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Å Ångstrøm 
Amp  Ampicillin 
Arf6 ADP-ribosylation factor 6 
ARHGAP10 Rho GTPase-activating protein 10 
Arp Actin related protein 
BHI Brain heart infusion 
Cm Chloramphenicol  
CNS Central nervous system 
DNA Deoxyribonucleic acid 
Ery Erythromycin 
FAK Focal adhesion kinase 
GFP Green fluorescent protein 
GST Glutathion-S-transferase 
hEC1 human E-cadherin ectodomain 1 
Ig Immunoglobulin 
InlA Internalin 
IPTG Isopropyl βD-thiogalactopyranoside 
IR Interrepeat 
ITC Isothermal titration calorimetry 
Kan Kanamycin 
KD Dissociation constant 
LIPI-1 Listeria pathogenicity island 1 
LLO Listeriolysin O 
Lmo-EGD Listeria monocytogenes EGD-e 
Lmo-InlAm Listeria monocytogenes EGD-e isogenic mutant  
  strain, carrying the inlAS192N-Y369S-gene 
LRR Leucine rich repeat 
mEC1 murine E-cadherin ectodomain 1 
PAGE Polyacrylamide gel electrophoresis 
PC-PLC Phosphatidylcholine specific phospholipase C 
PCR Polymerase chain reaction 
p.i. post infection 
PI-3K Phosphatidylinositol-3 kinase 
PI-PLC Phosphatidylinositol specific phospholipase C 
PrfA Positive regulatory factor A 
SARS Severe acute respiratory syndrome 
SDS Sodium dodecyl sulfate 
TCA Trichloroacidic acid 
VASP Vasodilator-stimulated phosphoprotein  
WASP Wiskott-Aldrich syndrome protein 
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Summary  

 

Pathogens have evolved a dedicated set of virulence factors that specifically interact with 

individual host molecules. This specialization limits an individual pathogen to a defined range 

of hosts. Newly emerging diseases overwhelmingly involve existing pathogens whose 

virulence factors have been mutated to allow them to infect previously inaccessible hosts. The 

human food borne pathogen Listeria monocytogenes expresses two invasion proteins, 

internalin (InlA) and InlB, that enable bacterial uptake into distinct sets of host cells. These 

two molecules restrict L. monocytogenes to a defined range of hosts including cattle, sheep 

and humans but prevent infections of mice, guinea pigs or rabbits. In emulating spontaneous 

changes of host specificity, InlA has been rationally re-engineered to increase the affinity for 

its natural receptor human E-cadherin, thereby extending the specificity to allow recognition 

of formerly incompatible murine E-cadherin. At the atomic level, regions of low 

complementarity in the interaction interface of InlA and human E-cadherin were identified by 

analyzing the crystal structure of the recognition complex. Single amino acid substitutions in 

InlA that would potentially increase its weak binding affinity for human E-cadherin by 

improving surface complementarity were introduced into InlA. Structural changes of 

individual substitutions and of their combinations were verified crystallographically. Binding 

affinities as well as binding enthalpy and entropy were determined by isothermal titration 

calorimetry. All four rationally chosen, single substitutions in InlA increase binding affinity 

strongly. The correlation of high resolution structural data with thermodynamic characteristics 

provides unique insights into atomic contributions to binding enthalpy and entropy. 

Combining a mere two single substitutions transforms the weak interaction of wild-type InlA 

with human E-cadherin into a tight recognition. Biophysically, re-engineered InlA recognizes 

murine E-cadherin with an affinity similar to that of the wild-type InlA human E-cadherin 

interaction. Incorporating these two mutations into the listerial genome extends the host range 

of L. monocytogenes to include the mouse. By rationally adapting a single protein, a versatile 

murine model of human listeriosis has thus been created. 
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1 Introduction 

Sudden changes in host specificity of existing pathogens are a serious threat for the global 

human population. Zoonotic pathogens eliciting recent pandemics  (Lewis, 2006) include HIV 

(Heeney et al., 2006) and SARS (Li et al., 2005), while influenza A subtype H5N1 may be 

poised to do so (Stevens et al., 2006). For these pathogens single amino acid substitutions in 

virulence factors have been identified to be responsible for changed host tropism (Feng, 2005; 

Yamada et al., 2006). Understanding the underlying mechanisms, however, requires detailed 

knowledge of atomic changes in virulence factors, their influence on recognition of formerly 

incompatible host molecules and how this newly created interaction modifies normal cell and 

tissue functions to convert the previous coexistence of these species to a host-pathogen 

relationship.  

1.1 Pathophysiology of L. monocytogenes  

The genus Listeria includes six species: L. monocytogenes, L. ivanvovii, L. inocua, L. 

welshimeri, L. seegligeri, and L. grayi (Vazquez-Boland et al., 2001). The first two are 

pathogenic for animals while only L. monocytogenes is associated with human disease (Glaser 

et al., 2001). 

L. monocytogenes is a rod shaped, ubiquitously distributed Gram-positive bacterium. It is able 

to grow at low temperatures and can withstand low pH and high salt conditions. This 

robustness makes L. monocytogenes problematic to the food industry, especially as regards 

ready-to-eat products (McLauchlin et al., 2004). Healthy individuals respond to listerial 

infections mostly with mild symptoms like gastroenteritis (Hof, 2001), indicating that the 

immune system is able to control and combat the infection efficiently (Pamer, 2004). This 

correlates with a comparatively low incidence of severe listeriosis reported in Germany (519 

cases in 2005, Koch and Stark, 2006) or the USA (1330 cases in 2002, Lynch et al., 2006). In 

elderly or immunocompromized individuals and pregnant women, however, systemic 

manifestation of listeriosis occurs with symptoms including meningitis, sepsis, fetal infections 

and miscarriage. Among bacterial pathogens, Salmonella enteritidis causes the largest number 

of outbreaks but L. monocytogenes is responsible for the majority of fatal cases (Lynch et al., 



INTRODUCTION 

  

9 

2006) amounting to a mortality rate of 30 %, far exceeding those of other food borne 

pathogens (Altekruse et al., 1997). 

1.1.1 Virulence factors and intracellular infection cycle of L. monocytogenes  

The opportunistic, facultative intracellular pathogen L. monocytogenes uses the nutrient-rich 

and shielded environment of the cytosol to persist in host cells protected from humoral and 

cellular immune responses (Galan, 2000). L. monocytogenes has evolved several virulence 

factors (Figure 1.1-1) that specifically contribute to the intracellular infection cycle. Two of 

these, InlA and InlB promote cell-type specific uptake into normally non-phagocytic host 

cells (Cossart and Sansonetti, 2004). Following uptake, bacteria need to escape from the 

phagosome to avoid fusion with the lysosome and subsequent degradation by lysosomal 

enzymes. Release of bacteria from the phagosome is predominantly mediated by the pore-

forming cytolysin listeriolysin O (LLO, Dubail et al., 2001) with the help of the 

phosphatidylinositol specific phospholipase C (PI-PLC, Kayal and Charbit, 2006). Cytosolic 

bacteria grow and replicate rapidly with cell-type specific intracellular replication rates of one 

hour or less (Chico-Calero et al., 2002). An important capacity of L. monocytogenes is its 

actin-based intracellular movement. Actin-rich filamentous structures called ‘actin comet 

tails’ are produced at one bacterial pole propelling the bacterium through the cytosol by 

continuous G-actin polymerization at the bacterial surface (Pizarro-Cerda and Cossart, 

2006b). Actin polymerization is orchestrated by the polarized surface protein ActA (Kocks et 

al., 1992). It recruits the cellular actin-polymerizing machinery including Arp2/3 and VASP, 

mimicking cellular actin nucleating factors like WASP (Boujemaa-Paterski et al., 2001). 

When a bacterium encounters the cell membrane, actin-based movement leads to the 

formation of filopodia-like protrusions into the neighboring cell (Pust et al., 2005) within 

which the bacterium is enclosed in a double-membrane vacuole. Release form this vacuole 

again requires LLO-activity supported by the second listerial phospholipase C (PC-PLC) 

specific for phosphatidylcholine (Alberti-Segui et al., 2007). This direct cell-to-cell spread is 

of eminent importance in listerial pathophysiology because it allows large-scale infection of 

tissues without exposure to cellular or humoral components of the immune system and 

possibly more importantly because it allows L. monocytogenes to overcome tissue-barriers 

(Le Monnier et al., 2007). 
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As a consequence of the intricate interplay of these virulence factors tightly regulated by the 

transcription factor PrfA (Chakraborty et al., 1992), L. monocytogenes is able to penetrate the 

intestinal barrier, followed by systemic dissemination, infection of hepatic and splenic tissues, 

and bacteremia-induced crossing of the blood-brain and the blood-placenta barriers (Lorber, 

1997).  

1.2 Invasion proteins – key to enter host cells  

In L. monocytogenes at least two cell surface proteins promote the host-cell-specific uptake, 

InlA (Gaillard et al., 1991) and InlB (Gaillard et al., 1991; Dramsi et al., 1995). InlA induces 

listerial uptake into epithelial cells (Gaillard et al., 1991) by targeting the N-terminal domain 

(hEC1) of human E-cadherin (Mengaud et al., 1996), the dominant adhesion molecule of 

adherens junctions (D'Souza-Schorey, 2005). The second listerial invasion protein InlB 

recognizes the receptor tyrosine kinase Met (Shen et al., 2000) inducing uptake into a wide 

range of mammalian cells including hepatocytes and endothelial cells. Two further receptors 

of InlB have been characterized, gC1qR (the receptor for the globular part of the complement 

Figure 1.1-1: Infection cycle of L. monocytogenes.  Following uptake into non-phagocytic cells induced by the 
invasion proteins InlA (internalin) and InlB bacteria escape from the phagosome by expressing PI-PLC 
(phosphoinositol specific phospholipase C) and LLO (listeriolysin O). Actin-based movement within cells is 
mediated by ActA and similarly enables direct cell-to-cell spreading of bacteria. Release form the double-
membrane vacuole involves PC-PLC (phosphocholin specific phospholipase C) and LLO expression. Figure 
adapted from Tilney and Portnoy (1989).   

 

uptake: InlA, 
InlB

release: 
PI-PLC, LLO

movement: ActA
spread: 
ActA

release:
PC-PLC, LLO
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component C1q), possibly a co-receptor for InlB (Braun et al., 2000) and heparan sulfate, a 

negatively charged polysaccharide, present on eukaryotic cell surfaces (Jonquieres et al., 

2001). Whereas InlB-mediated Met-receptor activation and subsequent intracellular signaling 

events are well characterized (Hamon et al., 2006), the precise role of the other two receptors 

remains to be clarified.  

1.2.1 The leucine-rich-repeat family of proteins  

Structurally, InlA and InlB belong to the leucine-rich-repeat (LRR) family of proteins with at 

least 25 members in L. monocytogenes (Cabanes et al., 2002). LRRs share a characteristic 

repeat-architecture stabilized by a conserved pattern of the aliphatic amino acids valine, 

leucine, and isoleucine within each repeating unit creating the hydrophobic core (Takahashi et 

al., 1985). Each repeat contributes a β-strand at the concave, and a spatially larger α- or 310-

helix at the convex face generating the solenoid shape of the domain. All β-strands participate 

in a parallel β-sheet, lining the concave face of the domain, the most common ligand binding 

site of LRR proteins (Kobe and Kajava, 2001). The rigid LRR-domain predominantly 

functions as a protein-protein interaction motif (Kobe and Deisenhofer, 1994).  

LRR-proteins are widespread in eukaryotic and prokaryotic cells with diverse functions. 

Interestingly, major pattern recognition receptors of the innate immune system such as Toll-

like receptors (Bell et al., 2003) or the recently described intracellular NOD-receptors 

(Inohara et al., 2005) also harbor LRR-domains. 

Nine homologous listerial proteins do not only possess a LRR-domain, but instead share a 

common fused core architecture (the internalin domain) that consists of a conserved N-

terminal cap, a LRR domain, and an interrepeat (IR) domain structurally related to 

immunoglobulin-like domains (Schubert et al., 2001; Schubert and Heinz, 2003). This LRR-

subfamily consists of InlA, InlB, InlC, InlE, InlF, InlG, InlH, and the two recently identified 

proteins InlI and InlJ (Sabet et al., 2005). Apart from the invasion proteins InlA and InlB, the 

other seven members are functionally less well characterized but at least InlC, InlE-H, and 

InlJ have been shown to contribute to listerial virulence (Dramsi et al., 1997; Bergmann et al., 

2002; Sabet et al., 2005). 
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1.2.2 Structural insights into the InlA / hEC1 recognition complex 

The crystal structure of the complex of InlA and E-cadherin functional domains reveals 

atomic details of recognition (Schubert et al., 2002). The internalin domain (Schubert et al., 

2001) of InlA includes an N-terminal α-helical cap domain (residues 36-78), a 15-repeat 

LRR-domain (residues 79-414) and a β-sandwich IR-domain. The LRR-domain creates an 

elongated yet curved, right-handed solenoid (Figure 1.2-1A).  

 

       

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2-1: Structures of the InlA/hEC1 recognition complex and the E-cadherin ectodomain. (A) The 
internalin domain of InlA (Cap - orange, LRR – red, repeats are numbered, IR – dark red) is shown in complex 
with its receptor, the first extracellular domain of human E-cadherin (hEC1 - green, β-strands labeled). The 
LRR-domain is exclusively responsible for receptor binding (PDB code 1O6S; Schubert et al., 2002) (B) 
Homology model of the entire ectodomain of E-cadherin based on the crystal structure of C-Cadherin (PDB 
entry 1L3W, Boggon et al., 2002). 

 

Compared to all other LRRs of InlA, repeat 6 is shorter by one residue and consists of 21 

residues instead of the canonical 22. Conserved hydrophobic residues and an asparagine 

residue within the hydrophobic core of InlA at characteristic positions 

(xxLxLxxNxLxxLxxLxxLxxL; L = leucine, isoleucine, or valine; N = asparagine; x = 

undefined residue) stabilize the structure. All fifteen LRR β-strands and one β-strand of the 
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IR-domain combine to form a parallel β-sheet creating the concave receptor recognition face 

of the LRR-domain. The spatially larger 310-helices, stacked at the convex face, introduce the 

curvature of the LRR-domain. Additionally, each repeat is rotated by ~5° along the solenoid 

axis introducing an overall twist of the domain (Schubert et al., 2002). The IR-domain, 

comprising residues 414-495, is the most flexible element of the internalin domain. Its fold is 

closely related to that of immunoglobulin (Ig) domains. 

The IR-domain is followed by three spacer domains presumably to allow suitable presentation 

of InlA on the cell surface (Schubert et al., 2002). The adjoining LPxTG motif is cleaved by 

sortase A, transferring membrane-bound InlA to the pentaglycine crossbridge of the cell-wall 

peptidoglycan (Ton-That et al., 1999). 

E-cadherin, the most abundant protein in epithelial-cell adherens junctions, is crucial in 

embryogenesis (Gumbiner, 2005) and in maintaining epithelial integrity (D'Souza-Schorey, 

2005). It consists of five extracellular, Ig-like domains (EC1-5, Figure 1.2-1B), a 

transmembrane α-helix and an intracellular domain linked to the actin cytoskeleton through 

adaptor molecules such as α- and β-catenin (Gates and Peifer, 2005). The hEC1-domain is 

responsible for cell-cell contacts (Boggon et al., 2002) and is also the receptor of InlA (Lecuit 

et al., 1997; Lecuit et al., 1999). It consist of seven β-strands that form two antiparallel β-

sheets and a short α-helix within the bc-loop, connecting β-strands b and c (Figure 1.2-1A).  

The crystal structure of the functional domain of InlA in complex with hEC1 revealed that 

InlA binds hEC1 through the concave face of its LRR-domain (Schubert et al., 2002). 

Complex formation is Ca2+-dependent but even in the presence of Ca2+ and despite a large 

interaction surface (Jones and Thornton, 1996) of 2400 Å2, the binding affinity (KD = 8 ± 4 

µM) is rather weak. A comparatively low surface complementarity of both proteins allows 

numerous water molecules to be retained within the interaction interface restricting the 

number of direct contacts. Only two hydrophobic patches centered on Val3 and Pro16 of 

hEC1 interact tightly with corresponding regions of InlA. Hydrophilic interactions between 

both proteins involve only seven hydrogen bonds, three salt bridges, and eight water bridged 

interactions (Schubert et al., 2002). Even the bridging Ca2+ is only directly coordinated by 

Glu326 of InlA. The other coordination sites are occupied by five water molecules, two of 

which interact with Asp29 of hEC1, creating the link between both proteins.  
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1.3 Bacterial invasion strategies   

Pathogenic bacteria have essentially evolved two strategies to induce uptake into normally 

non-phagocytic eukaryotic host cells (Cossart and Sansonetti, 2004). The zipper-mechanism 

requires the close association of bacterial and eukaryotic cell. Specialized invasion proteins 

expressed on the surface of bacterial cells bind eukaryotic receptors predominantly involved 

in cell-cell adhesion. Examples include invasin-mediated entry of Yersiniae into epithelial 

cells by binding β1-integrins (Isberg and Leong, 1990) and InlA-induced listerial invasion into 

target cells through its interaction with E-cadherin (Mengaud et al., 1996). Binding of 

receptors leads to receptor-clustering and activation (Seveau et al., 2004). The resulting 

signaling cascade activates mediator proteins that promote actin cytoskeleton rearrangement 

to form a phagocytic cup. Such mediators are FAK (focal adhesion kinase) in case of invasin-

mediated entry of Yersiniae (Alrutz and Isberg, 1998), and α- and β-catenins in InlA induced 

invasion of L. monocytogenes (Lecuit et al., 2000). Actin cytoskeletal rearrangements are 

essential for retraction and closure of the phagocytic cup creating the phagosome. A current 

model for InlA-induced uptake implicates two independent actin-remodeling processes: The 

first of these involves the α/β-catenin complex, associated with the intracellular domain of E-

cadherin. It recruits formin-1 (Kobielak et al., 2004), a major actin-nucleating factor involved 

in production of linear actin cables (Bershadsky, 2004). The second system involves the 

activation of the Arp2/3 complex, responsible for the generation of a branched actin network 

(Blanchoin et al., 2000). Activation of Arp2/3 during listerial entry is mediated by clustered 

E-cadherin molecules that recruit cortactin (Helwani et al., 2004) which in turn directly 

recruits and activates Arp2/3 (Weaver et al., 2003). The synergistic action of both 

mechanisms is necessary to generate and maintain adherens junctions (Bershadsky, 2004) and 

is potentially involved in InlA-mediated entry of L. monocytogenes (Ireton, 2007). It has, 

furthermore, been shown that the motor protein myosin VIIa is a key-player in phagosomal 

cup closure (Kussel-Andermann et al., 2000). Myosin VIIa has been proposed to move along 

actin-filaments creating the contractive force, required for bacterial internalization. Transition 

of this force to the phagosomal cup membrane is mediated by two other proteins, ARF6 and 

ARHGAP10 (Sousa et al., 2005) that possibly link the myosin VIIa associated 

transmembrane protein vezatin to α-catenin and therefore to the InlA/E-cadherin recognition 

complex (Hamon et al., 2006). 
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The second strategy of bacterial entry, called trigger-mechanism, does not require tight 

adhesion of bacterial and host cell, though physical contact is necessary. Effector molecules 

are directly injected into the host cell cytoplasm by type-three secretion systems (Galan and 

Wolf-Watz, 2006), evolved by pathogenic bacteria such as Salmonellae or Shigellae to 

redirect multiple cellular functions. Some of these effectors directly interact with the cellular 

machinery that regulates cytoskeleton dynamics inducing massive cytoskeletal 

rearrangements. Uptake of bacteria is indirectly caused by creation of large, dynamic 

membrane protrusions, called membrane ruffles (Cossart and Sansonetti, 2004), engulfing the 

bacterium. 

The second listerial invasion protein InlB mediates uptake by a mechanism combining 

properties of both described bacterial uptake strategies. InlB is loosely attached to the outer 

leaflet of the cell-membrane through GW-repeats at the C-terminus (Braun et al., 1997) and 

can act as soluble ligand or cell-membrane anchored protein (Ireton et al., 1999). Membrane-

bound InlB and its interaction with receptors on the surface of eukaryotic cells may promote 

tight adhesion leading to a “zipper”-like uptake, although the amount of Met would be limited 

due to tightly regulated expression in untransformed cells. A second complication of direct 

InlB/Met interaction is the accessibility of InlB which is largely buried within the 

peptidoglycan of the bacterial cell-wall and thus inaccessible for Met (Jonquieres et al., 

1999). Creating functional InlB involves either partial degradation of the peptidoglycan or 

release of InlB, initiated upon contact of L. monocytogenes with a host cell by host cell 

signals. Released InlB is able to activate its receptors, corresponding to direct triggering of 

uptake. The hepatocyte growth factor receptor Met (Bottaro et al., 1991) becomes 

phosphorylated at two conserved tyrosine residues located within the intracellular part upon 

InlB-binding (Shen et al., 2000). Recruitment of several adaptor proteins such as Gab1 (Basar 

et al., 2005) leads to the activation of PI-3K (Ireton, 1996; Seveau et al., 2007) and Arp2/3 

(Bierne, 2001), induces actin cytoskeleton rearrangement resulting in membrane ruffling, and 

eventual bacterial uptake (Bierne et al., 2005). Cellular signals that promote release of buried 

InlB upon adhesion of L. monocytogenes to host cells may involve the action of the other 

characterized receptors heparan sulphate and gC1qR. Both receptors have the potential to 

induce release of InlB from the bacterium producing non-buried, soluble InlB (Jonquieres et 

al., 1999; Marino et al., 2002), which is assumed to be the only functional form (Ireton, 

2007). InlB-mediated membrane ruffling induces listerial uptake more efficiently than InlA-
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induced “zippering”, possibly limiting the function of InlA to Met-free cells. Alternatively, a 

degree of synergy between both invasion proteins may exists. 

1.4 Host specificity of Listeria monocytogenes  

Pathogens have evolved a variety of virulence factors to manipulate different host cell 

functions. Recognition of host molecules, however, occurs predominantly at binding sites 

distinct from those of cellular interaction partners. During evolution only functionally 

important residues tend to be conserved, whereas other exposed side chains are variable and 

differ in homologous proteins of other species. Binding loosely conserved regions of host 

molecules consequently restricts the number of hosts accessible by a pathogen because of 

abrogated interactions of virulence factor with less conserved binding interfaces of host 

targets. 

Studying human disease primarily requires all aspects of the disease to be mirrored in a 

suitable small animal model, preferentially in the mouse. This allows complex immunologic 

and pathophysiologic responses to be investigated. Because of host restriction, most human 

pathogens are non-pathogenic for mice or cause unrelated symptoms limiting the usefulness 

of mouse models to study human pathogens in vivo (Lecuit and Cossart, 2002). The 

identification of molecular details of host specificity has allowed mice to be humanized 

genetically, providing partial animal models for Helicobacter pylori (Guruge et al., 1998), 

measles virus (Patterson et al., 2001), human coronavirus (Lassnig et al., 2005), Group A 

streptococci (Sun et al., 2004) and L. monocytogenes (Lecuit et al., 2001). 

L. monocytogenes is probably the best characterized and understood pathogen in terms of host 

tropism at macroscopic and microscopic levels and have been extensively analyzed in the past 

(Hamon et al., 2006). InlA recognizes E-cadherin from guinea pig and rabbit but fails to bind 

the corresponding domain of murine E-cadherin (Lecuit et al., 1999). InlB binds both murine 

and human Met-receptor but not that of guinea pig and rabbit (Khelef et al., 2006). A small 

animal model that allows InlA and InlB mediated uptake and their interplay to be analyzed in 

vivo is thus not available. 

For InlA a single amino acid substitution in E-cadherin has been proposed to be responsible 

for host specificity. Proline 16, located at the tip of loop ab in hEC1 (Figure 1.2-1A) is 

replaced by glutamate in murine E-cadherin, preventing recognition by InlA (Lecuit et al., 

1999). The crystal structure of the InlA/hEC1 recognition complex similarly identified proline 
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to be involved in a close interaction with a matching hydrophobic pocket of InlA (Schubert et 

al., 2002). Substituting Pro16 by a glutamate would result in a sterically and electrostatically 

unfavorable interaction preventing recognition of murine E-cadherin. 

Because InlB is functional in the mouse, a genetic approach has been used to adopt the mouse 

to the bacterium. Human E-cadherin c-DNA under the control of a tissue specific promoter 

and therefore exclusively expressed in intestinal enterocytes, was integrated into the mouse 

genome creating a humanized mouse model for orally acquired listeriosis. The model 

established the critical role of InlA-mediated uptake to overcome the intestinal barrier of mice 

(Lecuit et al., 2001). Further studies (Khelef et al., 2006) demonstrated InlA, not InlB, to be 

exclusively responsible for listerial uptake into intestinal epithelial cells in vivo. The tissue-

specific restriction of human E-cadherin expression similarly limits the usefulness of this 

animal model. Studying the interplay of InlA and InlB in extra-intestinal tissues, and the 

function of InlA in breaching the placental and blood-brain barriers have not been possible so 

far (Lecuit and Cossart, 2002). Additionally, the co-expression of murine and human E-

cadherin in enterocytes of transgenic mice inherently reduces the sensitivity of this model 

system. 

A wide variety of applications would immediately be addressable were a more suitable mouse 

model available. Two new strategies to create such models have been announced in the past. 

The first involves the genomic exchange of crucial glutamate codon in murine E-cadherin by 

proline (Lecuit, 2005) to generate a transgenic mouse carrying only a single codon exchange 

in the entire genome. However, this model has not been published so far. The second strategy 

is based on co-expression of entire human E-cadherin in all murine E-cadherin expressing 

cells (Hamon et al., 2006). This model is similarly not yet available. 

The molecular reason why InlB specificity is confined to certain species still needs to be 

analyzed. Recently, the crystal structure of the recognition complex between functional 

domains of InlB and c-Met has been elucidated (Niemann et al., 2007), providing atomic 

details of recognition necessary to analyze host specificity. The lack of genome sequences of 

animals, permissive for InlB mediated entry, however, currently prevents a detailed analysis. 

1.5 Aim of the work 

Initially, the biological consequence of the weak affinity of InlA for its natural receptor 

human E-cadherin was to be analyzed using a rational protein-engineering approach. A 
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detailed analysis of the crystal structure of the InlA/hEC1 recognition complex to postulate 

single amino acid substitutions in InlA that would potentially increase its binding affinity for 

hEC1 was to be undertaken. Anticipated structural changes were to be verified 

crystallographically and altered binding affinity for hEC1 determined biophysically using 

isothermal titration calorimetry (ITC). Single substitutions that succeed in increasing binding 

affinity for hEC1 were to be combined to achieve yet higher binding affinity. To reveal 

changes in invasion potential of this InlA-variants, transgenic listerial strains expressing these 

InlA-variants were to be created and analyzed using in vitro gentamicin infection assays with 

human E-cadherin expressing cell-lines. Improved affinity could potentially change the 

binding specificity of InlA, particularly as regards murine E-cadherin recognition. If the 

species barrier to infection could rationally be breached by creating an InlA-variant that 

recognizes murine E-cadherin, this would provide a versatile murine model for human 

listeriosis. Detailed biophysical and structural analyses of changes in the specificity of re-

engineered InlA were to be performed.  
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2 Methods 

All chemicals were purchased from the following companies, if not stated otherwise: Difco, 

Fluka, GE-Healthcare, Hampton Research, Invitrogen, Merck, Millipore, Qiagen, Riedel de 

Haen, Roche, Roth, Sigma-Aldrich and Stratagene. The quality standard was “pro analysis” 

(p.a.). 

Molecular-biological methods used in this work are adapted from standard collections of 

methods and protocols (Sambrook and Russell, 2000; Coligan et al., 2002; Ausubel et al., 

2007). These methods will not be explained in detail. Only variations of standard protocols 

have therefore been described below. 

2.1 Protein production  

2.1.1 Generation of InlA and E-Cadherin constructs  

For structural and biophysical studies, functional fragments of InlA (residues 36-496) and E-

cadherin (EC1, residues 1-105), were used. The corresponding constructs were cloned 

previously (Schubert et al., 2002). Briefly, the internalin domain of inlA was amplified from 

genomic DNA of L. monocytogenes EGD-e serotype 1/2a (ATCC-number BAA-679) and 

cloned into pGEX-6P1 (Amersham) vector using restriction enzymes BamHI and EcoRI. The 

first N-terminal domain of human E-cadherin was amplified from a human c-DNA library, cut 

with restriction enzymes BglII and EcoRI and cloned into the BamHI/EcoRI-digested pGEX-

6P1 vector. 

Murine EC1 (mEC1, this work) was amplified from a c-DNA-library (German Resource 

Centre for Genome Research, clone ID IMAGp998A095392Q1) using primers 5’-

GGAGGAAGATCTTGGGTCATCCCTCCCATCAG-3’ (forward) and 5’-GAATTCTCAA-

TCTGTCACTGTGATCACTATCTCCAT-3’ (reverse). The PCR-fragment was cut with 

BglII and EcoRI and cloned into the BamHI/EcoRI-digested pGEX-6P1 vector. The full insert 

was sequenced to verify the correctness of the nucleotide sequence.  
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Site directed mutations in inlA, hEC1 or mEC1 were introduced by QuikChange Mutagenesis 

according to the manufactures protocol (Stratagene) and verified by sequencing. Mutations 

and corresponding mutagenesis primers are summarized in Table 2.1-1.  

 
Table 2.1-1: Primers used for mutagenesis reactions. Mutation sites are underlined and bold. Reverse primer-

sequences are complementary with shown forward-primer sequences. 
 

Protein Mutation Primer 

InlA S192N 5’-CTACAGCAATTAAACTTTGGTAATC-3’ 

 G194S+S 5’-CAATTATCTTTTAGTAGTAATCAAGTGACA-3’ 

 S192N+G194S+S 5’-CAATTAAACTTTAGTAGTAATCAAGTGACA-3’ 

 Y369A 5’-GCTTCAAAGATTATTTTTCGCTAATAACAAGGTAAG-3’ 

 Y369S 5’-GCTTCAAAGATTATTTTTCTCGAATAACAAGGTAAG-3’ 

hEC1 P16E 5’-CCCAGAAAATGAAAAAGGCCCATTTCCTA-3’ 

 E64Q 5’-GGCTGAAGGTGACACAGCCTCTGGATAGAGAA-3’ 

mEC1 E16P 5’- CCCCGAAAATGAAAAGGGTCCATTCCCAA-3’ 

 Q64E 5’-GGCTGAAAGTGACAAAGCCTCTGGATAGAGAA-3’ 

2.1.2 Protein expression and purification 

Using the pGEX-6P1 vector (ampicillin (Amp) resistance), genes are expressed as N-terminal 

GST-fusion proteins. Constructs containing sequences of inlA, hEC1, mEC1 and 

corresponding variants (single or double mutants) were transformed into BL21-codon-plus 

cells (Invitrogen, chloramphenicol (Cm) resistance). Two liter cultures of plasmid-bearing 

bacteria were grown at 37°C and 180 rpm (Infors Af 110 incubator, Infors AG) in LB-Amp-

Cm-medium, to yield an absorption of OD600 = 0.8. The incubation temperature was 

decreased to 20°C to slow protein production and gene expression was induced by adding 

IPTG (isopropyl βD-thiogalactopyranoside, end concentration 0.02 mM). Bacteria were 

shaken overnight, harvested by centrifugation at 6000 g for 10 min and resuspended in 50 ml 

PBS, containing protease inhibitor cocktail “Complete” (Roche) and 2 µl benzonase 

(4.2 U/µl, Merck). To isolate the cytosolic GST-fusion protein, bacteria were disrupted 

mechanically (high-pressure cell rupture system, IUL instruments) and centrifuged at 40000 g 

for one hour to remove insoluble material. The supernatant was incubated with glutathion-

sepharose for at least one hour at 4°C. The sepharose was washed with ice-cold PBS using a 

glass-column with frit. The target-protein was cleaved from the resin-bound GST-tag using 
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PreScissionTM-Protease (GE Healthcare) at room-temperature overnight. The cleaved target 

protein was eluted from the resin and dialyzed against 10 mM Hepes buffer pH = 7.5.  

All proteins were further purified by applying an anion-exchange chromatography using 

MonoQ-columns (Pharmacia) and a salt gradient from 0 to 250 mM NaCl. For hEC1, mEC1 

and their mutants a size-exclusion chromatography (using a Superdex 75 16/60 column) was 

finally applied. All purification steps were monitored using SDS-PAGE. Proteins were finally 

dialyzed against 10 mM Hepes pH = 7.5 and concentrated by ultracentrifugation using Viva-

spin-concentrators (Vivascience). Protein purity and homogeneity was analyzed using Maldi-

TOF mass spectroscopy (Bruker) and dynamic light scattering (DynaPro 801, 

ProteinSolutions).  

2.2 X-ray analysis 

2.2.1 Co-crystallization of InlA-variants and receptors  

Crystals were grown by vapor diffusion with 5 to 8 mg/ml of protein and a stoichiometric 

ratio of 1:1. For InlA-variant/hEC1 crystallization setups, the original InlA/hEC1 condition 

was used. Ingredient concentrations as well as buffer system and pH were optimized using 24 

well plates. Table 2.2-1 summarizes different complexes and crystallization conditions that 

yielded crystals used for data collection and structure solution. 

To crystallize the InlAS192N-Y369S/mEC1 complex, commercially available screen solutions 

(Nextal) in 96-well plates were used to identify lead conditions. These were further optimized 

using 24-well plates (Table 2.2-1). 

 
Table 2.2-1 : Crystallization conditions. Complexes and composition of reservoir solutions are listed.   
 

Complex Crystallization condition 

InlAS192N/hEC1 20 % PEG4000, 150 mM CaCl2, 100 mM Tris pH 7.2, 100 mM Na acetate 

InlAY369A/hEC1 20 % PEG4000, 100 mM CaCl2, 100 mM Tris pH 7.2, 80 mM Na acetat 

InlAG194S+S/hEC1 23 % PEG4000, 50 mM CaCl2, 100 mM MES/Tris pH 6.8, 100 mM Na acetat 

InlAS192N-G194S+S/hEC1 18 % PEG4000, 20 mM CaCl2, 100 mM MES/Tris, pH 5.3, 100 mM Na acetat 

InlA G194S+S-Y369S/hEC1 17 % PEG4000, 20 mM CaCl2, 100 mM MES/Tris, pH 5.8, 100 mM Na acetat 

InlAS192N-Y369S/hEC1 20 % PEG4000, 80 mM CaCl2, 100 mM MES/Tris, pH 6.3, 70 mM Na acetat 

InlAS192N-Y369S/mEC1 20 % PEG6000, 100 mM Na citrate, pH 5.2, 500 mM LiCl 
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To reduce radiation damage during data collection crystals were frozen in liquid nitrogen. Ice 

formation was prevented by adding 18-25 % PEG400 (v/v), depending on the precipitant 

concentration of the mother liquor, to the reservoir solution. Crystals were transferred to this 

cryosolution, retrieved quickly, and plunged into liquid nitrogen. Crystals were mounted onto 

the goniometer using cap tubes filled with liquid nitrogen or a pre-cooled cryo-tong and 

maintained at 100 K throughout the data collection using a nitrogen stream. 

2.2.2  Data collection, structure determination and refinement 

Data were collected using synchrotron radiation and MARCCD detectors (Marresearch, 

Germany) at beamlines listed in Table 2.2-2. Indexing of reflections, integration and scaling 

was performed using XDS (Kabsch, 1988) and HKL (Otwinowski and Minor, 1997). For 

further data processing the CCP4 suite was used (CCP4 (Collaborative Computational Project 

4), 1994). The structure was solved by molecular replacement using EPMR (Kissinger et al., 

1999) and Phaser (Storoni et al., 2004). The structure of InlA/hEC1 was used as a search 

model giving first phase-estimates. Restrained refinement was performed using REFMAC5 

(Murshudov et al., 1997). After initial refinement cycles, water molecules were automatically 

identified and added to the model using ARP/wARP (Lamzin and Wilson, 1993). TLS-

protocols were included to allows domain movements to be refined. The structural model was 

built, analyzed and validated using COOT (Emsley and Cowtan, 2004) and WHATIF 

(Vriend, 1990). Figures were prepared using PYMOL (www.pymol.org). 

 
Table 2.2-2: Data collection. Wavelengths used for data collection are given in Å. Macromolecular 

Crystallography Beamlines at DESY are operated by the EMBL outstation Hamburg.   
 

Complex Synchrotron Beamline Wavelength 

InlAS192N/hEC1 DESY (Hamburg) BW 6 1.05 

InlAY369A/hEC1 DESY (Hamburg) BW 6 1.05 

InlAG194S+S/hEC1 DESY (Hamburg) X13 0.8 

InlAS192N-G194S+S/hEC1 DESY (Hamburg) X11 0.8 

InlA G194S+S-Y369S/hEC1 DESY (Hamburg) X11 0.8 

InlAS192N-Y369S/hEC1 BESSY (Berlin) BL-1 0.95 

InlAS192N-Y369S/mEC1 BESSY (Berlin) BL-1 0.95 
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2.3 Isothermal titration calorimetry 

Isothermal titration calorimetry (ITC) may be used to quantify the change in heat (binding 

enthalpy) during complex formation of two molecules (Leavitt and Freire, 2001). For this 

purpose, small aliquots of one interaction partner are added to a solution containing the 

second partner. The heat released or absorbed upon complex formation in the sample cell is 

determined by quantifying the energy required to restore the temperature in the sample cell to 

that of a buffer-filled reference cell (isothermal). Technically, reference and sample cell are 

placed within an adiabatic jacket maintained at temperature T. Both cells are constantly 

warmed to maintain a temperature above T (e.g. T + 5 K). A feedback mechanism controls 

the temperature difference between both cells which should be zero. If heat is released during 

a titration step (e.g. because complex formation by the proteins is exothermic), the sample cell 

requires less heating than the reference cell to maintain identical temperatures in both cells. 

The recorded signal, proportional to the heat added to the sample cell, accordingly initially 

decreases but recovers after the binding equilibrium has been reached. This creates a 

downward peak, the integration of which is directly proportional to the change of heat. 

Plotting the changes in heat of successive titration steps against the stoichiometric ratio of 

both interaction partners results in a sigmoid curve, which allows binding enthalpy, binding 

stoichiometry, and binding affinity to be determined (Jelesarov and Bosshard, 1999).   

2.3.1 Sample preparation  

To reduce measuring artifacts, all protein samples were extensively dialyzed against the same 

buffer. A portion of the dialysis buffer was filtrated and degassed. Both protein solutions were 

sterile filtered and also degassed to avoid air bubble formation during titration, which would 

severely disturb the measurement. Concentrations of protein solutions used in the experiment 

depend on the dissociation constant (KD). Useable titration curves could be obtained if 

[ ] cKN1EC D ⋅⋅= , where [EC1] is the estimated concentration of mEC1, hEC1 or their 

mutants, N is the stoichiometric ratio (in this case equal to one), KD is the estimated 

dissociation constant and c is a dimensionless parameter (Cooper, 1999). The value of c is 

critical as it describes how the titration curve shape depends on the protein concentration 

(Perozzo et al., 2004). Values for c between 20 and 1000 resulted in suitable experimental 

data. To achieve saturation during titration, the molar amount of the added component (InlA) 
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must exceed that of the component in the measuring cell (EC1) by a factor of two. The precise 

KD is, of course, initially not known. An iterative set of measurements was therefore 

necessary to determine the correct concentration range to reliably identify KD and the binding 

enthalpy (ΔH). 

2.3.2 Experimental setup 

Thermodynamic data were obtained using an MCS ITC (MicroCal, USA). Cells and syringe 

were rinsed with buffer and buffer was filled into the reference cell. The E-cadherin solution 

(hEC1, mEC1 and their variants) was filled into the measuring cell and the corresponding 

InlA(variant) solution into the syringe. Two syringes with injection volumes of 100 and 

250 µl were used. All titrations were performed at 20°C, 400 rpm (syringe rotation to mix 

both components quickly), and 250 s duration between injections. Aliquots of 5 -15 µl of 

ligand were consecutively injected into the measuring cell. 

2.3.3 Data evaluation 

Data were analyzed using the Micro Cal Origin 2.9 software. All peaks were integrated to 

determine the amount of heat evolved on addition of ligand. Provided the titration curve was 

sigmoidal, four distinct parameters could be determined independently. The first titration 

heats (initial plateau of the curve) correspond to the apparent enthalpy ( Happ), or the sum of 

the binding enthalpy ( H) and the enthalpy of dilution ( Hdil). The second plateau obtained 

after saturation has occurred allows Hdil to be determined. The sigmoid transition between 

both plateaus is used to determine the KD, and the inflection point to determine the relative 

stoichiometry of the complex. 

Data were analyzed using the single set of independent sites model. Because both, H and KD 

are determined independently, the binding entropy ( S) may be calculated using the Gibbs-

Helmholtz equation. 
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2.4 Generation of transgenic L. monocytogenes strains 

2.4.1 Cloning strategy to create pPL2 and pAUL-A integration vectors  

The cloning strategy is schematically summarized in Figure 2.4-1. Full-length inlA was 

amplified from genomic DNA using the primers 5’-AGGAGGGATCCATGGTCGGAC-

CAACGAGCCAACCGTG-3’ and 5’-AGGAGGCGGCCGCTGCTTGATTGGCGTTGGCA-

CGGTG-3’ and cloned into the vector pPL2 (Lauer et al., 2002) using BamHI and NotI 

(Figure 2.4-1A). The site specific shuttle integration vector pPL2, based on the listeriophage 

PSA, can be replicated by Gram-positive and Gram-negative bacterial strains. This allows 

construction in E. coli (TG2, Stratagene) and later integration into the listerial genome within 

the PSA-attachment site (encoding the tRNAArg-gene). 

The desired mutations were incorporated by excising a 1026-nucleotide BclI-BsaI fragment 

from pPL2 and replacing this with an equivalent fragment from a pGEX-6P-1 expression 

vector containing the mutation (Figure 2.4-1B). Two different constructs were created by 

integrating different mutations into the pPL2-inlA vector. This allows the effect of improved 

affinity of InlA-variants for hEC1 on invasion efficiency of L. monocytogenes to be analyzed. 

Only the variant, carrying the mutations S192N and Y369S, was used to construct the pAUL-

A integration vector to generate the isogenic mutant strain of L. monocytogenes as follows: A 

fragment, comprising the 3’-part of inlA and the 5’-part of inlB was amplified using primers 

5’-AGGAGGGATCCAACCGTGACGCAGCCACTTAAGGC-3’ and 5’-AGGAGCAAGTC-

CTGCTAATGCTCTTAAATCGC-3’. Digesting this with BamHI and XbaI allows its ligation 

into the BamHI/NheI-digested pETM11-gfp-fusion vector (Figure 2.4-1C). 

The mutated 5’-part of inlA from pPL2-inlAS192N-Y369S (= inlAm) was cloned into vector 

‘pETM11-inlA3’-inlB5’-gfp fusion’ using restriction enzymes BamHI and AflII. The resulting 

plasmid bears full-length, mutated inlAm while the 5’-inlB fragment is fused to gfp (Figure 

2.4-1D).  

The inlAm-inlB5’-gfp fragment was excised from ‘pETM11-inlAm-inlB5’-gfp fusion’ by 

digesting with NotI, filling in by Klenow polymerase and dNTP (NEB), heat inactivation and 

cutting with BamHI. The fragment was cloned into the pAUL-A shuttle vector (Chakraborty 

et al., 1992) cut with HindIII, filled in using Klenow polymerase an dNTP’s, heat inactivated 

and digested with BamHI (Figure 2.4-1E). All cloning steps were monitored by PCR-analysis 

and sequencing.  
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Figure 2.4-1: Cloning strategy to create the isogenic listerial mutant strain Lmo-InlAm. (A) PCR from 

genomic DNA (top, P1-P4 are inlA promotors 1 to 4, T = termination site) using primers with BamHI and NotI 
restriction sites (magenta) yields full length inlA, which was cloned into the pPL2 vector. (B) By cloning the 
BclI/BsaI (blue) fragment of the pGEX-6P1 expression vector into the pPL2-inlA vector both inlA-mutations 
were introduced (yielding inlAm). (C) A second PCR form genomic DNA using primers with BamHI and XbaI 
restriction sites (brown) yields an inlA3’-inlB5’ fragment that was cloned into the pET M11 gfp fusion vector. 
(D) The 5’-part of inlAm (BamHI/AflII fragment, red) was excised from pPL2-inlAm and cloned into pET M11 
inlA3’-inlB5’-gfp fusion vector to create pET M11 inlAm-inlB5’-gfp fusion, bearing full length inlAm and the 5’-
part of inlB fused to gfp. (E) This fragment was cloned into the final pAUL-A integration vector yielding 
pAUL-A inlAm-inlB5’-gfp fusion. cmr = chloramphenicol resistance (g+, g- = Gram-positive/negative); int = 
integrase, ori(T) = origin of replication (of transfer); ori(TS) = temperature sensitive origin of replication; ampr 
/ kanr / eryr= ampicillin/kanamycin/erythromycin resistance, lacI = lac repressor gene, lacZ = β-galactosidase 
gene (interrupted by inlA-inlB-gfp).  
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2.4.2 Generation of pPL2-inlAB constructs 

Additional pPL2 constructs were cloned that contain not only the full-length inlA gene but the 

entire inlAB locus. A fragment containing inlA3’ and full length inlB was amplified from 

genomic DNA using primers 5’-CGGAGCCACTTAAGGCAATTTTTAATGTTAAGT-3’ 

and 5’-AGGAGGCGGCCGCCGCATAAACAGTGCTTTTCACGCGG-3’, cut with NotI and 

AflII and cloned into AflII/NotI cut vectors pPL2-inlA,  pPL2-inlAY369A, and pPL2-inlAm.     

2.4.3 Generation of competent listerial cells 

Transformation of integration vectors into the L. monocytogenes EGD-e knockout strain 

ΔinlA2 or ΔinlAB2 (Lingnau et al., 1995) requires competent listerial cells to be generated. 

Both strains were grown in brain heart infusion (BHI, Difco) broth supplemented with 0.5 M 

sucrose at 37°C and 180 rpm until an OD600 of 0.2 was reached. Penicillin G (10 µg/ml) was 

added to suppress bacterial cell wall synthesis. After growing for 2 h, bacterial protoplasts 

were harvested by centrifuging 20 min at 3000 x g. Protoplasts were washed four times with 

decreasing volumes of ice-cold 1 mM Hepes pH 7.0 supplemented with 0.5 M sucrose (Park 

and Stewart, 1990). Glycerin (15% v/v) was added and aliquots were stored at -70°C.  

2.4.4 pAUL-A inlAm-inlB5’-gfp integration and homologous recombination 

Vectors (1 µg DNA) were transformed into L. monocytogenes ΔinlA2 protoplasts (40 µl) by 

electroporation. Positive transformants were selected by growth onto BHI-Ery agar plates at 

the permissive temperature of 30°C overnight. A positive clone was streaked out onto BHI-

Ery agar plates and incubated at 42°C overnight (no extra-chromosomal replication of the 

plasmid in Gram-positive bacteria). Clones were purified by re-streaking onto BHI-Ery agar 

plates and further inoculation at 42°C. Integration and contamination with extra-chromosomal 

vector were monitored by PCR-analysis. Site-directed integration of the vector into the 

genome of L. monocytogenes ΔinlA2 requires homologous genomic sequences. The vector 

can therefore either integrate using the inlA5’ or the inlB5’ genomic sequences (Figure 2.4-2).  

To facilitate vector reversion by homologous recombination, a single pure colony was 

inoculated into BHI medium and grown without selection pressure at 25°C overnight. 10 µl of 

the overnight culture were inoculated into 50 ml fresh BHI medium and grown overnight. 
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This procedure was repeated three times. Dilutions were plated out onto BHI-agar plates 

without Ery and grown overnight. A colony-lift was performed to transfer clones onto BHI-

Ery agar plates. After growth overnight comparison with the original plate identified Ery-

sensitive clones, which have lost their Ery-resistance through homologous recombination. 

Two different types of reversion in either case of integration were theoretically possible. In 

the first, the vector reverts as it had integrated, yielding unchanged L. monocytogenes ΔinlA2 

(blue lines in Figure 2.4-2). In the second, the anticipated clone carrying inlAm in an otherwise 

unmodified genome is created (red lines in Figure 2.4-2). Colony PCR of Ery-sensitive clones 

were performed to identify positive revertants carrying the inlAm gene (primers are described 

in Table 2.4-1). The entire inlAm-inlB locus of one positive clone (clone 22) was amplified 

using colony PCR and the PCR-fragment was purified and fully sequenced to ensure that no 

point-mutations except S192N and Y369S were present. Western blot of TCA-precipitated 

cell-wall extracts and culture-supernatants were performed to analyze expression of InlA and 

InlB. Antibodies were derived from hybridoma-cell supernatants (provided by Prof. Dr. 

Jürgen Wehland, Division of Cell and Immune Biology, Helmholtz-Centre for Infection 

Research, Braunschweig, Germany).  

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4-2: Integration and reversion of pAUL-A-inlAm-inlB5’-gfp by homologous recombination. The 
vector integrates into the genome (top) using homologous sequences either with ΔinlA (A) or with the 5’ 
region of inlB (B). Reversion also requires homologous sequences. (A) Vector reversion through inlB-
homology (red lines) yields the desired product (genomic inlAm), whereas reversion via inlA-homology (blue 
lines) gives Lmo-ΔinlA. (B) Reversion via inlA or inlB homology yields the anticipated product (red) or the 
original strain (blue), respectively.  
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2.4.5 pPL2 integration  

The vectors pPL2-inlA, pPL2-inlAY369A, and pPL2-inlAm were transformed into L. 

monocytogenes ΔinlA2 and vectors pPL2-inlAB, pPL2-inlAY369AinlB, and pPL2-inlAminlB in 

L. monocytogenes ΔinlAB2 as described (see above) and plated onto BHI-Cm agar plates. 

Colonies were grown overnight at the permissive temperature of 28°C. On the next day the 

temperature was shifted to 37°C where no extra-chromosomal replication occurs and plates 

were incubated for a further 3 days. Clones were inoculated into BHI-Cm medium and grown 

overnight at 37°C. Integration was verified by colony-PCR (for primer details see Table 

2.4-1). 

  

Table 2.4-1: Primers for PCR-based identification of integration and reversion of pAUL-A or pPL2. 
Primer hybridization sites are indicated (Target), f = forward primer, r = reverse primer. int = PSA integrase 
gene, tRNAArg = PSA attachment site within the tRNAArg-gene. 

 

Identification Target Name f/r Sequence 

Integration of pAUL-A inlA inlA3’ f 5’-GTGGAACCGTGACGCAGCCA-3’ 

Integration of pAUL-A gfp gfp r 5’-TTTGTAGAGCTCATCCATGCCA-3’ 

Integration of pAUL-A inlB inlB3’ r 5’-CGCGGGAATGCAGGCATCTAC-3’ 

Reversion of pAUL-A inlA inlA3’ f 5’-CGGCTCCGTAGACAGATTAGC-3’ 

Reversion of pAUL-A inlB inlB3’ r 5’- CGCGGGAATGCAGGCATCTAC- 3’ 

Integration of pPL2 tRNAArg PL 102 f 5’-TAACAGACCTAACCCAAACCTTCC-3’ 

Integration of pPL2 int PL 95 r 5’-CAACATAATCAGTCCAAAGTAGATGC-3’ 

Integration of pPL2 tRNAArg PL 103 r 5’-AATCGCAAAATAAAAATCTTCTCG-3’ 

2.4.6 Protein preparations for Western-blot analysis 

Expression levels of InlA and InlB in complemented listerial strains were analyzed and 

compared with natural expression levels of unmodified bacteria. InlA functions mainly as cell 

wall associated protein, whereas InlB presumably acts in solution. Therefore proteins of cell-

wall and culture-supernatant were independently analyzed.  

An overnight culture of L. monocytogenes was inoculated into 50 ml fresh BHI-medium and 

grown at 37°C and 180 rpm until an OD = 1.0 was reached. The culture was centrifuged (30 

min and 3500 x g) and the supernatant was transferred into a fresh 50 ml tube. 4.5 ml of 100 

% (w/v) trichloroacetic acid (TCA) and 4 ml desoxycholate (1 mg/ml) were added. The 

mixture was incubated overnight at 4°C and centrifuged at 5500 g for 1 h. The supernatant 
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was removed and precipitated proteins were washed with 2 ml acetone, air dried, resuspended 

in 200 µl SDS-buffer and adjusted to neutral pH by adding 1 M Tris-HCl pH 8.0. To extract 

cell-wall associated proteins from bacterial cells the cell-pellet of the centrifuged 50 ml 

culture was resuspended in 1.4 ml PBS supplemented with 2% SDS and incubated at 37°C 

and 300 rpm for 1 h. Bacteria were sedimented by centrifugation (13000 g, 15 min) and the 

supernatant containing cell-wall associated proteins was transferred into a fresh 2 ml tube. 

140 µl of 100 % (w/v) TCA and 140 µl of desoxycholate (1 mg/ml) were added. To 

precipitate proteins efficiently the mixture was incubated overnight at 4°C. Precipitated 

proteins were centrifuged (13000 g, 30 min), washed with 1 ml acetone, air dried, 

resuspended in 100 µl SDS-buffer and adjusted to neutral pH by adding 1 M Tris-HCl pH 8.0. 

Samples were analyzed on 10 % SDS-polyacrylamide gels. InlA and InlB were stained with 

monoclonal antibodies. Coomassie-stained gels served as loading control (total protein 

amount applied to the gel).  

2.5 Adhesion and invasion assays 

To enhance readability, the wild-type Listeria monocytogenes EGD serotype 1/2a (ATCC-

number BAA-679) strain will henceforth be referred to as Lmo-EGD and its isogenic mutant 

strain (carrying the inlAm gene) as Lmo-InlAm. 

Uptake of Lmo-EGD and Lmo-InlAm were analyzed using the human colorectal epithelial cell 

line Caco2 (ATCC HTB-37) and the murine macrophage-like cell line J-774 (ATCC TIB-67). 

Caco2 cells were cultured in minimal essential medium (MEM) with Earle’s salts (Invitrogen, 

Germany), supplemented with 20% FCS (PAA Laboratories, Austria), 2 mM glutamine, 1mM 

sodium pyruvate and 1% nonessential amino acids at 37°C / 7% CO2. J774 cells were cultured 

in Dulbecco's modified Eagle's medium (DMEM, Invitrogen) supplemented with 10% FCS 

(PAA Laboratories, Austria) and 2 mM glutamine at 37°C / 7% CO2. Two days prior to 

infection, 2•106 Caco2 cells or 2•105 J774 cells were seeded into 24-well plates. An 

overnight culture of L. monocytogenes was diluted 1:50 in BHI medium (Difco) and grown at 

37°C till mid-log-phase. Bacteria were washed twice in medium without FCS and 8•106 

(Caco2) or 2•105 (J774) bacteria were added to the monolayer (Caco2) or semiconfluent cells 

(J774) per well, centrifuged 5 min at 500 g and incubated for one hour. Cells were washed 

with PBS. Medium containing 100 µg/ml gentamicin was added to kill extracellular bacteria. 

After 1, 2, 3 and 4 h cells were washed with PBS and lysed using sterile water with 0.2% 
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Triton X-100. Serial dilutions of cell lysates were plated onto BHI agar plates and incubated 

24 h at 37°C. Colonies were counted and the recovery per well determined. Each data point of 

one experiment was determined three times and experiments were independently repeated in 

triplicate. 

Adhesion assays were performed like invasion assays without centrifugation after addition of 

bacteria to Caco2 cells. 30 min after infection cells were washed 5-fold with PBS and lysed 

with 0.2% Triton X-100. Bacterial numbers were determined as described. 

2.5.1 Immunofluorescent staining of infected Caco-2 cells 

Invasion assay were performed as described, but cells were seeded onto cover-slips 1 day 

prior to infection. After incubating cells with gentamicin, 4% paraformaldehyde in PBS was 

added for 30 min to fix cells. Cover-slips were washed with PBS, incubated in 0.2% Triton X- 

100 + PBS for 1 min to permeabilize cells and washed in PBS. Staining was performed with 

antibody-solutions (250 µg/ml) supplemented with 5% horse serum (PAA, Pasching) and 1% 

BSA in PBS for 1 h. Cover-slips were washed and incubated with secondary antibodies or 

phalloidin, labeled with fluorescence-dyes, for a further hour. After washing in PBS, cover-

slips were embedded in moviol, containing 4% n-propyl gallate as bleaching protectant. E-

cadherin and β-catenin monoclonal antibodies were purchased from BD-Transduction 

laboratories (No. 610182 and 610154, respectively). Fluorescent-dye labeled secondary 

antibodies (goat anti rabbit and anti mouse conjugates) and phalloidin were purchased from 

Molecular Probes. Images were acquired using an inverted microscope (Axiovert 135TV, 

Zeiss) equipped for epifluorescence microscopy, using 100 x / NA 1.4 plan-apochromatic 

objectives. Tungsten lamps were used for both transmitted and epi-illumination. Data were 

acquired using a back-illuminated, cooled charge-coupled-device camera (Princeton Research 

Instruments, New Jersey) driven by IPLab software (Scanalytics, Massachusetts) and with 

computer-controlled shutters (Optilas GmbH, Puchheim, Germany) in the transmitted and epi-

fluorescence light paths to minimize radiation damage to the cells. Data were analyzed on a 

Power Macintosh G3 using IPLab and Adobe Photoshop 5.0 software.    
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2.6 Mouse infection experiments 

All mouse experiments were performed in cooperation with Dr. Bastian Pasche and Dr. 

Andreas Lengeling in the Infection Genetics group, Department of Experimental Mouse 

Genetics, at the Helmholtz-Centre for Infection Research, Braunschweig, Germany. 

Experiments are presented and discussed in this work as they are constitute an integral part of 

the thesis. 

Ten weeks old female C57BL/6J mice were purchased from Harlan-Winkelmann (Borchen, 

Germany) and housed for a further week in the specific pathogen-free (SPF) animal facility 

(Helmholtz Centre for Infection Research) prior to infection.  

2.6.1 Oral infection 

Lmo-EGD and Lmo-InlAm were grown in BHI broth (BD-Difco, Heidelberg) until the end-log 

growth phase. After washing, bacteria were diluted in PBS. 0.2 ml of the desired inoculum of 

either strain were mixed with 0.3 ml PBS containing 50 mg CaCO3 (Lecuit et al., 2001). The 

suspension was inoculated intragastrically into mice starved overnight (water allowed) using a 

21 gauge feeding needle attached to a 1 ml syringe. Animals were then either monitored daily 

to determine survival rates or sacrificed and dissected for histological analysis or to determine 

bacterial counts in organs at the time points indicated. All animal experiments were reviewed 

and approved by local authorities. 

2.6.2 Intravenous infection  

To infect C57BL/6J mice intravenously, the desired inoculum of Lmo-EGD or Lmo-InlAm 

were diluted in 0.2 ml PBS and injected into the lateral tail vein (Pasche et al., 2005). 

Survival rates and organ loads were determined as described for oral infections. 

2.6.3 Infection of pregnant mice 

BALB/c mice were purchased from Harlan-Winkelmann (Borchen, Germany). Couplings 

were carried out with 10-week-old BALB/c female mice. Mating was assessed by the 

appearance of a vaginal plug, denoting the first embryonic day of pregnancy. Pregnant mice 

were infected intragastrically or intravenously on day of gestation (E)13.5 or E14.5 as 
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described above. Animals were examined daily. At indicated time points after infection, mice 

were sacrificed and the abdominal cavity opened aseptically. Each placenta and fetus was 

independently dissected and analyzed by cfu determination or histopathology. 

2.6.4 Bacterial counts in organs, placentae and embryos 

Stomach and small intestine were removed and incubated for 2 h at 20°C in PBS 

supplemented with 100 µg/ml gentamicin (Gibco) to kill extracellular bacteria; other organs 

and embryos were sterilely dissected. Organs and embryos were homogenized and serial 

dilutions plated onto BHI-agar allowing a determination of bacterial counts per mg organ or 

per embryo. 

2.6.5 Statistical analysis 

Survival curves were statistically evaluated by Kaplan-Meier and Logrank (Mantel-Cox) 

analyses. Bacterial loads are listed as median ± 95% confidence intervals, statistically 

evaluated by the Mann-Whitney-U non-parametric test. Calculations were done using 

GraphPadPrism4 (GraphPad Software Inc., San Diego, USA). Differences were considered 

significant for P  0.05. 

2.6.6 Histology and immunohistochemistry 

Histological and immunohistochemical analysis was performed in cooperation with Prof. Dr. 

Achim Gruber, Department of Veterinary Pathology, Free University of Berlin.  

Organs were fixed in 10% formalin, dehydrated and embedded in paraffin. 5 µm sections 

were cut and stained with hematoxylin-eosin or used for immunohistochemistry (IHC). For 

detection of L. monocytogenes Listeria O antiserum (Serotype 1 and 4; BD-Difco, 

Heidelberg) was used. For detection a secondary, peroxidase-coupled goat-anti-rabbit 

antibody was used. IHC sections were counterstained with hematoxylin. 
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3 Results 

Human pandemics overwhelmingly result from mammalian or other animal pathogens 

suddenly adapting to humans. The molecular details underlying such changes in host 

specificity have been identified for a few cases including SARS and avian influenza. The 

mere documentation of molecular changes does, however, not fully illuminate the underlying 

processes nor the degree of change required in more complex systems such as bacterial 

pathogens to initiate a change in host tropism. 

We have undertaken to investigate the concept of host tropism by identifying the minimal 

change required to modify the host range of the food-borne human pathogen Listeria 

monocytogenes to include the mouse. Using the crystal structure of the virulence factor InlA 

in complex with its human receptor E-cadherin (Schubert et al., 2002), we infer novel amino 

acid substitutions in InlA that potentially increase its binding affinity for the human receptor 

E-cadherin. We confirm the anticipated effects at the molecular level by solving the high 

resolution crystal structures of InlA-variant/hEC1 complexes. The binding affinities of InlA-

variants for hEC1 were determined using ITC. A combination of two substitutions, introduced 

into InlA, increases the affinity for hEC1 by three orders of magnitude and extends the 

binding specificity to include previously incompatible mEC1. The newly created interaction 

of reengineered InlAm and mEC1 was analyzed structurally by solving the high resolution 

crystal complex structure as well as biophysically using ITC. By introducing these two 

mutations into the genome of Lmo-EGD the isogenic mutant strain Lmo-InlAm has been 

created and was analyzed for its invasion potential into human cells in vitro. Altered host 

tropism of Lmo-InlAm was analyzed using mouse infection experiments including survival 

experiments, determination of organ loads after oral and intravenous infection as well as 

histological and immunohistochemical analyses of infected organs. 
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3.1 Rationale for individual point mutations 

The crystal structure of the InlA/hEC1 recognition complex combined with biophysical 

analysis using analytical ultracentrifugation (Schubert et al., 2002) revealed important 

information on the interaction interface, binding affinity, atomic details of direct or water 

mediated contacts, and their contribution to complex formation. Despite the large interaction 

interface the binding affinity is rather weak (KD = 8 ± 4 µM) and depends on the presence of 

Ca2+ (KD = 50 ± 30 µM in Ca2+-free buffer, Schubert et al., 2002). Whereas structural and 

biophysical data consistently explain this result, the question of biological relevance of the 

weak affinity remains. To solve this question, the binding affinity of InlA was to be increased. 

Protein-protein interactions have previously been modified using several techniques. 

Computer-based methods, for example, calculate sophisticated force-fields to identify amino 

acid substitutions that increase binding affinity or change binding specificity (Kortemme and 

Baker, 2004). Random approaches creating large libraries of protein variants, often by error-

prone PCR, have been used to alter protein properties (Hoess, 2001) including their target 

recognition potential. In this work, rational protein interface design has been used to identify 

regions of low surface complementarity of InlA and hEC1. Mutations in InlA that would 

potentially increase the binding affinity by increasing surface complementarity have been 

proposed and introduced into InlA.   

3.1.1 InlA Tyr369Ala (Y369A) 

In uncomplexed InlA, the aromatic side chain of Tyr369 forms a well-ordered stacking 

interaction with Tyr347 (Figure 3.1-1). In the complex InlA/hEC1, the position of Ty369 is 

occupied by Asn27 of hEC1. As a result, Tyr369 adopts two alternate side chain 

conformations. The first is similar to that of free InlA resulting in an unfavorably close 

contact between Tyr369InlA and Asn27 of hEC1. In the second, Tyr369InlA swings away 

around the χ1-angle, abrogating the stacking interaction to Tyr347InlA, and displaces 

Asn370InlA and His392InlA from a similar stacking interaction with Phe348InlA. By replacing 

Tyr369 by alanine, the need for both of these alternate conformations would be eliminated. 
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Figure 3.1-1: Tyr369InlA-induced side chain rearrangements during complex formation. Superposition of 

uncomplexed InlA (pink) and InlA/hEC1 (blue). On complex formation Ans27hEC1 (light blue, top) causes 
Tyr369InlA (pink) to flip to an alternative, less favorable conformation (dark blue), displacing Asn370 and 
His392 from their stacking interaction with Phe348 (black arrows). 

3.1.2 InlA Tyr369Ser (Y369S) 

While an alanine at position 369 eliminates the two conformations of Tyr369 (above), its 

small size and the lack of hydrogen bonding donors or acceptors presumably prevent direct 

interactions to hEC1. By placing a small hydrophilic amino acid such as serine at this 

position, direct or water-mediated hydrogen bonds to hEC1 should be possible.  

3.1.3 InlA Ser192Asn (S192N) 

Ser192 of InlA adopts two equally occupied conformations, both of which hydrogen bond a 

water molecule that itself bridges InlA and hEC1 in the complex (Figure 3.1-2). Such a water-

mediated hydrogen bond is presumably less stable than a direct hydrogen bond between 

proteins. Additionally, disordered side chains indicate a degree of flexibility mostly caused by 

weak interactions to neighboring atoms. We thus replaced Ser192InlA by asparagine, the next 

largest hydrophilic, yet uncharged side chain, extending its length slightly and potentially 

allowing for a direct hydrogen bond to hEC1. Overall only two (heavy) atoms C and N are 

introduced.  
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Figure 3.1-2: Water mediated contacts of Ser192InlA with hEC1-backbone atoms. Ser192 adopts two equally 
occupied conformations. In either orientation it forms hydrogen bonds to two water molecules (blue spheres) 
held in position by Asp213InlA-Oδ1 and Pro18hEC1-O (left water molecule), or Ser172InlA-Oγ and Phe17hEC1-O 
(right water molecule).   

3.1.4 InlA Gly194Ser-i194Ser (G194S+S) 

Compared to all other LRRs of InlA, repeat 6 is shorter by one residue consisting of 21 

residues instead of the canonical 22.  

 

 

 

 

 

 

 

 

 

 

 
Figure 3.1-3: InlA LRR5 and 6 and their interactions with hEC1. The deletion in LRR6 creates a large 

cavity to hEC1, preventing direct or water mediated contact formation with Glu54 or Lys61 of hEC1. The 
rigid hydrophobic core (gray amino acids) maintains stacking of the secondary structure elements (cartoon 
representation). Due to the shorter loop of LLR6, Asn195 of InlA is excluded from the hydrophobic core 
(Asn173 of LRR5), disrupting the Asn-ladder. Note: crucial Pro16 of hEC1 is in close proximity to the LRR6-
cavity.  
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follows the LRR β-strand (Schubert et al., 2002), discontinues the asparagine ladder 

characteristic of LRR-proteins (Kobe and Deisenhofer, 1994) and creates a 7.5 Å, 

hydrophobic, water-filled cavity on the surface of InlA (Figure 3.1-3). To restore the regular 

LRR architecture, an additional serine (i194S) was introduced after residue 194 and Gly194 

was replaced by serine, the most common residue at this position in other repeats of InlA. 

3.2 Structural verification of predicted atomic-scale changes  

InlA-mutant/hEC1 complexes were analyzed by X-ray crystallography at 2.0 Å resolution or 

better. For data collection and refinement statistics see Table 3.2-1. Superimposing all 

complexes indicates that single substitutions in InlA do not affect the overall structure of InlA 

itself, nor the geometry of the complex (r.m.s.-deviations  0.65 Å). This allows atomic 

changes in the immediate vicinity of the mutation to be analyzed, especially as regards 

hydrogen bond networks and water-mediated interactions.  

3.2.1 Y369A and Y369S 

Replacing sterically demanding tyrosine with alanine or serine allows Asn370InlA and 

His392InlA to maintain their stacking interaction with Phe348InlA as in uncomplexed InlA 

(Figure 3.2-1). Thus no conformational changes in the vicinity of Ala369 or Ser369 were 

induced upon E-cadherin binding, as postulated. In the wild-type complex Tyr369InlA shields a 

cavity form the environment, bearing three water molecules (black spheres in Figure 3.2-1). 

These water molecules are located adjacent to hydrophobic surfaces of InlA and hEC1, 

indicating that they are rotationally restrained. In the complexes Y369A/hEC1 and 

Y369S/hEC1 the cavity is opened, allowing exchange of solvent molecules with the 

environment. Water molecules within this cavity, however, occupy identical positions to the 

wild-type complex, indicating that the weak interactions suffice to position them precisely. 

One such water molecule, hydrogen bonded to Asn27hEC1-Nδ2 in all complexes, forms a 

second hydrogen bond to Ser369InlA-Oγ in Y369S/hEC1, bridging InlAY369S and hEC1 by an 

additional hydrogen bond. In the mutant complexes, tyrosine is substituted by two further 

water molecules (red spheres in Figure 3.2-1) bound by Asn370InlA and His392InlA. They 

replace a water molecule from the second solvation shell of InlA/hEC1 (blue). 
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Table 3.2-1: Data collection, refinement statistics and structural characteristics of InlA-mutant/hEC1 c 

omplexes.  
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Figure 3.2-1: Stereo view of structural details of InlA, Y369A, and Y369S in complex with hEC1. The 

interface near Y369 of InlA is compared for the wild-type complex (blue), Y369A/hEC1 (green) and S192N-
Y369S/hEC1 (dark orange), respectively. Variants of InlA (bottom) are rendered in dark colors, hEC1 (top) in 
corresponding lighter shades; the molecular surfaces of Y369A and the matching hEC1 in grey and light-
purple. Side chains, involved in Tyr369-centrered rearrangement, are shown for the wild-type complex (blue) 
and S192N-Y369S/hEC1 (dark orange). Spheres represent water molecules: Grey - conserved in all 
complexes, blue - present only in the wild-type complex, orange - present in both variant complexes. The 
removal of the bulky side chain of Tyr369 prevents its disruptive re-orientation during complex formation but 
exposes an otherwise unaffected, water-filled cavity. Changes in the solvation pattern at the cavity entrance 
include hydrogen bonds from Ser369-Oγ to two conserved water molecules. One of the water molecules is 
bound to Asn27-Oδ1 (hEC1) in all complexes introducing an additional water-bridged contact between Y369S 
and hEC1. 

3.2.2 S192N 

In InlAwt/hEC1, Ser192InlA adopts two distinct, equally occupied conformations, each invol-

ved in a water-mediated hydrogen bond to the main-chain oxygens of Phe17hEC1 or Pro18hEC1 

(Figure 3.1-2). Each water molecule additionally interacts with a second residue of InlA, 

Asp213 and Ser172. Replacing Ser192InlA by asparagine allows the latter to fill the inter-

molecular space, eliminating one of the two water molecules coordinated by Ser192InlA in the 

wild type complex and introducing a direct hydrogen bond from Asn192InlA-Nδ2 to 

Phe17hEC1-O. The second water molecule (dark red sphere in Figure 3.2-2) is, however, 

retained, maintaining its bridging interactions with Asp213InlAOδ1 and P18hEC1-O. Only one 

of two water-bridged interaction is thus replaced by a direct H-bond. The low temperature-

factor of the Asn192InlA-coordinated water indicates a much tighter interaction of Asn192InlA, 

Pro18hEC1 and Asp213InlA in S192N/hEC1 than in InlA/hEC1. The Oδ1 atom of Asn192InlA is 

involved in an intramolecular H-bonds to the backbone of the neighboring repeat. Though this 

interaction ensures H-bond saturation for this atom, it prevents additional contacts to hEC1.  
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Figure 3.2-2: Stereo view of superimposed complexes InlA/hEC1 and S192N/hEC1. The vicinity of 

Ser192InlA is compared for wild-type complex (blue) and S192N/hEC1 (purple). In the wild-type complex, 
Ser192 adopts two alternate conformations each of which creates a water-bridged hydrogen bond to the 
carbonyl oxygen of Phe17hEC1 and Pro18hEC1, respectively. The water molecules involved are additionally 
hydrogen bonded by Asp213 and Ser172 of InlA. Replacing Ser192 by asparagine displaces one water and 
introduces a hydrogen bond between Asn192InlA-Nδ2 and Pro18hEC1-O. The second water maintains the 
hydrogen bonding pattern of the wild-type complex. 

3.2.3 G194S+S 

Replacing Gly194InlA by serine and inserting a second serine after Ser194 (+S), allows LRR6 

to adopt a backbone geometry similar to that of all other repeats (Figure 3.2-3A). The 

compact, unaltered packing of aliphatic residues within the hydrophobic core (gray in Figure 

3.2-3A) ensures that structural changes are limited to the immediate neighborhood of the 

inserted residue. As part of these changes, Asn195InlA flips into the hydrophobic core 

complementing the asparagine ladder. As a result, the hydrophobic water-filled cavity 

between wild-type InlA and hEC1 (Figure 3.2-3B) is eliminated, reducing the distance 

between the two proteins from ~10 to ~4 Å (Figure 3.2-3C). In the wild-type complex, the 

water molecules between LRR6 and hEC1 are poorly defined (weak electron density), 

indicating weak interaction with the hydrophobic surfaces of both proteins resulting in high 

positional variability. In the complex G194S+S/hEC1 at least four water molecules are 

displaced from the interaction interface (light-blue spheres in Figure 3.2-3A). The narrow 

cavity between both proteins increases the distinct localization of water molecules, leading to 

more distinct electron density. The residue +S hydrogen bonds a water molecule that 

additionally forms a long range interaction (4.0 Å) to Glu54hEC1. A second water molecule, 

held in position by hydrogen bonds of 3.0 Å to both Glu54hEC1 and Lys61hEC1, similarly forms 

a long range interaction of 4.2 Å to +S (Figure 3.2-3A). 
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Figure 3.2-3: Structural details of G194S+S/hEC1 complex. The interaction of LRR5 and 6 (InlA) with hEC1 
are compared for wild-type InlA/hEC1 (blue) and G194S-i194S/hEC1 (purple/salmon). (A) Stereographic 
view. The mutation G194S and the insertion of an additional serine (i194S) restores the canonical LRR-repeat 
geometry in LRR6. Asn195 flips into the hydrophobic core of InlA (dark-grey: wild-type, light-grey: mutant) 
in G194S-+S (arrow) creating a continuous asparagine-ladder. A large, water-filled cavity is removed. (B) 
Electron density (2FO-FC, contoured at 1σ) of the 21-residue LRR6 in wild-type InlA/hEC1 complex. Electron 
density of protein and water is colored dark green and dark red, respectively. The shortened LRR6 creates a 
hydrophobic cavity between Gly194 of InlA and Glu54 and Lys61 of hEC1. Waters, filling the gap, are poorly 
defined (weak electron density). (C) The equivalent view of (B) in the mutant complex G194S-i194S/hEC1. 
The gap between interaction partners is narrower, yielding a well-defined yet unsaturated water cluster. 

3.2.4 InlA double substitutions 

Taking advantage of the small and distinct structural changes within the InlA/hEC1 interface 

introduced by single substitutions in InlA, combinations were created to analyze their 

structural and biophysical interdependence. They include S192N-Y369A, S192N-Y369S, 

S192N-G194S+S, and G194S+S-Y369S. The latter three combinations were co-crystallized 

with hEC1 and complex structures were solved at 1.9 Å resolution or better. Although most 

InlA-variant/hEC1 complexes crystallized in the same space group as the wild-type complex 

(orthorhombic, P212121), the combinations S192N-G194S+S and G194S+S-Y369S 
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crystallized in the triclinic space group P1 with one complex in the asymmetric unit. Crystal 

contacts in the orthorhombic wild-type packing are predominantly mediated by InlA. Only 

one minor contact involves hEC1. Packing of complexes in the triclinic lattice is entirely 

unrelated. The convex face of LRR7-10 is packed against the solvent exposed face of hEC1 of 

a symmetry related molecule (Figure 3.2-4). Despite different crystal lattices, the overall 

structures of complexes are identical (rmsd < 0.6, see Table 3.2-1).    

 

  

 

 

 

 

 

 

 

 

 

 
Figure 3.2-4: Crystal contacts of G194S+S-Y369S / hEC1 and S192N-G194S+S / hEC1 complexes. LRRs 

seven to ten of molecule n (n+1) are packed against hEC1 of the symmetry related molecule n-1 (n) creating a 
large crystal contact. Both complexes crystallized in contrast to the wild-type complex and all other InlA-
variant complexes in P1 (triclinic space group, see Table 3.2-1).  

  

The physically distant double substitutions S192N-Y369S and G194S+S-Y369S combine 

structural modifications of the individual single substitutions. Differences in side chain 

conformations are not obvious so that structural changes appear to be strictly additive. 

Combining the physically adjacent mutations S192N and G194S+S, however, results in 

structural interference (Figure 3.2-5). The side chain of Asn192InlA is locked into a tight 

intramolecular hydrogen bond to the backbone nitrogen of Ser194InlA (Figure 3.2-5B-C). The 

additional H-bond of Asn192InlA to the carbonyl oxygen of Phe17hEC1 is preserved, but no 

water is excluded from the interaction interface (Figure 3.2-5D). One of the water-mediated 

hydrogen bonds of the inserted serine residue (+S) to Glu54hEC1 appears shorter in the 

S192N-G194S+S complex structure (4.2 Å in the single mutant vs. 2.3 Å in the double 

mutant), indicating that an additional water-mediated H-bond has been introduced. In the 

complex structure of the related double mutant G194S+S-Y369S the same shortened H-bond 
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is present, excluding the possibility that the combination of physically adjacent mutations 

S192N and G194S+S causes this extra stabilization. Instead, both InlA-variants crystallize in 

space group P1 in a packing arrangement unrelated to the wild-type complex characterized by 

extensive crystal contacts between hEC1 and the LRR-domain of a symmetry related 

molecule (Figure 3.2-4). Analyzing both crystal structures and comparing them with the 

structure of G194S+S/hEC1 (without this extended inter-complex interface) indicates that a 

crystallization artifact may be responsible for the shorter distance of Glu54hEC1 to the bridging 

water molecule. The neighboring residue Arg55hEC1 is in close contact to residues of LRR9 of 

a symmetry related complex, displacing Glu54hEC1 towards InlA.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 3.2-5: Schematic representation of local rearrangements in InlA-variants. LRR 5-7 of InlA-variants 

are shown in green, interacting residues of hEC1 in yellow. Amino acid substitutions are highlighted in red. 
(A) InlA/hEC1: disordered Ser192InlA and its water-mediated interactions to hEC1. (B) Asn192InlA creates a 
direct hydrogen bond to Phe17hEC1. (C) G194S+S: Restoring the canonical LRR-architecture reduces the 
distance to Glu54hEC1 and Lys61hEC1. (D) Combination of substitutions S192N and G194S+S (B and C). 
Asn192InlA forms an intramolecular hydrogen bond to Ser194InlA-N while retaining the direct hydrogen bond to 
Phe17hEC1. As a result Asn192 no longer excludes a second water molecule (see B). A shorter hydrogen bond 
from Glu54hEC1 to bridging water molecules may indicate tighter interaction with the inserted serine +S. 
Alternatively, these shorter distances may result from a different crystal packing. 
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3.3 Biophysical analysis of protein interactions 

To analyze whether the atomic adjustments of InlA-variants increase the interaction strength 

with hEC1, we analyzed the binding affinity of all complexes with ITC. The wild-type 

interaction previously analyzed by analytical ultracentrifugation was additionally investigated 

by ITC to allow comparison with InlA-variants. ITC, furthermore, allows changes in binding 

affinity to be separated into enthalpic and entropic contributions.  

3.3.1 Wild-type InlA/hEC1 complex formation is enthalpy and entropy driven 

The dissociation constant for wild-type InlA and hEC1 was determined to be 8 ± 4 µM by 

analytical ultracentrifugation (Schubert et al., 2002). Using isothermal titration calorimetry 

(ITC), this has been narrowed down to 3 ± 1 µM. 

Analyzing the association of InlAwt and hEC1 in different buffers, indicates that the apparent 

enthalpy ( Happ) of complex formation is dependent on the ionization enthalpy ( Hion) of the 

buffer (Christensen et al., 1976), implying that complex formation is associated with an 

exchange of protons. Happ is found to be  -6.7 ± 0.3 kJ/mol in cacodylate buffer ( Hion = -2,5 

kJ/mol),  -1,8 ± 0.2 kJ/mol in Hepes buffer ( Hion = 23.9 kJ/mol), and 3.5 ± 0.2 kJ/mol in Tris 

buffer ( Hion = 47.7 kJ/mol). Plotting Happ against Hion (Figure 3.3-1) indicates that 0.2 ± 

0.1 protons (gradient) are taken up during complex formation. The side chain involved 

remains unclear. Nevertheless, the binding enthalpy may be corrected for Hion and is found 

to be –6.2 kJ/mol (y-axis intercept, Hion=0). The binding entropy (T S) is 25 kJ/mol. 

Complex formation of InlA and hEC1 is thus both entropy and enthalpy driven.  

 

 

 

 

 

 

 

 

Figure 3.3-1: Plot of apparent enthalpy (ΔHapp) against ionization enthalpy of the buffer (ΔHion). The 
precise enthalpy of binding may be revealed by plotting the apparent enthalpy against the ionization enthalpy 
of the buffer. The y-axis intercept (ΔHion=0) corresponds to ΔHbind whereas the gradient reveals the number of 
protons taken up (positive number) or being released (negative number) during complex formation. 
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3.3.2 Divergent thermodynamic behavior of InlA-variants 

ITC experiments for InlA-mutants were all performed in Hepes buffer in the presence of 

CaCl2. As a result, H-values comparing complex formation for mutant and wild-type InlA 

with hEC1 are independent of Hion. The small, structural changes introduced within the 

binding interface by the mutation of InlA result in surprisingly large and divergent changes in 

thermodynamic behavior. The titration curves (Y369A and G194S+S shown in Figure 3.3-2) 

indicate that while both improve binding affinity (see below), Y369A reduces the enthalpy of 

binding (Figure 3.3-2A, favorable) while G194S+S results in a dramatic increases (Figure 

3.3-2B, unfavorable), resulting in an endothermic reaction. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3-2: Isothermal titration curves. (A) The titration curve of hEC1 against Y369S demonstrates the 
association to be exothermal. 8 µl aliquots of Y369A (0.43 mM) were successively injected into a 0.04 mM 
solution of hEC1. The association affinity constant and the binding enthalpy were derived by curve fitting 
using the single set of independent sites model. (B) Titrating hEC1 (0.035 mM) against G194S-i194S (0.66 
mM) using 5 µl injections reveals an unusual endothermal association reaction. Both titrations yield a binding 
stoichiometry of 1 ± 0.1. 

 

 
Figure 3.3-3 summarizes thermodynamic data including binding affinities, binding enthalpy, 

and binding entropy. Delta-delta values compare changes in binding enthalpy (ΔΔH), entropy 

(ΔTΔS) or binding affinity (in multiples) of the wild-type complex (at the top of Figure 

3.3-3A and B) with those of InlA single substitutions (middle row). They are systematically 

marked by colored arrows and boxes. Equivalent substitutions are highlighted by identical 

colors. Furthermore, thermodynamic data of double substitution variants of InlA (bottom row) 
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are either compared to the wild-type complex (orange labels) or to its constitutive single 

substitution complexes. Colors again highlight individual substitutions.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 
 
Figure 3.3-3: Thermodynamic network.  Binding affinities (KD) derived by isothermal titration calorimetry 

(ITC), as well as binding enthalpies ( H) and entropies (T S) are summarized for complexes of wild-type and 
variant InlA with hEC1. Substitutions and associated changes in binding enthalpies ( H = Hwt - Hmut) and 
entropies ( T S = T Swt – T Smut) are listed in color-coded boxes: green - Y369A, magenta - S192N, blue - 
Y369S, yellow - G194S+S. Blue and red fonts respectively denote thermodynamically favorable and 
unfavorable changes. Note the excellent reproducibility for identical substitutions introduced into different 
backgrounds. Combining substitutions results in non-additive strengthening of corresponding complexes 
(orange-colored arrow). Synergy factors indicate positive (>1) as well as negative (<1) cooperativity between 
combined substitutions. Complexes for which crystal structures have been solved are indicated by ribbon 
pictograms. Color-graded arrows indicate binding affinities of InlA-variants: blue µM and red nM affinities.    
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3.3.3 Y369A and Y369S 

Both substitutions, Y369A  and Y369S, contribute enthalpically to complex formation: ΔΔH 

= 13 kJ/mol for Y369A (green boxes in Figure 3.3-3A) and 11 kJ/mol for Y369S (turquoise in 

Figure 3.3-3, Figure 3.3-2A). In Y369A the favorable enthalpy is counteracted by an 

unfavorable entropic contribution, an apparent case of “enthalpy/entropy compensation” 

(Dunitz, 1995). Compared to InlAwt, Y369A therefore increases binding affinity (KD = 400 ± 

100 nM) to hEC1 only 7.5-fold. In Y369S (blue labels in Figure 3.3-3) a much smaller 

entropic compensation results in the highest binding affinity for hEC1 (KD = 90 ± 20 nM) of 

any single InlA-mutant investigated in this study. 

3.3.4 S192N and G194S+S  

In contrast to Y369A and Y369S, complex formation is observed to be endothermal (Figure 

3.3-2B) for both S192N (magenta labels in Figure 3.3-3, ΔΔH = -5 kJ/mol) and G194S+S 

(yellow labels in Figure 3.3-3B, ΔΔH = -11 kJ/mol). The unfavorable change in enthalpy is, 

however, more than compensated by a large increase in binding entropy (ΔTΔSS192N = -12 

kJ/mol, ΔTΔSG194S+S = -19 kJ/mol) resulting in a significantly higher binding affinity for 

hEC1 than that of InlAwt. The substitutions S192N and G194S+S thus improve surface 

complementarity of InlA/hEC1 allowing the entropically favorable elimination of one and 

four constrained water molecules from the interface, respectively. 

3.3.5 Thermodynamics of long-range cooperativity between combined mutations  

To achieve a higher binding affinity, the described amino acid substitutions were combined to 

yield the four InlA-variants S192N-Y369A, S192N-Y369S, G194S+S-Y369S and S192N-

G194S+S (bottom row, Figure 3.3-3A and B). Note the excellent consistency of the 

thermodynamic data: H ( T S)-values differ by no more than 1 (3) kJ/mol for each 

substitution, whether introduced into InlAwt (upper row of colored boxes in Figure 3.3-3A and 

B) or combined with another substitution (same color, lower row).  

Combining physical distant single mutations dramatically increases the binding affinity for 

hEC1. Thus the binding affinities of S192N-Y369A, S192N-Y369S, and G194S+S-Y369S 

are 200, 2500, and 5000-fold (orange boxes, Figure 3.3-3A and B) that of InlAwt. Though the 
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sites of substitution are separated by ~34 Å, binding energies of individual substitutions are 

not merely additive but indicate positive cooperativity instead. ‘Synergy factors’ were 

calculated by dividing the increase in binding affinity of the doubly substituted variant (lower  

colored box in Figure 3.3-3A and B) by that of the single substitution variant (upper box of 

identical color). For S192N-Y369A this amounts to 13/7.5 ≈ 27/15 ≈ 1.8, while S192N-

Y369S and G194S+S-Y369S both yield a value of ~5 (Figure 3.3-3A and B). The synergy is 

invariably entropic in nature, as T S is always 2-3 kJ/mol lower for double substitution 

variants than for corresponding single substitution variants (boxes of identical color in upper 

and lower rows of Figure 3.3-3A and B). 

The tightest binding affinity of an InlA-variant for hEC1 is that of G194S+S-Y369S, KD = 0.6 

± 0.2 nM. Only two rationally chosen substitutions in InlA thus suffice to transform the weak 

binding affinity of the wild-type complex, KD = 3 ± 1 µM, to a tight fit comparable to that of 

typical proteinase/proteinaceous-inhibitor complexes (Stites, 1997) - one of the highest 

increases in binding affinity (5000-fold) reported for any protein-protein interaction (Cho et 

al., 2005). 

In contrast to the synergy for S192N-Y369A, S192N-Y369S, and G194S+S-Y369S, the 

substitutions of the fourth double variant S192N-G194S+S are anti-cooperative. The synergy 

factor is 0.8/15 ≈ 1.6/30 ≈ 0.05 (Figure 3.3-3B) resulting in a binding affinity that is similar to 

that of the individual substitution variants rather than ~10-fold stronger as expected if the 

effects were additive. A reduction of T S by ~7 kJ/mol indicates this to be an entropic 

effect. 

3.4 Biological consequence of improved affinity 

Using minimal, structure derived modifications the weak binding affinity of the invasion 

protein InlA for its human receptor hEC1 was dramatically improved. Affinities in the lower 

nanomolar range were obtained by exchanging only two amino acids of the wild-type protein. 

To determine the biological consequences of improved binding affinity, listerial strains 

expressing full-length InlA-variants – instead of the C-terminally truncated versions used for 

structural and biophysical analysis – had to be generated. The shuttle vector pPL2 that 

integrates into the listerial genome was used to stably complement the inlA-deletion of the L. 

monocytogenes ΔinlA2 strain with full-length inlA or its variants (see Methods, 2.4 page 25). 

Integrating a single copy of the entire inlA locus including promoter and terminator regions 
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into the listerial genome leads to stable expression levels without the need for any selection 

pressure.        

3.4.1 Genomic integration of pPL2-constructs bearing full-length inlA-variants 

The pPL2 integration vector (Lauer et al., 2002) carries the PSA attachment site along with 

the PSA-integrase gene (int), allowing for efficient integration into the listerial genome. The 

vectors pPL2-inlA, pPL2-inlAY369A, and pPL2-inlAm (= inlAS192N-Y369S) were transformed into 

L. monocytogenes ΔinlA2 to complement the in-frame inlA-deletion. Disruption of the 

bicistronically transcribed inlAB locus is known to dramatically affect expression levels of 

inlA and inlB (Lingnau et al., 1995). To normalize results for altered expression levels,  a 

reference strain bearing pPL2-inlA (unmodified) was used. 

 

 

      

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 3.4-1: Colony PCR to verify proper integration of pPL2-constructs into L. monocytogenes-ΔinlA2 

strains. (A) The presence of the PSA-prophage within the listerial genome was analyzed using primer pairs 
PL 102 and PL 95. Phage and vector borders are indicated by black bars, tRNAArg = natural PSA-phage 
attachment site, also used by pPL2. (B) Once the vector pPL2 has been integrated, two PCR products are 
obtained when using primer-pairs PL 102 and PL 95 (same as in A) or PL 94 and PL 103 (unique for pPL2). 
(C) Colony-PCR products of wild-type L. monocytogenes (Lmo-EGD), the in-frame deletion mutant  L. 
monocytogenes-ΔinlA2 (ΔinlA2) and the strains with respective pPL2-vector integrations. P = Prophage- or 
non-integrated vector is detected, V = integrated vector is exclusively detected. 
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To ensure proper and stable integration of pPL2-constructs, the absence of the ubiquitously 

distributed listerial PSA pro-phage has to be confirmed. Genomic integration of this phage is 

schematically illustrated in Figure 3.4-1A. In unmodified L. monocytogenes (Lmo-EGD) or 

its derivative L. monocytogenes ΔinlA2 no phage-specific PCR-product was amplified (Figure 

3.4-1C, left two panels denoted Lmo-EGD and ΔinlA2, respectively), indicating that the PSA 

pro-phage is absent in these strains. Integration of the pPL2-constructs could therefore be 

performed as described. Colony PCR of strains Lmo-pPL2-inlA and Lmo-pPL2-inlAm resulted 

in appropriate PCR-products for both primer pairs, confirming a proper integration of the 

vectors into the genome. The absence of PCR-product PL 94 + PL 103 in Lmo-pPL2-

inlAY369A could indicate that the PSA pro-phage is present and the vector itself has not been 

integrated. However, the presence of the pro-phage was excluded for the starting strain L. 

monocytogenes ΔinlA2, used to integrate the vector. Therefore the single PCR-product of 

Lmo-pPL2-inlAY369A suffices to confirm the correct vector integration.  

3.4.2 Expression analysis of Lmo-pPL2-inlA-variant strains 

Complementing the inlA-deletion with different inlA-variants should result in detectable InlA-

variant and InlB-protein levels, expressed by different strains. Because InlA functions as 

anchored protein, whereas InlB works in solution, TCA-precipitated cell wall extracts and 

culture supernatants were independently analyzed on SDS-gels and stained with monoclonal 

antibodies against InlA or InlB (see 2.4.6 on p.29).  

Analyzing the complemented strains reveals that full-length InlA-variants are expressed (82 

kDa band in Figure 3.4-2). InlA and its variants were detectable in the supernatant as well as 

in cell-wall extracts, indicating that they are secreted and attached to the cell-wall as in Lmo-

EGD. The amount of InlA in the supernatant appears to exceed that of the cell-wall extract. 

However, because cell-wall extracts and supernatants were processed differently (see 2.4.6 on 

p.29) the amount of protein in both samples can not be compared directly. Comparing 

expression levels of InlA and InlB for the wild-type strain (Lmo-EGD, Figure 3.4-2) and its 

deletion-derivative L. monocytogenes ΔinlA2 confirms that InlA is absent (no band visible in 

αInlA blot), but additionally demonstrates that the InlB-expression level is strongly reduced in 

the ΔinlA2-strain. The same is true for all complemented strains, as complementation does not 

reconstitute the inlAB locus, required for natural expression levels. Compared to Lmo-EGD, 

expression levels for InlA in complemented strains are significantly reduced (5-10-fold), 
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while the amount of InlA is comparable in all complemented strains when corrected for total 

protein levels. The strain Lmo-pPL2-inlA may thus be used as reference in biological assay.   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4-2: Expression analysis of InlA and InlB in reconstituted L. monocytogenes strains. Western blots 
with monoclonal antibodies against InlA (αInlA) or InlB (αInlB) were performed to detect these proteins in 
TCA-precipitated cell-wall extracts (cw) or culture supernatants (sn). Names of strains as in Figure 3.4-1.  
Coomassie-stained SDS-gel is used as a loading control (total amount of proteins loaded onto the gel).   

3.4.3 Genomic integration of pPL2-constructs carrying the entire inlAB-locus 

The strongly reduced expression levels of InlA-variants and InlB in inlA-complemented 

strains probably result from the disruption of the inlAB-locus. Complementing the entire 

inlAB-locus of an inlAB-deletion strain (L. monocytogenes ΔinlAB2) with respective inlA-

variants could be an option to circumvent reduced expression levels.     

The constructs pPL2-inlAB, pPL2-inlAY369AinlB, and pPL2-inlAminlB were integrated into L. 

monocytogenes ΔinlAB2 (Lingnau et al., 1995) as described for the pPL2-inlA constructs. To 

confirm proper integration of the plasmids within the listerial genome a single PCR-reaction 

with primer pair PL 102 and PL 95 was used (Figure 3.4-1A). Analyzing the in-frame 

deletion strain L. monocytogenes ΔinlAB confirms the absence of the listerial pro-phage PSA. 

Colony-PCR products with expected size for listerial strains carrying respective pPL2-

constructs demonstrated their correct integration (Figure 3.4-3A).    
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3.4.4 Expression analysis of Lmo-pPL2-inlA-variant inlB strains 

Expression of InlA-variants and InlB in inlAB-deletion strains complemented with the entire 

inlAB-locus were analyzed as described for the Lmo-pPL2-inlA variants (Figure 3.4-3B).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.4-3: Analysis of reconstituted L. monocytogenes pPL2-inlAB strains. (A) Colony-PCR of strains L. 

monocytogenes ΔinlAB (ΔinlAB) and its derivatives Lmo-pPL2-inlAB, Lmo-pPL2-inlAY369AinlB, and pPL2-
inlAminlB with primers PL 95 and PL 102. (B) Western blots with monoclonal antibodies against InlA (αInlA) 
or InlB (αInlB) of  TCA-precipitated cell-wall extracts (cw) or culture supernatants (sn). Names of strains as in 
(A). Coomassie-stained SDS-gel (Coom) is used as a loading control (total amount of proteins loaded onto the 
gel).   
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the cell-wall extract of Lmo-EGD appears to contain lower amounts of InlA than the re-

engineered strains, a comparison of InlA- and InlB-expression levels for Lmo-EGD in Figure 

3.4-2 and Figure 3.4-3B, indicates the latter to underestimate the amount of InlA.  

Overall, we may conclude that complementation of the entire inlAB-locus allows expression 

levels of both invasion proteins InlA and InlB to be maintained – in contrast to the 

dramatically reduced expression of InlA in strains with disrupted inlAB-locus. 

3.4.5 Invasion of pPL2-complemented listerial strains into Caco2 cells 

The invasion protein InlA binds its receptor human E-cadherin and induces uptake of L. 

monocytogenes into non-phagocytotic cells of the host. To clarify whether improved affinity 

of InlA would induce uptake more efficiently or interfere with phagosomal release after 

uptake, listerial strains expressing re-engineered InlA-variants with increased affinity for E-

cadherin (hEC1) were analyzed using gentamicin-protection invasion assays (see 2.5 on p. 

30).  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4-4: Uptake of transgenic listerial strains into Caco2 cells. Uptake of L. monocytogenes ΔinlA2-
pPL2-inlA-variant strains (violet) and L. monocytogenes ΔinlAB2-pPL2-inlA-variant-inlB strains (blue, 
mutations for both as indicated) are compared with that of unmodified wild-type bacteria (Lmo-EGD). 
Invasion is plotted relative to that of Lmo-EGD (100%). Grey boxes and right-hand y-axis: the association 
constant (1/KD) in l/mol (1/M) is plotted, greater values correspond to tighter binding. Affinity of the InlA-
variant for its receptor hEC1 correlates with invasion efficiency of the respective strain.   
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untransformed cells. The effect of improved affinity could therefore optimally be analyzed 

using this cell-line.  

Lmo-EGD induces uptake into Caco2 cells efficiently. Complementing the deletion strains L. 

monocytogenes ΔinlA and L. monocytogenes ΔinlAB with unmodified inlA and inlAB restores 

invasion but reduces invasion rates to 32% and 44% of wild-type levels (100%), respectively 

(Figure 3.4-4). Reduced expression levels of InlA and InlB, observed for the complementation 

of L. monocytogenes ΔinlA (Figure 3.4-2) are presumably responsible for this decreased 

invasiveness. Complementing the deletion strain with the entire inlAB-locus restores 

expression levels of both proteins to levels indistinguishable from the wild-type (Figure 

3.4-3B). Correspondingly, invasion rates of this strains are found to be significantly increased 

compared with the inlA-complementation. Invasion rates comparable to those of Lmo-EGD 

were, however, not observed (Figure 3.4-4).  

Transgenic strains, expressing either InlAY369A or InlAm (InlAS192NY369S) invade Caco2 cells 

more efficiently than the corresponding InlAwt strains, indicating that invasiveness correlates 

with the affinity of InlA for its receptor human E-cadherin. Although a correlation of affinity 

and invasiveness is obvious, the relationship is non-linear. A 2500-fold increase in binding 

affinity of InlAm for hEC1 only results in a two-fold increase of invasion efficiency (Figure 

3.4-4). These results indicate that the weak affinity of InlA did not evolve to circumvent 

interference with release of bacteria from the phagosome. In fact InlAwt seems to be largely 

optimized, at least under in vitro conditions using Caco2 cells where the amount of apically 

exposed E-cadherin is drastically increased, compared to the in vivo situation.      

3.4.6 Creating the isogenic listerial strain Lmo-InlAm 

To circumvent limitation in expression levels of invasion proteins (see above) a listerial strain 

carrying only the two substitutions S192N (TCT  AAC) and Y369S (TAT  TCG) in an 

otherwise unmodified genome was created. The pAUL-A-inlAm-inlB5’-gfp integration vector, 

bearing full-length inlAm and the 5’ part of inlB fused to gfp, was transformed into the in 

frame inlA deletion strain L. monocytogenes ΔinlA2. The vector integrates into the genome via 

homologous recombination either upstream of the ΔinlA gene (vector attachment site: ΔinlA, 

Figure 3.4-5A) or in between ΔinlA and full-length inlB (vector attachment site: 5’ part of 

inlB, Figure 3.4-5B). Selection of integrated clones was achieved by growth at 42°C where no 
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extra-chromosomal replication of the vector occurs using the temperature sensitive origin of 

replication of pAUL-A (Figure 3.4-5C).  

After purification, one clone of either integration site (clones 51 and 82 in Figure 3.4-5C) was 

used to perform reversion via homologous recombination as described (see 2.4.4 on page 27). 

Several reversed clones were obtained and one of them (clone 2 in Figure 3.4-5D, derived 

from clone 82 in Figure 3.4-5C) was further analyzed and characterized to establish correct 

reversion.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4-5: Creation of the isogenic mutant strain Lmo-InlAm. Schematic representation of the two 
possible integration scenarios via homologous genomic sequences of ΔinlA (light blue, A) or inlB (brown, B). 
pAUL-A vector (grey bar and grey lines) bearing full-length inlAm (dark blue) and the 5’part of inlB (light red) 
fused to gfp (green) is either integrated upstream of the genomic ΔinlA-inlB locus (A) or in between ΔinlA and 
inlB (B). PCR product of primer pair inlA3’ and gfp (A) indicates the presence of unintegrated vector or vector, 
integrated via inlA-homology (A). The PCR product of the inlA3’ and inlB3’ primer pair is specific for the 
vector, integrated via inlB-homology (B). (C) The vector was transformed into Lmo-ΔinlA2 (t, PCR product 
with primer pair inlA3’ and gfp, denoted A). Clones with integrated vectors were selected by growth at 42°C. 
Ten potential candidate clones were analyzed; numbers 1, 2, 7 and 8 carry the vector integrated via inlB as 
shown in B and numbers 4, 5, 6 and 9 either the non-integrated vector or vector integrated via ΔinlA as shown 
in A. Purification of clones 5 to 8 by growth at 42°C, two subclones were analyzed as indicated. Clone 51 and 
82 were further purified by growth at 42°C. (D) Reversion of the vector yield either the original strain Lmo-
ΔinlA2 (2) or the isogenic strain Lmo-InlAm (1). PCRs were performed with primers inlA3’ and inlB3’ and yield 
characteristic fragment sizes for inlAm-inlB (4.0 kbp) and ΔinlA-inlB (1.8 kbp) as indicated.    
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3.4.7 Expressional analysis of Lmo-InlAm 

The correct reversion of pAUL-A to create Lmo-InlAm was confirmed by sequencing the 

entire inlAB-locus. Expression levels of InlA and InlB in Lmo-InlAm were semi-quantitatively 

analyzed using Western-blots and ActA as loading control. ActA-expression, like that of InlA 

and InlB, is regulated by the transcriptional activator PrfA. The chemo-luminescence 

intensities of bands corresponding to InlA, InlB, or ActA were integrated and the relative 

protein amount was calculated with respect to the ActA-intensity (relative amount = 1). Both 

strains, Lmo-EGD and Lmo-InlAm, express equivalent amounts of the two invasion proteins 

InlA and InlB. Reconstituting the inlAB locus avoids changes in expression levels so that 

reliable conclusions can be drawn from the experimental data using the isogenic mutant 

strain.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4-6: Western blot of whole cell lysates of Lmo-EGD and Lmo-InlAm. Both invasion proteins were 
stained with monoclonal antibodies against InlA (αInlA) and InlB (αInlB), respectively. PrfA-regulated ActA 
was stained with a monoclonal antibody against ActA (αActA) and served as loading control. The diagram 
shows a semiquantitative analysis of chemiluminescence-intensity (Fujifilm LAS-3000 imager and Aida 
image analyzer software). Intensities of InlA and InlB are normalized against ActA-intensity (relative amount 
= 1). Equivalent amounts of both invasion proteins were expressed by Lmo-EGD and Lmo-InlAm. The results 
confirm the reconstitution of the inlAB locus of the isogenic mutant after vector reversion (see 2.4.4 on page 
27). 
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3.4.8 Adhesion and invasion of Lmo-InlAm 

Binding of InlA to human E-cadherin induces listerial uptake into human epithelial cells by 

the zipper mechanism (Cossart and Sansonetti, 2004), requiring localized rearrangements of 

the cytoskeleton as well as a physically tight interaction between bacterium and eukaryotic 

cell membrane. To establish whether improved affinity of InlAm for its receptor results in 

stronger adhesion of Lmo-InlAm, its adhesion to the E-cadherin expressing human epithelial 

cell line Caco2 was analyzed. A two-fold increase in adhesion efficiency of Lmo-InlAm, 

compared to wild-type bacteria (Figure 3.4-7A) was observed. 

To investigate the link between improved adhesion of Lmo-InlAm and bacterial uptake 

gentamicin protection invasion assays (Elsinghorst, 1994) were used. A doubling in the 

number of internalized bacteria when expressing InlAm compared to InlAwt (Figure 3.4-7B) 

indicates that invasion is predominantly caused by improved adhesion of Lmo-InlAm to Caco2 

over Lmo-EGD.  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4-7: Adhesion and invasion of Lmo-InlAm and Lmo-EGD with InlA-dependent and –independent 
mechanisms. (A) Adhesion assay. Confluent layers of Caco2 cells were infected with Lmo-EGD, Lmo-ΔinlA2 
or Lmo-InlAm for 30 min. Cells were washed extensively and lysates were plated onto BHI-agar plates. (B-C) 
Intracellular growth curve of Lmo-EGD and Lmo-InlAm in Caco2 cells. Extracellular bacteria were killed after 
one hour by gentamicin. Intracellular bacteria were quantified after 1 to 4 hours by plating cell lysates onto 
BHI agar plates. (B) Observed cfu-values. (C) The mean bacterial doubling time is 50 ± 4 min (gradient of the 
linear log cfu plotted against time). (D) Intracellular growth curve of Lmo-EGD and Lmo-InlAm in the 
macrophage-like cell line J774 were uptake is InlA-independent. Cells were infected for 30 min and 
intracellular bacteria were quantified after 1 to 4 hours. All observed cfu-values were corrected for differences 
in the starting inoculum. Data show one representative of three independently performed experiments. 
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intracellular bacteria, intracellular growth-rates of Lmo-EGD and Lmo-InlAm were analyzed. 

A plot of cfu against time (Figure 3.4-7B) indicates a similar exponential increase for both 

Lmo-EGD and Lmo-InlAm. A logarithmic plot (Figure 3.4-7C) reveals the replication time of 

both strains to be 50 ± 4 min (gradient). The re-engineering of InlA therefore predominantly 

affects the process of listerial adherence, while uptake, phagosomal escape, intracellular 

replication rates and cell-to-cell spread appear unaltered. 

As a control, intracellular growth curves of both strains in the professionally phagocytic, 

macrophage-like cell-line J774 were analyzed. Uptake into these cells is InlA-independent 

(Dramsi et al., 1997). Correspondingly, indistinguishable invasion efficiencies and 

intracellular replication times of 46 ± 3 min for both strains (Figure 3.4-7D) were observed. 

InlA-independent pathophysiological characteristics of Lmo-EGD thus remain unaltered in 

Lmo-InlAm. 

3.4.9 Immunofluorescent staining of intracellular Lmo-EGD and Lmo-InlAm 

To analyze the intracellular phase of Lmo-EGD and Lmo-InlAm in more detail, 

immunofluorescent stainings of infected Caco-2 cells were performed. To establish, whether a 

co-localization between InlAwt or InlAm and E-cadherin is detectable, invading bacteria were 

incubated with antibodies specific for each protein and stained with secondary antibodies, 

labeled with fluorescence-dyes. Different infection times were analyzed, but even as early as 

30 min post infection co-localization could not be detected (Figure 3.4-8A and B). This would 

indicate that InlA is rapidly turned over, releasing the biophysically stable InlAm/E-cadherin 

complex from the surface of bacteria. Surprisingly, all infected cells revealed altered E-

cadherin distributions independent on the bacterial strain. Normally, E-cadherin is confined to 

cell-cell-junctions creating sharp rim-like fluorescence at the cell membrane (Figure 3.4-8I) 

associated with β-Catenin (Figure 3.4-8J). In infected cells, E-cadherin is delocalized and 

accumulates at sites of bacterial invasion (Figure 3.4-8A-D and I-J). Co-staining E-cadherin 

and F-actin (using fluorescent phalloidin) confirmed E-cadherin to be associated with the 

actin-network at cell-cell-contacts (Figure 3.4-8C-D). In infected cells, however, the re-

arrangement of E-cadherin similarly influences the distribution of F-actin (Figure 3.4-8C-D). 

Staining of InlA and actin (Figure 3.4-8E-F) revealed a co-localization of actin and InlA near 

L. monocytogenes, demonstrating that InlA is still expressed after ActA expression has been 
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initiated and F-actin accumulates at the surface. As a control, we co-stained ActA and actin 

and observed a co-localization as expected (Figure 3.4-8G-H). 

 

 

 

 

 

 

 

 

Figure 3.4-8: Immunofluorescent staining of Caco2 cells infected with Lmo-EGD or Lmo-InlAm. Infected 
cells were stained as indicated with mono- or polyclonal antibodies against InlA, E-cadherin, ActA or with 
phalloidin to stain F-actin. Images were merged to identify co-localization of indicated molecules (A-F). 
Colors of labels correlate with colors of images (A and B staining of InlA and E-cadherin; C-D: E-cadherin 
and actin; E-F: InlA and actin; G-H: ActA and actin; I: E-cadherin and J: β-catenin. Cells in I-J are not 
infected).   

    

3.5 Modifying binding specificity 

The dramatic increase in binding affinity of InlAm for hEC1 may potentially not only affect 

the invasiveness of L. monocytogenes into cells expressing human E-cadherin. Instead an 

improved affinity could compensate structural limitations in recognition of E-cadherins from 

other species. Mapping amino acids  of available E-cadherin sequences that deviate from the 

human sequence onto the InlA/hEC1 complex could indicate those most likely to be 

responsible for preventing recognition by InlA. A sequence alignment and a phylogenetic tree 

of  E-cadherin sequences of different species (Figure 3.5-1) confirms that the EC1 domain is 

highly conserved, but that some residues involved in InlA-recognition have been substituted. 

Rabbit EC1 is most similar to hEC1 (Figure 3.5-1) with no substitutions in residues required 

in InlA-recognition. Increased affinity of InlAm for hEC1 therefore presumable applies to 

rabbit EC1 as well. 

Bovine, mouse and rat EC1 belong to one subtree, whereas the crucial Pro16Glu mutation that 

efficiently prevents binding by InlA in murine EC1 (Lecuit et al., 1999) is only present in 

mouse and rat EC1 domains. In bovine EC1, Asn20hEC1 is replaced by serine. As Asn20hEC1 is 

involved in water mediated H-bonds to InlA, serine can presumably substitute for asparagine 

without affecting binding affinity for InlA significantly. A more critical substitution, also 
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present in mouse and rat EC1, is the replacement of Glu64hEC1 by glutamine. In InlA/hEC1 

Glu64hEC1 forms a water-solvated salt-bridge to Arg85InlA, stabilizing the complex. Replacing 

glutamate by glutamine changes the salt-bridge into a hydrogen bond, potentially reducing the 

binding affinity. Additionally, Asp29hEC1 involved in Ca2+-coordination is exchanged against 

glutamate in bovine EC1. As Asp29hEC1 is only involved in water-mediated interactions with 

Ca2+, this substitution could allow for direct Ca2+-coordination, potentially strengthening the 

affinity for InlA. Correspondingly, cattle are found to be susceptible for orally acquired 

listeriosis (Pohl et al., 2006), indicating that these three mutations together reduce binding 

affinity of InlA to a lesser extent.  

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 
Figure 3.5-1: Sequence alignment of EC1-domains from different species. (A) Based on the sequence 

alignment derived phylogenetic tree. Rabbit EC1 is most similar to hEC1. (B) Sequence alignment. Blue 
background color: regions involved in InlA recognition, orange: key residues for InlA recognition but 
frequently substituted in non-human species. Red / blue characters: mutations within regions involved / not 
involved in InlA recognition. Symbols beneath alignment:  conserved residues, : and . indicate conservative 
and semiconservative substitution, respectively. No symbol indicates non-conservative substitutions.        

 

In guinea pig EC1 only one residue involved in InlA recognition, Asn20hEC1, is replaced by 

unrelated arginine. Asn20hEC1 only creates water-mediated contacts to InlA leaving space to 
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bovine 1  DWVIPPISCP ENEKGPFPKS LVQIKSNKEK ETQVFYSITG QRADTPPVGV
mouse 1  DWVIPPISCP ENEKGEFPKN LVQIKSNRDK ETKVFYSITG QGADKPPVGV
rat 1  DWVIPPINCP ENQKGEFPQR LVQIKSNRDK ETTVFYSITG PGADKPPVGV
chicken 1  DWVIPPISCL ENHRGPYPMR LVQIKSNKDK ESKVYYSITG QGADSPPVGI
frog 1  DWVIPPIIVS ENEKGPFPKR IVQIKSSYAK EVKVYYSITG QGADTPPEGV

*******    **.:* : *  :*****.  * *  *:*****   **.** *:

human 50 FIIERETGWL KVTEPLDRER IATYTLFSHA VSSNGNAVED PMEILITVTD
guinea pig  50 FIIERETGWL MVTEPLDREK IANYTLLSHA VSSNGNAVED PMEIVITVTD
rabbit      50 FIIERETGWL KVTEPLDREH IAKYTLFSHA VSSNGNAVED PMEIVITVTD
bovine 50 FIIERETGWL KVTQPLDREQ IAKYILFSHA VSSNGQAIEE PMEIVITVTD
mouse 50 FIIERETGWL KVTQPLDREA IAKYILYSHA VSSNGEAVED PMEIVITVTD
rat 50 FIIERETGWL KVTQPLDREA IDKYLLYSHA VSSNGEAVED PMEIVVTVTD
chicken 50 FIIERETGWL EVTEQLDREK IDRYTLLSHA VSASGQPVED PMEIIITVMD
frog 50 FAIGREDGWL NVTRPLDREA IDNYVLFSHA VSSNGANVED PMEIIIKVQD

* * ** *** :**. ****  *  * * *** **:.*  :*: ****:: * *

βa βb αa βc

βf βgβd βe

chicken

frog

human

bovine

mouse
rat

rabbit

guinea pig

A

B
human 1  DWVIPPISCP ENEKGPFPKN LVQIKSNKDK EGKVFYSITG QGADTPPVGV
guinea pig  1  DWVIPPISCS ENEKGPFPKR LVQIKSNKDK ETKVFYSITG QGADTPPVGV
rabbit 1  DWVIPPISCP ENEKGPFPKN LVQIKSNKDK ETQVFYSITG QGADTPPVGV
bovine 1  DWVIPPISCP ENEKGPFPKS LVQIKSNKEK ETQVFYSITG QRADTPPVGV
mouse 1  DWVIPPISCP ENEKGEFPKN LVQIKSNRDK ETKVFYSITG QGADKPPVGV
rat 1  DWVIPPINCP ENQKGEFPQR LVQIKSNRDK ETTVFYSITG PGADKPPVGV
chicken 1  DWVIPPISCL ENHRGPYPMR LVQIKSNKDK ESKVYYSITG QGADSPPVGI
frog 1  DWVIPPIIVS ENEKGPFPKR IVQIKSSYAK EVKVYYSITG QGADTPPEGV

*******    **.:* : *  :*****.  * *  *:*****   **.** *:

human 50 FIIERETGWL KVTEPLDRER IATYTLFSHA VSSNGNAVED PMEILITVTD
guinea pig  50 FIIERETGWL MVTEPLDREK IANYTLLSHA VSSNGNAVED PMEIVITVTD
rabbit      50 FIIERETGWL KVTEPLDREH IAKYTLFSHA VSSNGNAVED PMEIVITVTD
bovine 50 FIIERETGWL KVTQPLDREQ IAKYILFSHA VSSNGQAIEE PMEIVITVTD
mouse 50 FIIERETGWL KVTQPLDREA IAKYILYSHA VSSNGEAVED PMEIVITVTD
rat 50 FIIERETGWL KVTQPLDREA IDKYLLYSHA VSSNGEAVED PMEIVVTVTD
chicken 50 FIIERETGWL EVTEQLDREK IDRYTLLSHA VSASGQPVED PMEIIITVMD
frog 50 FAIGREDGWL NVTRPLDREA IDNYVLFSHA VSSNGANVED PMEIIIKVQD

* * ** *** :**. ****  *  * * *** **:.*  :*: ****:: * *

βa βb αa βc

βf βgβd βe

chicken

frog

human

bovine

mouse
rat

rabbit

guinea pig

A

B



62   RESULTS   

accommodate the larger side chain of arginine without steric clashes. In fact, this substitution 

could be advantageous in terms of binding affinity to InlA because arginine matches a 

corresponding negative charge to Asp279InlA, potentially creating a direct salt bridge. 

Chicken and frog EC1 domains are evolutionarily remote from human EC1 and carry a 

number of mutations involved in InlA-recognition. As in bovine EC1, the substitution 

Asn20Arg is also present in chicken EC1. In addition, Lys19hEC1, involved in coordination of 

the bridging Cl- ion in the vicinity of the stabilizing Ca2+ ion is replaced by methionine. This 

substitution may interfere with stabilization of these two bridging ions and potentially 

decreases complex stability. Frog EC1, evolutionarily most distant from hEC1 includes 

numerous substitutions of key-residues of InlA-recognition. These would be certain to prevent 

complex formation. 

An extended InlAm specificity allowing recognition of formerly incompatible EC1-domains 

requires amino acids targeted by newly created contacts from InlAm, including the backbone 

of Phe17-Pro18 and Asn27, to be conserved. The substitution of Pro16hEC1 by glutamate in 

murine EC1 potentially changes the width of the loop bearing Phe17 and Pro18 interfering 

with the interaction of the modified residue Asn192 of InlAm. The second target site involving 

Asn27 is conserved in EC1 domains. Only frog EC1 carries a serine at position 27, weakening 

or preventing stabilization via Ser369InlA.  

Taken together the alignment confirms that guinea pig, rabbit and cattle are susceptible to 

orally acquired listeriosis due to EC1-variants that are recognized by InlAwt, whereas the other 

species analyzed are not. Improved affinity of InlAm may be expected for all non-permissive 

and permissive species. A change of host tropism, however, needs to be investigated for each 

species. We have restricted our analysis to murine E-cadherin, due to the widespread interest 

in a murine model of human listeriosis. 

3.5.1 Recognition of murine E-cadherin by InlAm 

The most striking effect of re-engineered InlAm would be a changed binding specificity of 

InlAm, resulting in recognition of previously incompatible murine EC1 (mEC1), thereby 

extending the host range of L. monocytogenes to create a versatile model of orally acquired 

listeriosis in vivo. To analyze this, mEC1 (residues 1-105) was cloned from a c-DNA library 

into the pGEX-expression vector (see 2.1.1 on p. 19) and the protein was expressed and 

purified as described (see 2.1.2 on p. 20).   
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                    * nine substitutions separate hEC1 and mEC1E16P-Q64E 

 
Figure 3.5-2: Re-engineering the interaction of InlA and E-cadherin. Colored boxes represent protein 

complexes and their dissociation constants (KD). Shades of violet to red indicate complexes involving human 
E-cadherin (hEC1), shades of yellow and white complexes involving murine E-cadherin (mEC1). Two 
substitutions in InlA generate InlAS192N and InlAS192N-Y369S (InlAm) increasing binding affinity for hEC1 15- 
and 170-fold (together 2500-fold), while the eleven substitutions separating hEC1 and mEC1 reduce binding 
affinity of InlAm 8300-fold. Coincidentally, binding affinities of InlA/hEC1 (dark violet) and InlAm/mEC1 
(yellow) are similar. Substituting Pro16 by glutamate (mEC1E16P) results in weaker binding affinity by InlAm 
and wild-type InlA than for hEC1, while doubly substituted mEC1E16P-Q64E is recognized with an affinity more 
closely resembling that of InlA and hEC1, indicating improved humanization of mEC1 (white boxes). 

 

Analyzing the affinity of the InlAm/mEC1 complex reveals the dissociation constant to be 

KD = 10 ± 2 µM (Figure 3.5-2). Though weak, the binding affinity closely matches the 

KD = 3 ± 1 µM for InlAwt/hEC1. By introducing two additional contacts to EC1, unfavorable 

interactions of Glu16mEC1 and the hydrophobic pocket of InlAm are entirely compensated. 

Apart from the previously identified substitution of Pro16hEC1 by glutamate (Lecuit et al., 

1999) and its role in restricting host tropism of L. monocytogenes, the sequence alignment 

(Figure 3.5-1) indicated a second substitution in mEC1 that could potentially interfere with 

InlA-recognition. The exchange of Glu64hEC1 by glutamine replaces a salt-bridge to Arg85InlA 

by a hydrogen bond (see above). To determine the contributions of either substitution to loss 

of binding affinity we analyzed dissociation constants of both InlAwt and InlAm for the mEC1-

variants mEC1E16P and mEC1E16P-Q64E, respectively (Figure 3.5-2).   
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3.5.2 A second determinant of binding affinity  

The substitution of Pro16hEC1 by Glu16mEC1 clearly dominates the host tropism of L. 

monocytogenes (Lecuit et al., 2001). Genetically replacing Glu16mEC1 by proline in mice has 

been proposed as a route to create a new animal model rendering all E-cadherin expressing 

cells susceptible to InlA-mediated entry (Lecuit, 2005). Analyzing the affinity of InlA for 

mEC1E16P biophysically, we find the interaction to be exceedingly weak (KD ≈ 40 µM) 

preventing its unambiguous quantification. Using the high affinity variant InlAm we estimate 

the binding affinity as follows: InlAm binds mEC1E16P with a KD = 14 ± 4 nM (Figure 3.5-2) 

confirming the dominant effect (factor of 700) of the Glu16Pro substitution. The ten 

remaining substitutions in mEC1 (Figure 3.5-1) contribute a factor of ~12 (Figure 3.5-2). 

Provided the changes are largely additive, the KD for InlA/mEC1E16P would be ~12 x KD = 3 

µM (InlA/hEC1) or ~36 µM (Figure 3.5-2), demonstrating the upper level revealed by ITC 

(40 µM) to be correct.  

The second substitution in mEC1, involved in InlAm recognition is the substitution of 

Glu64hEC1 by glutamine which replaces a salt bridge to Arg85InlA by a hydrogen bond. 

Reverting this substitution in mEC1P16E produces mEC1P16E-Q64E with an affinity of KD = 4 ± 

2 nM for re-engineered InlAm (Figure 3.5-2) or KD = 11 ± 4 µM for InlAwt – similar to that of 

InlA/hEC1 (KD = 3 µM). A transgenic mouse bearing both the substitutions Glu16Pro and 

Gln64Glu in murine E-cadherin could therefore represent a system more closely resembling 

the human situation than the singly substituted protein. 

The binding affinity of humanized mEC1E16P-Q64E for InlAwt or InlAm is, however, three-fold 

weaker than that of the hEC1-complexes, respectively, indicating that other substitutions may 

interfere with InlA-recognition. The nine remaining substitutions, discriminating mEC1E16P-

Q64E from hEC1, are solvent exposed in the recognition complex, excluding the possibility that 

they directly interfere with InlA recognition. To exclude, that these substitutions impede InlA 

recognition structurally we solved the structure of the rationally created recognition complex 

InlAm / mEC1. 

3.5.3 Atomic view on host specificity  

Having identified biophysical contributions of single amino acid substitutions between hEC1 

and mEC1 on InlA recognition, their structural influence remains unclear. To analyze the 
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structural homology to InlA/hEC1 we solved the high resolution crystal structure of the 

InlAm/mEC1 complex. Data collection and refinement statistics are shown in Table 3.5-1.  

Superimposing, the InlAm/mEC1 structure with the previously solved InlA/hEC1 structure 

(Schubert et al., 2002) revealed the overall complex architecture to be essentially unchanged 

(r.m.s.d. for main-chain atoms ~0.7 Å). In addition, the hydrogen bonds introduced to 

strengthen the interaction of InlA/hEC1 (see above) are retained in InlAm/mEC1, explaining 

the altered specificity of InlA. Differences between InlA/hEC1 and InlAm/mEC1 most 

noticeably involve residues 16 of hEC1 and mEC1 and their immediate neighborhood. 

Pro16hEC1 adopts a strained cis-conformation optimally positioning its side chain within a 

hydrophobic binding pocket of InlA (Figure 3.5-3C). Glu16mEC1 of the engineered complex, 

by contrast, adopts a relaxed trans-conformation permitting the backbone to move aside to 

accommodate the longer glutamate side chain.  

 
Table 3.5-1: Data collection and refinement statistics of the InlAm/mEC1 complex. Numbers in parenthesis 

correspond to values of the highest resolution shell. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Compact Pro16hEC1 binds into a pre-shaped binding groove of InlA creating one of the key 

interactions between these two proteins (Schubert et al., 2002). Unexpectedly, the carboxylate 

of Glu16mEC1 occupies the same hydrophobic pocket of InlA as Pro16hEC1 in InlA/hEC1 

(Figure 3.5-3C).  

 InlAS192N-Y369S/mEC1 
Data collection1  
Space group P21 
Cell constants  
    a, b, c (Å) 55.4, 113.0, 55.7 
    α, β, γ (°) 90.0, 101.3, 90.0 
Resolution (Å) 50-1.85 (1.92-1.85) 
Rmerge (%) 7 (33) 
I / σI 14 (3) 
Completeness (%) 94 (85) 
Redundancy 4 (3) 
  
Refinement  
Resolution (Å) 1.85 
No. reflections 50581 
Rwork / Rfree (%) 17 / 20 
No. atoms  
    Protein 4784 
    Ca2+/Cl- 4  / 1 
    Water 893 
B-factors   mean 19 
                 Wilson 22 
R.m.s deviations  
    Bond lengths (Å) 0.016 
    Bond angles (°) 1.7 
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Figure 3.5-3: Comparison of InlA/hEC1 (human, violet) and InlAm/mEC1 (murine, yellow) complexes. 

(A) Sequence alignment of the N-terminal, extracellular domains (EC1) of human (hEC1, violet) and murine 
(mEC1, yellow) E-cadherin. Sequence differences involving charged residues are marked in red and blue, all 
others in green. (B) Superposition of both protein complexes. LRRs are numbered. Critical residues are shown 
as ball-and-stick, solvent-exposed substitutions as spheres (colors as in A). (C) Hydrophobic Pro16hEC1 (violet) 
is accommodated in a hydrophobic pocket of InlA. The carboxylate of Glu16mEC1 (yellow), well defined in the 
2FO-FC difference electron density (green, contoured at 1σ), is forced to occupy the same pocket. (D) 
Lys19hEC1 forms a favorable salt bridge to InlA. Trans-Glu16mEC1 repositions Lys19mEC1, trapping its side 
chain through an intramolecular H-bond (arrow). 

 

Disrupting the optimal fit of Pro16hEC1 and its binding pocket alone would reduce the binding 

affinity significantly. Forcing a charged carboxylate into this low dielectric environment, 

however, exponentially increases the unfavorable effect of the lost surface complementarity, 

even if the carboxylate is protonated during binding. Glu16mEC1 additionally induces a local 

re-arrangement involving Lys19mEC1 repositioning it away from a salt bridge to Glu255InlA 

observed in InlA/hEC1 (Schubert et al., 2002). The 700-fold reduced binding affinity for InlA 
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is thus not exclusively due to the disparate physical properties of glutamate and proline but 

also due to local adjustments within EC1 (Figure 3.5-3D). 

Although weakening the interaction of InlAm and mEC1, Gln64mEC1 adopts the same 

conformation as Glu64hEC1, replacing the ionic interaction to Arg85InlA of the wild-type 

complex by a hydrogen-bond (Figure 3.5-3B). The other nine mutations (Figure 3.5-3A and 

B), solvent exposed during complex formation, have no influence on the structure or spatial 

orientation of residues, involved in InlA recognition.  

3.5.4 In vitro analysis of changed host tropism 

To see, whether recognition of the functional domains InlAm and mEC1 permits Lmo-InlAm,  

isogenetically expressing full-length InlAm in an otherwise unmodified genetic background, to 

induce uptake into murine E-cadherin expressing cells, gentamicin protection invasion assay 

were performed (see 2.5 on p. 30). As mentioned previously, most cell-lines down-regulate E-

cadherin expression during immortalization. The number of cell-lines expressing sufficient 

amounts of E-cadherin to investigate InlA-dependent entry is therefore severely limited. 

MCA-3D, derived from epidermal tissue of BALB/c mice (Navarro et al., 1991), is the only 

murine cell line currently available that expresses appreciable amounts of murine E-cadherin.  

Analyzing the invasion potential of wild-type bacteria (Lmo-EGD) in MCA-3D cells revealed 

that uptake is surprisingly efficient, despite InlA being non-functional (Figure 3.5-4). 

Correspondingly, the invasion efficiency of Lmo-ΔinlA2 is found to be indistinguishable from 

that of wild-type bacteria (Figure 3.5-4). Only the deletion of both invasion proteins (Lmo-

ΔinlAB2) or LLO (Lmo-Δhly), which is essential for release of bacteria from the phagosome, 

reduces invasion efficiency significantly. To quantify unspecific uptake of MCA-3D cells, the 

invasion of apathogenic Listeria innocua expressing LLO under the control of PrfA (L. 

innocua + prfA + hly) and hence permitting release of bacteria from the phagosome as in L. 

monocytogenes, was analyzed. Bacteria were unable to enter MCA-3D cells, indicating that 

unspecific uptake is absent in MCA-3D cells (Figure 3.5-4).  
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Figure 3.5-4: Invasion assays into murine E-cadherin expressing MCA-3D cells. Relative invasion compares 
invasion rates of different strains with that of the wild-type strain Lmo-EGD (= 100% invasion). Invasion rates 
of the in-frame deletion strains for InlA (Lmo-ΔinlA2), InlA and InlB (Lmo- ΔinlAB2) or LLO (Lmo-Δhly) 
were analyzed. Additionally, the non-pathogenic strain Listeria innocua expressing PrfA and LLO (L. innocua 
+ prfA + hly) was tested to determine the amount of unspecific uptake. Neither the complementation of the 
InlA-deletion with pPL2-inlAm (Lmo-pPL2-inlAm) nor isogenic expression of InlAm (Lmo-InlAm) improved 
uptake efficiency into MCA-3D cells.   

 

Introducing functional InlAm by either complementing the deletion with pPL2-inlAm (Lmo-

pPL2-inlAm) or using the isogenic strain Lmo-InlAm should increase uptake of bacteria by 

making a second route of invasion available. The invasion efficiency is, however, not 

increased in either strain. The significantly reduced invasiveness of the complemented strain 

Lmo- pPL2-inlAm, presumably results from reduced expression levels of InlB, indicating InlB 

to be the dominant invasion protein.  

To increase the sensitivity of the invasion assay for InlA-mediated bacterial uptake, murine 

fibroblast-like cells (L-cells), stably transfected with murine E-cadherin, have been used 

(Ozawa et al., 1989). Endogenous E-cadherin expression is down-regulated in these cells, but 

due to the transfection with E-cadherin c-DNA they over-express E-cadherin, presumable 

enhancing their susceptibility for InlA-mediated uptake. However, the same problem arises, 

and invasion rates were almost identical as in MCA-3D cells.  
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3.6 Altered host tropism in vivo 

To establish whether increased binding affinity of InlAm for murine E-cadherin will allow 

infection of the murine intestine in a manner comparable to that of humans, C57BL/6J mice 

were infected intragastrically with both Lmo-EGD and Lmo-InlAm. Because the bacterium is 

adapted to its murine receptor, any mouse strain could, in theory have been used for infection 

experiments. 

In this work inbred C57BL/6J mice were chosen as these mice are known to be highly 

resistant to oral challenge with Lmo-EGD. Other, more susceptible mice (Cheers et al., 1979; 

Munder et al., 2005) are frequently used in other studies to decrease bacterial loads, necessary 

to establish systemic infections via the oral route (Czuprynski et al., 2003). The reason for 

enhanced susceptibility of these mice is not known but presumably involves deficiencies in 

components of the innate immune response, mimicking an immunocompromized situation 

(Poltorak et al., 1998). 

Challenging C57BL/6J mice with 5•107 to 5•1010 Lmo-InlAm result in dose-dependent 

mortality rates (Figure 3.6-1). The median lethal dose is inferred to be ~5•107. By contrast, 

the highest achievable inoculum of 5•1010 of Lmo-EGD is lethal only for ~30% of infected 

mice (Figure 3.6-1, grey line). Lmo-InlAm is thus at least three orders of magnitude more 

virulent in mice than wild-type Lmo-EGD. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6-1: Survival curves of female C57BL/6J mice inoculated intragastrically with Lmo-EGD or 
Lmo-InlAm. The highest achievable inoculum of 5 • 1010 cfu resulted in 30% or 100% lethality of Lmo-EGD 
(grey curve) or Lmo-InlAm (red curve) infected mice. The LD50 of Lmo-InlAm is inferred to be 5 • 107 cfu. 
Lmo-InlAm exhibit more than 1000-fold higher virulence than Lmo-EGD (n = 20 for each experiment). 

5 • 1010 Lmo-EGD
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5 • 108
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To establish the route of infection of Lmo-InlAm in mice, we analyzed the load of Lmo-InlAm 

and Lmo-EGD in affected organs, following intragastric challenge with 1•1010 bacteria 

(Figure 3.6-2). In stomach and intestine, loads of Lmo-InlAm and Lmo-EGD (Figure 3.6-2A-

B) are largely comparable until day 2 post infection (p.i.). Thereafter Lmo-InlAm loads 

increase strongly, while loads of Lmo-EGD remain constant. 

In mesenteric lymph nodes, spleen and liver, bacterial loads of both strains increase until day 

2 p.i. (Figure 3.6-2C-E). Lmo-EGD counts then stabilize in mesenteric lymph nodes, spleen 

and liver (infection controlled). In Lmo-InlAm-infected mice, by contrast, stabilization of 

bacterial numbers is not observed. Instead bacteria loads increase exponentially in spleen and 

liver until day 4 p.i. (solid lines, Figure 3.6-2D-E) resulting in 1.000-fold higher bacterial 

numbers in spleen and liver in Lmo-InlAm than Lmo-EGD on day 4 p.i. Bacterial counts in 

mesenteric lymph nodes diverge after day 2 p.i. but loads of Lmo-InlAm increase more slowly 

than in liver and spleen. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.6-2: Organ loads of female C57BL/6J mice inoculated intragastrically with Lmo-EGD (dashed 

curve, ○) or Lmo-InlAm (solid curves, ●). 1•1010 bacteria of either strain were administered intragastrically 
to analyze kinetics of bacterial growth (n = 6 for 24h p.i. and n = 12 for all others). Organ loads were 
ascertained at 5 time points in stomach (A), small intestine (B), mesenteric lymph nodes (C), spleen (D) and 
liver (E). All data are from two independent experiments. The bar represents the median for each time point 
and genotype, 95% confidence intervals are indicated. Statistical significance by Mann-Whitney-U non-
parametric test: * P<0.05, ** P<0.01, *** P<0.001. 
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3.6.1 Histological analysis of InlA-dependent infection mechanisms 

Histological and immunohistochemical studies of Peyer’s patches of infected mice indicate 

that both Lmo-EGD and Lmo-InlAm remain restricted to the dome and germinal centers 

inducing neutrophil infiltration and necrosis (Figure 3.6-3) with gradually increasing severity 

along the small intestinal axis. Colonization is, however, essentially indistinguishable until 

day 4 p.i. While the Lmo-EGD infection subsides after day 4 p.i., no such remission is 

observed for Lmo-InlAm.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.6-3: Histological and immunohistochemical analyses of Peyer’s patches of either Lmo-EGD (left 

column) or Lmo-InlAm (right column) infected mice. Mice were infected with 1.5•1010 cfu of either strain 
and sacrificed 48 hours post infection. Necrosis and influx of granulocytes (A-B, H&E staining, arrows in A 
pointing to granulocytes, in B to necrotic cells) were comparable in Peyer’s Patches of Lmo-EGD and Lmo-
InlAm infected mice. Similarly, colonization (C-D, anti Lmo-staining) of Peyer’s patches by Lmo-EGD is 
indistinguishable from Lmo-InlAm. Size bar (for all ) = 100 µm. 

 

Immunohistochemical analyses of the intestinal mucosa clearly demonstrate that Lmo-EGD 

do not invade epithelial tissue (Figure 3.6-4). Instead, bacteria are exclusively observed in the 

lumen or occasionally adhere to the surface of individual villi (Figure 3.6-4B, F, J) as late as 

day 4 p.i. (Figure 3.6-4N). Similarly, the intestinal tissue is fully intact without any signs of 

inflammation until day 3 p.i. (Figure 3.6-4A, E). Transient inflammatory response with 

enhanced mucus secretion and mild, local erosion of epithelium is present at day 4 p.i. (Figure 

3.6-4I). The inflammation, however, subsides by day 5 p.i. (Figure 3.6-4M). 
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In Lmo-InlAm infected mice, colonization of epithelia at villous tips are observed 24 h p.i. in 

the ileum (Figure 3.6-4D), rapidly spreading to extended areas of the epithelium and 

accumulating within the lamina propria (subepithelial tissue, Figure 3.6-4H, L, P). On day 4 

p.i. high bacterial loads cause erosion of the epithelium and fusion of villi (Figure 3.6-4K, O). 

Lesions are more pronounced in the ileum than in the duodenum and jejunum. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6-4: Histology and immunohistochemical detection of L. monocytogenes in the distal part of the 
small intestine of C57BL/6J mice 24, 48, 96 and 120 h after intra-gastric inoculation with 1.5•1010 Lmo-
EGD or Lmo-InlAm. The intestinal epithelium was analyzed by H&E staining or anti-Listeria 
immunohistochemistry. (A) No lesions and no inflammatory response are seen 24 h p.i. in Lmo-EGD infected 
mice. (I) 96 h p.i., moderate inflammation is visible with mild apical epithelial cell necrosis ( ) and 

increased secretion of mucus ( ). (M) 120 h p.i., the intestinal epithelium is fully regenerated. This correlates 
with anti-Listeria staining, where Lmo-EGD are located in the intestinal lumen, occasionally associated with 
villi surfaces, without detectable invasion (B, F, J, N). (C-D) 24 h p.i., Lmo-InlAm infected mice reveal mild 
erosion of epithelial cells exclusively seen at tips of the villi  ( ). (G, K) 48 and 96 h p.i., widespread 

necrosis, loss of villous epithelial cells ( ) and massive secretion of mucus ( ) are clearly visible. 
Neutrophils and lymphocytes ( ) infiltrate the villi. (H, L) These observations coincide with extensive 
colonization of the epithelium and deeper tissues (lamina propria) of villi by Lmo-InlAm. (O) 120 h p.i., 

necrotic enterocytes are shed into the intestinal lumen ( ). Overproduction of mucus ( ) and distortion of 
villous structures are also apparent. (P) This corresponds to extensive growth of Lmo-InlAm in the epithelium 
and lamina propria. Size bar (for all) = 50 µm. 
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3.6.2 Role of InlA in systemic spread 

To analyze the role of InlAm in systemic infections of internal organs independent of intestinal 

uptake, we inoculated mice intravenously (i.v.) with both low (5•103) or high (2.4•104) doses 

of Lmo-EGD or Lmo-InlAm. In contrast to the oral route of infection, the survival rates for 

both strains are found to be indistinguishable for both bacterial doses (Figure 3.6-5A-B). 

Similarly, bacterial loads in mesenteric lymph nodes, spleen and liver at different time points 

after i.v. inoculation demonstrates comparable virulence of Lmo-EGD and Lmo-InlAm 

(Figure 3.6-5C-E). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6-5: Survival curves (A-B) and organ loads (C-E) of female C57BL/6J mice infected 
intravenously with either Lmo-EGD (dashed curves, ○) or Lmo-InlAm (solid curves, ●). (A-B) The Lmo-
InlAm strain exhibits no significantly higher virulence, compared to wild-type Lmo-EGD strain at low (5.0•103 
cfu; A) and high (2.4•104 cfu; B) infection doses (n = 10). (C-D) Both strains were inoculated i.v. with 9•103 
bacteria to analyze entry of bacteria in deeper tissues without crossing the intestinal barrier. Organ loads (n = 
6) were analyzed at 3 different time points in spleen (C), liver (D) and mesenteric lymph nodes (E). No 
appreciable enhanced virulence of the mutant strain Lmo-InlAm could be detected. Note, however, that a 
statistically insignificant trend to higher virulence of Lmo-InlAm is detectable in survival experiments, as well 
as in organ counts at days 3 and 6 p.i. Statistic evaluation as in Figure 3.6-2. 
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3.6.3 Blood-placental barrier 

Lmo-EGD remains problematic to humans inter alia because of its ability to cross the blood-

placental barrier, leading to sepsis or miscarriage. Ex-vivo experiments have shown that InlA-

mediated entry into human placental trophoblasts is important in placental infection (Lecuit et 

al., 2004). Studies of Lmo-EGD infected pregnant BALB/c mice (functional InlB, non-

functional InlA, Le Monnier et al., 2007) and guinea pigs (functional InlA and non-functional 

InlB, Bakardjiev et al., 2004) indicate that InlA and InlB individually are insufficient to 

induce vertical transmission in vivo. They, however, confirm trophoblasts to be the primary 

target of Lmo-EGD.  

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 
 
Figure 3.6-6 Infection of pregnant mice with L. monocytogenes. BALB/c mice were infected intragastrically 

with 5•109 cfu Lmo-EGD and Lmo-InlAm. (A) Number of resorbed, infected, and non-infected embryos as 
well as of infected and noninfected placentae as indicated. (B) Bacterial loads of embryos from (A) at days 2, 
3, and 4 p. i. (C) Bacterial loads in placentae from (A) at different time points as indicated. n.s. = statistically 
indistinguishable. Statistical analysis: Mann-Whitney U nonparametric test. Note, due to uninfected 
placentae/embryos (see A, not plotted), medians are either zero (B, day 3) or lower than apparent from the 
plotted data. 
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To ascertain whether the combination of functional InlA and InlB facilitates vertical 

transmission, we analyzed the ability of Lmo-InlAm to breach the murine blood-placental 

barrier. Pregnant BALB/c mice were infected orally with 5•109 cfu of Lmo-EGD or Lmo-

InlAm at embryonic day (E)13.5 or E14.5 of gestation. We find bacterial loads of fetal-

placental units at day 2, 3 and 4 p.i. to be indistinguishable (Figure 3.6-6). Equivalent bacteria 

loads were also observed in fetal-placental units in female mice challenged with 5•104 cfu 

Lmo-InlAm and Lmo-EGD intravenously at day E14.5  (data not shown). Crossing of the 

blood-placenta barrier is thus not InlA-dependent in BALB/c mice. 
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4 Discussion 

Using minimal, structure-derived modifications of a single pathogenicity factor, we have 

rationally redesigned the interface of InlA/hEC1 to increase its binding affinity and, in the 

process, modify the binding specificity of InlA to include murine E-cadherin. Incorporating 

these modifications into the original bacterium, we create a new listerial strain that mimics the 

uptake of wild-type Lmo-EGD in the human intestine in the mouse instead (Figure 4-1). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4-1: Schematic presentation of the experiment. (A) To breach the human intestinal barrier, wild-type 

Lmo-EGD (blue) binds human E-cadherin (violet, surface representation of hEC1) through its invasion protein 
InlA (blue, functional domain as surface representation). The low affinity of the complex InlA/ is symbolized 
by incomplete complex formation. (B) Murine E-cadherin (mEC1) differs from its human counterpart by 
twelve amino acid substitutions. These interfere with InlA recognition of mEC1 preventing Lmo-EGD from 
invading murine epithelial cells. (C) The rationally-chosen amino acid substitutions S192NInlA and Y369SInlA, 
improve surface complementarity and increase binding affinity of hEC1 2500-fold (blue-green arrow). Lmo-
InlAm (green) is more efficiently taken up into human intestinal epithelial cells (more complexes formed). (D) 
Re-engineered InlAm also recognizes mEC1 with an affinity, similar to that of InlA/hEC1. Lmo-InlAm hence 
breaches the murine intestinal barrier. Species barrier (grey bar) between human and mice (violet and yellow 
pictograms) exists only for Lmo-EGD, whereas Lmo-InlAm efficiently infects both hosts. 
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Our approach circumvents the limitations of existing models of listeriosis, in that both early 

and late responses are accessible, and by uniquely providing a system in which both InlA and 

the second invasion protein InlB are fully functional and expressed at wild-type levels. As 

intestinal uptake depends only on murine E-cadherin, all mouse strains may be analyzed using 

Lmo-InlAm. It should furthermore allow both host responses to food-borne pathogens crossing 

the intestinal barrier and the role of individual listerial factors during infection to be analyzed 

in an in vivo setting. This is the first time that a virulence factor has been rationally modified, 

without relying on known mutations from related strains, or that a novel strain of a pathogen 

has been created with an extended host range. 

4.1 Rational protein interface design  

Protein-protein interactions are mediators of almost all biological processes. Influencing or 

specifically regulating these processes requires the protein-protein interaction itself to be 

controlled. Two basic techniques have been used to achieve this goal. On the one hand, error-

prone PCR is used to generate a large set of protein variants from which the variant most 

closely conforming to the anticipated properties is selected by appropriate assays (Wang et 

al., 2006). By repeating the process for a number of cycles, highly specific binding may be 

achieved – without the structural reason for improved binding necessarily being known. A 

more rational approach is based on computational algorithms to specifically modify single 

amino acids or to re-design entire interaction interfaces (Kortemme and Baker, 2004). This 

process, however, requires all biological and chemical “rules” of protein-protein interactions 

to be translated into mathematical formulations to allow their integration into software 

applications. The average protein-protein interface buries around 800 Å2 of solvent accessible 

area of each interaction partner (Wodak and Janin, 2002) and generally involves hydrophobic 

interactions, salt bridges and hydrogen bonds to fine-tune complex stability and binding 

specificity (Sharma et al., 2002). To quantify or merely understand this complex set of 

interactions is dependent upon highly precise structural data as Coulombic (or van der Waals) 

forces are inversely proportional to the square (or the sixth power) of the distance separating 

the atoms involved (Murphy, 1995). Even at high resolution, the average error in atomic 

coordinates of protein complex crystal structures is fairly large (~0.2 Å) limiting precise 

quantification. 
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By rationally substituting two amino acids in InlA, the binding affinity of the recognition 

complex InlA/hEC1 is increased 5000-fold, demonstrating that ‘rational protein interface 

design’ may represent an alternative to non-directed and computational techniques to modify 

the interaction of two proteins. Rationally designing an interface, however, requires structures 

of uncomplexed components and of the complex to be elucidated at high resolution – a 

condition that had been met for the protein complex InlA/hEC1. Another major advantage of 

the InlA/hEC1 is the inherent rigidity of both proteins. Mutations within the LRR-domain of 

InlA do not induce complex rearrangements within the domain itself or within the entire 

protein. Such a structural rigidity is not the norm for most proteins. Complex formation of 

InlA and hEC1 may therefore be described as an interaction between rigid bodies. 

Apart from a change in binding affinity, the rational redesigning of InlA also changes its 

binding specificity allowing it to recognize previously incompatible murine E-cadherin. 

Rather than calculating precise contributions of individual amino acids to the binding energy, 

rational protein interface design relies on conscious appraisal of surface-noncomplementarity. 

This approach may in suitable instances reduce the experimental overhead compared to the 

established computational (Rosenberg and Goldblum, 2006) or non-directed techniques 

(Schimmele and Plückthun, 2005), that are routinely used in rational drug design based on 

known protein-ligand complexes (Hopkins et al., 2006). The system under investigation, 

however, needs to fulfill most of the prerequisites discussed above, to increase the likelihood 

of success. This restriction, however, similarly also applies to computational modeling 

techniques. 

4.2 Thermodynamics of complex formation 

The crystal structure of the InlA/hEC1 complex and its biophysical characterization using 

analytical ultracentrifugation (Schubert et al., 2002) revealed important information on 

complex assembly and function. In addition to the binding affinity, an in-depth biophysical 

characterization would, however, also call for the quantification of its enthalpic and entropic 

contributions. Isothermal titration calorimetry is the biophysical method of choice, in this 

regard, as it is able to reliably and precisely quantify binding affinity as well as the enthalpy 

and entropy of complex formation (Leavitt and Freire, 2001).  

The thermodynamic analysis of complex formation for InlA and hEC1 indicates that this 

process is both enthalpically and entropically favored. Similarly the large apparent interaction 
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surface for the complex would generally indicate a tight interaction. Nevertheless, the binding 

affinity of the complex is weak. Thermodynamically, binding entropy  at T S = 25 kJ/mol is 

seen to outweigh binding enthalpy at H = -6 kJ/mol. Despite the large interface, only two 

hydrophobic contact areas, centered on Val3hEC1 and Pro16hEC1, would appear to dominate the 

entropic stabilization (exclusion of water molecules). The smaller enthalpic contribution 

implies that relatively few hydrophilic interactions stabilize the interaction of InlA and hEC1. 

Enthalpically favorable direct contacts between the proteins correspondingly include only 

seven hydrogen bonds, three salt bridges, and eight water bridged interactions (Schubert et al., 

2002). Compared to tighter protein complexes (Levy and Onuchic, 2006), the overall low 

surface complementarity between InlA and hEC1 allows significantly more water molecules 

to be retained within the interface, giving rise to the observed moderate entropic and weak 

enthalpic stabilization. 

The low binding affinity and poor surface complementarity of InlA/hEC1, however, provides 

an optimal system to study the crucial role of water in complex formation. By increasing the 

number of water molecules excluded during complex formation, the interaction can be 

stabilized entropically. Alternatively, water molecules enthalpically contribute to binding 

affinity if their hydrogen bonding potential is optimized to bridge hydrophilic interfaces 

(Levy and Onuchic, 2006). The available high resolution structural data on complexes of 

InlA-variants with hEC1 coupled to their precise thermodynamic analysis allows the two sets 

of data to be correlated and may be used to describe small structural changes in terms of their 

thermodynamic effect.  

4.2.1 Y369A and Y369S 

Compared to InlA/hEC1, the substitutions Y369A and Y369S dramatically improve the 

enthalpy of binding (ΔΔH = 13 or 11 kJ/mol; green and turquoise labels in Figure 3.3-3), but 

lead to a reduced entropic contribution (ΔTΔS = 2 or 8 kJ/mol). The gain in enthalpy appears 

to be due to the enthalpically favorable stacking (Meyer et al., 2003) of Phe348, Asn370 and 

His392 being retained in the variant complexes as in uncomplexed InlA (transparent, pink 

residues in Figure 3.1-1) rather than being disrupted as in InlA/hEC1 (blue in Figure 3.1-1). 

The entropic loss of Y369A structurally correlates with the exposure of a hydrophobic patch 

of InlA solvated by two rotationally restrained water molecules (orange spheres in Figure 

3.2-1). A neighboring water-filled cavity that is opened by the loss of Tyr369 appears not to 
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affect the entropy significantly as the water structure within the cavity largely remains 

undisturbed (black spheres). 

In Y369S/hEC1, the entropically unfavorable hydrophobic patch is partly eliminated by the 

addition of a hydrophilic Oγ atom of Ser369InlA reducing the loss in entropy of Y369A (6 

kJ/mol). Ser369 binds two conserved water molecules (black spheres), increasing their 

entropy as well as that of the complex. Complex formation of Y369S/hEC1 (turquoise boxes, 

Figure 3.3-3) is thus entropically favored over that of Y369A/hEC1 (green boxes).  

4.2.2 S192N 

Ser192 adopts two alternate conformations in InlAwt/hEC1 (Figure 3.1-2 and Figure 3.2-5) 

each of which hydrogen bonds a bridging water molecule (see above). Replacing Ser192 by 

asparagine displaces one of these water molecules. Excluding a single water molecule from a 

protein interface leads to a gain in entropy of ~6-9 kJ/mol (Dunitz, 1994), largely accounting 

for the observed 12 kJ/mol increase in binding entropy of S192N/hEC1 (magenta boxes in 

Figure 3.3-3). The loss of the water-mediated hydrogen-bond Ser172InlA–Phe17hEC1 in turn 

explains the observed enthalpic loss of 5 kJ/mol, resulting in complex formation being 

endothermal.  

4.2.3 G194S+S  

G194S+S fills a large depression on the surface of InlA (compare Figure 3.2-3 B and C) 

excluding four rotationally restrained water molecules from the interface and dramatically 

increasing binding entropy (ΔTΔS = -19 kJ/mol). Why though does the binding enthalpy 

increase to such an extent as to make complex formation endothermic? In the InlAwt/hEC1 

complex, a distance of 10 Å between InlA and hEC1 is sufficiently large to allow bulk solvent 

to fill the cavity between the two independently solvated surfaces (Figure 3.2-3B). In 

G194S+S/hEC1, the distance is reduced to ~4 Å. This distance appears too narrow to allow 

independent solvation of each surface yet too wide for a single bridging layer of solvent. 

Instead the inter-protein hydrogen-bonding network is found to be discontinuous and hence 

enthalpically unfavorable. The exclusion of water molecules from the interface would 

improve entropy of complex formation while imperfect solvation of both proteins would 

impair the enthalpy. 
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4.2.4 Synergy of combined mutations 

Strikingly, our study indicates that changes in binding affinity of single substitutions are never 

simply additive when substitutions are combined in a single protein.  

Combining S192N and G194S+S results in anti-cooperative behavior characterized by a 

synergy factor of 0.05. Binding affinity of InlAS192N-G194S+S/hEC1 is thus weaker than the 

combination of individual substitutions would imply. The effect is largely entropic, with 

T S ≈ 7 kJ/mol (e.g. T SS192N→S192N-G194S+S - T SInlA→G194S+S, Figure 3.3-3) indicating 

that roughly one water molecule less is displaced by S192N-G194S+S than by S192N and 

G194S+S together. Correspondingly, the crystal structure of S192N-G194S+S/hEC1 indicates 

that the side chain of Asn192InlA is locked into a tight intramolecular hydrogen bond to the 

physically adjacent backbone nitrogen of Ser194 (Figure 3.2-5D), preventing Asn192 from 

displacing a water molecule as described for S192N/hEC1 (compare Figure 3.2-5B-C with 

D). 

Potentially more interesting are variants S192N-Y369A, S192N-Y369S and G194S+S-

Y369S, all of which are characterized by synergy factors above one, indicating individual 

substitutions to be cooperative. All of these InlA-variants combine individual substitutions 

physically separated by more than 30 Å. For example, S192N-Y369S combines S192N in 

LRR6 with Y369S in LRR14, spanning a distance of 34 Å (Figure 4.2-1A). Previously, 

studies on large datasets of protein-complexes had indicated synergy to be limited to clustered 

residues (Keskin et al., 2005), whereas spatially distant improvements were strictly additive 

(Reichmann et al., 2007). Only recently has this view been challenged following the report of 

positive cooperativity for substitutions in the T-cell receptor variable domain separated by 20 

Å (Moza et al., 2006). 

Structurally, the observed long-range synergy in InlA-variants appears to be due to a physical 

link in the form of a β-strand between two sites of mutation (or mutational "hot spots"). The 

variants S192N and Y369A/S increase binding affinity of hEC1 through favorable 

interactions to Phe17hEC1 and Asn27hEC1, respectively. The latter two residues are located at 

either end of β-strand b (βb, residues 19-26) of hEC1 (Figure 4.2-1). While interactions of βb 

to InlA in InlA/hEC1 are restricted to two water-mediated contacts, β-strand βa (residues 2-

10) and loop βa-βb (residues 10-19) constitute the major part of the InlA/hEC1-interface. By 

stabilizing either end of βb, substitutions S192N and Y369A/S stabilize the interface as a 
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whole, resulting in the observed synergistic increase in binding affinity (Figure 4.2-1 and 

Figure 3.3-3).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2-1: Cooperativity of re-engineered substitutions in InlA / hEC1 (dark / light blue). (A) Re-
engineered residues are indicated by spheres. Though separated by 34 Å, combinations of substitutions from 
entropically (violet) and enthalpically (orange) dominated "hot spots" act synergistically by stabilizing β-
strand b of hEC1 (red).  (B) Close-up view of the interaction interface. S192N and Y369A/S (ball-and-sticks) 
stabilize opposite ends of βb. G194S+S shortens the distance to residues Glu54hEC1 and Lys61hEC1 (ball-and-
stick) in βd and βe, respectively. Stabilization is transmitted through β-sheet bde to the N-terminus of βb. 

 

Compared to Y369S, Y369A binds the C-terminal end of βb less tightly (see above). As a 

result, the synergy factor of Y369A when combined with S192N is only 1.8, compared to a 

factor of 5 for Y369S. A single water-mediated hydrogen bond, introduced through Y369S,  

thus appears to noticeably increase the degree of synergy between two proteins. 

In the case of G194S+S-Y369S, the insertion of serine (+S) restores the canonical LRR-

architecture (Figure 3.2-3A and Figure 3.2-5C) and stabilizes the residues Glu54hEC1 and 

Lys61hEC1 by excluding unfavorably restrained intervening water molecules. Glu54 and Lys61 

are, however, part of βd and βe of hEC1, (Figure 4.2-1B) that form a β-sheet with strand βb. 

The partial stabilization of β-strands βd and βe may thus be transmitted through β-sheet bde 

to the N-terminus of βb and still give rise to a measurable positive cooperativity. This 

mechanism of long-range cooperativity resembles the intra-molecular, allosteric effects 

frequently observed in multimeric protein complexes (Changeux and Edelstein, 2005).  
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Depending on the number of active site carrying subunits, multimeric enzymes bind a specific 

number of substrate molecules. Frequently, binding of one substrate facilitates binding of 

further substrate molecules due to a conformational change or induced fit upon binding of the 

first substrate  (McCammon, 2005) that is transmitted to another subunit (Yu and Koshland, 

Jr., 2001). A variety of enzymes have been analyzed both, structurally and functionally, to 

characterize cooperativity of substrate binding in terms of conformational changes. Examples 

include extensively studied hemoglobin (Perrella, 1999) as well as the ACT-domain of 

enzymes involved in amino acid biosynthesis (Aravind and Koonin, 1999; Liberles et al., 

2005). Flexible hinge regions, required to induce movement after ligand-binding, and α-

helices that transmit movements between hinge regions were found to be crucial to 

cooperativity (Liberles et al., 2005).  

In the recently analyzed complex of the T-cell receptor variable domain and the 

superantigenic toxic shock syndrome toxin 1 with positive cooperativity between “hot spots” 

of recognition (Moza et al., 2006), a β-strand was observed to connect both stabilizing 

protein-protein contacts. The β-strand was assumed to be responsible for cooperativity as its 

stabilization leads to a stabilization of the entire interaction interface. Secondary structure 

elements thus seem important to connect regions involved in cooperative behavior both in 

enzymes and protein-protein complexes. Presumably their rigidity allows favorable 

interactions to be transmitted or combined resulting in improved recognition, either of ligands 

in enzymes or of interaction partners in protein-protein complexes. 

Apart from secondary structure, it appears that tertiary structural elements such as β-sheets 

may also be crucial in transmitting such conformational changes across long distances. 

Analyzing the G194S+S-Y369S / hEC1 complex reveals a β-sheet as potentially responsible 

for synergistic strengthening of hEC1-recognition. This mechanism bears some resemblance 

to signal transduction events of transmembrane proteins, where extracellular binding of 

ligands is transmitted across the membrane by a ligand-induced conformational change and 

initiating cytosolic signaling cascades (Ottemann et al., 1999). Transmembrane signaling 

appears to depend on a change in orientation of α-helices within the membrane. The 

participation of a β-sheet in connecting two “hot spots” of recognition have not been reported 

previously. The analysis of other protein-protein or protein-ligand interactions will, we 

believe, confirm that β-sheets are generally able to transmit conformation change signals. 

The “entropic bonus” responsible for positive cooperativity in the InlA-variant/hEC1 

complexes is generally quite small, lying in the range of 2-3 kJ/mol. This represents about a 
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third of the energy associated with the exclusion of a single water molecule from a protein-

protein-interface. Despite the noticeable synergy, the structural changes accounting for this 

small change in energy are difficult to localize. However, as an increase in entropy indicates 

an increase in degrees of freedom, we assume that the tighter interaction of βb with InlA 

results in a small increase in solvation entropy, stabilizing the complex. The change in 

flexibility of βb is not directly observed in the crystal structures, possibly because crystal 

packing forces the complex in one conformation suppressing structural variations that would 

occur outside of a crystal. In solution, where association and dissociation of proteins happen 

continuously, the stabilization of βb by the two substitutions could decrease the dissociation 

rate constant resulting in an extra strengthening compared to the single substitutions 

accounting for the observed synergy.     

4.3 Implications of InlA affinity for EC1 

To induce uptake into epithelial cells by the zipper-mechanism, L. monocytogenes must 

adhere tightly to the eukaryotic cell membrane. Accordingly, tighter adherence of Lmo-InlAm 

to Caco2 cells increases the efficiency of uptake compared to wild-type Lmo-EGD. 

Surprisingly, however, the 2500-fold increased binding affinity merely causes a doubling in 

bacterial adhesion (Figure 3.4-7A). As low binding affinity may be counteracted by high 

protein concentration, the efficient adhesion of Lmo-EGD to Caco2 cells is probably due to 

the high concentration of E-cadherin molecules on these cells. 

In the intestinal epithelium in vivo, the amount of E-cadherin accessible to L. monocytogenes 

apically is limited by its basolateral localization. Multicellular junctions in epithelial 

monolayers transiently expose E-cadherin (Pentecost et al., 2006) providing L. 

monocytogenes with a point of attachment. The low abundance of such junctions and the low 

affinity of InlA for its receptor E-cadherin would severely limit uptake of L. monocytogenes 

in vivo. By increasing binding affinity, the available E-cadherin could be utilized more 

efficiently allowing a higher proportion of Lmo-InlAm to invade the intestinal epithelium. 

While pathogenicity would potentially be increased, higher rates of uptake of InlAm may 

prove advantageous therapeutically as in oral vaccination  (Guimaraes et al., 2005), bacterial 

gene therapy (Dietrich et al., 1998) or drug delivery (Sleator and Hill, 2006). As regulation of 

E-cadherin is, furthermore, intimately linked to cell transformation and to the development of 
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cancer (Wheelock and Johnson, 2003), InlAm may prove useful in studying E-cadherin 

mediated signal transduction. 

4.3.1 The advantage of functional InlA  

L. monocytogenes differs from the genomically closely related non-pathogenic soil bacterium 

Bacillus subitilis in that it contains the virulence cluster LIPI-1 (Listeria pathogenicity island 

1) that encodes almost all virulence factors including PrfA, LLO, ActA, and the two PLCs 

(Glaser et al., 2001). Perhaps not surprisingly, this virulence cluster is also present in L. 

ivanovii (Gouin et al., 1994), explaining in part the virulence of this species with respect to 

animal hosts (Hof and Hefner, 1988). Pathogenicity in humans and/or other susceptible 

species, additionally requires the presence of a second virulence associated locus, known as 

the inlAB locus in case of L. monocytogenes  (Dussurget et al., 2004) and potentially a related, 

though as yet uncharacterized locus in L. ivanovii. Consequently, LIPI-1 alone appears to be 

insufficient to render Listeriae pathogenic as it is also present in the nonpathogenic species L. 

seeligeri. A simple explanation may be that bacteria are not able to access host cells if the 

inlAB locus or homologous loci encoding for invasion proteins are missing. The invasion 

proteins of L. monocytogenes, InlA and InlB, promote bacterial uptake into normally non-

phagocytic host cells such that the absence of either factor severely reduces the virulence of L. 

monocytogenes in vivo (Lingnau et al., 1995). In this work, the role of InlA has been further 

clarified by revealing its contribution in causing extensive infections in intestinal tissues of 

susceptible hosts – the first and crucial step in systemic listeriosis. The importance of InlA to 

listerial pathogenicity is reflected by the high ratio of clinical isolates of L. monocytogenes 

expressing functional InlA (Nightingale et al., 2005b). This is also true of animal hosts, 

susceptible to orally acquired listeriosis (Orndorff et al., 2006). 

The ability of L. monocytogenes to breach the blood-brain-barrier is documented by the high 

prevalence of rhombencephalitis in infected ruminants, which leads to the well documented 

circling disease syndrome (Charlton and Garcia, 1977) and to meningoencephalitis (Cordy 

and Osebold, 1959). The coincidence of ruminant infections, of functional InlA in isolates of 

these infected ruminants, and of infections of the central nervous system (CNS) during severe 

listeriosis was suggested to indicate a link between CNS infections and functional InlA 

(Lecuit, 2005). As infection of placentas and embryos in mice appear to be independent of 

InlA (see 3.6.3 on p. 74), the role of InlA may, in fact, be restricted to overcoming the 
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epithelial barrier of the hosts intestine. Transport to deeper and well-protected tissues would 

instead be mediated by macrophages and other immune cells as proposed by the “Trojan 

horse” theory (Dramsi et al., 1998). 

Although InlA and InlB appear to induce listerial uptake with highly disparate efficiencies, 

the two proteins presumably serve distinct, possibly non-overlapping functions. InlB appears 

uninvolved in inducing listerial uptake into the intestinal epithelium in vivo (Khelef et al., 

2006), highlighting the necessity of InlA-mediated uptake during the intestinal phase of 

infection. 

The evolution of InlA, though disadvantageous to humans, is presumably the result of the 

fecal-oral enrichment cycle of domestic ruminants (Weis and Seeliger, 1975). It creates an 

evolutionary selection pressure for L. monocytogenes, favoring efficient listerial uptake into 

the intestinal epithelium. Colonization of the intestinal epithelium is, however, not necessarily 

associated with systemic listeriosis. Instead, it facilitates fecal shedding of bacteria and hence 

its further distribution. This assumption is supported by the observation that gastroenteritis is 

the major manifestation of human listeriosis in healthy individuals (Hof, 2001). Severe 

manifestations of listeriosis possibly occurs as “side effect” in immunocompromized 

individuals, driven by the efficient and fine-tuned action of virulence factors, produced by L. 

monocytogenes. Human listeriosis may thus have evolved due to the high homology of human 

receptors to those of ruminants. 

4.3.2 Evolutionary view on InlAwt-affinity 

The initial question of the biological implication of weak affinity of InlAwt for its receptor 

human E-cadherin can not finally be answered. On the one hand we observed a dramatic 

increase in molecular binding affinity in vitro through the substitution of only two residues. 

Even a range of single substitutions suffice to transform the weak micromolar affinity of the 

InlAwt/hEC1 complex into a tight fit with a dissociation constant in the upper nanomolar 

range. Single amino acid changes are evolutionary frequently observed. Assuming such a 

change to be advantageous, as presumed for an improved affinity of InlA for E-cadherin, 

positive selection should have allowed L. monocytogenes to evolve higher affinity InlA-

variants. Several inlA-genes from various isolates have been sequenced (Nightingale et al., 

2005b). Analyzing these sequences indicates that only residues not involved in E-cadherin 

recognition are exchanged; those residues in direct contact to E-cadherin are generally highly 
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conserved (Figure 4.3-1). Loss of InlA is clearly disadvantageous to L. monocytogenes, as 

strains expressing nonfunctional InlA are frequently isolated from environmental habitats but 

not from clinical samples (Olier et al., 2003). As  contact residues are conserved, improved 

affinity is either not sufficiently advantageous to induce positive selection or it is simply 

disadvantageous.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3-1: Mapping conserved and non-conserved amino acid residues of InlA onto the structure of the 
InlA/hEC1 complex. InlA sequences of 101 listerial isolates were compared (Nightingale et al., 2005a; Tsai 
et al., 2006). Amino acid residues differing from the consensus sequence in any of the sequences are indicated 
by spheres (green: conservative exchanges, red/blue: exchanges involving negative/positive charged residues, 
violet: non-conservative exchanges involving uncharged residues). Only substitutions N107F (3), S233R (1), 
and K301E (1) could potentially influence recognition of hEC1 (number of exchange carrying isolates).    

 

One scenario why tighter binding could be disadvantageous was proposed to be that release of 

the bacterium from remnants of the phagomosal membrane could be impaired if the affinity of 

InlA for E-cadherin is too high (Schubert et al., 2002). This hypothesis was supported by 

biophysical analyses of the wild-type complex that demonstrated binding affinity to be Ca2+-

dependent. As the Ca2+-concentration within cells is 107-fold less than that of the extracellular 

milieu, complex formation was assumed to be favored extracellularly and weakened after 

uptake (Schubert et al., 2002). Using gentamicin invasion assays, this hypothesis could, 
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however, not be confirmed. Release of bacteria expressing high affinity InlA-variants appears 

unaffected. Is weak binding of InlA to hEC1 essential to allow release after uptake? L. 

monocytogenes produces the potent membrane lysing virulence factor LLO that disrupts the 

phagosomal membrane efficiently (Dramsi and Cossart, 2002). Crosslinking bacterial cell-

wall and phagosomal membrane, due to a nanomolar affinity of InlA presumably does not 

cause phagosomal trapping. Instead the surface of L. monocytogenes would be “decorated” 

with nonfunctional InlAm/E-cadherin complexes potentially interfering with other infection 

processes. Immune-fluorescence staining of intracellular L. monocytogenes demonstrate that 

InlA continues to be expressed after invasion but co-localization of InlA or InlAm and E-

cadherin 30 min post infection when bacteria start to escape from the phagosome could not be 

shown (Figure 3.4-8A-B). This indicates that InlA is, presumably, rapidly turned over in 

common with other cell-wall-anchored proteins (Boneca, 2005). Re-arrangement of the 

bacterial peptidoglycan can be achieved by cell-wall degrading enzymes and a number of 

these have been identified (Carroll et al., 2003; Wang and Lin, 2007) and characterized as 

potential virulence factors (Lenz et al., 2003; Cabanes et al., 2004).  

Evolutionary pressures on a versatile bacterium such as L. monocytogenes, that colonizes a 

range of distinct habitats, appear to be divergent at best. Obligate pathogens are more 

amenable to mutations that enhance their ability to infect their hosts or to be transmitted from 

one host to another (Brown et al., 2006) because of their dependence on a single ecological 

niche. The weak selection pressure on L. monocytogenes, in contrast, generates a variety of 

closely related listerial sub-species (or strains) with different pathogenic potential. On the 

other hand, weak selection pressure in combination with constant exposure to potential hosts 

suffice to maintain functional virulence factors such as InlA and InlB, but appears to be 

insufficient to optimize them further.      

4.3.3 Insights into the mechanism of InlA mediated uptake  

 Although the affinity of InlA for E-cadherin has been found to be surprisingly low (Schubert 

et al., 2002), this affinity clearly suffices to recruit E-cadherin from cell-cell-contacts and 

induce bacterial uptake. E-cadherin/E-cadherin interactions of neighboring cells similarly rely 

on low binding affinities (Haussinger et al., 2004). Coupled to high molecule densities, low 

binding affinity may be crucial to ensure cadherin specificity (Chen et al., 2005) especially 

for tissue sorting during embryogenesis (McNeill, 2000). At the same time, low affinity for 
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other E-cadherin molecules and the large number of molecules per cell make E-cadherin a 

perfect target for bacterial adhesion (Braun and Cossart, 2000). Infection studies using InlA-

coated beads, indicate that InlA-mediated entry is associated with receptor clustering within 

cholesterol-rich membrane domains known as lipid rafts and the recruitment of typical lipid 

raft markers such as ganglioside GM1 to the site of entry (Seveau et al., 2004). Analyzing 

both Lmo-EGD and Lmo-InlAm induced invasion by immunofluorescence (Figure 3.4-8) 

reveals a dramatic redistribution of E-cadherin in infected cells. The typical peripheral 

fluorescence of E-cadherin and α-catenin in confluent epithelial cells (Figure 3.4-8I-J), 

hallmark of intact adherens junctions, are absent in infected cells (Figure 3.4-8A-D). The 

invasion strategy of L. monocytogenes thus appears to involve the remodeling of adherence 

junctions.  

Combining our observations with previous findings (Seveau et al., 2004), allows us to 

propose a molecular model of listerial invasion: The first contact between L. monocytogenes 

and a target cell by necessity involves a limited number of InlA/E-cadherin pairs. The high 

local density of InlA molecules then, however, leads to an accumulation of additional E-

cadherin molecules from adjacent areas creating an initial receptor cluster. As in cell-cell-

contact formation (Gumbiner, 2000), this initial contact induces intracellular signaling 

(Nelson and Nusse, 2004) triggering the fusion of E-cadherin containing vesicles with the 

plasma membrane, extending the initial contact to create a (pseudo-)adherens junction (Bryant 

and Stow, 2004). Normally, E-cadherin accumulation is tightly regulated to avoid the loss of 

existing cell-cell contacts by excessive E-cadherin recruitment. L. monocytogenes, however, 

appears to induce an imbalance, triggering massive E-cadherin recruitment to the site of entry 

(Seveau et al., 2004), disrupting existing adherence junctions (Figure 3.4-8). This induced 

imbalance may be caused by the high density of InlA-molecules within a small area. As both 

Lmo-EGD and Lmo-InlAm induce this imbalance to a similar extent, high affinity of InlA for 

E-cadherin does not appear to be relevant to this process. 

The strategy of deregulating the distribution of E-cadherin could be advantageous in two 

respects. First, the local accumulation of E-cadherin provides a hot-spot of invasion that is 

maintained after uptake and supports invasion of further bacteria. This was frequently 

observed in immunofluorescent stains (Figure 3.4-8C-D), where multiple infected cells are 

surrounded by non-infected ones – even after short infection periods where no intracellular 

growth took place. Secondly, sequestering E-cadherin locally disrupts the epithelial barrier 
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function, exposing basolaterally confined E-cadherin of neighboring cells and facilitating their 

infection. 

4.3.4 Studying extended host specificity in vitro 

The apparent interaction of the mEC1 domain and InlAm provided a first indication that the 

binding specificity of InlAm had been extended. To test this hypothesis in a more natural 

setting, Lmo-InlAm expressing full-length InlAm instead of the C-terminally truncated version, 

used in biophysical and structural analysis, were incubated with the murine E-cadherin 

expressing cell line MCA-3D. A natural epithelial monolayer was simulated in vitro by 

growing cells to confluence such that E-cadherin is essentially buried in adherens junctions 

and InlAm would need to recruit E-cadherin from adherens junctions to induce invasion. 

Unspecific, invasion protein independent uptake of bacteria was analyzed using the InlAB 

deletion mutant strain L. monocytogenes ΔinlAB2 and apathogenic L. innocua expressing 

PrfA and LLO (see 3.5.4 on p. 67). Whereas L. monocytogenes ΔinlAB2 still induced limited 

uptake, the transgenic L. innocua strain was not detectable intracellularly. The non-

invasiveness of L. innocua is probably caused by the absence of virulence factors necessary 

for an intracellular lifestyle of L. monocytogenes, rather than any missing invasion proteins. 

Similarly, the deletion of LLO in L. monocytogenes Δhly results in phagosomal trapping 

reducing the likelihood of bacterial release from the phagosome, rather than abolishing 

phagolysosomal release entirely. 

Invasion studies using murine epithelial MCA-3D cells indicate that the strains Lmo-EGD, 

Lmo-ΔinlA2, Lmo-pPL2-inlAm and Lmo-InlAm all invade with similar efficiency. All strains 

express functional InlB while InlA is either absent (Lmo-ΔinlA2), non-functional (Lmo-

EGD), functional but weakly expressed (Lmo-pPL2-inlAm) or fully functional (Lmo-InlAm). 

Invasion is thus clearly independent of InlA. Comparing the invasion rates of Lmo-EGD and 

Lmo-pPL2-inlAm to the amount of InlB being produced (see 3.4.2 on p.51) indicates that 

reduced levels of InlB for e.g. in Lmo-pPL2-inlAm leads to slightly lower invasion rates. The 

reason for InlA-dependent invasion being masked by InlB is probably due to the 

immortalization of MCA-3D cells, as this procedure is known to not only induce the down-

regulation of the tumor suppressor gene E-cadherin but also the up-regulation of the proto-

oncogene c-Met, the receptor of InlB (Peruzzi and Bottaro, 2006).  
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4.4 InlA-dependent and -independent routes of listerial infection 

In depth analysis of the infection process of Lmo-EGD vs. Lmo-InlAm in mice provides 

unique insights into the contribution of functional InlA to listerial distribution in vivo. It 

furthermore illuminates common infection routes of both bacterial strains as well as routes, 

exclusively to Lmo-InlAm.  

In mice, Lmo-EGD primarily targets the Peyer’s patches (Marco et al., 1997). Specialized, 

epithelial-like M-cells (Clark and Hirst, 2002) covering these centers of mucosal immunity 

actively transport antigens and viable bacteria from the intestinal lumen to the underlying 

immune-cells (Kraehenbuhl and Neutra, 2000). This sampling process is assumed to be 

important in immune-regulation, defense against pathogens, and coexistence with commensal 

microorganisms. A high concentration of macrophages beneath M-cells and the lymph-node 

like structure, filled with neutrophils and lymphocytes, that forms part of the Peyer’s patch 

reduce the number of pathogens that are able to invade the host via this potential gateway 

(Newberry and Lorenz, 2005). Food-borne pathogens such as Salmonellae or Shigellae 

exploit the indiscriminate uptake by M-cells to gain access to the basolateral side of the 

epithelium (Vazquez-Torres and Fang, 2000). Both species use type three secretion systems 

(see 1.3 on p.14) to manipulate host cell functions inducing uptake into host cells. Initial 

contact between the needle tip and host cells is mediated by IpaB in Shigellae that binds 

CD44 (Lafont et al., 2002) and SipB in Salmonellae that binds an as yet unidentified host 

receptor. Because these receptors are localized basolaterally, both pathogens first need to 

overcome the intestinal barrier before being able to infect host cells from the basolateral side 

and spreading to cells of the adjoining epithelium (Jensen et al., 1998).  E-cadherin on the 

basolateral side of M-cells and enterocytes potentially allow Lmo-EGD to employ a similar 

strategy in humans. Our analyses, however, indicate that colonization of M-cells and Peyer’s 

patches by Lmo-InlAm in mice is indistinguishable from that of Lmo-EGD. Re-infection of 

M-cells is thus not part of the listerial invasion strategy. Following their entry through Peyer’s 

patches both Lmo-EGD and Lmo-InlAm are presumably phagocytosed by macrophages 

independent of InlA and InlB that traffic to mesenteric lymph nodes and enter the blood 

stream as early as 12 hours p.i. rapidly reaching deeper tissues (Figure 3.6-2B-F and Figure 

4.4-1). Additionally, listerial dissemination to the spleen presumably involve CD8α+ dendritic 

cells, again independent of InlA and InlB (Neuenhahn et al., 2006).  
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Figure 4.4-1: Schematic representation of listerial infection routes. Lmo-ΔinlA (non-functional InlA, blue 
lines) enters Peyer’s patches (PP) through unspecific uptake by M-cells. Within the Peyer's patches they are 
phagocytosed by immune cells (predominantly macrophages) and transported to mesenteric lymph nodes 
(MLN), to the blood via the thoracic duct, and are systemically distributed. Liver and spleen initially take up 
more than 90% of blood-borne bacteria. Bacterial growth in these organs induces a secondary bacteremia 
resulting in large numbers of bacteria entering the blood stream. Here they are phagocytosed by circulating 
immune cells and reach the brain or the placenta/embryo. Lmo-inlA (functional InlA, green) additionally uses 
a second route of entry: InlA-mediated uptake into epithelial cells and spreading to sub-epithelial tissue. Via 
extracellular fluid bacteria reaches MLN and the blood stream. After massive growth in subepithelial tissue, 
large numbers of bacteria have direct access to the blood stream and are transported to the liver (via the 
hepatic portal vein), and to other organs. Further distribution also depends on the Trojan horse mechanism. 
Figure of the intestine adapted from Mowat et al., 2003. 

 

Using the re-engineered strain Lmo-InlAm
, we resolve the long-standing debate on which 

route L. monocytogenes uses to enter hosts in vivo. Previous studies on orally acquired murine 

listeriosis ignored or underestimated the fact that murine E-cadherin is not recognized by InlA 

(Daniels et al., 2000; Czuprynski et al., 2002; Czuprynski et al., 2003; Le Monnier et al., 

2006). Infection experiments in guinea pigs, on the other hand failed to discuss that InlB is 

non-functional in this system (Bakardjiev et al., 2006). This led to conclusions being drawn 

that potentially do not reflect the true pathophysiology of L. monocytogenes in vivo. InlA of 

Lmo-EGD is functional in humans but non-functional in mice. As infections of Lmo-EGD in 
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mice do occur notwithstanding, this process must be independent of InlA. During such InlA-

independent infections, bacteria do not colonize the intestinal epithelium. Instead they utilize 

the indiscriminate uptake by M-cells to reach the Peyer's patches, where they induce a 

localized infection. Mild immune responses observed in intestinal tissue in Lmo-EGD-

infected mice after day 3 p.i. (Figure 3.6-4I) are probably caused by immune cells activated in 

Peyer’s patches migrating into the intestinal tissues (Mowat, 2003). Dissemination of bacteria 

from infected intestinal tissue is thus largely prevented, allowing rapid healing of the 

localized infection in the intestine and clearance of Lmo-EGD from the liver and spleen after 

day 3 p.i. 

In addition to the Peyer’s patches (InlA-independent), Lmo-InlAm infects the intestinal 

epithelium (InlA-dependent, Figure 4.4-1) - immunohistochemically observed 24 h p.i. 

(Figure 3.6-4D). Over the next two days Lmo-InlAm progressively infects subepithelial 

connective tissue documented by a steady increase in bacterial numbers in the intestine 

(Figure 3.6-2B). By day 4 p.i., large numbers of bacteria colonize the intestinal epithelial and 

subepithelial tissues (Figure 3.6-2B and Figure 3.6-4P) opening a second, dominant route of 

listerial dissemination. Compared to the InlA-independent route, bacteria now directly access 

draining lymph nodes and blood as well as the liver via the hepatic portal vein (Figure 4.4-1). 

This results in a ~103-fold increase in bacterial number in the liver of Lmo-InlAm-infected 

mice on day 4 p.i. (Figure 3.6-2E). The heavy inflammation of the intestine additionally 

sequesters immune resources weakening the host. 

Bacterial numbers in mesenteric lymph nodes and intestine were also observed to increase 

until day 3 p.i. using a transgenic mouse model (Lecuit et al., 2001). Overall the efficiency of 

uptake and hence the number of invading bacteria are much lower, allowing the infection to 

subside by day 5 p.i. 

The course of infection after intravenous inoculation is, surprisingly, indistinguishable for the 

two listerial strains, implying that InlA may not be essential for the later stages of listerial 

infections. Instead intracellular trafficking of L. monocytogenes could be more important for 

systemic spreading than previously anticipated. Slightly higher virulence of Lmo-InlAm may 

indicate that InlA nevertheless imparts an advantage to the bacterium during this stage of the 

infection. Overall, InlA is crucial to establish the infection of the intestinal epithelium. InlB 

and potentially other virulence factors then take over, leading to spread and systemic infection 

(Hamon et al., 2006). 
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Taken together, this work establishes the unique mechanism by which L. monocytogenes 

infects its hosts. The food-borne bacterial pathogens Yersiniae, Shigellae, and Salmonellae all 

rely on indiscriminate uptake by M-cells to overcome the intestinal barrier and furthermore all 

re-infect M-cells basolaterally as a prelude to spreading to the adjoining epithelium and 

causing localized inflammation (Cossart and Sansonetti, 2004; Pizarro-Cerda and Cossart, 

2006a). L. monocytogenes, though similarly transported to the Peyer's patches by M-cells, 

does not re-infect the latter despite the presence of receptors for both InlA and InlB on M-

cells and enterocytes. Dispersal of L. monocytogenes as a “Trojan horse” after phagocytosis 

by macrophages and other immune cells, allows some spreading of the bacterium to deeper 

tissues, but generally allows the host to clear the infection within a few days. Instead, InlA 

provides L. monocytogenes with a second, dominant route of uptake. Here the bacterium 

directly invades individual cells of the intestinal epithelium independent of Peyer’s patches, 

which - though slower than unspecific M-cell mediated uptake - allows sustained infections 

first of the intestinal epithelium followed by systemic infection. 

4.4.1 The role of InlB in systemic listeriosis 

The precise role of InlB during infection in vivo is currently not known. Cell-culture 

experiments clearly demonstrate that InlB is responsible for listerial uptake into hepatocytes 

in vitro (Dramsi et al., 1995). Until recently it was, however, not possible to test the 

contribution of Met to listerial virulence in vivo, as Met is essential for embryonic 

development, making a knock-out lethal (Birchmeier et al., 2003). The recent generation of a 

healthy conditional met knock-out (Borowiak et al., 2004; Huh et al., 2004) could represent 

the ideal system to distinguish the roles of InlA and InlB, especially in combination with 

Lmo-InlAm.  

Intravenous inoculation of mice with Lmo-EGD or listerial strains deficient in InlA and/or 

InlB have also been used to analyze the contribution of InlB in systemic listeriosis in vivo 

(Conlan, 1999; Cousens and Wing, 2000). Although artificial, these studies demonstrate the 

importance of resident hepatic macrophages (Kupffer cells) in early immune defense against 

L. monocytogenes. While they also reveal hepatocytes to be the primary target of L. 

monocytogenes (Gregory et al., 1996a), they fail to establish the precise role of InlB as 

hepatocytes are also efficiently infected by L. monocytogenes lacking both InlA and InlB 

(Gregory et al., 1996b). This result indicates either that hepatocytes possess phagocytic 
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activity or that Kupffer cells initially take up L. monocytogenes which then spread to adjacent 

hepatocytes. 

Reduced virulence of L. monocytogenes deficient for InlB established its critical role during 

infection (Lingnau et al., 1995). The existence of two different trafficking mechanisms, via 

the blood or as “Trojan horses”, however, makes it difficult to analyze or quantify the 

contribution of each pathway independent of the other. 

Using Lmo-InlAm it should now be possible to analyze the role of InlB in human-like 

listeriosis more precisely as the physiological route of listerial uptake may now be addressed 

in mice. By comparing Lmo-InlAm with Lmo-InlAm/ InlB, it should be possible to 

distinguish between InlA and InlB dependent uptake and dissemination in vivo. Additionally, 

both strains could  be instrumental to reveal the precise target of InlB in vivo as several 

potential receptors have been identified but not yet analyzed in a natural system.  

4.4.2 L. monocytogenes infection in pregnant mice  

Pregnancy in humans increases susceptibility towards L. monocytogenes (Vazquez-Boland et 

al., 2001) and InlA appears crucial for listerial crossing of the blood-placental barrier (Lecuit 

et al., 2004). Both pregnant mice (Le Monnier et al., 2007) and guinea pigs (Bakardjiev et al., 

2006) have been used to investigate this link. The usefulness of these models are, however, 

limited by the respective host specificities of InlA and InlB (see above). Lmo-InlAm 

overcomes these limitations by providing active InlA and InlB for the murine system. 

Infecting pregnant mice orally with Lmo-InlAm mimics the human course of infections and 

vertical transmission.  

We, however, do not observe a significant difference between Lmo-EGD and Lmo-InlAm 

both by intravenous and oral infection of pregnant mice. This would indicate that the natural 

route of placental infection in mice is not dependent on functional InlA and/or InlB. The 

uniquely invasive form of trophoblast-cell mediated haemochorial placentation in humans 

(Moffett and Loke, 2006) may result in a higher susceptibility for listerial infections in 

humans. Alternatively, vertical transmission could occur as discussed for the blood-brain-

barrier, in which the vast majority of L. monocytogenes enter the placental barrier using the 

“Trojan horse” strategy (Figure 4.4-1) via infected monocytes or macrophages (Drevets, 

1999). In this case InlA-mediated entry would be subordinate to “Trojan horse” type uptake 
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and would therefore only be detectable in vitro or ex vivo where the latter mechanism is 

absent. 

4.4.3 InlA- and InlB-independent transmission to the brain? 

Although not directly analyzed, the InlA/InlB-independent infection of the murine placenta 

may serve to shed some light onto the mechanisms of listerial breaching of the blood-brain 

barrier. The blood-brain barrier is composed of the capillary endothelium and a thin basement 

membrane surrounded by synapse-like extensions of astrocytes. Tight junctions between 

endothelial cells prohibit paracellular transport (Huber et al., 2001) allowing precise control 

of substances to be transported over this barrier by transcytosis (Tuma and Hubbard, 2003). 

The mechanism by which L. monocytogenes crosses the barrier has been controversially 

discussed: Enterocytes of brain capillaries or the choroid plexus express both E-cadherin and 

c-Met, potentially making them susceptible to InlA- and/or InlB-mediated uptake. In vitro, 

InlB enables uptake into microvascular endothelial cells (Greiffenberg et al., 1998) implying 

direct invasion of endothelial cells by L. monocytogenes. Cell-to-cell spread would then allow 

subsequent bacterial transmission to the CNS. On the other hand, E-cadherin could allow for 

InlA-dependent entry of L. monocytogenes into endothelial cells (Lecuit, 2005). Its 

contribution has, however, not yet been tested. All of these studies suffer from having been 

performed in vitro. In these transformed cells expressing altered levels of Met and E-cadherin, 

InlB- and/or InlA-dependent entry may be observed. To what extent this reflects the situation 

in vivo, however, remains to be investigated. Other hypotheses stress the "Trojan horse" 

mechanisms as responsible for listerial transmission into the brain (Join-Lambert et al., 2005) 

or a bacteremia induced translocation (Berche, 1995). 

To establish the bacterial factors involved in breaching the blood-brain barriers requires an in 

vivo system expressing functional InlA and InlB (Khelef et al., 2006; Ireton, 2007). This 

prerequisite is met by Lmo-InlAm. Our preliminary analyses, however, do not indicate that 

InlA is involved in breaching the blood-brain barrier. Taking studies of infected pregnant 

mice into account, it would appear most probable that the “Trojan horse” mechanism would 

be responsible for transmission to the CNS. Further studies, possibly utilizing Lmo-InlAm, 

may potentially help to resolve this question.     
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5 Outlook  

The combination of structural and biophysical analysis of distinct changes within interaction 

interfaces has improved the knowledge of how protein-protein interactions are enthalpically 

and entropically stabilized and shed light on synergy effects and particularly on long-range 

cooperativity. 

This study supports the crucial role of water in protein interaction interfaces and quantifies its 

role in terms of changes in entropy and enthalpy. These data may prove useful in analyzing 

other protein-protein complexes or in refining sophisticated force fields, used in 

computational protein design, molecular dynamics simulations (Karplus and McCammon, 

2002) or docking studies (Sousa et al., 2006). In particular, an improved understanding of the 

precise role of water would allow appropriate constraints to be introduced into existing 

computational protocols that usually operate in vacuo to reduce the calculation times (Levy 

and Onuchic, 2006) to improve the precision and efficiency of such algorithms. 

On the other hand, our rational protein interface design approach has allowed the binding 

specificity of InlA to be extended to include murine E-cadherin, thereby creating a new model 

for orally acquired listeriosis in mice. The re-engineered listerial strain Lmo-InlAm will have a 

broad application in immunology, as any mutant mouse strain can directly be used to 

genetically dissect innate and adaptive host immune response to L. monocytogenes by 

employing the natural route of infection. Experimental listeriosis has in the past been 

instrumental in establishing major paradigms in contemporary immunology including MHC-

restriction (Bouwer et al., 1997), macrophage activation (Goldfine and Wadsworth, 2002) and 

the role of CD4+ / CD8+ T cells in host defense (Lara-Tejero and Pamer, 2004). The response 

of the immune system to intracellular pathogens in vivo may be analyzed using the modified 

listerial strain Lmo-InlAm. Additionally, other yet unidentified or uncharacterized factors, 

involved in listerial pathogenicity, may be analyzed in an in vivo setting. Examples include 

InlC, InlE, InlG, InlH and InlJ, that have been characterized as potential virulence factor 

because listerial knock-out strains showed reduced virulence, though their precise role 

remains unknown (Raffelsbauer et al., 1998; Bergmann et al., 2002; Luo et al., 2004; Sabet et 

al., 2005).  
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Furthermore, the methodology may be applicable to other pathogens, that like L. 

monocytogenes are non-pathogenic in animals and hence prevent animal-models being used to 

investigate the in vivo mechanisms of infection in humans. HIV is probably the most 

prominent example and efforts to adapt it to animal hosts have been described in the recent 

literature (Potash et al., 2005; Hatziioannou et al., 2006). Another viral pathogen that has 

recently emerged, SARS, was murinized by serial passage in mice, selecting for viral variants 

with adapted molecular repertoire (Roberts et al., 2007).  

Animal models are pivotal in pre-clinical trials to establish the potential of future drugs. 

Unavailable animal models appreciably slow down the process of approving new drugs – 

resulting in significant financial and economical impact. Rational pathogen design may thus 

prove advantageous in generating new model systems to allow more rapid screening of new 

forms of anti-infectives. 
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