein kinase 

2 (PRK2) and, thereby, activates them (83). Furthermore, YopM leads to depletion of natural 

killer cells (Y. pestis), reduces transcription of pro-inflammatory cytokines such as IL-1b, IL-12, 

IL-15, IL-18, TNF-α, and INF-γ (Y. enterocolitica), interacts with α1-antitrypsine without affecting 

its functionality (Y. enterocolitica), inactivates caspase-1 (Y. pseudotuberculosis), induces tran-

scription of the anti-inflammatory cytokine IL-10, and binds to IQGAP1 (Y. pseudotuberculosis), 

a regulator of inflammasome function in macrophages (30, 53, 63, 72, 86, 112). Most recently, 

Wei et al. deduced from their data that YopM from Y. pestis functions also as a E3 ubiquitin 

ligase which induces necrosis via NLRP3-mediation (136). However, to our knowledge, this find-

ing could not be reproduced by other researchers for other YopM proteins. 

In summary, the role of YopM can be described as an autonomously cell-penetrating 

effector protein that is able to manipulate and dampen the host’s defense mechanisms in sev-

eral ways in order to ensure the pathogen’s survival. 

 

1.8 The drugs from bugs concept: the effector protein YopM as a possible 

therapeutic agent 

While the effector protein-triggered down-regulation of a physiologically functional im-

mune system generally harms the host by leading to disease, the impact of immunomodulatory 

proteins on over-active immune systems is an interesting topic to address. YopM is not the only 

bacterial effector protein that has properties to dampen immune responses and can, therefore, 

be considered as a possible therapeutic agent (113). Most of these effector proteins, though, 

require additional structures to pass the plasma membrane and reach the cytoplasm of the cell 

in which they are supposed to exert their functions. In this regard, YopM has a clear advantage 
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over the other effector proteins: while their delivery into the cytoplasm has to be ensured by 

e.g. fusion to a cell penetrating peptide, YopM in its original state is able to translocate into the 

cytosol autonomously. Hence YopM with its autonomous translocation and immunosuppressive 

properties can be considered to be predestined as a novel therapeutic in inflammatory diseases. 

Systemic application of YopM, though, comes along with the same undesired side effects as well-

established immunosuppressive agents. At this point, the successful E-selectin targeting ap-

proach of Sehnert et al. came into play (109, 110). 

 

1.9 Aims of this study 

We aim to achieve selective immunosuppression in inflammatory tissues while main-

taining physiologic immune responses by endothelial targeting of YopM. This study is a first ap-

proach and addresses basic questions whose elucidation will establish a basis for further inves-

tigations.  

Initially, we investigated whether it was possible to fuse the endothelial targeting se-

quence (TSES) to YopM by restriction cloning and to retrieve a reliably inducible plasmid and a 

protein that we were able to purify. The second step aimed at the analysis of the translocation 

properties of the fusion protein into eukaryotic cells since this is an essential prerequisite of any 

intracellular acting agent. As unmodified recombinant YopM is taken up into the cytosol of sev-

eral different cell lines we were interested whether the modification would somehow alter this 

intrinsic property of YopM. This question was methodically approached in three different ways: 

by cellular fractionation, by fluorescence microscopy, and by flow cytometry. If the results of 

these experiments allowed the conclusion that autonomous translocation into eukaryotic cells 

was not impaired by the targeting modification, a third step was destined to clarify whether the 

immunosuppressive properties of YopM were affected negatively. Functionality of the fusion 

protein was investigated by analysis of TNF-α transcription according to the findings of Rüter et 

al. (112).  
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2 Materials 

2.1 Bacterial strains 

All bacterial strains used are listed in Table 1. 

Table 1: Bacterial strains 

Bacterial strain Characteristics Introduced by 

E. coli BL21 (DE3)  F-, hsdSB (rB-mB-), dcm, gal, ompT, (λDE3) can::CBD 

fhuA2 [lon] ompT gal (λDE3) [dcm] arnA::CBD 

slyD::CBD  

Studier and Moffatt 

(129) 

E. coli C600 F- tonA21 thi-1 thr-1 leuB6 lacY1 glnV44 rfbC1 fhuA1 

λ- 

Appleyard (3) 

E. coli NiCo21 (DE3) can::CBD fhuA2 [lon] ompT gal (λ DE3) [dcm] 

arnA::CBD slyD::CBD glmS6Ala ΔhsdS λ DE3 = λ 

sBamHIo ΔEcoRI-B int::(lacI::PlacUV5::T7 gene1) i21 

Δnin5 

 

Robichon et al. (110) 

2.2 Media and supplements for bacterial growth 

Sterile Luria Bertani (LB) medium was used for cultivation of bacterial strains. 

LB medium NaCl 

Tryptone 

Yeast extract 

  5 g 

10 g 

  5 g 

 

15 g of agar (AppliChem, Darmstadt, Germany) was added to 1 l of LB medium in order to pre-

pare LB agar plates. If necessary the solution was supplemented with sterile filtered 50 μg/ml 

kanamycin (1 ml). 

 

2.3 Eukaryotic cell lines 

Table 2 lists all cell lines that were used. 

Table 2: Eukaryotic cell lines 

Cell line Characteristics Medium and supplements Supplier/Reference 

HeLa 

 

human epitheloid cervix carci-

noma cells 

DMEM, low glucose 

  + 10 % FCS 

  + 1 % NEAA 

Gey et al., 1952 
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CHO-wt chinese hamster ovary cells α-Medium 

  + 10 % FCS 

  + 1 mM L-Glutamine 

Institute of Medical Bi-

ochemistry, Münster, 

Germany  

CHO-E chinese hamster ovary cells stably 

transfected with E-selectin 

α-MEM 

  + 10 % FCS 

  + 1 mM L-Glutamine 

  + 0.6 mg/ml Geneticin  

    (for selection pressure) 

MPI Münster 

RAW murine macrophages RPMI 

  + 10 % FCS 

  + 1 % NEAA 

 

 

In order to investigate the fusion protein’s cell penetration characteristics two types of Chinese 

hamster ovary cells were used: wild-type cells (CHO-wt) and cells showing an overexpression of 

E-selectin (CHO-E) due to stable transfection. Experiments on cell penetration were also carried 

out in HeLa cells (ATCC-Nr. CCL-2), which served as a control cell line (Gey et al., 1952). Analysis 

of eukaryotic gene expression was performed in RAW (ATCC® TIB-71™) cells. 

 

2.4 Media and supplements for eukaryotic cell cultures 

Eukaryotic cells were cultured using reagents listed in Table 3. 

Table 3: Media and supplements for eukaryotic cells 

Product Specification Manufacturer 

α-Medium Minimum Essential Medium Eagle Alpha-

Modification 

Biochrom GmbH 

(Berlin, Germany) 

α-MEM Minimum Essential Medium Eagle Alpha-

Modification 

Sigma-Aldrich (St. 

Louis, USA) 

DMEM, low Glucose (1 g/l), with 

L-Glutamine  

Dulbecco’s Modified Eagle Medium with 1 

g/l Glucose  

Sigma-Aldrich (St. 

Louis, USA) 

D-PBS with/without Ca2+/Mg2+  Dulbecco’s Phosphate Buffered Saline with 

or without Ca2+/Mg2+ 

Sigma-Aldrich (St. 

Louis, USA) 

ECM Extracellular matrix 1000x Harbor 

FCS  Fetal Calf Serum, UV-treated  Sigma-Aldrich (St. 

Louis, USA) 

Geneticin Antibiotic, 50 mg/ml  
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L-Glutamine 200 mM Sigma-Aldrich (St. 

Louis, USA) 

MEM NEAA (100x)  Non-essential amino acids  PAA Laboratories 

(Cölbe, Germany)  

Trypsin/EDTA (10x)  used diluted in PBS (1x) Sigma-Aldrich (St. 

Louis, USA) 

 

 

  

2.5 Cell culture supplies 

Table 4 lists further supplies that were used for cell culture purposes. 

Table 4: Cell culture supplies 

Product Manufacturer 

Cell Scraper Greiner bio-one (Essen, Germany) 

CELLSTAR® Cell Culture Flasks (25 cm2, 75 cm2, 125 cm2) Greiner bio-one (Essen, Germany) 

CELLSTAR® Cell Culture Dishes (10 cm, 6 cm) Greiner bio-one (Essen, Germany) 

CELLSTAR® Cell Culture 6 and 24 Well Multiwell Plates Greiner bio-one (Essen, Germany) 

Cover slips (10, 12mm)  Karl Hecht AG (Sondheim, Germany)  

Cryovials  Greiner bio-one (Essen, Germany)  

Biosphere® Filter tips Sarstedt (Nürnberg, Germany)  

Glass pipettes Brand (Wertheim, Germany) 

 

2.6 Enzymes and enzyme buffers 

All enzymes and enzyme buffers that were used are mentioned in Table 5. 

Table 5: Enzymes and enzyme buffers 

Enzyme Activity Applied buffer Manufacturer 

Benzonase® Nucle-

ase 

digestion of any kind of RNA 

or DNA 

- Novagen (San Diego, 

USA) 

DpnI digestion of methylated 

DNA, 10 U/μl 

5x Phusion HF Buffer MBI 

Pfu DNA polymer-

ase 

5’→3’ DNA-polymerase ac-

tivity 

3’→5’ exonuclease ac vity 

 

10x Buffer A+ (Se-

gentic) 

Finnzymes (Vaanta, 

Finland) 

Phusion DNA poly-

merase 

5’→3’ DNA-polymerase ac-

tivity 

5x Phusion HF Buffer NEB (Ipswich, USA) 
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3’→5’ exonuclease activity  

Restriction enzymes BamHI-HF    5’-G↓GATCC-3’, 

20 U/μl 

EcoRI-HF     5’-G↓AATTC-3’, 

 20 U/μl 

FauNDI        5’-CA↓TATG-3’,  

5 U/μl 

NheI-HF       5’-G↓CTAGC-3’,  

20 U/μl 

XhoI             5’-C↓TCGAG-3’,  

20 U/μl 

10x CutSmart Buffer 

(used for all re-

strictions) 

NEB (Ipswich, USA) 

NEB (Ipswich, USA) 

Segenetic (Borken, 

Germany) 

NEB (Ipswich, USA) 

NEB (Ipswich, USA) 

T4 DNA Ligase Formation of a phos-

phodiester bond between 3’ 

and 5’-termini, 60 U/μl 

10x T4 DNA Ligase 

Buffer 

Fermentas, now 

Thermo Fisher Scien-

tific (Waltham, USA) 

Taq  DNA polymer-

ase 

5’→3’ DNA-polymerase ac-

tivity 

5 U/μl 

10x Buffer A+ Segenetic (Borken, 

Germany) 

 

2.7 Plasmids 

Plasmids used for cloning purposes are listed in Table 6. 

Table 6: Plasmids 

Plasmid Relevant specifications Reference 

pET-24-b(+) Expression vector, Kan® Novagen 

pET-28-a(+) Expression vector, Kan® Novagen 

pET:GFP-3xFLAG pET24b(+) encoding GFP with a triple FLAG-tag Rüter et al., 2010 

pET-YopM  Nucleotide 1-1101 from yopM of Y. enterocolitica  

O:8 JB580v (NheI/XhoI) in pET-24b(+) with 6xHis-

Tag  

Heusipp et al., 2006 

pET-1xTSES sequence targeting human E-selectin (= TSES; 

AF10166 DITWDQLWDLMK) (NheI/BamHI) in pET-

24-b(+) 

 

pET-3xTSES three repetitions of TSES (NheI/EcoRI) in pET-24-

b(+) 

 

pET-3xTSES-YopM three repetitions of TSES followed by nucleotide 

1-1101 from yopM of Y. enterocolitica O:8 JB580v 

(NheI/XhoI) in pET-24b(+) with 6xHis-tag 
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pET-3xTSES-YopM-NHis-Ent three repetitions of TSES followed by nucleotide 

1-1101 from yopM of Y. enterocolitica O:8 JB580v 

(NheI/XhoI) in pET-28a(+) with N-terminal 6xHis-

tag  

deletion of C-terminal 6xHis-tag 

insertion of a restriction site for enterokinase C-

terminally of the N-terminal 6xHis-tag 

 

pET-3xTSES-YopM-NHis-Thr three repetitions of TSES followed by nucleotide 

1-1101 from yopM of Y. enterocolitica O:8 JB580v 

(NheI/XhoI) in pET-28a(+) with N-terminal 6xHis-

tag  

deletion of C-terminal 6xHis-tag 

insertion of a restriction site for thrombin C-termi-

nally of the N-terminal 6xHis-tag 

 

   

2.8 Oligonucleotides 

Oligonucleotides that were used for cloning purposes or PCR are listed in Table 7. They were 

synthesized by MWG Eurofins (Ebersberg, Germany) and their optimized annealing temperature 

lies around 60°C. 

Table 7: Oligonucleotides and sequences 

Oligonucleotide Sequence (5‘ → 3‘) 

F_FusProt_NdeI CTA CATATG GCTAGCGATATTACCTGGGAT 

F-P1_Nhe_Bam CTAGCTAGCGATATTACCTGGGATCAGCTGTGGGATCTGATGA

AATCCTCCTCCTCCGGCGGATCCGCG 

R-P1_Nhe_Bam CGCGGATCCGCCGGAGGAGGAGGATTTCATCAGATCCCACAG

CTGATCCCAGGTAATATCGCTAGCTAG 

F-P2_Bam_EcoRI GATCCGATATTACCTGGGATCAGCTGTGGGATCTGATGAAATC

CTCCTCCTCCGGCGATATTACCTGGGATCAGCTGTGGGATCTG

ATGAAATCCTCCTCCTCCGGCCCGG 

R-P2_Bam_EcoRI AATTCCGGGCCGGAGGAGGAGGATTTCATCAGATCCCACAGC

TGATCCCAGGTAATATCGCCGGAGGAGGAGGATTTCATCAGA

TCCCACAGCTGATCCCAGGTAATATCG 

R_pET28_NheI-ent CTAGCTAGCCTTGTCGTCGTCGTC 

GTGATGATGATGATGATGGCT 

R_pET28_NheI-thr CAT GCTAGC GCTGCCGCGCGGCACCAGGCC 
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F_pET28_XhoI CTA CTCGAG TGA GATCCGGCTGCTAACAAA 

F-T7n21 TAATACGACTCACTATAGGGG 

R-T7ter GCTAGTTATTGCTCAGCG 

F-YopM_EcoRI CCGGAATTCTTTATAACTCCAAGAAATGTA 

YopM-Rev(XhoI) CCGCTCGAGCTCAAATACATCATCTTCAAG 

RG_36B4F GGCCCTGCACTCTCGCTTTC 

RG_36B4R TGCCAGGACGCGCTTGT 

rt_tnf_mm_F TCATGCACCACCATCAAGGA 

rt_tnf_mm_R TCAGGGAAGAATCTGGAAAGGT 

RT_mmIL1b_F2 TGCAGCTGGAGAGTGTGGAT 

RT_mmIL1b_R GCAGACTCAAACTCCACTTTGCT 

  

2.9 Antibodies and fluorescent dyes 

Primary antibodies that were used in this study for Western blot analysis and immunofluores-

cence studies are listed in Table 8. 

Table 8: Primary antibodies 

Antibody Dilution Characteristics Reference 

α-CD62E 1:100 (IF) Goat polyclonal antibody against 

human E-selectin/CD62E 

RD Systems (Minneap-

olis, USA) 

α-GAPDH  1:400 (WB)  Mouse monoclonal antibody 

against glyceraldehydes 3-phos-

phate dehydrogenase (GAPDH)  

Santa Cruz Biotechnol-

ogy (Heidelberg, Ger-

many)  

α-GFP 1:2000 (WB) Rabbit polyclonal antibody 

against green fluorescent pro-

tein 

Invitrogen (Eugene, USA) 

now Thermo Fisher Sci-

entific (Waltham, USA) 

α-LSD1 1:1000 (WB) Rabbit polyclonal antibody 

against lysine (K)-specific deme-

thylase 1A 

Cell signaling technology 

(Danvers, USA) 

α-Transferrin recep-

tor 

1:1000 (WB) Mouse monoclonal antibody 

against transferrin receptor 

 

α-α-Tubulin  1:1000 (WB)  Mouse monoclonal antibody 

against total alpha-tubulin pro-

tein  

Sigma-Aldrich (St. Louis, 

USA) 

α-YopM  1:1000 (WB)  

1:500 (IF) 

Rabbit polyclonal antibody 

against Yersinia outer protein M  

Rüter et al., 2010  
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α-YopM N-terminal 1:1000 (WB) Rabbit monoclonal antibody 

against N-terminal part of Yer-

sinia outer protein M 

Rüter et al., 2014 

α-YopM C-terminal 1:1000 (WB)  

 

Rabbit monoclonal antibody 

against C-terminal part of Yer-

sinia outer protein M  

Rüter et al., 2014  

    

 

Fluorescent dyes and secondary antibodies are summed up in Table 9. 

Table 9: Secondary antibodies and fluorescent dyes 

Antibody/Dye Dilution Characteristics Reference 

DAG-Cy2 1:100 (IF) Cy™2-conjugated donkey mono-

clonal antibody against goat IgG 

Jackson Immunoresearch 

Lab. (West Grove, USA) 

Draq5™  1:400 (IF)  Selective DNA dye  Biostatus (Shepshed, UK)  

GAM-PO  1:10.000 

(WB)  

Peroxidase (PO)-conjugated goat 

monoclonal antibody against 

mouse-IgG  

Dianova (Hamburg, Germany)  

GAR-PO  1:10.000 

(WB)  

PO-conjugated goat monoclonal 

antibody against rabbit-IgG  

Dianova (Hamburg, Germany)  

Phalloidin Texas-Red  1:1000 

(IF)  

F-actin probe conjugated to the 

red-orange fluorescent dye, tet-

ramethylrhodamine (TRITC)  

Sigma Aldrich  

(Taufkirchen, Germany)  

    

2.10 Kits 

All kits that were used in this study are listed in Table 10. 

Table 10: Kits 

Kit Manufacturer 

BCA™ Protein Assay Kit  Thermo Fisher Scientific (Waltham, USA) 

PrimeScript™ RT Reagent Kit Takara Clontech (Mountain View, USA) 

RNeasy® Mini Kit Qiagen (Hilden, Germany) 

Wizard® SV Gel and PCR Clean Up System Promega (Fitchburg, USA) 

Zyppy™ Plasmid Miniprep Kit Zymo Research (Irvine, USA) 
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2.11 Buffers and solutions 

Buffers and solutions that were used for various assays were prepared as stated below (Table 

11) and stored at room temperature unless commented otherwise. Assay-specific buffers and 

solutions can be found in the corresponding chapter. 

 
Table 11: Buffers and solutions 

Acid buffer 

 

Glycine 

SDS 

HCl 

ddH2O 

 

15 g 

10 g 

17 ml 

ad 1 l 

D-PBS (10x) NaCl 

KCl 

Na2HPO4 x 2H2O 

KH2PO4 

ddH2O 

80 g 

2 g 

14.4 g 

2 g 

ad 1 l 

 

D-PBS (1x) D-PBS (10x) 

ddH2O 

100 ml 

ad 1 l 

   

D-PBS-T (1x) D-PBS (10x) 

Tween-20 

ddH2O 

100 ml 

500 μl 

ad 1 l 

 

IPTG IPTG 

ddH2O 

1.2 g 

ad 5 ml 

 

Kanamycin  stock 1000 x  

 

applied dilution 1 x  

50 mg/ml in ddH2O, 

sterile filtered 

50 μg/ml 

Tris-HCl Trizma base 

ddH2O 

HCl 

30.275 g 

ad 250 ml 

adjust to pH 8,0 

SDS (10 %) SDS 

ddH2O 

10 g 

ad 100 ml 
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SDS loading buffer 99 % Glycerol 

10 % SDS 

99 % Mercaptoethanol 

Tris-HCl 1M, pH 6,8 

Bromophenol blue 

ddH2O 

10 ml (20 %) 

15 ml (3 %) 

4 ml (8 %) 

3.125 ml 

6 mg 

ad 50 ml 

 

2.12 DNA and protein size marker 

The size of DNA fragments were determined by using the 1kb ladder by Segenetic ( Borken, 

Germany).  

Fragment sizes [kb]: 10; 8; 6; 5; 4; 3; 2; 1.5; 0.75; 0.5; 0.25. 

 

For determination of molecular weights of protein the “Protein Marker VI (10 – 245) Prestained” 

ladder (AppliChem; Darmstadt, Germany) was used. For better orientation two reference pro-

teins are coupled with a red (75 kDa band) and a green dye (25 kDa band), respectively.  

Molecular masses [kDa]: 245; 180; 135; 100; 75; 63; 48; 35; 25; 20; 17; 11 

 

2.13 Chemicals 

All chemicals that were used in this study are listed in Table 12. 

Table 12: Chemicals 

Chemical Manufacturer 

Acetic acid AppliChem (Darmstadt, Germany) 

Acetone  AppliChem (Darmstadt, Germany)  

Acrylamide, 30 %  AppliChem (Darmstadt, Germany)  

Agar AppliChem (Darmstadt, Germany) 

Agarose low EEO AppliChem (Darmstadt, Germany)  

AmershamTM Cy3 Mono-Reactive Dye GE Healthcare (Little Chalfont, UK) 

Ammonium persulfate (APS)  Thermo Fisher Scientific (Waltham, USA)  

Bromophenol blue  Sigma Aldrich (St. Louis, USA) 

Bovine serum albumin (BSA) H1 Gerbu (Guiberg, Germany)  

Calcium chloride  Merck (Darmstadt, Germany)  

Complete EDTA-free Protease Inhibitor Cocktail Roche Biochemicals (Mannheim, Germany) 

Coomassie Brilliant Blue R-250  Serva (Heidelberg, Germany)  

Cresol red Sigma Aldrich (St. Louis, USA)  
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Deoxynucleotides (dNTPs)  Segenetic (Borken, Germany)  

Dimethyl sulfoxide (DMSO)  Fluka, now Sigma Aldrich (St. Louis, USA) 

Dithiotreitol (DTT) AppliChem (Darmstadt, Germany)  

Ethanol, 70 %  AppliChem (Darmstadt, Germany)  

Ethanol, 100 %  AppliChem (Darmstadt, Germany)  

Ethylenediaminetetraacetic acid (EDTA)  AppliChem (Darmstadt, Germany)  

Dako Fluorescent Mounting Medium  Dako (Carpinteria, USA)  

Glycerol  AppliChem (Darmstadt, Germany)  

Glycine  AppliChem (Darmstadt, Germany)  

Hydrochloric acid  AppliChem (Darmstadt, Germany)  

Imidazole AppliChem (Darmstadt, Germany)  

Isopropanol  AppliChem (Darmstadt, Germany)  

Isopropyl-β-D-thiogalactopyranoside (IPTG)  Thermo Fisher Scientific (Waltham, USA)  

Kanamycin sulfate  Roth (Karlsruhe, Germany)  

Lipopolysaccharides (LPS) from E. coli O111:B4 Sigma Aldrich (St. Louis, USA)  

Magnesium chloride (MgCl2)  Roth (Karlsruhe, Germany)  

Nonfat dried milk powder  AppliChem (Darmstadt, Germany)  

Nonidet® P40 Sigma Aldrich (St. Louis, USA)  

N,N,N´,N´-Tetramethylethylenediamine (TEMED)  AppliChem (Darmstadt, Germany)  

Paraformaldehyde (PFA)  Sigma Aldrich (St. Louis, USA)  

Pierce® ECL Western Blotting Substrate Thermo Fisher Scientific (Waltham, USA)  

Potassium chloride Merck (Darmstadt, Germany)  

Potassium dihydrogen phosphate (KH2PO4) Merck (Darmstadt, Germany)  

Protino® Ni-NTA Agarose Machery-Nagel (Düren, Germany) 

SignalFireTM ECL Reagent Cell Signaling Technology (Danvers, USA) 

Sodium azide Sigma Aldrich (St. Louis, USA)  

Sodium dodecyl sulfate (SDS)  AppliChem (Darmstadt, Germany)  

Sodium chloride (NaCl)  Roth (Karlsruhe, Germany)  

Sodium hydrogen carbonate (NaHCO3) Fluka, now Sigma Aldrich (St. Louis, USA) 

Sodium hydrogen phosphate (Na2HPO4) dihydrate AppliChem (Darmstadt, Germany)  

Sodium hydroxide (NaOH)  Sigma Aldrich (St. Louis, USA)  

Sodium N-lauroylsarcosinate Sigma Aldrich (St. Louis, USA)  

Succrose Roth (Karlsruhe, Germany)  

SYBR Premix Ex Taq II (Tli RNaseH Plus) TaKaRa Clontech (Mountain View, USA) 

Tris hydroxymethyl aminomethane Serva (Heidelberg, Germany)  

Triton X-100  AppliChem (Darmstadt, Germany)  
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Trypan Blue  Sigma Aldrich (St. Louis, USA)  

Tryptone  AppliChem (Darmstadt, Germany)  

Tween-20  AppliChem (Darmstadt, Germany)  

Yeast extract  AppliChem (Darmstadt, Germany)  

2.14 Laboratory consumable supplies 

Laboratory consumable supplies that were used for this study are listed in Table 13. 

Table 13: Laboratory consumable supplies 

Product Supplier 

Amersham™ Protran™ Premium 0.2 μm Nitrocellulose 

Blotting Membrane 

GE Healthcare (Little Chalfont, UK) 

Amicon® Centrifugal Filters Ultracel® - 10K, 30K Merck Millipore (Billerica, USA)  

Blotting Paper Sheets 190 g/m2  Sartorius (Göttingen, Germany) 

Dialysis tube  Roth (Karlsruhe, Germany)  

Discardit II Syringe, sterile, 10 and 20 ml Becton Dickinson (Franklin Lakes, New Jer-

sey, USA) 

Electroporation cuvettes Peqlab Biotechnologie (Erlangen, Germany) 

Falcon® 5 ml Polystyrene Round-Bottom Tube BD Biosciences (Heidelberg, Germany)  

FalconTM tubes (15 ml, 50 ml)  BD Biosciences (Heidelberg, Germany)  

Kyvettes (10 x 4 x 45 mm)  Sarstedt (Nürnberg, Germany)  

Microscope slides (76 x 26 cm)  Engelbrecht (Edermünde, Germany)  

Microtube 1.5 ml Sarstedt (Nürnberg, Germany)  

Millex® HA Filter Unit 0.45 μm Merck Millipore (Billerica, USA)  

NuncTM MicroWell 96-well microplates Thermo Fisher Scientific (Waltham, USA)  

PCR reaction tube (100 μl)  Kisker (Steinfurt, Germany)  

PD-10 Colums SephadexTM G25 M GE Healthcare (Little Chalfont, UK) 

Petri dishes  Sarstedt (Nürnberg, Germany)  

pH-Fix 4.5 – 10.0 color-fixed indicator sticks Machery-Nagel (Düren, Germany) 

Pipette tips  

1000 μl, 200 μl Sarstedt (Nürnberg, Germany)  

1 – 10 μl Kisker Biotech GmbH & Co KG (Steinfurt, 

Germany) 

Poly-Prep® Chromatography Columns Bio-Rad (Hercules, USA)  

Safe-Lock tubes 2.0 ml Eppendorf (Hanau, Germany)  

Whatman paper  Schleicher & Schuell (Dassel, Germany)  
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2.15 Laboratory equipment 

The laboratory equipment that was used in this study is listed in Table 14. 

Table 14: Laboratory equipment 

Device Manufacturer 

Agarose Gel System Peqlab Biotechnologie (Erlangen, Germany) 

Centrifuge Avanti JXN-26 Beckmann Coulter (München, Germany)  

Centrifuge Eppendorf 5417R  Eppendorf (Hanau, Germany)  

Centrifuge Heraeus Sepatech Varifuge 3.OR  Heraeus (Hanau, Germany)  

Certomat HK and R Braun (Kronberg, Germany) 

CO2 Incubator Sanyo (Moriguchi, Japan) 

Confocal Microscope CF LSM META 510  Carl Zeiss (Oberkochen, Germany)  

Eppendorf Biophotometer 8.5 mm  Eppendorf (Hamburg, Germany)  

Flow Cytometer Calibur  BD Biosciences (Heidelberg, Germany)  

Gel Caster Hoefer Scientific Instruments (San Francisco, 

USA) 

Incubation Shaker Minitron Infors HAT (Bottmingen, Switzerland) 

LightCycler®480 Roche (Basel, Switzerland) 

Lumi-ImagerTM F1  Boehringer (Mannheim, Germany)  

Magnetic Stirrer RH IKA (Staufen, Germany) 

MicroPulserTM Bio-Rad (Hercules, USA)  

Mighty Small II Mini Vertical Electrophoresis Unit, 

Basic 

Hoefer Scientific Instruments (San Francisco, 

USA) 

Molecular Imager Gel DocTM XR+ System  Bio-Rad (Hercules, USA)  

NanoDrop®1000  Thermo Fisher Scientific (Waltham, USA)  

Pipettes 

Reference 10 

Research 1000, 200, 20 

Varipette® 

Eppendorf (Hanau, Germany)  

Platform Shaker Duomax 1030 Heidolph (Schwabach, Germany) 

Power Pack P25 Biometra (Göttingen, Germany) 

Scales Sartorius (Göttingen, Germany) 

SevenCompact pH Meter Mettler-Toledo (Hagen, Germany) 

Sonifier 250 Branson Ultrasonics Corporation (Danbury, 

USA) 

SpectraMax M2  Molecular Devices (Biberach an der Riss, Ger-

many)  
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TE22 Mighty Small Transfer Tank 

 

Hoefer Scientific Instruments (San Francisco, 

USA)  

ThermoShaker TS1 Biometra (Göttingen, Germany) 

TProfessional Thermocycler Biometra (Göttingen, Germany) 

Tube Roller RM5 Assistent 

Vortexer Scientific Industries (Bohemia, USA) 

 

2.16 Software 

Software used in this study is listed in Table 15. 

Table 15: Software 

Software Provider 

BioImageXD (Finland) 

BD CellQuest Pro BD Biosciences (Heidelberg, Germany)  

GIMP  

ImageJ  

Image Lab 3.0 Bio-Rad (Hercules, USA)  

LightCycler®480 Software Roche (Basel, Switzerland) 

LSM Image Browser Software  Carl Zeiss (Oberkochen, Germany)  

Lumi AnalystTM 3.1  Boehringer (Mannheim, Germany)  

Microsoft Office, 2013 Microsoft (Redmond, USA)  

SoftMax Pro® 6.2.2  Molecular Devices (Biberach an der Riss, Ger-

many)  
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3 Methods 

All procedures were performed in accordance to the guidelines and principles of “good labora-

tory practice” (GLP), “good microbiological laboratory practice” (GMLP) and the S2 safety regu-

lations (GenTG). 

 

3.1 Microbiological methods 

3.1.1 Cultivation and strain maintenance of bacteria 

Strain maintenance on agar plates allowed easily accessible short-term storage of bac-

teria. Bacterial material was streaked onto agar plates which were then incubated at 37 °C over-

night and could afterwards be stored for 4 – 6 weeks at 4 °C. 

To prepare an overnight culture liquid medium was inoculated with a single colony from 

an agar plate under sterile conditions and incubated at 180 rpm in a shaking incubator at 37 °C. 

By adding a certain amount of overnight culture to fresh medium and incubating again at 37 °C, 

shaking, main cultures were derived. 

For long-term strain maintenance liquid bacterial culture was supplemented with glyc-

erin (final concentration 25 %) as soon as the bacteria reached the phase of exponential growth. 

Aliquots were stored at – 70 °C. 

 

3.1.2 Measurement of optical density 

By measuring the optical density at a wave length of 600 nm (OD600) in disposable cu-

vettes (1cm thickness) with a spectral photometer (Eppendorf BioPhotometer) the bacterial 

growth in liquid culture medium was determined.  

 

3.2 Cytological methods 

3.2.1 Thawing of cryoconserved cells 

Cryoconserved cells were briefly defrosted in a water bath at 37 °C and then gently 

transferred into a 25 cm2 cell culture flask with fresh medium which was exchanged after a pe-

riod of no more than 24 hrs. 
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3.2.2 Cultivation of eukaryotic cells 

Both HeLa and CHO-E cells were cultivated in their appropriate medium in 75 cm2 cell 

culture flasks in an incubator providing an atmosphere saturated with water vapor, a tempera-

ture of 37 °C, a pH range of 7.2 – 7.4 and 5 % CO2. Exchanging the medium every two to three 

days ensured sufficient supply with nutrients. As soon as the cells approached the state of a 

confluent monolayer, they were split. The medium was removed and the cells were washed 

once with D-PBS to remove any cell detritus. After one minute of incubation with 1.5 ml trypsin 

in the incubator to detach the cells from the surface, trypsin was aspirated and the cells were 

kept at 37 °C for another 3 – 5 minutes to allow complete detachment. After suspension in fresh 

medium a proportion of the solution was transferred into a new cell culture flask with further 

fresh medium. 

 

3.2.3 Strain maintenance of eukaryotic cells 

Freezing cells with a low passage number in liquid nitrogen allows strain maintenance 

over a long period of time. After washing and lysing the cells as described in 3.2.2 excess trypsin 

was removed by centrifugation and the cells were suspended in freezing medium (Table 16). 

Aliquots of 1 ml each were gauged into cryovials and stored over night at -70 °C prior to transfer 

into liquid nitrogen for long-term storage.  

 

Table 16: Freezing medium 

CHO-E 80 % supplemented α-MEM (see above) 

 10 % FCS (final concentration 20 %) 

 10 % DMSO 

 

3.2.4 Incubation of eukaryotic cells with recombinant protein 

For immunofluorescence microscopy eukaryotic cells were cultivated as described in 

3.4.9 and for flow cytometry and cell fractionation as described in 3.4.10 and 3.4.8 and then 

incubated with recombinant GFP, YopM or TSES-YopM (final concentration 25 μg/ml) at 37 °C, 

5 % CO2, pH range 7.2 – 7.4 and in an atmosphere saturated with water vapor. 

 



 

28 

 

3.3 Molecular biological methods 

3.3.1 Plasmid mini preparation 

Plasmid DNA for further processing was in this study purified using the Zyppy™ Plasmid 

Miniprep Kit (Zymo Research, Irvine, USA). The underlying method of alkaline lysis was invented 

by Birnbaum and Doly (1979): application of a strong alkaline buffer results in bacterial lysis and 

denaturation of both chromosomal and plasmid DNA. Subsequent treatment with a neutraliza-

tion buffer allows reannealing of plasmid but not of chromosomal DNA. The latter one precipi-

tates and can be separated by centrifugation together with proteins.  

In accordance to the provided protocol, 3 ml of an overnight culture were centrifuged 

at 20,000 × g for 30 s in a 2 ml reaction tube. The supernatant was discarded, the pellet sus-

pended in 600 μl of ddH2O and 100 μl of 7x Lysis Buffer (Blue) were added. Proper mixing was 

achieved by inverting the tube 4 – 6 times. Within 2 min 350 μl of cold Neutralization Buffer 

(Yellow) were added to the sample whose color then changed under thorough mixing from blue 

to yellow and showed formation of a yellowish precipitate. This was then pelleted by centrifu-

gation at 14,000 × g for 4 min. The supernatant was carefully transferred into the provided Zymo-

SpinTM IIN column. After placing the column in a Collection Tube it was centrifuged at 14,000 × 

g for 15 s, the flow-through was discarded and the column was put back into the same Collection 

tube. Two washing steps followed: the first with 200 μl of Endo-Wash Buffer (30 s centrifugation) 

and the second with 400 μl of ZyppyTM Wash Buffer (1 min centrifugation). Finally, the column 

was placed into a clean 1.5 ml reaction tube, 30 μl of ZyppyTM Elution Buffer were applied directly 

to the column matrix and allowed to incubate for 1 min at room temperature. Elution of the 

plasmid DNA was achieved by centrifugation for 30 s. All required buffers as well as the columns 

and collection tubes were provided by the Zyppy™ Plasmid Miniprep Kit (Zymo Research, Irvine, 

USA). 

 

3.3.2 Polymerase chain reaction (PCR) 

Polymerase chain reaction is a method that allows the amplification of a target DNA 

region from template DNA as long as the flanking regions of the desired fragment are known. It 

can also be used for various other purposes, some of which were used in this study and are 

mentioned below. 

Double stranded DNA is denatured by heating the sample at 94 °C. Following this, a pri-

mer-specific temperature at which the specific oligonucleotide primers anneal to the flanking 
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regions of the target DNA is required. Finally, DNA polymerase which displays maximum activity 

at 72 °C extends the oligonucleotide primers by adding deoxyribonucleosid triphosphates 

(dNTPs). Repetition of those three steps for 30 to 35 cycles results in exponential amplification 

of the target DNA (95, 116). 

In this study, PCR was used to introduce restriction sites for subsequent enzyme digest, 

to remove unrequired regions of multiple cloning sites and to screen colonies for positive clones 

after transformation. While colony screenings were performed using a mixture of Taq- (Thermus 

aquaticus) and Pfu- (Pyrococcus furiosus) DNA polymerase (100 : 1) combining the 3’→5’ exonu-

clease proofreading activity of Pfu with the faster 5’→3’ DNA polymerase activity of Taq, PCRs 

for subsequent cloning procedures were conducted using Phusion DNA polymerase. This en-

zyme is a fusion protein consisting of a novel Pyrococcus-like enzyme attached to a processivity-

enhancing domain, which achieves reduced extension times, high yield amplification as well as 

high accuracy. 

PCR was performed using the following reaction mixtures for colony screening and clon-

ing purposes respectively (Table 17, Table 19): 

Table 17: Reaction mixtures for PCR 

 Colony screening Cloning purposes 

Template DNA material picked from one CFU 1 – 100 ng 

dNTP mix (10 mM each) 0.5 μl 1 μl 

Oligonucleotide primers 10 pmol (each) 20 pmol (each) 

DNA polymerase 1 μl (ca. 1 U) 

Taq-Pfu-DNA polymerase mix 

(100:1) 

0.5 μl (1 U) 

Phusion DNA polymerase 

Buffer 2.5 μl 10x Buffer A+ 10 μl 5x Phusion HF Buffer 

Red Dye 0.15 μl - 

ddH2O ad 25 μl ad 50 μl 

 

All PCR reactions were performed in a thermocycler using the following settings (Table 

18): 

Table 18: Settings of thermocycler for PCR 

Reaction step Temperature Duration Cycles 

 Taq-Pfu Phusion Taq-Pfu Phusion  

I Initial denaturation 94 °C 98 °C 5 min 30 s 1 x 

II Denaturation 94 °C 98 °C 30 s 10 s  

30 x III Annealing Tm 30 s 
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IV Elongation 72 °C 30 s 15 – 30 s/kb 

V Final elongation 72 °C 5 min 10 min 1x 

 

In order to eliminate any template DNA after PCR for cloning purposes 10 U DpnI were 

added to each reaction tube and incubated at 37 °C for one hour. DpnI digests only methylated 

DNA and for this reason leaves PCR products unharmed while removing all template plasmid 

DNA. 

 

Table 19: Preparation of Red Dye and dNTP stock 

Red Dye   

Storage buffer Tris HCl (pH 7.6) 20 mM 

 KCl 100 mM 

 EDTA 0.1 mM 

 DTT 1 mM 

 Triton X-100 0.5 % 

 Glycerol 50 % 

 ddH2O ad 50 ml 

store at -20 °C 

     prior to usage add Cresol Red max. 0.3 g 

 Sucrose 5 g 

 

dNTP stock   

 dGTP (100 mM) 50 μl 

 dTTP (100 mM) 50 μl 

 dATP (100 mM) 50 μl 

 dCTP (100 mM) 50 μl 

 ddH2O ad 500 μl 

store at -20 °C 

 

3.3.3 Separation of DNA fragments by agarose gel electrophoresis 

Agarose gel electrophoresis is a method that allows separation of DNA fragments ac-

cording to their size. As DNA exhibits a negative charge due to phosphate residues in the sugar-

phosphate backbone it migrates towards the anode if an electric field is applied. The shorter the 

fragment the faster it proceeds. 
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The routinely used 2 % TAE agarose gel was prepared by dissolving agarose in 1x TAE 

buffer (5) and pouring the solution into an agarose gel chamber. Prior to loading, samples were 

prepared with either Red Dye or 6x Loading buffer Table 20). Along with the samples a DNA size 

marker for size identification by comparison was loaded. Separation of DNA fragments was 

achieved by applying 120 V to the loaded gel for 1 – 1.5 hours.  

Incubation of the gel for 20 min with ethidium bromide, which intercalates with DNA 

allowed visualization of the separated DNA fragments under UV light at 312 nm. If necessary, 

DNA fragments were excised and purified for further processing. 

 

Table 20: Preparations for agarose gel electrophoresis 

 

 dilute 100 ml TAE buffer (50x) in 4900 ml ddH2O 

 

TE buffer   

 Tris HCl 10 mM 

 EDTA 1 mM 

 pH 8  

 

Loading buffer for agarose gel electrophoresis (6x) 

99 % Glycerol 60 % 6 ml 

0.5 M EDTA 60 mM 1,2 ml 

Na-N-Lauroyl-Sarcosinate 3 % 0.3 g 

Bromophenol blue 0.1 % 10 mg 

dd H2O  ad 10 ml 

 

1 kb DNA ladder   

 1 kb DNA ladder mastermix 50 μl 

 TE buffer 17 μl 

 6x Loading buffer 13 μl 

 ddH2O 20 μl 

 

TAE buffer (50x), pH 8,0   

 Tris base 242 g 

 96 % Acetic acid 57.1 ml 

 1 M EDTA 14.7 g 

 ddH2O ad 1 l 
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3.3.4 DNA purification after PCR or enzyme digest and DNA extraction from 

 agarose gels 

Extraction of DNA from agarose gels and DNA purification after PCR or enzyme digest in 

order to remove any excess nucleotides, primers and enzymes were achieved using the Wizard® 

SV Gel and PCR Clean Up System (Promega, Fitchburg, USA). While products of PCR or enzyme 

digest were mixed with an equal volume of Membrane Binding Solution, excised gel slices con-

taining DNA fragments after gel electrophoresis were incubated with 10 μl Membrane Binding 

Solution per 10 mg of gel slice at 50 – 65 °C until the gel was completely dissolved. The sample 

was then transferred into a SV Minicolumn that was inserted into a Collection Tube and left to 

incubate at room temperature for one minute. After the centrifugation at 16,000 × g for one 

minute the flow-through was discarded and two washing steps followed: the first with 700 μl of 

Membrane Wash Solution (one minute centrifugation at 16,000 × g), the second with 500 μl of 

Membrane Wash Solution (five minutes at 16,000 × g). Centrifugation for one minute with 

opened microcentrifuge lid allowed evaporation of any excess ethanol. The Minicolumn was 

then placed into a clean 1.5 ml reaction tube and 30 μl of Nuclease-Free Water were added and 

left for incubation at room temperature for one minute. Finally, centrifugation at 16,000 × g for 

one minute eluted the DNA. 

3.3.5 Photometric DNA quantification 

Double stranded DNA exhibits an absorption maximum at a wavelength of 260 nm. The 

grade of absorption is in proportion to the concentration of double stranded DNA in the solution 

and therefore allows quantification of DNA. A solution showing absorption of 1.0 at 260 nm 

contains 50 μg/ml double stranded DNA (35).  

The routinely performed measurement of the absorption at a wavelength of 280 nm 

(maximum absorption of proteins) takes possible protein contamination into account. The ratio 

A260/A280 allows conclusions about the purity of the DNA solution. While ratios of 1.8 – 2.0 are 

interpreted as pure or only slightly contaminated, values < 1.8 indicate protein contamination 

and values > 2.0 are indicative of RNA contamination. 

The absorbance was measured with the NanoDrop spectrophotometer using ddH2O as 

blank.  
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3.3.6 Restriction of DNA 

Class II restriction endonucleases (bacterial origin) specifically recognize a distinct se-

quence of 4 – 8 base pairs in a double stranded DNA molecule and within this sequence hydro-

lytically cleave the phosphodiester bonds between two nucleotides. This process leaves the DNA 

with either blunt or cohesive (“sticky”) ends.  

DNA restriction by endonucleases was performed to prepare insert and vector for clon-

ing purposes. According to the manufacturer’s recommendations, double digestion with two 

restriction endonucleases was carried out in a 50 μl reaction mix Table 21. 

 

Table 21: Restriction of DNA 

DNA 1 μg  

10x CutSmart Buffer 5 μl 

Restriction endonucleases 10 U each 

ddH2O ad 50 μl 

 

Incubation was allowed for 1 h to up to 18 h (overnight) at 37 °C. Depending on the size 

of the expected fragments isolation of the desired fragment was achieved by either using the 

Wizard® SV Gel and PCR Clean Up System (Promega, Fitchburg, USA) (undesired fragments < 100 

bp) or first applying separation by agarose gel electrophoresis (undesired fragments > 100 bp) 

followed by extraction from the gel using the same kit.  

3.3.7 Ligation of DNA fragments 

Enzymatic ligation was routinely performed in order to clone insert DNA into plasmid 

DNA. As a prerequisite, fragments that are to be ligated have to exhibit complementary cohesive 

ends, which was achieved by cleaving them with the same restriction endonucleases. T4 DNA 

Ligase was then able to ligate the fragments by forming phosphodiester bonds between the 3’ 

hydroxyl and 5’ phosphate residues. 

The reaction was executed in a 20 μl reaction mix applying 1 U of T4 DNA Ligase with 2 

μl of T4 DNA Ligase Buffer. For ligation, vector and insert DNA were, as a rule of thumb, deployed 

in a molecular ratio of 1 : 5 and the required mass of insert DNA was calculated using the for-

mula: 

5	 × 	 	 	 	 × ℎ 	 	 	 	

ℎ	 	 	 	
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The reaction mix was left for overnight incubation at 4 °C. 

 

3.3.8 Transformation of bacteria 

Transformation of bacteria describes the process of uptake of donor DNA into an accep-

tor organism. Prior to transformation, careful preparation of the acceptor organisms is neces-

sary in order to make them competent for DNA uptake. If the introduced plasmid carries a spe-

cific antibiotic resistance the success of the transformation can be validated by applying this very 

antibiotic. 

 

3.3.8.1 Preparation of electrocompetent E. coli 

In order to prepare bacterial cells for transformation by electroporation, 200 ml LB me-

dium were inoculated with 4 ml of an overnight culture and incubated at 37 °C until an OD600 of 

0.5 to 0.7 was reached. The cells were pelleted by centrifugation at 3,500 × g for 20 min at 4 °C 

and the supernatant was discarded. All following steps were performed under cooled conditions 

(on ice). The cells were washed twice with 50 ml of ice-cold ddH2O followed by one washing step 

with 10 ml of sterile-filtered, ice-cold 10 % glycerol (centrifugation  

3,500 × g, 15 min, 4 °C). Subsequently, the pellet was suspended in 1 ml of sterile-filtered, ice-

cold 10 % glycerol. Aliquots of 100 μl were prepared and stored at – 70 °C. 

3.3.8.2 Transformation by electroporation 

Application of an electric field to electrocompetent cells causes a dramatic increase in 

their cell membrane permeability and, thus, allows introduction of molecules (e.g. plasmid DNA) 

into the acceptor organism (25, 37). In order to remove any salts, the plasmid DNA solution (10 

μl) was dialyzed on a filter membrane for 30 min prior to electroporation and then added to one 

aliquot of electrocompetent E. coli thawed on ice. The mixture was then transferred into a 

cooled electroporation cuvette and subjected to an electro-magnetic field (2500 V, 25 μF, 200 

Ω) provided by the electroporator MicroPulserTM (Bio-Rad, Hercules, USA). Following the pulse, 

1 ml of LB medium was added and the cell suspension was incubated at 37 °C and 180 rpm for 

1 h in order to support cell recovery. Finally, the suspension was plated on LB agar plates con-

taining selective antibiotics and incubated at 37 °C overnight.  
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3.3.9 DNA Sequencing 

DNA samples were routinely send to Seqlab (Göttingen, Germany) for sequencing. Sub-

sequent sequence analysis was carried out using the BLAST program available at the “National 

Center for Biotechnology Information” homepage (NCBI, Bethesda, USA, 

http://blast.ncbi.nlm.nih.gov/Blast.cgi). 

 

3.3.10 Analysis of eukaryotic gene expression 

The effect of recombinant TSES-YopM on the expression of cytokines and chemokines 

was investigated by quantitative real time PCR (qPCR). For this purpose, RAW cells were cultured 

in 6 well plates until reaching confluency and then incubated with recombinant protein for 3 h. 

Expression of chemo- and cytokines was subsequently stimulated by treating the cells with LPS 

(1:1000) for 16 h.  

 

3.3.10.1 Isolation of RNA 

RNA of the cells was isolated using the RNeasy Mini Kit (Qiagen) following the manufac-

turer’s instructions. After stimulation the cells were washed twice with D-PBS/Mg2+ prior to lys-

ing them by applying 350 μl RLT buffer and scraping them of the surface of the plate. The cell 

lysates were collected in 1.5 ml reaction tubes and either, if necessary, stored at – 20 °C until 

further usage or triturated 7 x with a 25 G needle to ensure complete cell destruction. 350 μl of 

ethanol (70 %) were added and mixed thoroughly. The solution was then transferred to an RNe-

asy Mini spin column which was placed in a 2 ml collection tube and centrifuged at 8,500 × g for 

15 s. The flow-through was discarded. To remove any possible DNA contamination an on-column 

DNase digestion was performed by incubating the membrane with 80 μl DNAse mix (10 μl  

DNAse I stock + 70 μl buffer RDD) at room temperature for 1 h. One washing step with 700 μl 

RW1 buffer and two washing steps with 700 μl RPE buffer followed, the first two requiring cen-

trifugation for 15 s each, the last one for 2 min. In order to remove any excess buffer and dry 

the membrane a final centrifugation step (2 min) finished the washing process. For elution, the 

column was placed in a 1.5 ml reaction tube, 14 μl of RNase free, 70 °C warm H20 were applied 

directly to the membrane and left to incubate for 1 min before this step was repeated. Finally, 

the column was centrifuged for 1 min to elute the RNA. 

The yielded concentration was measured with the NanoDrop®1000 (Thermo Fisher Sci-

entific) and the extracted RNA was stored at – 80 °C until further usage. 
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3.3.10.2 Synthesis of cDNA 

DNA required for qPCR can be synthesized from extracted RNA using a method that is 

called reverse transcription. The isolated mRNA here functions as a template for a PCR whose 

product is cDNA (complementary DNA). In this study, cDNA was synthesized using the Prime-

Script™ RT Reagent Kit (Takara) according to the manufacturer’s instructions (Table 22, Table 

23). cDNA synthesis was carried out in duplicate. 

 
Table 22: Preparation for synthesis of cDNA 

Reagents Volume 

mRNA 1 μg 

Random6 mers 0.5 μl 

Oligo dT Primer 0.5 μl 

PrimeScript RT Enzyme Mix (contains RNase inhibitor) 0.5 μl 

5 x PrimeScript Buffer 4 μl 

RNase free dH2O ad 20 μl 

 

Table 23: Settings of thermocycler for cDNA synthesis 

Reaction step Temperature Duration 

Reverse transcription 37 °C 15 min 

Heat inactivation of reverse transcriptase 85 °C 5 s 

 4 °C pause 

3.3.10.3 Quantitative real time PCR (qPCR) 

Quantitative real time PCR is a method that allows quantification of PCR products by 

measuring the fluorescence intensity of a PCR sample. A fluorescent dye, such as SYBR Green, is 

only able to emit fluorescence when bound to double-stranded DNA. Therefore, measured flu-

orescence intensity correlates with the amount of amplified double-stranded PCR product. In 

contrast to a simple PCR reaction where quantification is only possible at the end of the reaction, 

qPCR allows continuous quantification measuring the intensity of fluorescence at each cycle. 

The number of the cycle at which the determined fluorescence intensity of a sample exceeds a 

previously defined threshold is called threshold cycle (CT). CT is essential for subsequent relative 

quantification of gene expression (3.3.10.4). 
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As the dye intercalates with any DNA molecule, though, the resulting fluorescence can-

not easily be attributed to a specific gene but further parameters such as the melting curve have 

to be taken into account.  

In this study, the expression of TNF-α in cells being pretreated with recombinant protein 

was to be quantified. Quantification of the expression of a target gene requires parallel quanti-

fication of a reference gene (housekeeping gene) which has to be unregulated and constantly 

expressed. In this case, mouse 36B4 was chosen as the reference. For the qPCR, cDNA was di-

luted 1:9 in nuclease-free water and each measurement was done in duplicate. According to the 

manufacturer’s instructions a 10 μl reaction mix was used (Table 24) and the reaction was car-

ried out in the LightCycler®480 (Table 25). The obtained data was analyzed using the Light-

Cycler®480 Software and the 2-ΔΔC
T method was applied for relative quantification.  

 

Table 24: Preparation for qPCR 

Component Volume 

SYBR Premix Ex Taq II 5 μl 

cDNA 1 μl 

Primer mix (3 μM each) 1.3 μl 

ddH2O 2.7 μl 

  

Note: 8.7 μl of a master mix containing SYBR, cDNA and water were pipetted into 

each well prior to adding 1.3μl of the primer mix into the respective wells. 

 

Primer mix (3 μM each)   

 forward primer (100 μM stock) 3 μl 

 reverse primer (100 μM stock) 3 μl 

 ddH2O 94 μl 

 

Table 25: Settings of the LightCycler®480 for qPCR 

Reaction step Temperature Time Cycles 

I Denaturation and DNA 

polymerase activation 

95 °C 15 min 1 x 

II 1. Denaturation 95 °C 12 s  

 2. Annealing 60 °C 10 s 35 – 55 x 

 3. Elongation 72 °C 12 s  

III Melting 60 – 95 °C stepwise 1 x 
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3.3.10.4 Relative quantification with 2-ΔΔC
T method 

The 2-ΔΔC
T method was applied in order to quantify the change in expression of the target 

gene TNF-α in samples treated with LPS or LPS plus BSA, YopM or TSES-YopM, respectively, in 

relation to the calibrator (untreated control). 

In a first step, the CT of the reference gene 36B4 was subtracted from the CT of the target 

gene for each sample (medium control, LPS, LPS plus protein).  

= 	 − 		  

The resulting ΔCT values of the treated samples were then put in relation to the ΔCT of 

the medium control (calibrator). 

= ∆ 		 − ∆ 		  

In order to finally obtain the change in expression of the target gene between the two 

samples the following formula was applied: 

=	2 ∆∆  

 

3.4 Protein biochemical methods 

3.4.1 Expression and purification of recombinant proteins 

In this study, all fusion proteins were cloned by restriction cloning into either pET-24-

b(+) or a modified pET-28-a(+) as both provide the coding sequence for a C- or N-terminal 6x His-

tag which was needed for protein purification. 

3.4.1.1 Expression of recombinant proteins 

Expression of proteins cloned into either of the utilized plasmids is driven by the T7lac 

promoter, which is recognized by the T7 RNA polymerase but not the native E. coli RNA poly-

merase. Therefore, for protein expression an E. coli strain harboring the gene encoding T7 RNA 

polymerase is required. The genome of λDE3 lysogenized bacteria (e.g. expression strains BL21 

(DE3) and Nico (DE3)) encodes this gene with its expression driven by a lacUV5 promoter that 

can be bound by the native E. coli RNA polymerase. Both, the T7lac and the lacUV5 promoter 

are controlled by the lac repressor (lacI) of the lac operon of E. coli. The repressor prevents 

binding of either RNA polymerase to either promoter by binding to the operator lacO. Isopropyl-

β-D-thiogalactopyranosid (IPTG) prevents lacI from binding lacO and that way allows both ex-

pression of T7 RNA polymerase and, subsequently, also transcription of T7lac promoted genes. 
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Plasmids containing the sequences of the respective fusion proteins were transformed 

into E. coli BL21 (DE3). 400 ml of LB medium supplemented with 400 μl kanamycin were inocu-

lated 1 : 100 with an overnight culture and incubated at 37 °C and 180 rpm until an OD600 of 0.6 

to 1.0 was reached. 0.5 mM IPTG were added in order to induce protein expression and incuba-

tion was allowed for 4 h at 26 °C and 180 rpm. Finally, bacteria were harvested by centrifugation 

(3,500 × g, 20 min, 10 °C) and the pellet was stored at -20 °C until further usage. 

 

3.4.1.2 Preparation of bacterial cell lysate 

After thawing the frozen pellet (3.4.1.1) on ice it was resuspended in 7 ml of lysis buffer 

(Table 26) which was supplemented with lysozyme (final concentration 200 μg/ml) and benzo-

nase (Novagen, 25 U/μl) and incubated rolling at 4 °C for 1 hour. Sonifying the solution four 

times for  

30 sec on ice respecting 30 sec rest in between the single exposures secured/caused cell lysis 

(Branson Sonifier 250; level 4, 50 % cycle). Separation of the protein solution from the cells de-

bris was accomplished by centrifugation (12,000 × g, 15 minutes, 4 °C). 

Table 26: Lysis buffer 

 1 M Tris-HCl pH 8,0 50 mM 10 ml 

 2 M NaCl 500 mM 50 ml 

 1 M imidazole 10 mM 2 ml 

 100 % glycerol 10 % 20 ml 

 10 % triton X-100 0.1 % 2 ml 

 ddH2O ad 200 ml 116 ml 

3.4.1.3 Purification of recombinant proteins by affinity chromatography 

Proteins carrying a poly His-tag can be purified by affinity chromatography with nickel-

nitrilotriacetic acid. 1 ml of the Ni-NTA agarose was pipetted into a gravity-flow column and 

allowed to set. The bacterial lysate was then run over the Ni-NTA matrix in order to allow His-

tagged proteins to bind to the matrix. Subsequently, the matrix was washed three times with 10 

ml cooled washing buffer and then the bound protein was eluted applying 5 ml cooled elution 

buffer (Table 27, Table 28). All flow-throughs were collected and analyzed by SDS-PAGE and 

Coomassie staining. 
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Table 27: Washing buffer 

 1 M Tris-HCl, pH 8.4 50 mM 25 ml 

 2 M NaCl 300 mM 75 ml 

 1 M imidazole 20 mM 10 ml 

 100 % glycerol 10 % 50 ml 

 10 % triton X-100 0.1 % 5 ml 

 ddH2O ad 500 ml 335 ml 

 

Table 28: Elution buffer 

 1M Tris-HCl, pH 8.4 50 mM 2.5 ml 

 2M NaCl 300 mM 7.5 ml 

 1M imidazole 200 mM 10 ml 

 100 % glycerol 10 % 5 ml 

 ddH2O ad 50 ml 25 ml 

 

3.4.1.4 Protein dialysis and concentration 

In order to remove the imidazole from the protein solution, the elution fraction was 

dialyzed in D-PBS following protein purification. For dialysis a dialysis tube (pore size:  

6 – 10 kDa, Roth, Karlsruhe, Germany) containing the protein solution was placed in 2 l of 1x D-

PBS and under gentle stirring was left there overnight at 4 °C. Following dialysis, proteins were 

concentrated to a final volume of 2 ml by centrifugation at 3,500 × g and 4 °C in Amicon® cen-

trifugal filters (Millipore, Eschborn). 

3.4.2 Quantification of protein concentration 

Quantification of recombinant purified protein was performed applying the bicincho-

ninic acid assay (BCA assay) as described by Smith et al. (128). The method is based on two steps, 

the first of which is the biuret reaction which describes the reduction of Cu2+ to Cu1+ by proteins 

under alkaline conditions. Subsequent addition of BCA allows formation of chelate complexes 

containing one cuprous ion and two BCA molecules which are water-soluble and exhibit a strong 

linear absorption at a wavelength of 562 nm: the higher the protein concentration of a solution 

the higher the absorbance.  

For this study, the BCA™ Protein Assay Kit (Thermo Fisher Scientific, Waltham, USA) was 

used. By mixing the BCA Reagents A and B at a ratio of 50 : 1 the working reagent was prepared. 

In a 96-well microtiter plate, 200 μl of the working reagent were pipetted into each well and 25 

μl of an appropriate dilution of the protein sample were added. In order to obtain a standard 
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curve for reliable quantification of the concentration of the protein samples, BSA in different 

known concentrations was prepared simultaneously. The samples were incubated with the 

working reagent at 37 °C for 30 min. After cooling down to room temperature, absorbance was 

determined in a microtiter plate reader at 562 nm. 

 

3.4.3 Protein labeling with fluorescent dyes 

Labeling of proteins with fluorescent dyes allows their detection by fluorescence micros-

copy and FACS analysis. 

For this study, the proteins YopM and TSES-YopM were labeled with the orange fluo-

rescing cyanine, Cy3, using the Amersham ™ Cy3 Mono-Reactive Dye (GE Healthcare). The N-

Hydroxysuccinimide (NHS) moiety of this dye reacts with molecules that contain free amino 

groups, i.e. proteins. The stable protein-dye conjugates exhibit a maximum excitation at 550 nm 

and maximum emission at 570 nm.   

Following dialysis and concentration, 1.3 mg of purified protein were mixed with cou-

pling buffer (final volume 1 ml) by inversion (Table 29). The solution was transferred into a vial 

containing the dye and left on a rotary shaker for incubation under dark conditions at room 

temperature for 1 h. Separation of the labeled protein from any excess dye was achieved by 

permeation chromatography with PD-10 Columns Sephadex ™G25 M (GE Healthcare). The col-

umn was equilibrated with D-PBS/azide 0.1 % before applying the protein-dye solution. As soon 

as the solution was completely seeped into the matrix D-PBS/azide 0.1 % was added until two 

separate bands became visible. The lower – being the one containing the labelled protein – was 

collected in a 1.5 ml reaction tube. 

Labelling efficiency was controlled and quantified by photometric analysis as a ratio of 

absorption at 550 nm and the protein concentration. Finally, SDS-PAGE, Coomassie staining and 

analysis with the Image Lab 3.0 software (Bio-Rad) were applied to determine the concentration 

of the labelled protein. 

Labelled proteins were stored in 1.5 ml reaction tubes in light-tight bags at 4 ° C. 

 

Table 29: Conjugation buffer 

stock (1 M) Sodium bicarbonate (NaHCO3) 0.84 g 

 ddH2O ad 10 ml 

 1 M NaOH  adjust pH to 9.0 – 9.3 
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working dilution (0.1 M) dilute stock 1:9  

 

3.4.4 Discontinuous SDS polyacrylamide gel electrophoresis 

In 1970, Laemmli first described a method that allowed the separation of proteins ac-

cording to their molecular weight by electrophoresis: SDS-PAGE (71). This nowadays well-estab-

lished and commonly used method relies on a discontinuous buffer system consisting of two 

gels whose properties are different regarding pH and porosity. Prior to loading them onto the 

gels, heating of the protein samples in the presence of the anionic detergent sodium dodecyl 

sulfate leads to denaturation and linearization of the proteins as well as it leaves them with a 

uniform negative charge that is in proportion to their molecular weights. Application of an elec-

tric field results in protein migration through the gels towards the anode: migration through the 

large pores of the stacking gel leads to concentration of the proteins while the smaller pores 

within the resolving gel separate them according their molecular weight. 

Polyacrylamide mini gels (8 × 10 cm) were prepared by first casting the resolving gel into 

a Gel Caster (Hoefer Scientific Instruments, San Francisco, USA). In order to prevent the for-

mation of bubbles during the process of polymerization the resolving gel was overlaid with iso-

propanol (96 %). This was later discarded and the stacking gel was poured. The gels were stored 

up to 4 weeks at 4 °C. Stacking and resolving gel were prepared according to Table 30 and Table 

31Table 31. 

Preparation for SDS-PAGE required mixing of three parts of protein sample with one part 

of SDS loading buffer and subsequent heating for 5 min at 95 °C. The electrophoresis was per-

formed in a Mini Vertical Electrophoresis Unit (Hoefer Scientific Instruments, San Francisco, 

USA) using running buffer and applying 30 mA per gel. 

 

Table 30: Preparations for SDS-PAGE 

APS 10 %   

 Ammoniumpersulfate 10 g 

 ddH2O ad 100 ml 

 

Stacking gel buffer   

 1 M Tris HCl (pH 6,8) 750 ml 

 0.2 M EDTA 60 ml 

 10 % SDS 60 ml 
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 ddH2O 130 ml 

 

Resolving gel buffer   

 2 M Tris HCl (pH 8,8) 900 ml 

 0.2 M EDTA 48 ml 

 10 % SDS 48 ml 

 ddH2O 4 ml 

 

Running buffer   

 Tris base 30 g 

 Glycine 144 g 

 SDS 10 g 

 ddH2O ad 1 l 

   

 

Table 31: Instructions for preparation of stacking and resolving gel 

Stock solutions Stacking gel, 5 % Resolving gel, 12,5 % 

Acrylamide, 30 % 3 ml 15 ml 

Stacking gel buffer 3 ml - 

Running gel buffer - 7.5 ml 

APS, 10 % 180 μl 330 μl 

TEMED 9 μl 18 μl 

ddH2O 11.9 ml 13.5 ml 

3.4.5 Staining of proteins in polyacrylamide gels 

For visualization of the separated proteins after SDS-PAGE the gels were placed in Coo-

massie brilliant blue stain for 20 min applying gentle agitation (Table 33). This dye stains proteins 

blue by forming dye-protein complexes. Washing twice for 15 min with Coomassie decolorizer 

solution removed any excess dye (Table 32). Prior to imaging using the Molecular Imager Gel 

DocTM XR+ System (Bio-Rad Hercules, USA) the gel was washed with water. ImageLab 3.0 soft-

ware (Bio-Rad Laboratories GmbH, München, Germany) was used for evaluation. 

 

Table 32: Coomassie Decolorizer 

 Acetic acid 7 % 175 ml 

 Ethanol, 100 % 10 % 250 ml 

 ddH2O ad 2.5 l 2.075 l 
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Table 33:  Coomassie brilliant blue stain 

 Coomassie brilliant blue R250 2.75 g 

 Ethanol 500 ml 

 Acetic acid 100 ml 

 ddH2O 400 ml 

   

3.4.6 Western blotting by tank blotting 

After separation by SDS-PAGE, proteins can be transferred to a nitrocellulose membrane 

by western blotting. Incubation with specific antibodies subsequently allows detection of the 

immobilized proteins. 

In this study, the transfer was achieved by tank blotting in a Mighty Small II Mini Vertical 

Electrophoresis Unit (Hoefer Scientific Instruments, San Francisco, USA). The SDS-PAGE gel and 

the presoaked (in 1x transfer buffer) membrane were arranged in a ‘transfer sandwich’ (sponge 

– Whatman paper – membrane – gel – Whatman paper – sponge), squeezed to exclude any air 

bubbles and placed in the transfer tank filled with 1x tank blot transfer buffer (Table 34). Trans-

fer was performed applying 200 mA for 2 h. 

 

Table 34: Tank blot transfer buffer (100x) 

   

 Tris base 139.265 g 

 ddH2O 800 ml 

 HCl adjust pH to 7.8 

 ddH2O ad 1 l 

   

3.4.7 Immunologic detection of proteins after Western blotting 

Proteins that are immobilized on a membrane after western blotting can be detected by 

applying specific primary antibodies, which are marked with enzyme-linked secondary antibod-

ies. The, for this purpose, most commonly used reporter enzyme is the horseradish peroxidase 

(PO) which produces a detectable signal when acting on chemiluminescent reagents.  

Following tank blotting, the membrane was blocked with 5 % skim milk powder in D-PBS 

for 30 min at room temperature under gentle agitation to prevent unspecific binding of the pri-
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mary antibody. Incubation with the latter diluted in 0.5 % skim milk powder in D-PBS was per-

formed at 4 °C overnight. To remove any excess unbound primary antibody, the blot was then 

washed three times for 5 min with PBS-T. The blot was then incubated with the secondary anti-

body, diluted in 0.5 % skim milk powder in D-PBS, for 45 min at room temperature and then 

washed again three times 5 min with PBS-T under gentle agitation. The blot was developed using 

the Enhanced Chemiluminescence System (Thermo Fisher Scientific, Waltham, USA) which re-

quires mixing of equal volumes of the two provided solutions and subsequent incubation of the 

membrane with the mixture for 1 min.  The resulting luminescence signal was detected with the 

Lumi-ImagerTM F1 (Boehringer, Mannheim, Germany) setting the exposition times according to 

the signal strength (10 s – 5 min). 

 

Solution 1: “Super Signal® Chemiluminescent Substrate Stable Peroxidase Solution” 

Solution 2: “Super Signal® Chemiluminescent Substrate Stable Luminol/Enhancer” 

 

3.4.8 Cellular fractionation 

Cell fractionation allows the separation of different cellular compartments and was used 

to verify cellular uptake of recombinant proteins. Nuclear and cytosolic fractions were obtained 

applying a slightly modified version of the REAP cell fractionation protocol which was established 

by K. Suzuki et al. (130).  

Cells were cultivated in 10 cm cell culture dishes until forming an almost confluent mon-

olayer and then incubated with recombinant protein for 3 h as described in 3.2.4.  

All following procedures were performed under chilled conditions. All culture medium 

was removed and the cells were washed twice with ice-cold D-PBS/Mg2+. After adding 1 ml of 

ice-cold D-PBS/ Mg2+ and leaving to stand for 2 – 4 minutes a cell scraper was used to detach the 

cells from the culture dish’s surface. The cell suspension was then transferred into a 1.5 ml mi-

crocentrifuge tube and centrifuged at 20,000 × g and 4 °C for 10 sec. The supernatant was re-

moved and 900 μl of ice-cold 0.1 % NP40-D-PBS added to the cell pellet. Cell maceration was 

achieved by trituration of the cell pellet with a p1000 tip until the pellet was macroscopically 

dissolved. An aliquot (120 μl) of the solution was transferred into a fresh 1.5 ml tube represent-

ing the whole cell sample while the remainder was centrifuged at 20,000 × g and 4 °C for 30 sec 

to obtain the cytosolic fraction within the supernatant. 120 μl of the supernatant were then 

transferred into another fresh 1.5 ml tube.  
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The remaining cell pellet was again suspended in 1 ml ice-cold 0.1 % NP40-D-PBS (Table 

35), triturated until macroscopically dissolved and then centrifuged at 20,000 × g and 4 °C for 30 

sec. The pellet received after removing the supernatant represented the nuclear fraction and 

was white compared to the pellet of the whole cell sample. 

Following the process of cell fractionation the obtained samples were prepared for SDS-

PAGE by adding 40 μl SDS-PAGE sample buffer to each cytosolic fraction or whole cell sample 

and suspending the nuclear pellets in 120 μl SDS-PAGE sample buffer. Prior to boiling the sam-

ples at 95 °C for 4 minutes, whole cell samples and nuclear fractions were sonicated on ice twice 

at level 2 for 5 sec each (Branson Sonifier 250). 

 

Table 35: 0.1 % NP40-D-PBS 

 D-PBS 99 ml 

 10 % (vol./vol.) NP40    1 ml 

 

 

3.4.9 Immunofluorescence microscopy 

Immunofluorescence microscopy allows the visual localization of fluorescently labelled 

recombinant protein after incubation with eukaryotic cells.  Primary antibodies, which specifi-

cally bind to certain cell markers, are detected by fluorescent secondary antibodies. Simultane-

ously, cell structures such as nuclei or actin filaments can be selectively stained.  Antibodies, 

fluorescing stains and reagents are stated in the chapter Materials. 

HeLa or CHO-E cells were cultivated on glass slips in 24 well culture plates to up to  

50 % confluence and then incubated with labelled recombinant protein for 3 h (3.2.4). By wash-

ing three times with D-PBS/Mg2+ excess protein that was not incorporated into the cells or ad-

herent to the cell surface was removed.  In order to also remove adhering protein from the cells 

surface the glass slips were incubated with neutrophil elastase at 37 °C for 5 minutes. Three 

washing steps of 5 minutes each with an inhibition cocktail stopped the reaction and removed 

any excess enzyme. Fixation of the cells was achieved by leaving the cells in 4 % PFA for 20 

minutes at room temperature followed by washing twice for 5 minutes with D-PBS/Mg2+.  Sub-

sequently, if incubation with antibodies was to follow, the cells were incubated with 0.2 % triton 

X-100 for 4 minutes to permeabilize the cells. After three more washing steps with D-PBS/Mg2+ 

the glass slips were placed in 1 % BSA solution for 1 hour at room temperature to saturate any 

unspecific binding sites. For preparation instruction of the used solutions see Table 36. 



 

47 

 

In case of desired visualization of certain cell markers such as E-selectin (CD62E), the 

prepared samples were then incubated in a humid chamber over night at 4 °C with the primary 

antibodies which were diluted in 1 % BSA solution. Following the removal of unbound primary 

antibody by washing with D-PBS three times for 5 minutes each the samples were simultane-

ously incubated with the secondary antibody (diluted in 1 % BSA-D-PBS) and Texas-Red /Green 

conjugated phalloidin (diluted 1:1000) in a humid chamber at room temperature for one hour. 

Any excess secondary antibody or dye was taken off by washing again three times with D-PBS. 

To also visualize the nuclei the slides were incubated with a 1:400 dilution of DRAQ5 in a humid 

chamber for 30 minutes at room temperature.   

After the final washing procedure of three more D-PBS washing steps and one with dis-

tilled water the slides were embedded into Moviol/DABCO and analyzed under the confocal flu-

orescence microscope. 

 

Table 36: Preparations for immunofluorescence microscopy 

0.2 % triton X-100   

 triton X-100 200 μl 

 D-PBS ad 100 ml 

blocking solution   

 BSA 1 g 

 D-PBS  ad 100 ml 

4 % PFA   

 paraformaldehyde 4 g 

 D-PBS ad 100 ml 

 heat to max. 60 °C, add 1 M NaOH until solution clears, sterile filter 

 

3.4.10 Flow cytometry 

Flow cytometry is a laser-based method that allows counting, sorting and characteriza-

tion of cells that are suspended in a fluid. The cytometer generates an extremely fine stream 

that enables only one cell at a time to pass through the laser beam. A cell moving through the 

beam leads to scattering of the light, which is detected by several detectors. Conclusions can be 

drawn from the amount of forward scatter regarding the volume of the cell and of the side scat-

ter regarding its granularity. Furthermore, fluorescence can be detected which allows the mon-

itoring of specifically labeled cells.  
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In this study, flow cytometry was used to further confirm the cellular uptake of TSES-

YopM into HeLa cells, CHO-wt cells and CHO-E cells and to investigate its uptake kinetics in com-

parison to YopM. GFP served as the negative control. The recombinant proteins were labeled 

with the fluorescent dye Cy3 and fluorescence intensity in the cell lines was observed. 

For this purpose, cells were cultured in 10 cm culture dishes until showing a confluency 

of 70 – 80 % and then detached from the surface by treating them with trypsin. A cell pellet was 

obtained by centrifugation and the cells were then suspended in D-PBS/Mg2+. After preheating 

the suspension to 37 °C the cells were continuously incubated with Cy3-labelled protein (25 

μg/ml) and samples of ca. 300 μl each were taken at each time point. 

In order to exclude any dead cells from the analysis, prior to measurement of the sam-

ples a gate was defined using cells that were not incubated with protein. As dead cells and cell 

debris exhibit lower forward scatter and higher side scatter values they can be distinguished 

from vital cells, thus allowing the definition of a population that only includes vital cells. The 

cytometer was set to acquire 10,000 events within this gate for each run, each cell being one 

event. Fluorescence intensity within the gated population was detected to investigate cellular 

uptake of the Cy3-labelled proteins by setting the detector to the appropriate wavelength of 

emission. The obtained results were put in relation to untreated (no protein) cell samples in 

order to take into account the so-called autofluorescence that every cell exhibits which is due 

to NADPH and flavin coenzymes. By subtracting the autofluorescence from the total fluores-

cence the fraction of fluorescence that can be attributed to the protein uptake was retrieved. 

Also, forward and side scatter were measured for each cell passing through the beam. 

After measuring the total fluorescence of a sample, trypan blue was added to the sample 

at a 1:1 ratio and the sample was analyzed again. Trypan blue is a highly efficient quencher that 

is unable to enter cells and, thus, allows elimination of any extracellular fluorescent signal. This 

way, fluorescence of intracellular protein can be determined separately from that of extracellu-

lar protein.  

All data acquired were analyzed using BD CellQuest Pro (BD Biosciences). 

 

 

3.5 Statistical analysis 

Statistical analysis of the acquired data was carried out using Microsoft Excel 2013. In all 

cases, the significance level α was set to 5 % (α = 0.05).  
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If two groups with continuous variables were compared, we used the two-sample t-test 

with assumed unequal variances which is also known as the Welch’s test. It is applicable in cases 

where the variances of the two groups are unequal or where it is not known whether they are 

equal or unequal and is known to be robust against violation of the normality assumption (66). 

For comparison of more than two groups with continuous variables the one-way ANaly-

sis Of VAriance (ANOVA) was used which is also robust against violation of the normality as-

sumption (66, 121). 

We applied the Bonferroni-Holm correction in cases, where multiple tests were per-

formed in order to reduce the family-wise error rate (57).  
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4 Results 

This study aimed at introducing a targeting structure for activated endothelium in the 

effector protein YopM and at determining whether the modification does in some way alter 

uptake and immunomodulatory properties of the resulting fusion protein. The experiments that 

were performed can be categorized into four groups: cloning and purification of the fusion pro-

tein TSES-YopM, investigation of its cellular uptake, analysis of colocalization properties and ver-

ification of sustained immunomodulatory function.  

 

4.1 Cloning and purification of TSES-YopM 

The first part of the study aimed at generating a variant of YopM with an additional 

targeting sequence. The final coding construct of the fusion protein TSES-YopM was generated 

by introducing several different DNA fragments, namely a triple E-selectin targeting sequence 

(TSES) and yopM, into a commercially available vector by restriction cloning (for detailed meth-

ods see 3.3). For this purpose, the vector pET-24b(+) (Figure 1A) was used initially. It contains a 

cloning/expression region with multiple cloning sites (Figure 1B), a gene encoding resistance 

against kanamycin, which allows growth on selective media and a C-terminal His-tag for facili-

tated purification of the induced protein. As shown in Figure 1C, DNA fragments were intro-

duced using several restriction sites: At first, a fragment encoding 1×TSES was inserted between 

the restriction sites Nhe I and BamH I while in parallel the T7-tag was removed. Then, a fragment 

coding for TSES twice was introduced using BamH I and EcoR I and finally yopM was inserted 

using the restriction sites EcoR I and Xho I (Figure 1D).  

Each cloning step was validated by sequencing (see 3.3.9). After successful insertion of 

the last fragment, the construct was transferred into E. coli BL21 (DE3) by electroporation. Sub-

sequently, the protein was expressed and purified as described in 3.4.1. Samples of all fractions 

were collected and analyzed by SDS-PAGE and subsequent Coomassie staining. As shown in Fig-

ure 1E, induction with 0.5 mM isopropyl-β-D-1-thiogalactoparynoside (IPTG), which acts as a 

mimic of allolactose, led to a strong induction of the fusion protein as indicated by an abundant 

Coomassie-stained band at approximately 55 kDa. 

Prior to performing the experiment, the expected molecular weight was determined us-

ing the online tool ExPASy which allows translation of nucleotide sequences into amino acid 

sequences and hence calculation of a theoretical molecular weight. In theory, unmodified YopM 
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has a molecular weight of approximately 42 kDa and its modification (addition of targeting se-

quence) should lead to a gain of further 7 kDa. Previous studies though, revealed that unmodi-

fied YopM has a molecular weight of about 46 kDa and consistently ran with the 48 kDa band in 

the SDS-PAGE (100) (Figure 12). The difference between the theoretical and the actual molecu-

lar weight is most likely due to an inaccuracy of the gel electrophoresis. Taking this into account, 

we expected the induction of TSES-YopM to lead to a gain of signal at approximately 55 kDa 

(YopM 48 kDa + targeting sequence 7 kDa).  

After lysis and centrifugation of the obtained bacterial solution both, the pellet and the 

supernatant, exhibited double bands with the band at the expected molecular weight being 

fainter than the additional, lower one. Protein of the expected molecular weight was also de-

tected in the flow-through and the washing fraction indicating a loss of protein. Incomplete 

binding of the protein to the affinity chromatography column or an insufficient ratio of protein 

to available binding sites within the matrix are possible explanations. The elution fraction, fi-

nally, exhibited a double-banded signal with the upper band at approximately 55 kDa and the 

lower band at approximately 48 kDa. 

In summary, the purification by His-tag based affinity chromatography with nickel-ni-

trilotriacetic acid resulted in an impure elution fraction. According to the expected molecular 

weights and our additional investigations using different antibodies (see. annex Figure 13), the 

upper band was identified as TSES-YopM and the lower one was suspected to be YopM lacking 

the N-terminal TSES-fragments possibly due to partial degradation at the fusion site between 

the targeting sequence and YopM itself. The C-terminal His-tag allowed both, whole length TSES-

YopM and degraded TSES-YopM (YopM without the targeting sequence), to appear in the elu-

tion fraction. We decided to address this problem by moving the His-tag from the C- to the N-

terminus of the protein. This, assuming that the degradation would still occur at the same site, 

would lead to a purification fraction containing a mixture of the whole length fusion protein and 

the comparably short fragment of 3xTSES. The latter was suspected to be at least partially re-

moved during further processing (e.g. concentration in centrifugal filters). 
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Figure 1:  Cloning and purification of the fusion protein TSES-YopM with C-terminal His-tag 

A: simplified model of the commercially available vector pET-24b(+);  

B: magnified and simplified model of the cloning/restriction region of the vector pET-24b(+) with restriction sites 

(diamond shape), T7-promotor, -tag and –Terminator, His-tag and lac operator (rectangular shape);  

C: enzyme restriction sites that were used for insertion of fragments by restriction cloning are highlighted in pink; The 

insertion of the fragments was carried out in three sequential steps. At first 1x TSES was inserted between Nhe I and 

BamHI replacing the T7-tag. Then, 2x TSES was introduced using BamHI and  EcoRI and finally the construct was com-

pleted by the insertion of yopM between the restriction sites EcoRI and Xho I  

D: model of the final construct. Newly inserted fragments are colored;  

E: Coomassie gel of fractions of different steps of TSES-YopM purification, asterisks mark bands of protein degrada-

tion, which most likely represent unmodified YopM after loss of the targeting sequence  

The simplified models depict only selected relevant structures and raise no claim to completeness. 

 

 

* * 
* * * 
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The process of cloning and purification of the alternative fusion construct is illustrated 

in Figure 2. Instead of the previously used vector pET-24b(+) pET-28a(+) (Figure 2A) was used. 

This commercially available vector contains a cloning/expression region with multiple cloning 

sites flanked by a sequence encoding an N- and a C-terminal His-tag, a restriction site for throm-

bin that allows removal of the N-terminal His-tag (Figure 2B) and a kanamycin resistance gene. 

At first, an inverse PCR with primers flanking the restriction sites Nhe I and Xho I was carried out 

in order to remove the C-terminal His-tag and to generate an alternative construct containing 

an enterokinase instead of a thrombin restriction site (Figure 2C). The primers were designed in 

a way that allowed secure annealing as well as the desired modifications. This step resulted in 

an “open” vector (Figure 2D). Then, the previously generated fusion construct 3xTSES-YopM 

from pET-24b(+) was inserted between Nhe I and Xho I by restriction cloning (Figure 2E).  

The resulting construct was again confirmed by sequencing. After transformation by 

electroporation, protein expression was induced with IPTG and the protein was purified as de-

scribed before. Samples of all fractions were collected and analyzed by SDS-PAGE and Coomassie 

blue staining. 

 As shown in Figure 2 F, induction was successful and an enhanced signal at the expected 

molecular weight of the fusion protein (induced fraction) was detectable. Although, the lysis 

fraction and the flow-through exhibited double banded signals, both, washing and elution frac-

tion, only showed one single signal at the expected molecular weight of the fusion protein TSES-

YopM (approximately 55 kDa). Therefore, we concluded that purification of the N-terminally His-

tagged protein resulted in a pure elution fraction containing the fusion protein TSES-YopM.  

In the course of these initial experiments, we found that the fusion protein that con-

tained the enterokinase restriction site was not as successfully induced and purified as the one 

containing the thrombin restriction site. We, therefore, decided to exclusively use the latter one.  

Although, with the thrombin restriction site we had the possibility to remove the N-ter-

minal His-tag we decided to first perform our experiments with the His-tag still attached in order 

to avoid any unnecessary processing steps. In case we would observe impairment of protein 

uptake and functionality we were still able to further modify the protein by removing the N-

terminal His-tag. 
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Figure 2:  Cloning and purification of TSES-YopM with N-terminal His-tag 

A: model of the commercially available vector pET-28a(+);  

B: model of cloning/expression region of pET-28a(+) with relevant structures;  

C: the C-terminal His-tag, which was to be removed, and the thrombin restriction site, which was substituted by an 

enterokinase restriction site, both by inverse PCR, are highlighted in pink;  

D: model of the open vector after inverse PCR. Enzyme restriction sites that were used for introduction of the previ-

ously cloned fusion construct are highlighted in pink. 

E: model of the final fusion construct with the N-terminal His-tag;  

F: Coomassie gel of purification fractions: elution fraction exhibits only one band at the molecular weight of TSES-

YopM 

Models depict only selected relevant structures and raise no claim to completeness. 
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In order to further evaluate the quality of the obtained protein solutions and to exclude 

any unspecific binding of the antibodies for further experiments we performed immunoblot 

analysis with purified and concentrated protein solutions applying 10 µl of each protein solution. 

After blocking, the membrane was cut in pieces in order to allow simultaneous incubation with 

the primary antibodies α-GFP and α-YopM, respectively. The membranes were subsequently 

incubated with a secondary antibody, which in both cases was a peroxidase-conjugated α-rabbit 

antibody. After washing, the membrane was treated with Pierce® ECL Western Blotting Sub-

strate and exposed for 10 s in the Lumi-ImagerTM F1 (Boehringer Ingelheim). As visible in Figure 

3, all three proteins were specifically detected by the antibodies and only distinct single bands 

and no unspecific binding of the antibodies could be observed.  

 

This result completed the first part of the study. In summary, it is possible to clone a 

targeting construct of YopM and induce and purify the respective fusion protein. 

 

4.2 Comparison of cellular uptake of YopM and TSES-YopM 

In order to investigate whether the targeting modification somehow altered or impaired 

the cellular uptake of TSES-YopM three different uptake assays were performed, namely cellular 

fractionation, fluorescence microscopy and flow cytometry which embody different approaches 

to detect proteins intracellularly.  

 

Figure 3:  Western blot of purified and concentrated proteins 

GFP was detected using a rabbit polyclonal α-GFP antibody and YopM and TSES-YopM were detected applying a rabbit 

polyclonal α-YopM antibody. A PO-conjugated α-rabbit antibody functioned as secondary antibody. The membrane 

was exposed for 10 s. For determination of the molecular weight of the proteins the Protein Marker IV was applied 

to the left lane. The membrane was cut at the dashed line in order to allow simultaneous incubation with different 

primary antibodies. 
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Analysis of T3SS-independent uptake of TSES-YopM by cellular fractionation 

The first approach to investigate cellular uptake of the fusion protein was cellular frac-

tionation. This was carried out according to the REAP protocol which allows easy separation of 

cellular components into a cytosolic and a nuclear fraction (130). The experiment was carried 

out in HeLa, CHO-wt, CHO-E and RAW cells, which were incubated with 25 μg/ml of recombinant 

protein for 3 h. While YopM was used as positive control, GFP was applied as negative control. 

Upon incubation, the cells were processed according to the REAP protocol (3.4.8) in order to 

obtain cytosolic and nuclear fractions. The samples were blotted on nitrocellulose membranes 

by Western blotting (3.4.6) and, subsequently, proteins were detected by specific antibodies 

(3.4.7). The purity of the obtained fractions was controlled with α-LSD1, which detects the nu-

clear protein lysine (K)-specific demethylase 1A, and α-α-Tubulin or α-GAPDH, which detect the 

cytosolic proteins α-Tubulin and glyceraldehyde 3-phosphate dehydrogenase respectively, as 

primary antibodies. The fractions were then checked for the presence of the applied recombi-

nant proteins by incubating the membranes with α-GFP and α-YopM. Peroxidase-conjugated α-

rabbit or α-mouse antibodies were used as secondary antibodies according to the source of the 

primary antibody. The membranes were treated with Pierce® ECL Western Blotting Substrate 

and the chemiluminescent signals were detected using the Lumi-ImagerTM F1 (Boehringer Ingel-

heim). The experiment was performed at least three times for each cell line. 

The results of the experiments are illustrated in Figure 4. By processing the samples ac-

cording to the REAP protocol we were able to obtain pure nuclear fractions (NF) that did not 

exhibit a signal for cytosolic proteins, such as α-α-Tubulin or α-GAPDH, in all four cell lines (A – 

D). In the cytosolic fractions (CF), though, signals for nuclear proteins were detected (A and D) 

indicating nuclear contamination of the cytosolic fraction. As YopM and TSES-YopM were previ-

ously observed to regularly penetrate into the nucleus, we were still able to proceed since there 

was no contamination of the nuclear fraction. 

As visible in Figure 4 signals of varying intensity were detected for TSES-YopM and YopM 

in both, nuclear and cytosolic, fractions of all four used cell lines after 3 h of incubation. At this 

time point, the signals for both proteins were more intense in the nuclear fractions than in the 

cytosolic fractions. Plain visual comparison of the signal intensity of TSES-YopM to that of un-

modified YopM in the relevant nuclear fraction revealed a stronger signal for TSES-YopM, espe-

cially in CHO-E cells (A), HeLa cells (C) and RAW cells (D). As shown in B, immunoblot analysis of 

samples retrieved from cell fractionation of CHO-wt cells resulted in the detection of TSES-YopM 
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in the nuclear fraction while no signal for YopM was observed in neither the cytosolic nor the 

nuclear fraction.  

As expected, incubation of the respective cell lines with either medium or GFP, which 

served as negative controls, did not result in the detection of any signal. 

 

 

 

Taken together, the repeated immunologic detection of TSES-YopM in the nuclear and 

cytosolic fractions of several cell lines indicated that the targeting modification of YopM did not 

impair its cellular uptake.  

 

Figure 4:  Analysis of intracellular localization of recombinant TSES-YopM by cellular fractionation 

Western blots of cellular fractionation after 3 h incubation with 25 μg/ml of recombinant GFP (negative control), 

YopM (positive control) or TSES-YopM. YopM and TSES-YopM were detected using a rabbit polyclonal α-YopM anti-

body and GFP using a rabbit polyclonal α-GFP antibody. A PO-conjugated goat-anti-rabbit (GAR-PO) antibody served 

as secondary antibody. α-LSD1 as a component of the nucleus and α-α-Tubulin or α-GAPDH (cytosolic components) 

antibodies and corresponding secondary antibodies were applied in order to examine the purity of the nuclear (NF) 

and cytosolic fraction (CF). Dashed lines indicate where membrane was cut in order to allow simultaneous incubation 

with different primary antibodies. A: CHO-E cells; B: CHO-wt cells; C: HeLa cells; D: RAW cells  

 



 

58 

 

4.2.1 Analysis of intracellular localization of TSES-YopM by fluorescence  

 microscopy 

For further analysis of the intracellular localization of TSES-YopM fluorescence micros-

copy was performed. For this purpose, HeLa, CHO-E and CHO-wt cells were incubated with  

25 μg/ml of fluorescence labeled recombinant protein as described in 3.2.4 for 3 h and prepared 

for microscopy as stated in 3.4.9. While the uptake of TSES-YopM was the subject of investiga-

tion, YopM served as positive and GFP as negative control. Due to its intrinsic fluorescence, it 

was refrained from labeling GFP. For facilitated orientation within the cells, the nuclei were la-

beled with DRAQ5™, a far-red fluorescent dye that intercalates with DNA. In addition, Actin, as 

a component of the cytoskeleton, was visualized with Phalloidin, an F-actin probe conjugated to 

a red or green fluorescent dye. The images were acquired using a confocal microscope (Confocal 

Microscope CF LSM META 510, objective: Plan-Apochromat 63x/1.4 Oil DIC, Zeiss) and processed 

using LSM Image Browser Software (Zeiss).  

 

As shown in Figure 5, confocal fluorescence microscopy revealed intracellular localiza-

tion of TSES-YopM after 3 h incubation in all examined cell lines. In HeLa cells (A), Cy3-labelled 

recombinant YopM (left column) accumulated throughout the whole cytoplasm with a slight 

tendency to show enhanced presence in the perinuclear region. TSES-YopM (right column), in 

comparison, appeared to accumulate preferably in the perinuclear region of HeLa cells. While 

the fluorescence signals for both proteins were quite strong in HeLa cells, comparably faint sig-

nals were observed in CHO-wt cells. As shown in Figure 5B, almost no Cy3-labeled YopM (left 

column) was found intracellularly. The intracellular signal of TSES-YopM (right column), though, 

was stronger. A similar relation between intracellular signal of YopM (left) and TSES-YopM (right) 

was observed in CHO-E cells (C). For CHO-wt and CHO-E cells no statement can be made regard-

ing the intracellular distribution of the proteins (nucleus vs. cytosol) due to the narrow fringe of 

cytosol and the comparably large nucleus.  
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Figure 5:  Confocal fluorescence microscopy reveals the intracellular localization of TSES-YopM 

Images of confocal fluorescence microscopy of HeLa (A), CHO-wt (B) and CHO-E cells (C) after incubation with recom-

binant protein for 3 h. Cells shown in the left column were incubated with Cy3-labelled YopM while those in the right 

were incubated with Cy3-labeled TSES-YopM. Nuclei were labeled with DRAQ5 and actin was marked with Texas-

green conjugated phalloidin. Colors were changed for better visualization after image acquisition with the Confocal 

Microscope CF LSM META 510, objective: Plan-Apochromat 63x/1.4 Oil DIC, Zeiss. 

A: both recombinant YopM and TSES-YopM penetrate into HeLa cells 

B: almost no intracellular signal for YopM, faint signal for TSES-YopM in CHO-wt cells 

C: only very faint intracellular signal for YopM, stronger signal for TSES-YopM in CHO-E cells 
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As shown in Figure 6, GFP serving as a negative control was detected neither in HeLa (A) nor in 

CHO-wt (B) or CHO-E (C) cells. 

 

 

In order to obtain data that allowed comparison of the cellular uptake of YopM and 

TSES-YopM in CHO-E and CHO-wt cells, images of at least 10 cells per protein and cell line were 

acquired. The exact same settings were applied for all acquisitions taken from one cell line. Sub-

sequently, ImageJ was used to determine fluorescence intensities of the labeled proteins within 

each cell according to the method used by McCloy et al. (82). The corrected total cell fluores-

cence (CTCF, i.e. the fluorescence within one cell that can be attributed to the labeled protein) 

was obtained by applying Formula 1 which takes into account the measured area and the back-

ground fluorescence. 

 

Formula 1 

= 	 − × 	  

 

As any measured fluorescence intensity does not only depend on the extent of cellular 

protein uptake but also on the efficiency with which a protein is labeled, the introduction of a 

corrective factor was necessary. The labeling efficiency (eff, Formula 2, (48)) puts the absorption 

of a protein solution in relation to its concentration as it can be assumed that a higher absorption 

at an equal protein concentration is due to a more efficient labelling. In this study absorption 

Figure 6:  Negative control GFP does not accumulate intracellularly 

Images of confocal fluorescence microscopy of HeLa (A), CHO-wt (B) and CHO-E cells (C) after incubation with recom-

binant GFP for 3 h. Nuclei were labeled with DRAQ5 and actin was marked with Texas-green conjugated phalloidin. 

Colors were changed for better visualization after image acquisition with the Confocal Microscope CF LSM META 510, 

objective: Plan-Apochromat 63x/1.4 Oil DIC, Zeiss (pink = nuclei, blue = actin). 

Accumulation of GFP cannot be observed in any of the used cell lines. 
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was determined using a wavelength of 550 nm as the proteins were labelled with Cy3 whose 

maximum excitation is achieved at this specific wavelength.  

Formula 2 

=
	 	550	

 

 

By finally dividing CTCF by eff data was obtained that allowed to compare the cellular 

uptake of YopM with that of TSES-YopM. Finally, the two-sample t-test with assumption of une-

qual variances was performed using Excel in order to check whether the intensity of intracellular 

signal of YopM was different to that of TSES-YopM (α=0.05).  

As shown in Figure 7, this analysis did not reveal any significant difference between the 

extent of uptake of TSES-YopM and YopM neither in CHO-E nor in CHO-wt cells. In both cell lines, 

TSES-YopM appeared to exhibit a slightly stronger mean intracellular signal than unmodified 

YopM. Although the difference was not significant, this result at least further supported the hy-

pothesis that the targeting modification of YopM did not impair its cellular uptake and might on 

the contrary even enhance it. 

4.2.2 Analysis of protein uptake of TSES-YopM by flow cytometry 

For further quantification and characterization of the cellular uptake of TSES-YopM flow 

cytometry was performed. Cell solutions from HeLa, CHO-E and CHO-wt cells were prepared as 

described in 3.4.10 and continuously incubated with 25 μg/ml of Cy3-labeled protein solutions. 
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Figure 7:  Analysis of fluorescence microscopy images reveals no significant differences between YopM and TSES-

YopM regarding the extent of their cellular uptake 

The analysis was performed using ImageJ. The actin signal was used for orientation to mark the intracellular area with 

a freehand tool. Integrated fluorescence intensity in the area of interest was determined by the program. The ob-

tained value, together with the area and the mean of three extracellularly measured integrated fluorescence intensi-

ties (background) was inserted into Formula 1 and the result, the corrected total cell fluorescence CTCF, was divided 

by the labelling efficiency factor (Formula 2). Values were determined for YopM and TSES-YopM in CHO-wt and CHO-
E cells.  
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Samples were taken and analyzed 15, 30, 60, 90, 120 and 180 min after adding the respective 

protein (3.4.10). The addition of trypan blue ensured quenching of any extracellular fluores-

cence. The values obtained by analyzing the samples with the Flow Cytometer Calibur and the 

program BD CellQuest Pro, represented the mean cell fluorescence of a sample. In order to take 

into account varying labeling efficiency, the mean cell fluorescence was divided by the previously 

introduced labeling efficiency factor eff (Formula 2, p. 61). We called the thereby obtained value 

the corrected mean cell fluorescence (CMCF). According to the previous experiments, Cy3-la-

belled YopM served as positive and GFP as negative control. Due to its intrinsic fluorescence, it 

was refrained from labeling GFP.  

For each cell line the experiment was performed three times. Final analysis of the extent 

of protein degradation after 180 min at 37 °C, though, revealed that in two experiments the 

solution did not contain any TSES-YopM anymore (see p. I). Therefore, we had to exclude these 

repetitions from further analysis, leaving CHO-E and CHO-wt cells with only two repetitions with 

TSES-YopM. Further repetitions will have to be done in order to confirm our results. Further-

more, we had problems with the negative control GFP due to technical issues. The results of the 

negative control are, therefore, not shown here. It might be worth considering to use another 

negative control such as a deletion mutant of YopM which lacks the N-terminal α-helices. 

The value of YopM at 15 min was set to “1” in order to obtain a reference value for 

facilitated visualization and comparison. Statistical analysis was carried out using ANOVA and 

Student’s t-test with Bonferroni-Holm correction (global α=0.05). 

As shown in Figure 8, analysis of the acquired data revealed a fairly continuous increase 

of intracellular localization of TSES-YopM in CHO-E and CHO-wt cells over the analyzed period of 

time, while in HeLa cells no such trend could be observed. Furthermore, no significant difference 

between the extent of intracellular localization of TSES-YopM and that of YopM could be shown 

in any of the utilized cell lines.  

 

In HeLa cells, internalization of YopM took place in a time-dependent manner, while the 

CMCFs of TSES-YopM undulated between the 2.9 and 4 fold of the reference value. The samples 

acquired from CHO-E cells allowed the observation of a time-dependent increase of intracellular 

fluorescence signal of both proteins, YopM and TSES-YopM, within the first 60 – 90 min of the 

experiment. Between 90 and 180 min, though, no further increase of signal could be detected 

but the reached level was sustained. In CHO-wt cells, a time-dependent increase of intracellular 

fluorescence signal of TSES-YopM was observed over the whole period of the experiment. The 
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analysis of the uptake of YopM showed a similar pattern as in CHO-E cells, reaching its maximum 

at 90 min.  

Furthermore, careful analysis of the results obtained from CHO-E and CHO-wt cells re-

vealed a trend towards increased CMCFs of TSES-YopM compared to those of unmodified YopM. 

Therefore, it could be concluded that the targeting modification of YopM did not only lead to a 

sustained extent of cellular uptake compared to the unmodified version but to a possibly in-

creased one. 
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Figure 8:  Protein uptake over a period of 3 h under continuous incubation investigated by flow cytometry 

Samples of each cell solution incubated with the respective recombinant protein were taken and measured at each 

indicated time point. Each sample was measured twice after adding an equal volume of flow solution and trypan blue, 

which quenched any extracellular fluorescence. All obtained data were corrected taking into account the respective 

labeling efficiency of the different proteins. All values were put in relation to the CMCF (corrected mean cell fluores-
cence) of YopM at 15 min, which was set arbitrarily to 1. 



 

65 

 

4.3 Colocalization analysis of TSES-YopM and its target marker 

In order to check whether the targeting modification of YopM led to an increased colo-

calization of the fusion protein with its target, cell receptor E-selectin (CD62E), a colocalization 

assay based on confocal fluorescence microscopy was performed.  

Prior to colocalization analysis we first checked for sufficient expression of E-selectin in 

CHO-E cells as well as confirmed lacking expression of E-selectin in CHO-wt cells. CHO-E and 

CHO-wt cells were cultured and prepared for microscopy as described before. In half of the sam-

ples it was refrained from permeabilization in order to separately visualize the surface expres-

sion of E-selectin. For both parts of the experiment the nuclei were visualized by DRAQ5™ and 

Actin by applying an F-actin probe conjugated to a red fluorescent dye.  

For detection of E-selectin the samples were incubated with a goat polyclonal α-CD62E 

antibody and, subsequently, with a specific Cy2-conjugated secondary antibody.  

As shown in Figure 9, the target marker, E-selectin, could be detected on the surface of 

unpermeabilized (A) as well as in the cytosol of permeabilized (B) CHO-E cells, while no signal 

was observed on the surface (C) or in the cytosol (D) of CHO-wt cells. The expression of E-selectin 

in CHO-E and not in CHO-wt cells indicated the latter to be a sufficient control and allowed us to 

proceed with the second step of the experiment. 
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After expression analysis of the target marker, we aimed at quantifying the extent of 

colocalization of TSES-YopM with E-selectin in comparison to that of YopM with the target struc-

ture in order to evaluate the effect of the targeting modification. After incubation with the re-

spective Cy3-labeled protein for 3 hours, CHO-E cells were prepared as previously described in-

cluding permeabilization (3.4.9) and E-selectin was marked as described in the first step of this 

experiment. Quantification analysis was performed as follows: Using the exact same settings, 

images of 6 different cells were acquired for each protein. Subsequently, the images were ana-

lyzed in terms of pixel based colocalization of E-selectin with unmodified YopM or TSES-YopM, 

Figure 9:  Expression of E-selectin (CD62E) in CHO-E (A and B) and CHO-wt cells (C and D) 

Cells were prepared for fluorescence microscopy as described in 3.4.9 with the exception that some samples (B and 

D) were not treated with triton to ensure separate visualization of the surface expression of E-selectin (CD62E). A 

specific Cy2-labelled secondary antibody was used for detection of α-CD62E antibodies. Actin was marked phalloidin 

Texas-red and the nuclei with DRAQ5. Colors were changed for better visualization (blue = E-selectin, red = actin, 

green = nuclei) 

E-selectin was found to be detectable in the cytosol (A) as well as on the surface (B) of CHO-E cells. CHO-wt cells, 

though, did not exhibit any signal of the target structure, neither in the cytosol (C) nor on the surface (D). 

Confocal Microscope CF LSM META 510, objective: Plan-Apochromat 63x/1.4 Oil DIC 
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respectively, using BioImage XD. The determined percentage of Cy3-labelled protein that colo-

calized with Cy2-labelled E-selectin was divided by the previously introduced labeling efficiency 

factor (Formula 2) in order to take into account the varying efficiency of the labeling procedure 

and to obtain comparable values.  

Results are exemplified in Figure 10. Image A depicts a permeabilized CHO-E cell that 

was incubated with unmodified YopM, while image B shows one that was incubated with TSES-

YopM. Sites of colocalization of YopM or TSES-YopM (both green) and the target marker E-se-

lectin (blue) appear turquoise in the image. A difference in the extent of colocalization of the 

respective proteins with E-selectin can already be observed: The cells which were incubated with 

TSES-YopM appear to display more turquoise spots than the cells with unmodified YopM. After 

acquisition, a quantitative analysis was performed as described above.   

This quantitative analysis revealed that TSES-YopM colocalized with E-selectin at a sig-

nificantly higher percentage than unmodified YopM. Figure 10C shows that while the mean rate 

of colocalization with E-selectin was found to be at around 5.8 % for YopM, the percentage for 

TSES-YopM ranged around 11.2 %. This indicates that the targeting modification of YopM does 

indeed lead to an enhancement of protein accumulation on and in cells that express the target 

in comparison to unmodified YopM. In this experiment the targeting modification of YopM led 

to twice as much colocalization with E-selectin compared to unmodified YopM. The two-sample 

t-test with assumed unequal variances (α=0.05) revealed that the observed difference was sig-

nificant but further experiments with a greater number of analyzed cells will have to be carried 

out. 
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4.4 Functionality of TSES-YopM 

As unmodified YopM is known to modulate the immune system by reducing the expres-

sion of proinflammatory cytokines, we wanted to investigate whether its targeting modification 
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Figure 10:  Colocalization of YopM and TSES-YopM with E-selectin in CHO-E cells 

A and B: Images of confocal fluorescence microscopy of CHO-E cells after 3 h incubation with Cy3-labelled YopM (A) or 

TSES-YopM (B). E-selectin was detected with a goat polyclonal antibody and a subsequently applied Cy2-conjugated 

secondary antibody. Nuclei were marked with DRAQ5. Colors were changed for better visualization (green = protein, 

blue = E-selectin, pink = nuclei). Confocal Microscope CF LSM META 510, objective: Plan-Apochromat 63x/1.4 Oil DIC 

C: Quantitative analysis of colocalization. Acquired images were analyzed in terms of pixel intensity based colocalization 

in order to determine the rate at which Cy3 signal (protein) colocalized with the Cy2 signal (E-selectin). All data was 

corrected applying the labeling efficiency factor (Formula 2). Asterisk indicates a statistical difference (α=0.05). 

Qualitative and quantitative analysis revealed an enhanced colocalization of TSES-YopM with E-selectin compared to 

unmodified YopM. 

C 
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might alter this immunomodulatory property. A qPCR based TNF-α assay was therefore per-

formed. Since the intention was to simply control the functionality of the modified protein in 

comparison to its progenitor, RAW cells were used. These cells did not express E-selectin but 

were established for this assay in previous studies on unmodified YopM. 

RAW cells were cultured as described in 3.3.10, incubated with the respective recombi-

nant protein (YopM or TSES-YopM) for 3 h and then stimulated with lipopolysaccharides (LPS) 

for 16 h in order to induce synthesis of TNF-α via TLR4 activation. BSA served as negative control 

as it does not affect cytokine and chemokine expression. After isolation of RNA (3.3.10.1) and 

synthesis of cDNA (3.3.10.2), qPCR was performed as described (3.3.10.3) and the expression of 

TNF-α was monitored. The house keeping gene 36B4 functioned as the reference gene as its 

expression occurs in a constant manner and is not influenced by LPS stimulation. All obtained 

data were analyzed according to the 2-ΔΔC
T method (3.3.10.4). The experiment was performed at 

least 3 times. Statistical analysis was performed by applying an ANOVA (α=0.05). 

As shown in Figure 11, both YopM and TSES-YopM showed a tendency towards reduc-

tion of TNF-α expression in comparison to the LPS and LPS + BSA controls. In order to easily 

compare the TNF-α expression of the differently treated cell cultures, the value of unstimulated 

cells was set to 1.  

The first bar represents TNF-α expression in RAW cells that were neither stimulated nor 

incubated with protein at all. As expected, those samples exhibited only a minor expression of 

TNF-α compared to the cells that were stimulated with LPS. Stimulation with LPS led to a 8.5-

fold increase compared to unstimulated cells (bar 2). The negative control with BSA pre-incuba-

tion which is depicted in the third bar showed an only slightly stronger increase of TNF-α expres-

sion by the 9.0-fold. Analysis of TNF-α expression in cells incubated with unmodified YopM and 

stimulated with LPS revealed an increase by the 6.9-fold. Compared to the negative control or 

to the cells that were solely LPS-stimulated that is a reduction of TNF-α expression by the 1.6-

fold. The most right bar represents cells that were initially incubated with recombinant TSES-

YopM and subsequently LPS-stimulated. Here, in comparison to unstimulated cells a 4.6-fold 

increase of TNF-α expression could be observed. In comparison to the solely LPS-stimulated cells 

that indicated a reduction of TNF-α expression by the 3.9-fold. According to the ANOVA, though, 

observed differences of TNF-α expression between the samples were not significant. 

In summary, it can be concluded that the targeting modification of YopM did not lead to 

an impairment of its immunomodulatory properties. Careful consideration of the obtained re-

sults indicates that pre-incubation of the cells with TSES-YopM caused a stronger reduction of 
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cytokine expression than unmodified YopM. In this study, pre-treatment of the cells with TSES-

YopM led to an almost halved expression of the proinflammatory cytokine expression in com-

parison to the LPS control while YopM reduced the response ‘only’ by 20%.  

 

 

 

Most of the experiments in this study, primarily, addressed the question whether a tar-

geting modification of the Yersinia effector protein YopM somehow impaired intrinsic properties 

of the original protein regarding cellular uptake and functionality. Investigations regarding the 

effect of the targeting approach on protein enrichment in the targeted cells were not the main 

focus of this study. Data obtained by fluorescence microscopy, though, allowed a first careful 

analysis regarding colocalization. Furthermore, all experiments were among others performed 

in two Chinese hamster ovary (CHO) cell lines, one of which was a wild-type line whereas the 

other over-expressed the endothelial target marker E-selectin/ CD62E, in order to prepare for 

further investigations on the targeting effect. 
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Figure 11:  Impact of pre-incubation with proteins on TNF-α expression in LPS stimulated RAW cells 

RAW cells were incubated with the indicated proteins for 3 h and subsequently stimulated with LPS for 16 h. BSA 

served as negative, YopM as positive control. The samples were then prepared, measured and analyzed as described 

in 3.3.10. Expression of TNF-α in cells that where neither pre-incubated nor stimulated was determined as reference 

value and TNF-α expression in the other samples was put in relation to this reference (fold change). 

Both recombinant proteins led to a reduction of TNF-α expression compared to the negative controls with TSES-YopM 

showing a stronger impact than unmodified YopM. 



 

71 

 

5 Discussion 

In order to become a potential drug, novel therapeutic agents should lead to at least 

equal effects on the disease or exhibit reduced amounts of undesirable side effects compared 

to drugs that are in common praxis. In the area of systemic immunosuppression it is especially 

the reduction of undesirable side effects that is of great interest. Although, YopM, the bacterial 

cell penetrating effector protein, could be considered a possible new biological therapeutic 

agent in inflammatory disease because of its immunosuppressive properties, its systemic appli-

cation is suspected to cause similar side effects compared to the established systemic immuno-

suppressive treatment. Modification of YopM, in the sense of fusion to a targeting motif for a 

more localized effect, could be a possible approach to reduce these undesirable side effects. 

In 2013 Sehnert et al. published their work on such a targeted immunosuppressive agent 

which they called “sneaking ligand construct 1“ (SLC1) (124). This construct was composed of six 

modules: N-terminally a Strep-tag was followed by the E-selectin binding peptide (EBL) which 

we used for targeting of cells and also mediates receptor-dependent endocytosis of the con-

struct. Endosomal release was ensured by the translocation domain of Pseudomonas exotoxin 

A (ETAII). Since their study was intended to elucidate the role of NF-κB (nuclear factor kappa-

light-chain-enhancer of activated B cells) in autoimmune diseases they used a NF-κB Essential 

Modifier (NEMO)-binding peptide (NBP), which was shown to disrupt the IκB kinase (IKK) (81, 

124). A C-terminal KDEL retention motif was integrated in order to facilitate the release of the 

protein into the cytosol (137). Purification of the fusion protein was achieved by the C-terminal 

His-tag. 

With their “sneaking ligand” approach, Sehnert et al. (124) were able to show that the 

protein containing the EBL domain bound specifically to cells that expressed E-selectin while the 

EBL deficient mutants did not. They were also able to reproduce this finding by in vivo imaging 

of infrared-labeled SLC1 in activated vasculature. Furthermore, incubation of cells expressing E-

selectin with the E-selectin-targeting fusion protein prior to IL-1β stimulation led to a reduced 

NF-κB activity compared to deletion constructs in vitro. Ex vivo, the analysis of skin tissue speci-

men revealed that pretreatment of mice with SLC1 prior to cytokine-stimulation led to a sup-

pressed NF-κB staining. In RA mice models, Sehnert et al. were, furthermore, able to show that 

the intraperitoneal application of SLC1 led to a reduced destruction of bone and cartilage and 

decreased the inflammation of the joint compared to constructs lacking the EBL motif (124). 
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With the identification of YopM as a autonomously cell penetrating bacterial effector 

protein with immunosuppressive properties and the introduction of the “drugs from bugs” con-

cept YopM moved into our focus as a potential therapeutic agent in autoimmune diseases. Local 

application in the sense of YopM-containing lotion was a possible approach to reduce systemical 

side effects. Since we were also interested in the investigation of further potential fields of ap-

plication, such as rheumatoid arthritis, the study published by Sehnert et al. in 2013 caught our 

interest as it offered an approach to selectively deliver a systemically applied drug to activated, 

i.e. inflamed, endothelium.  

Except for the E-selectin binding motif, which we named TSES, and a His-tag our fusion 

protein, TSES-YopM, shared no modules with SLC1. Due to the problems we faced with the pu-

rification via a C-terminal His-tag we switched to an N-terminal one which was followed by a 

thrombin restriction site to allow removal of the His-tag after purification. SLC1, by comparison, 

had a Strep-tag N-terminally of the targeting EBL motif.  

The role the E-selectin targeting motif plays for the functionality of the two respective 

fusion proteins defines a central difference: in SLC1, the targeting motif (here called EBL) medi-

ates cellular uptake via endocytosis and without this module the protein is not able to translo-

cate into the cell. In the case of TSES-YopM, though, the targeting motif’s main duty is the tar-

geting since the two N-terminal α-helices of YopM are also able to mediate cellular uptake. The 

protein can, therefore, also translocate into the cell when the targeting motif is missing. Because 

of this autonomous translocation property of YopM we refrained from adding any further trans-

location domains, such as ETAII or KDEL (112, 119). This described difference has to be kept in 

mind when comparing our results to the ones published by Sehnert et al.. While we compare 

the uptake and functionality of the targeting fusion protein with a protein that can still translo-

cate into cells and exert its effect (YopM), Sehnert et al. often compare to a deletion or mutation 

construct that is either not able to translocate into the cell or lacks the or has an inactive effector 

module NBP.  

It is not only the physical composition that distinguishes SLC1 from TSES-YopM but it is 

also the intracellularly exerted effect: while SLC1 is intended to reduce NF-κB activation by bind-

ing NEMO TSES-YopM is supposed to operate upstream of NF-κB by reducing the expression of 

the proinflammatory cytokine TNF-α whose effects are predominantly exerted in a NF-κB-

dependent manner (112, 135). As we are just starting to investigate the immunosuppressive 

effects of both approaches it is yet impossible to say which one will gain advantage over the 
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other. Since TNF-α, though, is understood to play a pivotal role in the pathogenesis of rheuma-

toid arthritis and does not only exert its effects in a IKK/NF-κB but also in a p38 MAP kinase 

dependent manner it appears possible that reduction of TNF-α might have a greater effect than 

inhibition of NF-κB signaling. 

 

5.1 Impact of the modification on the protein purification 

We started this study with the construction of a plasmid that encodes the sequence of 

the fusion protein TSES-YopM. Since YopM had not been modified in the sense of a targeting 

modification before, we were mainly interested whether it would be possible to obtain a con-

struct that could be induced, purified and was stable enough for further use. Hence we gener-

ated a variant effector protein YopM with an N-terminally attached targeting sequence for E-

selectin/CD62E by restriction cloning.  

In our first attempt we generated a fusion protein (TSES-YopM) with a C-terminal His-

tag for purification, which had been successfully used in previous experiments to purify unmod-

ified YopM. However, in the case of our fusion protein, purification via the C-terminal His-tag 

led to a protein solution that contained two proteins of about 55 kDa and 48 kDa, respectively. 

Both of these could be detected in a Western blot using an α-YopM antibody. In order to further 

characterize the protein of app. 48 kDa, we incubated the same membrane with two different 

α-YopM antibodies that specifically bind to the C- and the N-terminus, respectively. Upon incu-

bation with the C-terminal specific α-YopM antibody both proteins exhibited an equally strong 

signal. Incubation with the N-terminal specific antibody, though, led to a comparably faint signal 

at the molecular weight of the smaller protein compared to the signal of the bigger protein (see 

annex, Figure 13). Degradation close to the N-terminus of the YopM motif, possibly at the fusion 

site (i.e. between the TSES-motif and the YopM-motif), could be a likely explanation. This obser-

vation indicated a reduced stability of TSES-YopM. This, furthermore, means that the amount of 

fusion protein that is produced under induction could be suspected higher than the amount 

measured after purification. Two conclusions can be drawn from this: production of TSES-YopM 

can be successfully induced and the fusion protein might be prone to degradation at the fusion 

site.  

At that stage we were faced with the problem that our protein solution most likely con-

tained our full-length fusion protein and due to partial degradation also unmodified YopM. In 

order to obtain a pure protein solution of TSES-YopM and to, thereby, exclude biased results by 
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the effect of unmodified YopM another approach had to be used. Therefore, we cloned a con-

struct with the His-tag at the N-terminus of the expressed protein. A potential C-terminal deg-

radation product of TSES-YopM, or YopM, would have lost the His-tag and would no longer be 

bound to the Ni-NTA column. Our results show that purification via the N-terminal His-tag re-

sulted in a protein solution that contained full-length TSES-YopM but not a C-terminal, YopM-

containing degradation product. It cannot be excluded that the solution was completely pure, 

though, since it is possible that the shorter, N-terminal degradation product, containing the 

TSES-motif, was contained. We suspect that due to its low molecular weight it might have been 

removed from the protein fraction during centrifugation. But even if it was still contained in the 

TSES-YopM solution we consider it to be very unlikely that it has a capital impact on TSES-YopM 

uptake into cells and even less on the functionality of the fusion protein. With regard to quanti-

tative uptake assays it should be taken into account that this degradation product, though, could 

partially block E-selectin on the cell surface and, thereby, reduce uptake of the targeting fusion 

protein, TSES-YopM.  

For our second cloning attempt, we chose a commercially available vector that con-

tained a restriction site for thrombin that allows removal of the N-terminal His-tag after purifi-

cation by affinity chromatography. When cloning the construct, we did not know whether an 

additional amino acid sequence at the N-terminus would impair the function of the targeting 

motif or the protein transduction domain harboring the α-helices of YopM (112). We, therefore, 

opted for a construct containing the thrombin restriction site, so that, in case our uptake assays 

revealed that uptake was impaired, we could remove the His-tag and exclude that the impair-

ment was caused by this structure rather than the targeting modification.  

 

5.2 Impact of the modification on cellular uptake 

Previous studies had shown that unmodified YopM autonomously translocates into eu-

karyotic cells mediated by the two N-terminal α-helices (112). After having shown that our fu-

sion protein, TSES-YopM, could be induced and purified successfully we were interested 

whether the incorporation of the targeting structure might have a negative influence on the 

autonomous cell-penetrating property of YopM. We approached this question in three different 

ways as described before. 

The first approach was done by cellular fractionation of cells that were previously incu-

bated with the protein in question for 3 hours. Our results reveal that TSES-YopM is taken up 

into all of the four investigated cell lines to at least the same extent as unmodified YopM. This 
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indicates that the targeting modification of YopM does not inhibit or impair the uptake of the 

fusion protein. Furthermore, it can be observed that the signals in the nuclear fractions are 

stronger than in the cellular fractions for both, unmodified YopM and TSES-YopM. This, for un-

modified YopM, is in accordance with previous findings that YopM traffics to the nucleus and it 

also indicates that this property of native YopM is not impaired by the modification in TSES-

YopM (127).  

When comparing the results in CHO-E cells to the other cell lines, especially CHO-wt, the 

major difference in the intensity of the bands of YopM and TSES-YopM in the nuclear fraction is 

apparent. While in the other cell lines the signal intensities for YopM and TSES-YopM are com-

parable, here, we observe a far stronger signal for TSES-YopM than for unmodified YopM. As 

this relation is only observed in the cell line that over-expresses the target marker, E-selectin 

(CD62E), we took this as a first hint that targeting of E-selectin leads to an enriched uptake of 

the effector protein compared to the uptake of a protein without the specific targeting se-

quence. 

 

As a second approach to investigate the uptake of the fusion protein we performed im-

munofluorescence microscopy of incubated HeLa, CHO-wt and CHO-E cells. We observed uptake 

of TSES-YopM into all of the three cell lines. Compared to the uptake of unmodified YopM, the 

uptake of TSES-YopM was at least about equal in HeLa cells and possibly enhanced in CHO-wt 

and CHO-E cells. This finding further confirms our hypothesis that the targeting modification of 

YopM does not impair its cellular uptake.  

Since the results of the previous experiment gave a first hint that, the incorporation of 

the E-selectin targeting sequence might enhance uptake into CHO-E cells, we were interested to 

confirm this also by immunofluorescence analysis. In both, CHO-wt and CHO-E cells, visual com-

parison indicated that the signal for TSES-YopM is more intense than that for unmodified YopM. 

Quantitative analysis confirmed this observation (4.2.1). Comparison of the quotient of TSES-

YopM and YopM uptake in the two cell lines, though, reveals that the ratio is almost equal. This 

means that the extent to which uptake of TSES-YopM is enhanced compared to unmodified 

YopM is more or less the same in CHO-wt and CHO-E cells and it indicates that the targeting 

modification might not have the desired effect.  

A possible explanation for the increased uptake of TSES-YopM in both CHO cell lines is 

that there might be an intrinsic property of the CHO cell line that facilitates uptake of the fusion 

protein. The alternative that binding to cells in general might be enhanced by the TSES motif is 
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rather unlikely when considering the results of Sehnert et al. who found that their SLC1 colocal-

ized with E-selectin transfected CHO cells but not with ICAM-1 transfected CHO cells or CHO-wt 

cells (124).  

 

Our third approach to describe the impact of the targeting modification on the cellular 

uptake was analysis by flow cytometry. In all of the three cell lines used in this study (HeLa, CHO-

wt, and CHO-E) the fusion protein was detected intracellularly supporting our hypothesis that 

cellular uptake is not inhibited by the targeting structure. In HeLa cells, we observed a time-

dependent increase of the intracellular signal of unmodified YopM which is in accordance with 

the findings from previous studies (112). In the same cell line, this time-dependent manner of 

uptake is not seen for the fusion protein, TSES-YopM, but an early accomplished intracellular 

signal is maintained over the course of the experiment. Although, there is a strong early cellular 

uptake of TSES-YopM, the continuously increasing intracellular signal of unmodified YopM in the 

end results in a greater intracellular signal for YopM than for TSES-YopM. This indicates that in 

HeLa cells the targeting motif does not lead to an enhanced uptake overall but does also not 

impair cellular uptake. 

In CHO-wt cells the cellular uptake of TSES-YopM can be described as continuous over 

the whole experiment and, therefore, time-dependent. The same can be stated for the fusion 

protein in CHO-E cells, but only for the first 60 minutes. After one hour of incubation no further 

increase of intracellular uptake can be observed but the accomplished signal is maintained. This 

indicates that in CHO-E cells uptake of the fusion protein ceases after one hour. This observation 

is quite difficult to explain. A first approach to determine the following hypothesis would be to 

investigate the development of the expression of E-selectin on CHO-E cells over a period of time. 

If we hypothesize that CHO-E cells without presenting free E-selectin molecules can be regarded 

as a CHO-wt cell, and, furthermore, that the uptake of TSES-YopM suspends due to the satura-

tion or slow re-synthesis of E-selectin on the surface of CHO-E cells, we would still expect that 

the uptake pattern in CHO-E cells is more or less equal to the one observed for TSES-YopM in 

CHO-wt cells with the prerequisite that the uptake mechanism is the same in both cell lines. 

Since our observations revealed differing uptake patterns, we hypothesize that the uptake 

mechanism could make the difference. Unmodified YopM was shown to initially enter into HeLa 

cells via endocytosis as well as by direct penetration of the plasma membrane (119). Our obser-

vations could suggest that this autonomous uptake mechanism is somehow reduced or sup-

pressed in cells that express E-selectin in favor for an E-selectin-mediated uptake. If we assume 



 

77 

 

that a reduced E-selectin expression on the cell surface is the reason for a reduced uptake of 

TSES-YopM, a possible future problem of our approach becomes apparent: the target of thera-

peutic TSES-YopM is activated endothelium which expresses the surface marker E-selectin and 

is found in inflamed tissue such as the synovium of RA patients. The desired effect of TSES-YopM 

is a reduction of inflammatory processes. Reduction of inflammation in endothelial cells leads 

to a decreased expression of E-selectin, i.e. a decreased expression of the target marker. This, 

in turn, leads us to suspect that targeting will be less efficient as soon as the intracellular effect 

of TSES-YopM kicks in.  

On the other hand, a self-limitating uptake of the immunosuppressive agent TSES-YopM 

might reduce the amount of undesired side effects of synovial immunosuppression such as de-

velopment of synovial malignancies. Although, this is only a hypothesis it should be kept in mind 

when further working with the E-selectin-targeting approach. 

In the end of the experiment, we detect a stronger intracellular signal for TSES-YopM 

than for unmodified YopM in both CHO cell lines. This is different than in HeLa cells and shows 

that the fusion protein, in both CHO-wt and CHO-E cells, accumulates to a greater extent intra-

cellularly than YopM. In this regard, we observed a similar result in the immunofluorescence 

study: both CHO cell lines show an enhanced uptake of TSES-YopM compared to unmodified 

YopM with no significant difference regarding expression of the target marker E-selectin.  

We conclude that the targeting modification of YopM does not inhibit cellular uptake or 

accumulation in the nucleus. Compared to unmodified YopM cellular uptake of TSES-YopM does 

not appear to be reduced in any of the utilized cell lines.  

Because our experiments did not reveal uptake impairment we did not remove the N-

terminal His-tag in order to minimize protein processing but decided to go without the additional 

processing. It is still possible that the N-terminal His-tag might partially cover the TSES motif and 

might, thereby, reduce its targeting effect. If this hypothesis was true its removal might possibly 

further improve the endothelial uptake of TSES-YopM. This approach could and should be inves-

tigated by quantitatively comparing uptake of TSES-YopM with and without the N-terminal His-

tag in CHO-E cells. If thrombin mediated His-tag removal then is shown to further improve en-

dothelial uptake of TSES-YopM it can be hypothesized that the N-terminal His-tag did in fact 

reduce the targeting effect of the TSES motif. 

Sehnert et al. used a C-terminal His-tag in their investigations but had a Strep-Tag N-

terminally of the E-selectin targeting motif which – just as our His-tag – might possibly impair 

the targeting effect by covering the TSES motif. In their study, they observed that the protein 
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with the TSES motif accumulated in activated vasculature while the protein lacking the TSES 

motif did not. This observation can be understood as an indicator that a tag N-terminally of the 

TSES motif does not necessarily completely impair the targeting activity. Still, it cannot be ex-

cluded that without the N-terminal tags the targeting property of the proteins would be even 

stronger. This hypothesis is of special interest as we were not able to confirm the initial tendency 

that cellular uptake of TSES-YopM is enhanced in CHO-E cells compared to unmodified YopM.  

 

As mentioned above, we conclude from the purification problems of our first cloning 

attempt that there is degradation of the fusion protein to some extent. This hypothesis is sup-

ported by the problem we faced in two of the flow cytometry experiments and in analyzing the 

results of the cellular fractionation assays. In cells, that were incubated with the TSES-YopM we 

detected faint signals at the molecular weight of unmodified YopM indicating, again, degrada-

tion at the fusion site between TSES and YopM. While we detect only faint signals of this possible 

degradation product after 3 hours of incubation, we still see a strong signal for the intact fusion 

protein, which leads to the assumption that only a minor amount of the fusion protein degrades 

within 3 hours. Since none of our experiments exceeds this duration and since we do not draw 

quantitatively comparative conclusions from our results, the suspected degradation does not 

diminish the expressiveness of our results. This matter has to be addressed, though, prior to 

further studies that aim at a more quantitative investigation as the degradation is likely to re-

duce the targeting effect. There are two potential mechanisms by which the targeting effect 

could be diminished due to the degradation of TSES-YopM: on the one hand YopM simply loses 

its targeting property. On the other hand, the targeting structure, TSES, might block E-selectin 

on the cell surface, which then is not available for TSES-YopM anymore. This in turn would re-

duce accumulation of the fusion protein and, consecutively, would diminish the anti-inflamma-

tory effect. Furthermore, when thinking about a possible use of the fusion protein as a thera-

peutic agent, stability has to be ensured as anything other than that would result in unpredicta-

ble dosages and would increase risks for the patient. 

 

5.3 Impact of the modification on functionality 

Our last point of interest was the investigation of the functionality of our fusion protein. 

Unmodified YopM reduces the expression of the pro-inflammatory cytokine TNF-α (112) and we 

were interested whether the targeting modification might influence the activity of the effector 
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protein. The assay was performed in RAW cells as this cell line was established for this experi-

ment in our group and as our question of interest was whether or not the targeting modification 

did impair the functionality of the protein. For this purpose, the setup of the experiment with 

RAW cells was sufficient.  

The results of the qPCR based TNF-α assay show that the fusion protein is able to reduce 

TNF-α expression in LPS stimulated RAW cells. This finding confirms our hypothesis that the tar-

geting modification does not impair the functionality of the protein. Upon careful analysis, the 

extent of TNF-α reduction by pre-incubation with TSES-YopM is not found to be less than with 

unmodified YopM. On the contrary, our results show an even stronger reduction of the expres-

sion of the pro-inflammatory cytokine by the targeted TSES-YopM protein compared to YopM. 

This observation is quite surprising as RAW cells do not express the target marker, E-selectin, 

which could explain the increased effect. As a possible explanation for this observation we dis-

cussed that the additional N-terminal structures might enhance the intracellular stability of 

TSES-YopM leading to an increased intracellular concentration and anti-inflammatory effect of 

TSES-YopM. This hypothesis, does not take into account the stability problems of the fusion pro-

tein we discussed earlier. Nonetheless, it still is possible that although the fusion protein is de-

graded to some extent the stability of the remaining full-length fusion protein does indeed profit 

from the additional N-terminal structures. 

 

In summary, our results suggest that the targeting modification does not significantly 

impair YopM’s intrinsic properties of interest, which are autonomous cellular translocation and 

reduction of pro-inflammatory cytokines.  

 

5.4 Effect of the targeting structure TSES on protein distribution intra-cellu-

larly and on the cell surface 

After having found that YopM does not forfeit its properties regarding cellular uptake 

and functionality when modified for targeting purposes, we performed an additional experiment 

to investigate how the targeting modification altered distribution of the protein on the cellular 

surface and also intracellularly. This assay compared colocalization of the target structure, E-

selectin, with unmodified YopM and TSES-YopM, respectively. Our results show that TSES-YopM 

colocalizes with the target marker to a significantly greater extent than unmodified YopM 

(Figure 10). This is in accordance with the findings by Sehnert et al. who found that the SLC1 
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colocalized with E-selectin while constructs lacking the targeting motif did not. Our finding can 

be taken as an indicator that the targeting modification of YopM does actually lead to targeting.  

 

5.5 Outlook 

The present study was our group’s first approach to investigate the impact of a targeting 

modification of the bacterial effector protein YopM. Although we were able to answer our cen-

tral questions, many new ones have arisen during this study.  

 

As mentioned in 5.1, we have to assume that the recombinant protein solution was not 

completely pure but most likely still contained the targeting sequence as a result of partial deg-

radation. Size exclusion chromatography via, for example, high-performance liquid chromatog-

raphy might be an approach to obtain a more pure protein solution. Furthermore, it might be 

interesting to investigate whether the removal of the N-terminal His-tag might further improve 

uptake properties of the fusion protein. 

 

Compared to the modular sneaking ligand approach of Sehnert et al., who synthesized 

a targeting effector protein by fusing several different modules, our TSES-YopM consists of fewer 

modules as no additional structure is needed for translocation (112, 123, 124). We hypothesize 

that the ideal targeting immunomodulatory effector protein would naturally contain a targeting 

region, a structure mediating cellular translocation and an effector region. Artificial modification 

would not be necessary and because of its natural origin the protein would exhibit a high stabil-

ity. Unfortunately, such an ideal protein has not been found yet and we, therefore, rely on arti-

ficial synthesis. Keeping in mind our results regarding partial degradation of a fusion protein that 

has only one fusion site, the effect of additional fusion sites on the protein stability comes into 

focus. It does not appear unlikely that the stability of a fusion protein decreases with an increas-

ing number of fusion sites. TSES-YopM, therefore, might have the advantage of a greater stabil-

ity compared to the fusion protein introduced by Sehnert et al. (123, 124). As this consideration 

is only of theoretical nature it will have to be addressed in further studies. 

 

Our hypothesis suggests that the targeting modification of YopM leads to an enhanced 

uptake and biological effect in cells that express the target structure, E-selectin, compared to 

unmodified YopM. Having this hypothesis in mind, surprisingly we do not only observe enhanced 

uptake and function of TSES-YopM in CHO-E cells, which over-express E-selectin, but in CHO-wt 
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and RAW cells as well. In all of the three performed assays that investigated cellular uptake we 

observe an increased intracellular localization of TSES-YopM compared to YopM in cell lines that 

do not over-express the target marker, E-selectin. In the qPCR based functionality assay we, fur-

thermore, observe that TSES-YopM reduces expression of the pro-inflammatory cytokine TNF-α 

to a greater extent than unmodified YopM, even though the experiment was performed with 

RAW cells which also do not express the targeting structure. Prior to our study, we hypothesized 

that the targeting modification would not impair the properties of YopM regarding cellular up-

take and anti-inflammatory function but we did not expect that the modification would improve 

the properties, at least not when using cells without the target structure. When initially recog-

nizing this effect in the uptake assays, we considered it possible that it was a property of the 

CHO cell line that led to an enhanced uptake of the fusion protein, especially as we did not ob-

serve the same effect in HeLa cells or RAW cells. But when the functionality assay also revealed 

increased biological effect in RAW cells we had to refrain from this hypothesis. Possibly, the N-

terminal E-selectin targeting motif stabilizes YopM and allows an enhanced uptake and func-

tionality even in cell lines that do not express the target marker. Further studies will have to 

address this topic. 

 

Since our idea was to obtain a fusion protein that still has the immunomodulatory prop-

erties of YopM but will exert its effect more localized, the observation that TSES-YopM translo-

cates into cell lines that do not express E-selectin to a greater extent than YopM has to be dis-

cussed critically. Compared to the fusion protein Sehnert et al. used in their study TSES-YopM 

does not depend on the E-selectin binding motif for cellular uptake since it still contains the two 

α-helices that allow unspecific uptake into cells. SLC1, however, depends on the E-selectin bind-

ing motif and was, therefore, exclusively taken up into cells that expressed the target structure 

(124). From our results we hypothesize that with the TSES-YopM construct as we used it in this 

study we will never achieve an exclusive uptake into E-selectin expressing cells since the two α-

helices will still allow uptake into any other cell line. An uptake exclusively into E-selectin ex-

pressing cells can only be achieved if TSES-YopM is deprived of its ability to penetrate into cells 

autonomously i.e. does not contain the two α-helices. It is possible, though, that the deletion of 

these structures would render the protein unable to escape the endosome or to traffic to the 

nucleus. In this case, further modules as used by Sehnert et al. such as the ETAII might be nec-

essary. 
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But an exclusive uptake of TSES-YopM into cells that express E-selectin was not our initial 

intention anyway. On the contrary, with the TSES motif we aimed to achieve a relative accumu-

lation of TSES-YopM in the targeted cells compared to unmodified YopM and compared to cells 

without expression of E-selectin. Our results so far have not provided evidence that TSES-YopM 

accumulates to a greater extent in CHO-E cells than does unmodified YopM. Comparative quan-

titative investigations regarding uptake of TSES-YopM and YopM in CHO-E cells and other cell 

lines which do not express the target structure, though, have not been performed yet. These 

will further elucidate whether the targeting modification leads to the desired enhancement of 

uptake and localized effect. A first hint regarding this topic can be found in the publication by 

Sehnert et al. (124). When investigating the impact of treatment with SLC1 on cytokine-induced 

transcriptional or DNA-binding NF-κB activity they also used an antennapedia-linked cell-perme-

able NBP (Antp-NBP) which they had previously shown to block activation of the classical NF-κB 

pathway by preventing the association of NEMO with IKK2 (81). This protein unselectively trans-

locates into cells and can, therefore, be considered comparable to YopM. Sehnert et al. show 

that the effect on cytokine-induced NF-κB activity is more or less the same regardless of whether 

the cells were treated with SLC1 or Antp-NBP. It is possible that with this observation they al-

ready provide evidence that our “enhanced accumulation hypothesis” might be proven wrong. 

This theoretical construct, though, implies that we consider TSES-YopM comparable with SLC1. 

Since both fusion proteins share the TSES sequence comparison is reasonable to some extent 

but unlike SLC1 TSES-YopM also has the ability to autonomously and unselectively translocate 

into cells. It would be interesting to see whether an additional E-selectin targeting module on 

the Antp-NBP would result in different observations since this further modification of the pro-

tein would render it more comparable to TSES-YopM. 

 

In summary, our results show that modification of YopM for targeting purposes does 

not impair any of the valued properties. The results, therefore, form the basis for further studies 

that aim at investigation of the actual targeting effect. Questions that need to be addressed are 

whether the modification actually leads to an enhanced and more specific uptake of the effector 

protein into specifically targeted cells. Although, we certainly see a potential for YopM or a tar-

geting construct containing YopM as a therapeutic agent in the future, we also have to keep in 

mind that still not much is known about its biological effects and ways of action. The less is 

understood about this protein the more risks come with its therapeutic application. Prior to 
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pondering the clinical application of YopM as an immunosuppressive drug further knowledge 

should be acquired in order to reduce undesirable side effects and potential risks for patients. 
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Figure 12:  Coomassie gel of the purification fractions of unmodified YopM 

Several samples were obtained during the process of protein induction and purification. The most right column shows 

the final YopM protein solution we used for our further experiments. Here, we can see that unmodified YopM can be 

detected at around 48 kDa. 
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Figure 13:  Characterization of the proteins contained in the solution after purification of the fusion protein TSES-

YopM with the C-terminal His-tag 

The protein solution we obtained through induction and purification of our C-terminally His-tagged TSES-YopM was 

further characterized by Western blot analysis. All of the three depicted lanes were loaded with the same sample. 

A: The membrane was incubated with α-YopM and subsequently with α-GAR-PO. Immunologic detection according 

to 3.4.7 reveals that both proteins, the one of app. 48 kDa as well as the one of app. 55 kDa, can be detected with an 

α-YopM antibody.  

With this information, though, we did not know for sure whether both proteins contained the full-length YopM motif. 

We, therefore, stripped the membrane, cut it in two pieces (B and C) and incubated B with an antibody that specifi-

cally bound to the C-terminal part of YopM and C with an antibody that specifically bound N-terminally. According to 

3.4.7 the membranes were then incubated with the secondary antibody. 

B: Both proteins we detected by the antibody that specifically binds to the C-terminal part of YopM indicating that 

YopM was not degraded C-terminally (which was unlikely anyway since the C-terminal His-tag was necessary for pu-

rification). 

C: While the bigger protein exhibited a strong signal after incubation with the N-terminal specific antibody the signal 

for the smaller protein was only faint but still existing. This could mean that the smaller protein might be a degrada-

tion product of the bigger protein with the degradation site close to the N-terminal end of YopM. This supports our 
hypothesis that TSES-YopM is partially degraded at the fusion site between the TSES and the YopM motif. 



 

III 

 

Protein stability was checked after 3 hours at 37 °C by immunoblot. This was performed 

in the frame of the flow cytometry assay after each run. Figure 14, by way of example, depicts 

the varying stability of different batches of TSES-YopM. While the first batch only exhibited slight 

degradation after 3 hours at 37 °C, in the second batch no signal could be detected at the ex-

pected molecular weight of TSES-YopM but at that of unmodified YopM, indicating complete 

degradation of the fusion protein. GFP and unmodified YopM could be detected at their ex-

pected molecular weight in both batches with only slight degradation.  

 

  

Figure 14:  Proteins after 3 h of incubation at 37 °C  

Samples acquired after 180 min at 37 °C were blotted on nitrocellulose membrane and proteins were detected ap-

plying the previously introduced antibodies in order to check for the extent of protein degradation. Membranes were 

cut at the dashed lines as they were incubated with different primary antibodies. The asterisks mark bands of de-

graded protein. While in batch 1 only a slight degradation of TSES-YopM was detected, it appeared to be almost 
completely degraded in the second batch.  
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