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Zusammenfassung

CEACAM1 (carcinoembryonic antigen-related cell adhesion molecule 1) ist en
multifunktioneller Rezeptor aus der Immunglobulin-Superfamilie, der eine wichtige Rolle bei
vielf Itigen physiologischen Prozessen, wie Tumor Suppression, Insulin Stoffwechsel,
Angiogenese und Immunzell-Regulation spielt. CEACAM1 hat von alen CEACAM-
Familienmitgliedern die weiteste Verteilung in unterschiedlichen Geweben und wird auf
Epithelzellen, Endothelzellen und h matopoietischen Zellen exprimiert. Interessanterweise
dient es auch humanspezifischen Pathogenen, wie Haemophilus influenzae, Moraxella
catarrhalis, Escherichia coli, Neisseria meningitidis und Neisseria gonorrhoeae, as Rezeptor
auf Wirtszellen. Neisseria gonorrhoeae ist ein auerordentlich erfolgreiches human
pathogenes Bakterium, welches durch die Expression von Opa Proteinen an verschiedene
CEACAMSs bindet. Diese Interaktion ist ein wichtiger Schritt im Infektionsprozess, vor allem
bei der Kolonisierung von mukosalen Oberfl chen. Durch die Anheftung des Bakteriums
werden verschiedene Signalkaskaden initialisiert, die zur Internalisierung des Pathogens
f hren. Zustzlich | st die CEACAM-vermittelte Aufn ahme der Gonokokken eine de-novo
Expresson von CD105 aus, die in einer Suppression der Exfoliation resultiert. In der
vorliegenden Arbeit konnte mit Hilfe eines lentiviralen Systems in vivo gezeigt werden, dass
die Unterdr ckung der Exfoliation auf der Interakti on von CD105 mit dem fokalen
Adh sionsprotein Zyxin un der daraus resultierenden Aktivierung von Integrinen beruht. Mit
dem in dieser Arbeit verwendeten humanisierten Mausmodell der Gonokokkeninfektion
konnte erstmals die Bedeutung der Exfoliation w hrend der Kolonisierung der Wirtsmukosa
illustriert und ein molekularer Mechanismus aufgekl rt werden, der es Bakterien erm glicht,

diesen Prozess zu unterdr cken.

beraschenderweise ist die Anheftung der Gonokokken ber Opa-Proteine an CEACAM1,

sowie die anschlie ende Internalisierung unabh ngig von der zytoplasmatischen Dom ne des
Wirtszell-Rezeptors. Untersuchungen von wildtypischem CEACAM1 und einer CEACAM1-
Mutante mit deletierter zytoplasmatischen Domne zeigen, dass die Internaisierung
unterschiedlicher human pathogener Erreger nicht beeintr chtigt ist. Die CEACAMI1-
vermittelte Aufnahme ist im Gegensatz zur CEACAM 3-vermittelten Aufnahme von Neisseria
gonorrhoeae nur in geringem Mae abhngig vom Aktinzytoskelett , bentigt aber im

Gegenzug die Integrit t von Membran-Mikrodom nen. H ier konnte gezeigt werden, dass die
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Zusammenfassung

Rekrutierung von CEACAM1 in Gangliosid- und Cholesterin-reiche Membran
Mikrodom nen nach Bindung der Gonokokken durch die Transmembrandom ne vermittelt
wird. Untersuchungen mit unterschiedlichen Chimren der Transmembrandom nen von
CEACAM1 und CEACAMS ergaben, dass die r umliche N h e zweier Phenyalanin Reste
zueinander f r die Lokalization in den Mikrodom nen verantwortlich ist. In der vorliegenden
Arbeit konnte gezeigt werden, dass die nicht klassische Endozytose von N. gonorrhoeae zum
einen von der Integritt der Membran Mikrodom nen u nd zum anderen von Caveolinl
abh ngig ist. Au erdem konnte eine funktionelle Rol le f r Mikrotubuli, RhoG, Racl und der
Phosphoinositol-3-Kinase in dem CEACAM1-abh ngigen Aufnahmeprozess demonstriert
werden.

Insgesamt bietet die vorliegende Arbeit einen tieferen Einblick in die CEACAM1-vemittelte
Internalisierung von Neisseria gonorrhoeae und stellt ein neues Szenario f r die erfolgreiche

Kolonisierung der humanen Schleimhaut durch gut angepasste Pathogene vor.
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Summary

Carcinoembryonic antigen-related cell adhesion molecule 1 (CEACAM1) belongs to the
immunoglobulin superfamily and represents a multifunctional receptor involved in various
physiological processes, including cell differentiation, insulin metabolism, angiogenesis and
immune cell function. CEACAM1 has the widest tissue distribution of all CEACAM-family
members and is expressed on epithelial, endothelial, and hematopoietic cells. Interestingly it
also serves as a receptor for human specific pathogens, like Haemophilus influenzae,
Moraxella catarrhalis, Escherichia coli, Neisseria meningitidis and Neisseria gonorrhoeae.
N. gonorrhoeae is characterized as a highly adapted human pathogen and the engagement of
different CEACAMSs via its Opa proteins demonstrates a critical step in the infection process
and the colonization of mucosal surfaces. This interaction initiates several cellular signalling
cascades resulting in the internalization of the pathogen. In this study, we analyzed the
mechanism of CEACAMI1-mediated internaization of Opacea-expressing Neisseria
gonorrhoeae in detail. CEACAM-mediated contact of the gonococci aso triggers de-novo
expression of CD105. We could demonstrate in vivo, that the suppression of exfoliation is
based on the interaction of CD105 with the focal adhesion protein zyxin and the resulting
activation of integrins. In a humanized mouse model we could show for the first time the
importance of exfoliation during the colonization of the host-s mucosa and a new molecular
mechanism for suppression of exfoliation by bacteria could be reveal ed.

Surprisingly, the neisserial engagement of CEACAM1 viaits Opa proteins and the subsequent
internalization of the pathogen are completely independent of the cytoplasmic domain of the
receptor. By comparison of wildtype CEACAM1 and a CEACAM1 mutant lacking the
cytoplasmic domain, we could demonstrate an equivalent internalization of different human
pathogens. In contrast to CEACAM3-mediated internalization the uptake is only to a minor
degree dependent on actin dynamics and instead requires the integrity of membrane
microdomains. We demonstrated that the transmembrane domain of CEACAML1 is
responsible for its association with ganglioside- and cholesterol-enriched microdomains after
neisserial engagement. By applying different transmembrane chimeras of CEACAM1 and
CEACAMS3, we could show that the close proximity of two phenylaanine residues in the
transmembrane domain of CEACAML1 is critical for membrane microdomain localization. We

could further show that the internalization of N. gonorrhoeae depends on the integrity of




Summary

membrane microdomains and the presence of caveolinl resulting in a non-classical
endocytotic pathway. Also a functional role for microtubules, RhoG, Racl and
phosphoinositide-3-kinase (PI3K) could be demonstrated.

In summary, the data obtained from this study provide an advanced view on the CEACAM 1-
mediated internalization process of Neisseria gonorrhoeae and display a novel scenario for

the successful colonization of the human mucosa by highly adapted pathogens.
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General Introduction

1. Adaptation of pathogens Neisseria gonorrhoeae

Since mankind exist, humans have to cope with a variety of pathogenic microorganisms,
resulting in an arms race of adaptation and modification. During this co-evolution, the
pathogens constantly developed new mechanisms to colonize to their hosts and the host in
return developed a complex and efficient multi-tiered defense system. The first barrier
invading microbes have to overcome is our skin and/or the intact mucosal surface.
Additionally, we have an intricate network of cells
and humoral factors to fight pathogenic infections.
Our first line of defense is our innate immune
system, consisting of different phagocytic cell types
(Fig. 1), antimicrobia peptides, our complement
system and cellular mechanisms like exfoliation.
The second line of defense is our adaptive immune
system organized around specialized lymphocytes.
(Dunkelberger and Song, 2010). The regulation of
Fig. 1 SEM picture of granulocyte  this complex system is carried out by cell-cell

interaction with pathogenic Neisseria
gonorrhoae (Schmitter et al., 2004a) interactions and by cytokines being released from

our cells. The innate and the acquired immune
system have to be precisely controlled to keep a tight balance between attack of foreign
structuress and protection of host surfaces. Pathogens can be recognized by our immune
system through conserved structures or motifs, called pathogen-associated molecular patterns
(PAMPs), which can be lipopolysaccharides, peptidoglycans, lipoteichoic acids, mannans
flagella or single-sranded DNA. After detection, antimicrobial mechanisms are initiated to
alarm the adaptive immune response and to eliminate infected cells. However, pathogens

often have an elaborate adaptation to their host and are able to mimic and escape from the
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immune system or even to use the host signalling pathways for their own purpose (Diacovich
and Gorvel, 2010).

YH

Our model organism for analyzing the high variability and unique adaptation to humans, its
exclusive natural host, is Neisseria gonorrhoeae. This gram negative bacterium belongs to the
genus of Neisseria and the family of Neisseriaceae and is beside N. meningitidis the only
human specific pathogen in this family. The gonococcus was aready described in 1879 from
the German dermatologist Albert Neisser as micrococcus and renamed later by Paul Ehrlich in
gonococcus. These bacteria are oxidase positive, obligate aerobe diplococci, which colonize
the human mucosa. Gonococci cause the veneral disease gonorrhea, which is one of the world
leading sexual disease (Song et al., 2008). Additionally, it is one of the oldest known human
infectious diseases, and references to sexually acquired urethritis can be found in ancient
Chinese writings, the biblical Old Testament (Leviticus), and other works of antiquity
(Marrazzo et d., 2010). Interestingly, the disease has different effects on both sexes. Whilein
males, the infection can be
recognized via the purulent
urethral discharge caused by the
inflammatory immune response in
90 % of all cases, the course of
disease in femaes  stays
asymptomatic in 80% of Al
infected persons, leading to a high
number of unreported cases.
Additionally, gonorrhoea can
have a severe impact on the

fertility, if it remains

unrecognized  and  untreated  Fig 2 virulence factors of Neisseria gonorrhoeae The outer

. membrane (OM) of Neisseria gonorrhoeae contains the integral
(Edwards and Apicella,  2004). Opa proteins (Opa), the filamentous pili and the

to penicillin, but more and more resistant strains developed and complicate their therapeutic
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control (Carballo et al., 1990; Handsfield, 1990; Marrazzo et a., 2010). Besides the
widespread occurance of penicillin-resistant strains, these bacteria have various strategies to
escape the elimination by the host immune system. Because gonococci have an extraordinary
variation of surface structures, natural immunity after re-infection has never been
demonstrated (Cahoon and Seifert, 2009). Furthermore, they express diverse virulence factors
that circumvent the defence mechanisms of their sole natura host (Fig. 2).

The initial attachment of the bacteria is mediated via their pili and a closer association
between microbes and the host cell surface can be accomplished by a retraction of these
extended, hair-like structures. The resulting more intimate association can be further
supported by an additional interaction between bacterial colony opacity-associated (Opa)
proteins and CEACAM family receptors on the eukaryotic cell surface. Thistight binding can
initiate signalling pathways leading to novel gene expression events and triggering the
internalization of the pathogen (Muenzner et al., 2005b). Furthermore, CEACAM-mediated
traversal through intact epithelial cell layers has been described in in vitro models (Wang et
al., 1998). Normally, the bacterium gets eliminated via the host immune system, but in some
cases a disseminated strain can cause severe and also life threatening consequences (Hauck
and Meyer, 2003Db).

The filamentous type IV pilus, required for initial attachment, is composed of a main subunit
pilE and different other pilus-associated proteins, like pilC or pil T (Jerse and Rest, 1997). The
subunit pilE can undergo a antigenic variation that changes the amino acid composition of the
proteins by site specific recombination leading to an enormous variability and can result in
immune escape. Haas et al. showed the existence of 17 silent pilin genes pilSin the genome of
Neisseria strain MS11, which are able to recombine with the active gene locus harbouring the
pilE gene leading to hypervariant sequences (Haas et al., 1992). This requires a G4 DNA
element that is proposed to be a specialized recombination ignition structure (Cahoon and
Seifert, 2009). Beside their capability to undergo antigenic variation the PilC protein is able to
do frequent phase variations regulated by insertion and deletion of coding repeats (Meyer et
al., 1994). However, it has been suggested that the pilus-mediated host cell interactions do not
lead to an internalization of the bacteria. In contrast, pili seem to decrease the frequency of
uptake (Nassif and So, 1995). During infection the mRNA level of pilT increases, while the
MRNA level of pilC decreases, leading to an increased retraction of the pili and a closer
attachment of the pathogen to the cells (Morand et a., 2004). Merz et a discovered that the

retractive force of the type IV pilus can lead to twitching motility on inert platforms and
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might be also responsible for forming microcolonies there (Merz et a., 2000). Additionally
the velocity of pilus retraction is higher in the presence of the host than in an abiotic
environment (Opitz et al., 2009).

The oligosaccharide of the gonococcal lipooligosaccharide (LOS) can be bound by host cell-
expressed lectins and therefore it might also contribute beside the pili to bacterial adhesion
(Dehio et al., 1998b; Nassif and So, 1995). It consists of hydrophobic lipidA and a
hydrophilic oligosaccharide that lacks the repeating O-carbohydrate antigenic side chain
making it distinct from the lipopolysaccharide (LPS) characteristic for most gram-negative
bacteria. The LOS is also involved in many aspects of pathogenesis, like the toxic damage of
the fallopian tube through induction of tumour necrosis factor (TNF ) (Gregg et al., 1981,
Merz and So, 2000). However, it may shield bacteria from the host innate and adaptive
immune mechanism by mimicking host-cell surface structures via sialylation and other
substitutions like phosphoethanolamine on lipid A(Edwards and Apicella, 2004; Lewis et al.,
2009; van Putten and Robertson, 1995; Zhang et al., 2006b).

After the initial contact of the bacteria with the host cell a more intimate association can be
established by the colony opacity-associated (Opa) proteins. They were originaly identified
due to their expression leading to a phenotypically change in colony opacity (Dehio et al.,
1998b; James and Swanson, 1978; Swanson, 1978). Opa proteins are integral outer membrane
proteins, which span the membrane eight times as anti-parallel  strands to expose four
extracellular loops containing two hypervariable (HV1 and HV2), one semi-variable domain
and one constant domain (Bhat et al., 1991; Hauck and Meyer, 2003a; Malorny et al., 1998).
Each single gonococcal strain can possess up to 12 opa genes. Although the sequences are
approximately 70 % identical, they have a high variability by antigenic and phase variation
(Dehio et al., 2000; Makino et a., 1991; Stern et al., 1986). Phase variation of individual loci
occurs by insertions or deletions in the pentanucleotide coding repeat (CR) leading to an off-
or on-switch of expression and generate a heterogenous population of bacteria. Additionally
intra- and inter-strain recombination can occur and changes at a distinct opa gene can also be
linked to changes at the flanking pilin expression locus. Therefore the complexity is not only
increasing for the opa proteins but also for other virulence factors (Bilek et al., 2009; Hobbs et
a., 1994; Malorny et al., 1998). Despite the different variations in amino acid sequence two
major classes of Opa proteins can be distinguished according to their binding specificity.

The Opays-type proteins bind to heparansulphate proteoglyc ans (HSPG). This interaction is

mainly dependent on the arrangement and the number of positively charged amino acids in
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HV-1 of Opays (Grant et al., 1999). The internalization process mediated by Opays seems to
be dependent on actin dynamics, protein tyrosine kinases, acidic sphingomyelinase and
protein kinase C (Dehio et al., 1998a; Freissler et al., 2000; Grassme et a., 1996). Besides,
Opays proteins can also bind to extracellular matrix protein, like vitronectin and fibronectin
(Duensing and van Putten, 1997; Hauck and Meyer, 2003a; van Putten et al., 1998).

$ % & -

! - C

The other large group of Opatype proteins (Opacga) interacts with members of the
carcinoembryonic antigen related cell adhesion molecule (CEACAM) family (Chen and
Gotschlich, 1996; Gray-Owen et a., 1997a; Virji et a., 1996a). CEACAM1, CEACAMS,
CEA and CEACAMG can al function as receptors for the pathogenic Neisseria and although
those proteins are highly glycosylated the sugar structures do not participate in binding to the
Opa-proteins. The interaction between neisseria Opa-proteins and host CEACAMS is
mediated by the N-domain of the CEACAM molecules. It consists of nine antiparallel
strands, joined by loop regions and arranged in two sheets ABED and C:-C-CFG. The Opa
interaction occurs via specific hydrophobic amino acids mainly Tyr34 and 11€91 in the
C--C-CFG structure (Bos et a., 1998; Popp et al., 1999; Virji et a., 1999a; Watt et a., 2001).
The CEACAM family members are expressed on different cell types and therefore give the
pathogens a broad tropism for human tissue. In addition, the expression of CEACAMS is
upregulated on epithelial and endothelial cells in response to inflammatory stimuli and
bacterial transcytosis through epithelial cell layer expressing CEACAMSs depends on the
expression of Opacea proteins. Thereby the pathogens seem to have the possibility to control
their interaction with the epithelial cell layer of the host by using CEACAMs (Muenzner et
al., 2001a; Swanson et al., 2001; Wang et a., 1998). Moreover, CEACAM expression can be
induced upon gonococcal infection leading to enhanced attachment and internalization of the
pathogens and this may influence the severity of infection. Therefore the pathogen seems to
be ideally adapted to their exclusive host (Popp et a., 2001).

But despite their manipulating and hiding ability from the host immune response, the host has
also evolved counterstrategies to fight these pathogens. In contrast to Boulton et al, Y oussef et
al discovered, that CD4" T cells can overcome any inhibition of proliferation, which is
induced via CEACAM1 engagement, representing an advanced counterstrategy of the host
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(Boulton and Gray-Owen, 2002; Lee et a., 2007; Youssef et a., 2009). Binding to a member
of the CEACAM family can aso eliminate Neisseria gonorrhoeae, because CEACAMS3 is
exclusively expressed by granulocytes and provides immune activating functions and the
ability of mediating phagocytosis (Chen and Gotschlich, 1996; Pils et al., 2008a).

Altogether the high variability of virulence factors makes these pathogens an ideal model for
observing the sophisticated strategies and manipulations of host signalling pathways. In
addition the host-pathogen interaction in this case can aso be considered as a model for the

co-evolution of both.

2. CEACAM1

: - C

The origin of CEACAMSs (Carcinoembryonic Antigen related Cell Adhesion Molecules) dates
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New name  CEACAM1 CEACAM3 CEACAM4 CEACAMS5 CEACAMG CEACAM7 CEACAMS
Alternative  CD66a, BGP CD66d and CGm7 CD66e and CDé66c and CGM2 CD66b and
names and C-CAM CGM1 CEA NCA CGMe
Tissue Epithelial cells, Granulocytes Granulocytes Epithelial Epithelial cells Epithelial cells Granulocytes
expression  endothelial cells, cells and granulocytes
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Fig. 3 The carcinoembryonic antigen family Structure of the most common human CEACAM
molecules with predicted glycosylation pattern (modified after (Gray-Owen and Blumberg, 2006).
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back to the discovery of CEA (Carcinoembryonic Antigen) in 1965 by Gold and Freedman
(Gold and Freedman, 1965a). The CEA family belongs to the Immunoglobulin superfamily
and is encoded in humans by 18 genes and 11 pseudogenes on chromosome 19g13.2. The
family can be subdivided into membrane-associated CEACAMSs and secreted PSG proteins
(pregnancy specific glycoproteins) (Beauchemin et a., 1999). PSGs were firstly described by
Tatarinov et a in 1970 (Tatarinov lu and Masiukevich, 1970) and consist of 11 family
members which are synthesized in the placenta and accumulate in large amounts in maternal
serum during pregnancy (Teglund et a., 1994; Zimmermann et al., 1989). 8 of the 11
members have an RGD-motif (arginin-glycin-aspartatic acid) in their conserved N-domain,
which is a known motif in extracellular matrix proteins for binding to integrins. However, a
function for PSGs as inhibitors of integrin binding, could not be demonstrated. Furthermore,
cDNA cloning studies in baboon revealed that only one PSG contains the RGD sequence,
demonstrating that this motif in PSGs is not conserved in primates (Hammarstrom, 1999).
The physiological function of PSGs is not entirely clear, but they have been suggested to
modulate the maternal immune system to tolerate the hemi-allogenic fetus (Snyder et al.,
2001; Waterhouse et al., 2002; Wessells et al., 2000).

In contrast there are more intensive studies on the function of the CEACAM subfamily. It is
till now grown from formerly 7 members up to 12 members (Fig. 3), which are expressed in
humans (Kuespert et al., 2006b; Zebhauser et al., 2005). Originally CEACAM1 was the only
member, which was known to be also expressed in mice encoded in two aleles (McCualg et
al., 1992; Robbins et al., 1991). But recently so far unknown CEACAM variants were found
to be expressed in mice, dog, cattle, nhon-human primates and rat. Also newly secretory
CEACAM1 isoforms could be identified in mice, widening the amount of CEACAM 1-related
members (Kammerer et a., 2007; Kammerer et a., 2004; Singer et a., 2002; Terahara et a.,
2009; Zebhauser et a., 2005; Zhou et al., 2001). This recent discovery of new CEACAM-
related variants in many different evolutionary related mammals, leads to the conclusion, that
the species-specific diversity of CEACAMSs do also have an importance for the pathogen-host
co-evolution. (Kammerer and Zimmermann, 2010; Voges et a., 2010).

CEA molecules consist of one immunoglobulin variable (Igy)-like domain and variable
numbers of Ig constant (Igc)-like domains. They can be divided, based on their membrane
linkage, in transmembrane (CEACAM1, CEACAMS3, CEACAM4) or
Glycosylphosphatidylinositol (GPI)-linked (CEA, CEACAM®6, CEACAM7, CEACAMS) cdll
surface proteins (Hammarstrom, 1999; Obrink, 1997; Stanners et a., 1995). The
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transmembrane isoforms have also functional immunoreceptor tyrosine-based inhibitory and
activation motifs (ITIM or ITAM) in their cytoplasmic domain (Chen et al., 2001; Schmitter
et al., 2007a). For example, CEACAM1 consists of three Ig.-like domains and one 1g,-like
domain, building the extracellular domain, of a transmembrane domain and of a cytoplasmic
domain (Fig. 4). The cytoplasmic tail contains two ITIM-like motifs transmitting inhibitory
signals and thereby regulating various pathways. The complexity of the CEACAM family is
also increased via differential splicing and posttranslational modifications, where the human
CEACAML1 isoforms are representative, as at least 11 variants can be generated by
differential splicing out of one single gene. The isoforms differ in their amount of
extracellular domains and in the length of their cytoplasmic domain. The two major isoforms
of CEACAM1 are CEACAM1-4L with four extracellular 1g domains and a cytoplasmic
domain of 71 amino acids and CEACAM1-4S with a cytoplasmic tail of 10 amino acids. They
are co-expressed in different cell lines, but their expression ratio varies, leading to an impact
on cell growth (Baum et al., 1996; Beauchemin et al., 1999; Obrink, 1997; Singer et al., 2000;
Watt et a., 2001).

However, al of the CEACAM members seem to have different functions and can, except for
CEACAMS, exhibit homophilic and/or heterophilic intercellular adhesion activities (Oikawa
et al., 1991; Oikawaet a., 1989).

CEACAML WI

MGHLSAPLHR VRVPWQGLLL TASLLTFWNP PTTPF]T'??ES MPFNVAEGKE VLLLVHNLPQ QLFGYSWYKG
ERVDGNRO V- GYAI GTQQAT PGPANSGRET | YPNASLLI Q NVTONDTGRY TLQVI KSDLV NEEATGQFHV
YPELIPKPSI S SNNSNPVEDK DA\B/AFTCEPE TQDTTYLWA NNQSLPVSPR LQLSNGNRTL TLLSVTRNDT
GPYECEI QNP  VSANRSDPVT LMWEPDTP TI SPSDTYYR PGANLSLSCY AASNPPAQYS WLI NGTFQQS
TQELFI PNI T VNNSGSYTCH ANNSVTGCNR TTVKTI Il\lTﬁnanSPWAKPQ KASKTTVTGD KDSVNLTCST
NDTG SI RWF FKNQSLPSSE RMKLSQGNTT LSI NPVKRED AGTYWCEVFN Pl SKNQSDPI M_M\/NYNALP
QENGLSPGAI AG VI GVWAL VALI AVALAC FLHFGKTGRA SDQRDLTEHK PSVSNHTQDH SNDPPNKIVNE

VTYSTLNFEA QQPTQPTSAS PSLTATEI | Y SEVKKQ

M signal sequence [l Extracellular domain M Transmembrane domain M Cytoplasmic domain
with 4 Ig-like domains (])

Fig. 4 Amino Acid Sequence of CEACAM1 4-L (WT) CEACAML1 consists of the signal sequence, an
extracellular domain, a transmembrane domain and a cytoplasmic tail. The extracellular domain is composed
of four 1g-like domains.
CEACAMS3 is expressed exclusively on granulocytes and can recognize and eliminate human-
specific pathogens by mediating phagocytosis. It has also been reported, that CEACAM3

appears to be a natural chimera from other CEACAM members and might also been part of
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the host-pathogen co-evolution (Chen and Gotschlich, 1996; Kammerer and Zimmermann,
2010; McCaw et al., 2003; Pils et a., 2008b; Schmitter et a., 2004b). CEA is the product of
the CEACAMS gene and was identified as a prominent tumour-associated antigen in human
colon cancer. It is overexpressd in about 70 % of al human tumours and inhibits the
differentiation and anoikis via its GPI anchor (Camacho-Lea and Stanners, 2008; Chan and
Stanners, 2007; Chevinsky, 1991; Gold and Freedman, 1965b; Screaton et al., 2000).
CEACAMG6 seems to serve as a receptor for adherent-invasive E. coli and can mediate
attenuation of adenovirus infections. It also induces activation and increased adhesion of
neutrophils via integrins (Barnich et al., 2007; Duxbury et al., 2004; Nair and Zingde, 2001,
Wang et al., 2009). CEACAMS is known as a regulator for adhesion and activation of
eosinophils. It localizes to membrane microdomains and might be therefore able to release
proinflammatory mediators during inflammation or alergic diseases (Eades-Perner et .,
1998; Skubitz and Skubitz, 2008; Yoon et al., 2007). Thus, the members of the CEACAM
family are highly divergent and seem to have many different physiological functions
(Kammerer and Zimmermann, 2010).

But the most astonishing molecule of the whole CEACAM family is CEACAM1, which will
be discussed in the next chapter.

. " ! !

2.2.1. CEACAMI1 mediates cdll-cell interaction

CEACAM1 belongs to the class of cell adhesion molecules (CAM) and can therefore undergo
homophilic and heterophilic interactions. Additionally, CEACAM1-induced cell signalling
seems to be regulated in a contact-dependent manner (Gray-Owen and Blumberg, 2006;
Scheffrahn et al., 2005). This is mediated via a reciprocal interaction by the N-terminal Igy-
like domain and contributed to the critical residues V39 and D40 in the CC- loop lacking the
intradomain disulfide bridges (Cheung et al., 1993; Waitt et al., 2001; Wikstrom et al., 1996).
The ectodomain of CEACAM1 possesses an extremely high flexibility and signals seem to be
transmitted via recognition of the cis-assembly of the extracellular domain via an allostery-
based mechanism (Klaile et al., 2009; Tan et a., 2002). The cis-homodimerization of
CEACAM1-L aso results in an increased binding and activation of SHP-2 and seems to be
decreased by the co-expression with CEACAM1-S. Although, the cytoplasmic domain of
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CEACAM1 seems to be essential for cell adhesion
activity, it does not contribute to mediate cis-
interactions (Muller et al., 2009). But for intercellular
binding the signalling via the cytoplasmic domain is
needed (Gray-Owen and Blumberg, 2006; Sundberg
et a., 2004). However, isoforms with the short
cytoplasmic tal can bind to camodulin,
tropomyosin, and globular actin, indicating an
interaction with the cytoskeleton (Cheung et al.,
1993; Da Silva-Azevedo and Reutter, 1999; Edlund
et al., 1996, Muller et a., 2005; Sadekova et al.,
2000; Schumann et al., 2001). Additionally Chen et
al demonstrate that the short cytoplasmic domain of
Fig. 5 Molecular model of the N- CEACAM1 can mediate intracellular signalling via
terminal 1gv domain of CEACAM1  actin hinding and the transmembrane domain plays a

Putative ribbon diagram of the N domain

of CEACAM1. strandswerenamed A-  crucial role in targeting to cell-cell contacts by
G and GFCC-C:- was labelled in gold. o
The critical residues V39 and D40 for ~ Cdc42/Racl and RhoA activity (Chen et a., 2007;

homophilic interactions are highlighted
in yellow (Watt et al., 2001). Fournes et al., 2003). Altogether, CEACAM1 seems

to have the ability to mediate cell adhesion with or

without the cytoplasmic domain, but the expression pattern of both isoforms seems to be
different (Lin et a., 1995; Sundberg and Obrink, 2002).

2.2.2. Immune cells can beregulated by CEACAM1

Immune cells are important to cope with pathogenic infections. The regulation of this
sensitive system is fundamental in our bodies and CEACAML1 plays a crucid role for the
function and regulation of immune cells, like T cells, B cells, natura killer cells, neutrophils
and dendritic cells. The differencesin signalling via CEACAM1-L and CEACAM1-S seem to
be the main basis for this regulation. Singer et a discovered, that the CEACAM 1-S isoforms
was lacking in granulocytes, B cells and T cells (Singer et a., 2002). CEACAM1-L is aso
known in the context of T cell activation, as in flow cytometry experiments Kammerer et d
could demonstrate, that after IL-2-stimulation CEACAM1 expression is upregulated
enhancing T cell activation in anti-CD3 stimulated peripheral blood lymphocytes (Kammerer
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et a., 1998). In contrast specifically Neisseria gonorrhoeae binding to CEACAM1 suppresses
the activation and proliferation of CD4" T lymphocytes (Boulton and Gray-Owen, 2002).
However, the T cells seem to overcome the suppression and gets stimulated via CEACAM 1-
Opa interaction (Youssef et al., 2009).Also in mice lijima et a have demonstrated, that
CEACAM1 inhibited the differentiation of naive cells into Thl cells and thereby the
activation of Thl cells (lijima et a., 2004). Altogether CEACM1 seems to have some
contradicting effects and to serve both as an inhibitory and a costimulatory receptor on
immune cells. Chen et a suppose this to be an effect of the differential function of the long
and the short cytoplasmic variant of CEACAML1. In mouse tumours CEACAM1-L recruits
SHP1 and SHP2 to its cytoplasmic domain in an ITIM-dependent manner and thereby
inhibiting cell growth, while CEACAM1-S has been linked to the induction of apoptosis in
epithelial cells during tissue morphogenesis (Beauchemin et al., 1997; Huber et al., 1999a;
|zzi et a., 1999b; Kirshner et a., 2003). However the inhibitory function of CEACAM1-L
seems to require SHP1, which inhibits Jun N-terminal kinase (JNK) and extracellular-signal-
regulated kinase 1 (ERK1) (Chen and Shively, 2004; Chen et al., 2004; Chen et a., 2008;
Nagaishi et al., 2006). Additionally CEACAM1 has an inhibitory influence on B cells through
the recruitment of SHP1 and the inhibition of the PISK activation pathway and seems to
inhibit Toll-like receptor 2-triggered immune response. This might reflect an immune-evasive
strategy by human CEACAM-binding pathogens (Lobo et al., 2009; Slevogt et al., 2008).
Altogether the interplay of the different CEACAM isoforms seems to be essentia for the
regulation of immune cells, mostly leading to an inhibition of differentiation and proliferation
of the cells.

2.2.3. Potential advantages of CEACAM1 binding

An interesting function of CEACAML1 is its ability to mediate the internalization of
pathogens. Human CEACAM1 serves as receptor for several bacteria such as Neisseria
gonorrhoeae, Neisseria meningitidis, Haemophilus influenzae and Moraxella catharralis.
Even in mice the CEACAM1 orthologue serves as a receptor for murine coronavirus and
mouse hepatitis virus. CEACAM1 seems to be an ideal interaction partner for pathogens, not
only because of its wide tissue distribution, but aso because of its involvement in many
signalling and regulatory pathways, mentioned before. Despite the fact, that CEACAML1 or
CEACAM1-related genes are also present in other mammals, like cattle, dog or rat, the
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mentioned bacteria are exclusively human-specific (Kammerer et al., 2007; Kammerer and
Zimmermann, 2010; Singer et al., 2002; Voges et al., 2010).

All pathogens have well characterized adhesins to interact with the N-domain of CEACAM 1.
The best known are Neisseria meningitidis and Neisseria gonorrhoeae, binding to the N-
domain of CEACAM1 viatheir Opa-proteins and criticaly depending on the two conserved
residues Tyr34 and 11€91 on -strands of the C--C-CFG face in the N-domain of CE ACAM1
(Fig. 6).

Haemophilus influenzae can aso bind the N-
domain of CEACAM1 viathe variable P5 protein
and can astonishingly aso bind to a CEACAM1
orthologue in chinchilla (Bookwalter et a., 2007,
Hill et a., 2001a; Virji et al., 2000b). Moraxella
catarrhalis has the same target with the UspAl
adhesin (Hill et al., 2001b; Hill and Virji, 2003;
Virji et a., 2000b). Additionally Escherichia coli
can also bind to the N-domain of CEACAM1 via
their Dr adhesins (Berger et a., 2004; Korotkova
et a., 2006; Leusch et al., 1991). Therefore the N
Eig-Achiﬂﬁ:_eggL?;n rnggfl an((j)ny:gz domain of human CEACAM1 seems to play a

are highlighted in red. In green and blue  crucia role in the binding to pathogens. It was

are amino acids having different impact on . . .
binding to different Opavariants. Residues ~ Tirstly crystallized in 2006 and the structure of

shown in purple contribute to differential . . .
binding of Opa to individua CEACAM murine Ceacamla, which is an target for murine

receptors (Billker et al., 2000; Virji et a.,
1999h).

coronavirus and hepatitis virus, was aready
structurally analyzed in 2002 (Fedarovich et al.,
2006; Tan et al., 2002). After binding to the N-domain of CEACAM1 the pathogens get
internalized into the host cell, to traverse the epithelial layer and infiltrate the submucosa. But
the different signalling cascades initiated by the pathogens leading to their internalization are
not entirely clarified yet.

Many studies were done on the internalization of pathogenic Neisseria mediated by
CEACAMSs, mainly CEACAM1 and CEACAMS3. Despite both are part of the same family
and bind to the pathogens via their N-domains, they differ in their signalling capacity. This
might be due to their different role in the interplay with bacterial pathogens. While
CEACAMS is exclusively expressed on granulocytes, mediating the elimination of the
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pathogens, CEACAM 1 has a broad tissue distribution serving as a physiological regulator of
different pathways and as a pathogen receptor to internalize the bacteria and maybe also
leading to their transcytosis of the epithelial cell layer. These unequal functions of both family
members might be due to their cytoplasmic domain. CEACAM3 bears one ITAM-like motif
with the sequence Y xxLx 7Y xxM, while CEACAM1 contains two ITIM-like motifs with the
consensus sequence S/1/S/ILXY xxI/VIVIL. This reflects two contrary cellular regulators in the
context of neisserial infection (Barrow and Trowsdale, 2006).

After Opa-binding to CEACAM 3, the receptor gets phosphorylated on Tyr230 and Tyr241 by
Src-family kinases, like Src, Hck or Fgr. These phosphorylated sites serve as docking sites for
diverse SH2-domain containing molecules, for example the guanine-nucleotide exchange
factor (GEF) Vav. Thisleads to a stimulation of GTPase Rac resulting in aformation of actin-
based lamellipodia, subsequent uptake and elimination of the pathogenic bacteria by the
granulocytes (McCaw et al., 2004; McCaw et a., 2003; Pils et a., 2008b; Schmitter et al.,
2004a; Schmitter et al., 2007b).

In CEACAM 1-mediated internalization of Neisseria the expression of the receptor itself can
be influenced by treatment with proinflammatory cyokines, like TNF leading to an
activation of nuclear factor kappaB (NF B) (Gray-Owen et a., 1997b; Muenzner et al., 2000;
Muenzner et a., 2001b). CEACAM 1 engagement by the pathogen also triggers the expression
of CD105 in epithelial cells leading to an increased extracellular matrix adhesion of infected
cells and the activation of integrins (Muenzner et al., 2005a). Additionally CEACAM1
becomes phosphorylated on tyrosine residues in the ITIM motifs of the cytoplasmic domain
upon T cell receptor (TCR) ligation in T lymphocytes. This leads to a recruitment and
activation of SHP-1 and SHP-2 preventing phosphorylation of the CD3 -chain and ZAP-70.
Thus, activation of CD4" T lymphocytes is inhibited, indicating also an immune response
inhibitory role for CEACAM1 during the infection processes (Gray-Owen and Blumberg,
2006; Lee et a., 2008). Altogether both CEACAM receptors seem to have antagonistic
functions in the internalization process of pathogenic Neisseria. The CEACAM3-mediated
signaling pathway is currently better understood than the CEACAM1-mediated pathway for
gonococci. But also other pathogens can serve in CEACAM l-initiated signalling as tools
deciphering the pathways leading to their internalization.

For example, during the internalization process of diffusely adhering Escherichia coli
CEACAM1-L seems to be translocated into membrane microdomains leading to the

416

downregulation of the pTyr*-active form of Src protein-tyrosine kinase, which is associated
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with decay-accelerating factor (DAF) signdling. Additionaly CEACAM1 gets
phosphorylated on tyrosine residues in the cytoplasmic domain and thereby can associate with
SHP-2 (Rougeaux et a., 2008). Therefore the localization to membrane microdomains seems
to be the first critical step in the uptake of Escherichia coli indicating a pivotal role of these
specialized microdomains bringing the signalling proteins together (Kansau et al., 2004). If
they are also relevant for neisseria uptake via CEACAM1 was elucidated in the present
study.

3. Membrane Microdomains

The study of membrane composition and
the modelling of membranes go back to
the end of the 19™ century, where it was
believed, that an osmotic barrier separates
the inside and outside of cells. Charles
Overton  described in 1895 the
composition of biomembranes as a
mixture of lipids and cholesterol.
Thereupon in 1925 Gorter and Grendel

developed the lipid bilayer model, which
is still valid. Finally in 1935 Danielli and
Davson depicted the first membrane

kinase

model including proteins, localized in a

Fig. 7 Model for the organization of lipids and
proteins in lipid rafts The distribution of
sphingomyelin, glycosphingolipids and glycerolipids,  Sjnger and Nicolson revolutionized the
like phosphatidylserine and phosphatidylethanolamine

in the lipid bilayer of lipid rafts (red) is asymmetric, membrane model by their fluid-mosaic
compared to the non-raft membrane bilayer (blue). o

Cholesterol ~ (orange) is locaized in both ~ Model, where lipids are homogenously
leaflets(Simons and Ikonen, 1997). GPl-anchored
proteins (green) and src-family kinases (yellow) are
also localized within lipid rafts(Simons and Ikonen,
2000).

layer on the outside of the lipid bilayer.

distributed and integral and periphera
proteins are integrated in the bilayer
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(Danidli, 1935; Gorter and Grendel, 1925; Heimburg, 2007; Singer and Nicolson, 1972). But
in the following years this idea changed with the awareness that membrane lipids are not
randomly distributed and show local heterogeneity (Schroeder et al., 1991). Ipsen et a firstly
determined the formation of liquid-ordered phases by cholesterol and saturated phospholipids
(Ipsen et a., 1987). Afterwards lipid rafts and membrane microdomains were described in
1988 by Simons et a as lateral assemblies of specific lipids, involved in the sorting of
proteins to the apical surface. The term lipid raf ts was redefined many times afterwards
(Simons and Ikonen, 1997; Simons and van Meer, 1988) and lipid rafts are now defined as
small (10 200 nm), heterogenous membrane microdom ains enriched in cholesterol and
sphingolipids, such as gangliosides and sphingomyelin. The distribution of the lipids,
concentrated in lipid rafts, is asymetric. While sphingomyelin and glycosphingolipids are
localized in the exoplasmic leaflet, glycerophospholipids, such as phosphatidylserine and
phosphatidyl-ethanolamine, are present in the cytoplasmic leaflet. Cholesterol is localized in
both leaflets and fills the gaps under the carbohydrate head groups of glycosphingolipids in
the outer leaflet or is present between the intertwined fatty acyl chain in the inner leaflet
(Pike, 2006; Simons and Ikonen, 1997).

Also Glycosylphosphatidylinositol (GPl)-anchored proteins were suggested to have an
association with sphingolipid-rich domains (Lisanti et al., 1988). The first indication that rafts
really exist was the observation, that cell membranes are not fully solubilized by non-ionic
detergents and detergent-insoluble fractions could be isolated at 4 C by a density gradient
centrifugation (Brown and Rose, 1992; Schroeder et al., 1994). This characteristic has become
an important tool to study the character and the composition of biomembranes. Additionally,
the sensitivity to cholesterol-chelating agents, such as methyl- -cyclodextrin (M CD),
nystatin or fillipin, is characteristic for membrane microdomains. But it has to be mentioned,
that cholesterol depletion also has an influence on clathrin- and caveolae-dependent
endocytotic processes (Rodal et a., 1999). Caveolae are flask-shaped membrane
invaginations firstly identified by Palade and Y anada, which are enriched in proteins of the
caveolin family (Palade, 1953; Rothberg et a., 1992; Yanada, 1955). They have been
considered to be a specialized form of lipid raft and Yao et a demonstrated a differential
protein and lipid composition for caveolae and non caveolar rafts by separation of membrane
fractions via a sucrose gradient (Brown and London, 1998; Brown, 1998; Simons and
Toomre, 2000a; Yao et al., 2009). GPI-anchored proteins are also resident in lipid rafts after

being transported and sorted from the endoplasmatic reticulum and the Golgi complex to the
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plasma membrane (Brown and Rose, 1992). Src-family kinases are associated with lipid rafts
depending on the posttrandational double acylation of the enzyme (Casey, 1995).
Additionally, stomatin, flotillin-1 and flotillin-2 could be identified as the most abundant
integral proteins of lipid rafts in erythrocytes (Salzer and Prohaska, 2001). Fotillin-1 is aso
involved in an endocytotic pathway independent from caveolinl or clathrin, indicating a
prominent role of these raft resident proteins (Glebov et a., 2006). All typical lipid raft
proteins can be used as tools to visualize these membrane microdomains by coupling them to
a fluorescent protein. By using FRET microscopy the spatial proximity of different raft
components has been demonstrated (Kenworthy et a., 2000; Varma and Mayor, 1998).
Additionally with recent studies using atomic force microscopy it was also possible to
visualize rafts of sphingomyelin. (Henderson et al., 2004).

Nevertheless, the existence of lipid rafts was always a controversia area in biologica
sciences and the concept is still debated by some scientists (Munro, 2003; Nichols, 2005;
Shaw, 2006). However, overwhelming evidence suggests that membrane heterogeneities exist
and that lipid rafts seem to be involved in various cellular functions by orchestrating

membrane-associated processes.

5" C

Lipid rafts are involved in many signaling pathways regulating essential functions in our
bodies, like insulin signalling, immune cell response, neuronal signalling or fatty acid
transport. Due to that fact also many pathogens have employed the advantages of these
membrane substructures for their own purpose (Hartlova et a., 2010; Lafont and van der
Goot, 2005; Zaas, 2005). Membrane microdomains seem to be important not only for
adherence, but also for the internalization of various bacteria and viruses, like E. coli, S
flexneri, S. typhymurium, Mycobacterium spp., Chlamydia spp., Campylobacter jguni, L.
monocytogenes, HIV, simian virus 40 and polyoma virus (Liao et a., 2001; Manes €t a.,
2003; Richterovaet a., 2001; Seveau et a., 2004, Stang et al., 1997).

One of the first bacteria, which was studied and characterized in the context of lipid rafts, are
the uropathogenic E. coli expressing FimH. This opportunistic bacterium causes urinary tract
infections in immunocompromized patients (Stapleton and Stamm, 1997). Uptake can be
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induced by mast cells and macrophages and occurs via an endocytotic route distinct from the
classical endosomal and lysosomal pathway resulting in a viable state within morphologically
distinct intracellular compartments (Baorto et al., 1997; Shin et a., 2000). The internalization
is mediated via the type 1 fimbria adhesin FimH and the GPI-anchored receptor CD48
localized on mast cells. CD48 seems to be localized in caveolae as Shin et a demonstrated
with cofractionation and immunofluorescence (Shin et a., 2000). Also cholesterol chelating
agents, like methyl- -cyclodextrin, filipin or nystatin decreased the entry of FimH-expressing
E. coli. But only unopsonized bacteria seem to enter via clustered lipid rafts and are able to
survive intracellularly, whereas opsonized pathogens are internalized via clathrin-coated pits
and degraded in lysosomes (Shin et a., 2000).(Zaas et al., 2005) Altogether the data indicate a
crucia rolefor caveolae in the internalization process.

Another pathogen using lipid rafts as entry portals is Campylobacter jejuni. These bacteria are
the leading cause for diarrhea worldwide. The microbes enter into the host cells via caveolae,
determined via cholesterol depletion. The uptake also seems to be inhibited by the PISK
inhibitor wortmannin and cholera toxin, assuming an involvement of G-protein coupled
receptors. But the bacterial receptor has not been identified yet (Wooldridge and Ketley,
1997; Wooldridge et al., 1996; Zaas, 2005). More recently Kalischuk et a discovered the
involvement of C. jgjuni for the induction of transcellular translocation of non-invasive
intestinal bacteria vialipid rafts (Kaischuk et al., 2009). But the molecular mechanism is not
known in detail yet.

Beside the pathogens itselves also bacterial toxins use lipid rafts as entry route into the cells.
One potent bacterial toxin is the lipopolysaccharide (LPS). It binds to the GPI-anchored
glycoprotein CD14 and activates signalling cascades via components enriched in membrane
microdomains (Liu et al., 1997; Ulevitch and Tobias, 1994). Cholera toxin from Vibrio
cholerae also binds to target cells via ganglioside GM;, which is concentrated in lipid rafts
(Parton, 1994). Another membrane microdomain associated lipid is globotriaosyl ceramide
(Gb3), binding to the B-subunit of shigatoxins from Shigella dysenteriae or Escherichia coli
(Falguieres et a., 2001; Romer et a., 2007).

Altogether lipid rafts seem to be a favourite site for bacterial entry and manipulations. Some
of the pathways are characterized in more detail, but still there are many gaps in
understanding the exact role of membrane microdomains in bacterial or toxin cell entry. The
compact localization of different signalling proteins in these specialized, cholesterol-enriced
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membrane domains seems to provide opportunities for triggering endocytosis into the cells

and to hide from the immune system by using the hosts own pathways.

4. Diverdity of endocytotic pathways

Endocytotic processes are critical for eukaryotic cells, e.g. for the regulation of protein and
lipid composition in the plasma membrane. Pathogens exploit these host endocytotic
machinery for themselves to evade the immune response or to cross cellular barriers. There
are various distinct endocytotic pathways coexisting in mammalian cells (Fig. 8).
Classification of endocytotic pathways is based on the lipid composition of the plasma
membrane, the cargo, the fission mechanism, the coat components, the involvement of
distinct GTPases and finally the regulation of the process (Mayor and Pagano, 2007). The two
major classes are the clathrin-dependent and the non-clathrin dependent processes (Fig. 8).
However, the characterization of the pathways seems to be a never-ending story as thereis a
growing discovery of additional, non-classical pathways leading to the internalization of
pathogens, like viruses (Damm et al., 2005; Mercer et a., 2010).

Phagocytosis Macrop|nocyt05|s

Clathrin- Caveolin-
dependent dependent Clathrin- and caveolin-

endocytosis endocytosis independent pathways

Lysosome

Fig. 8 Diverse endocytotic pathways. Phagocytosis is a endocytotic mechanism for the uptake of large
particles, whereas fluids can be uptaken by macropinocytosis. Both processes appear to be triggered by and are
dependent on actin-mediated remodelling. The coat protein clathrin and the fission protein dynamin are
necessary for clathrin-dependent uptake. Beside therea are also other pathways, which utilize dynamin for the
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fisson of vesicles from the plasma membrane, including caveolin-dependent endocytotic processes and
pathways neither depending on clathrin nor caveolin. Another pathway involves the generation of tubular
intermediates (known as clathrin- and dynamin-independent carriers (CLICs)) that are derived from the plasma
membrane. Some pathways may first traffic to intermediate compartments, such as the caveosome or glycosyl
phosphatidylinositol-anchored protein enriched early endosomal compartments (GEEC), to the early endosomes
(Mayor and Pagano, 2007).

One of the best characterized endocytotic mechanisms is the clathrin-mediated endocytosis. It
was discovered by Roth and Porter observing membrane invaginations in insect cells (Roth
and Porter, 1964). Biochemical analysis by Pearse revealed the major protein component with
amass of 180 190 kDa and was called clathrin (Pe arse, 1976). Ligand-binding to receptors
induce the recruitment of adaptors like adaptor protein 2 (AP2) to the membrane. AP2 then in
turn recruits clathrin to the plasma membrane and the triskelions assemble, forming a coated
pit. The completed clathrin-coat then initiates the fission mechanism, which is dynamin-
dependent (Liu and Shapiro, 2003). Additionally phospholipids, like phosphatidylinositol-4,5-
bisphosphate, facilitate the vesicle formation and budding (Haucke, 2005). After clathrin-
coated vesicles are uncoated they fuse with the early endosome, which is highly enriched in
phosphatidylinositol-3-phosphate (PtdIins3P). From that point, cargo can be directed to
Rab11-positive recycling endosomes and go back to the cell surface, or they can be directed
towards the multivesicular body, late endosome and lysosome for degradation (Doherty and
McMahon, 2009; Le Roy and Wrana, 2005; Mercer et a., 2010). But this pathway also seems
to have different subtypes, depending on the adaptor proteins, the accessory proteins and the
cargo (Doherty and McMahon, 2009). Additionally clathrin has recently been described for
the internalization of pathogens. These findings shed new light on a non-classical function of
clathrin and question the role of actin in this process. Thus, the studies even on a known
endocytotic pathway can revea new insights and open some new questions in the complex
field of endocytosis (Pizarro-Cerdaet al., 2010).

In contrast, for clathrin-independent endocytotic processes, the molecules get internalized
mainly in a cholesterol-dependent manner (Nichols and Lippincott-Schwartz, 2001). Little is
known about the detailed mechanisms sofar.

One of these alternative pathways is dependent on the formation of caveolae. Caveolin-1 and
cavin, which have been implicated in the internalization of severa
glycosylphosphatidylinositol (GPI)-anchored proteins are necessary for caveolar biogenesis
(Hill et al., 2008). Caveolin-1 is capable to form oligomers containing 14 16 caveolin

molecules. Caveolin can be palmitoylated and it binds cholesterol and fatty acids to stabilize
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membrane curvature (Dietzen et a., 1995; Lipardi et al., 1998; Monier et a., 1996). A various
number of membrane receptors, transporters and signalling molecules are also localized to
caveolae. These molecules are generally aso present in lipid rafts (Liu and Shapiro, 2003;
Parton, 1996; Parton and Simons, 2007). Caveolar internalization can be stimulated by
various agents, like SV40 virus, sterols and glycosphingolipids. Also dynamin, src kinases,
protein kinase C (PKC) and actin recruitment play a crucia role in the uptake process. After
budding, caveolae can fuse with the caveosome in a Rab5-independent manner, or with the
early endosome in a Rab5-dependent manner (Nabi and Le, 2003; Parton and Simons, 2007;
Pelkmans et al., 2004; Pelkmans et a., 2001; Pelkmans et al., 2002; Sharmaet al., 2004a). But
the detailed mechanism of caveolar endocytosisis still not clarified yet.

Another clathrin-independent pathway seems to be dependent on clathrin-independent carrier
(CLIC) and GPI-enriched early endosomal compartments (GEEC). The Rho family GTPase
Cdc42 is responsible for the uptake of specific membrane components, including GPI-
anchored proteins (GPI-AP) (Chadda et al., 2007; Sabharanjak et al., 2002). GPI-APs are
organized into nanoscal e clusters, which are sensitive to the removal of cholesterol (Sharma et
al., 2004b; Varma and Mayor, 1998). The Rho-GAP-domain-containing protein GRAF1 and
activated Arfl, which recruits ARHGAPI0, are involved in the regulation of this pathway
(Doherty and Lundmark, 2009; Kumari and Mayor, 2008). But there are also critical voices
about the missing enrichment of GPI-anchored proteins in GEECs. Bhagatji et a designed
artificial lipid anchors to investigate the sorting of GPI-APs into GEECs. They did not find a
higher density in the GEEC compartments than in the plasma membrane, concluding that
GEECs might not exist and GPI-APs may enter the cell via multiple pathways (Bhagatji et a.,
2009; Nichols, 2009). Therefore, even the existence of GEECs is not entirely clear currently.
Flotillin is another protein resident in lipid rafts and is implicated in a separate endocytotic
pathway. Flotillin-1 and -2 are also found in membranes distinct from caveolae and seem to
be necessary for the uptake of cholera toxin subunit B (CTxB) (Frick et al., 2007; Langhorst
et a., 2008b). Indeed another GPI-linked protein, CD59, is localized in flotillin-1 and -2
positive domains and internalized in flotillin-1 positive vesicles (Frick et al., 2007). Flotillin-1
also seems to be important for the uptake of cell surface proteoglycans and is concentrated in
the membranes of CLIC/GEEC intermediates (Lundmark et al., 2008). This indicates a role
for flotillins in endocytotic pathways, but the detailed mechanism needs to be determined.
Additionally, CD59 and the major histocompatibility protein class | (MHCI) are suggested to
be cargos for a distinct Arf6-associated endocytotic pathway. Arf6 is a smal GTPase

-20-



General Introduction

regulating endocytosis, post-endocytic recycling, exocytosis, cytoskeletal organiation and is
implicated, besides microtubules, in adhesion-dependent trafficking of lipid rafts
(Balasubramanian et al., 2007). The active GTPase modulates the trafficking of integral
membrane proteins lacking cytoplasmic AP2/clathrin-sorting sequences. After inhibition with
fillpin, GPI-APs and MHCI can be found accumulated in Arf6-enriched endosomes
(Naslavsky et al., 2004). Arf6 seems also to be involved in actin remodelling while invasion
of Chlamydia, indicating arole in the internalization of pathogens (Balana et al., 2005). In the
case of Yersinia tuberculosis, bacterial internalization occurs via a PIP,-dependent pathway
regulated also by Arfé (Wong and Isberg, 2003). The implication of any other proteins in the
Arf6-dependent endocytic pathway and the detailed, common mechanism has to be
determined.

The uptake of larger cargos, involving protrusions from the plasma membrane, is specified as
macropinocytosis. This process is dependent on Racl, actin and aso the kinase PAK1
(Dharmawardhane et al., 2000; Knaus et al., 1998). Other studies also implicates PI3K, ras
and src in this mechanism and more recently histone deacetylase 6 (HDAC6) and its substrate
hsp90 are demonstrated to play a role (Amyere et a., 2000; Gao et a., 2007; Veithen et d.,
1996). Additionally macropinocytosis is dependent on cholesterol, which is required for the
recruitment of activated Racl (Grimmer et a., 2002). However, the activation of these
different proteins leads to a dramatic morphological change in the plasma membrane,
resulting in the uptake of large volumes of extracellular material. Some viruses, like HIV or
adenovirus 2, stimulate macropinocytosis, athough it is an inefficient pathway, resulting in
the degradation of internalized particles (Marechal et a., 2001; Meier et a., 2002; Pelkmans
and Helenius, 2003). But also internalization of virulent Salmonella typhimurium occurs via
macropinocytosis (Aderem and Underhill, 1999).

Another defined endocytotic pathway is the phagocytosis, which serves for the elimination of
invading microorganisms is conducted by specialized cell types. Phagocytosis consists of
engulfment, phagosome formation and maturation. Cell surface receptors get activated by
ligand binding triggering actin polymerization and formation of cell protrusions (pseudopods).
After the engulfment of the pathogens they get internalized and a phagosome containing the
microbe is formed (Di Paolo and De Camilli, 2006; Liu and Shapiro, 2003). In genera the
pathway is dependent on actin polymerization and independent of clathrin. In detail there are
substantial differences depending on the phagocyte receptor, like Fc-receptor-mediated,
complement receptor-mediated or mannose receptor-mediated phagocytosis. Legionella
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pneumophila is a facultative intracellular pathogen invading via phagocytotic processes into
and replicating in macrophages. The maor outermembrane protein (MOMP) interacts with
the complement component 3 (C3), thereby binding to complement receptors on the surface
of macrophages and resulting in the formation of coiling phagosomes (Bellinger-Kawahara
and Horwitz, 1990; Horwitz, 1984). The pathogen gets internalized into a phagosome, where
no acidification and fusion with smooth vesicles occurs. Finally Legionella divides within the
vacuole and ruptures the host cell. Legionella is a highly adapted intracellular pathogen,
which modulates the phagosome maturation during phagocytosis and thereby evades the
elimination by the immune system (Aderem and Underhill, 1999; Horwitz and Maxfield,
1984).

Altogether, there seems to be a complex network of endocytotic pathways in mammalian cells
acting simultaneously, dependent or independent of each other. Additionally the mechanisms
are also depending on the receptors localized in the plasma membrane. Therefore, pathogens
have various opportunities to get in contact with their host cells and to get internalized, and
thereby to evade the immune systems. In this context, the present study tries to understand the
molecular mechanism of CEACAMI1-mediated internalization of interaction Neisseria

gonorrhoeae.
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Neisseria gonorrhoeae has an extraordinary adaptation to its sole natural host. This bacterium
is a paradigm for the variability of surface structures. Furthermore, these microbes exploit
diverse host structures and signalling mechanisms for their own purpose. CEACAMS
constitute ideal receptors for this pathogen, not only because they are prominently expressed
on the apica membrane of mucosal epithelial cells. Upon CEACAM engagement by
gonococci in vitro, severa cellular proteins are upregulated, including CD105. CD105
enhances host cell adhesion, but the role this processin vivo is unclear.

In the first experimental part of this thesis (Chapter 5), the role of CD105 upregulation by
CEACAM-dependent bacterial contact has been investigated using an in vivo mouse model.
Furthermore, we used in vitro experiments and the in vivo model to further reveal the
molecular mechanism of CD105-triggered integrin activation .

CEACAM1 has various splice variants differing in the length of their cytoplasmic or
extracellular domain. The receptor interacts with bacteria via its amino-terminal domain. But
the precise part of CEACAML, responsible for transmitting cellular signalling in CEACAM 1-
mediated uptake of pathogenic bacteria, is not known till now.

In the second experimental part of this thesis (Chapter 6) the role of the CEACAM1
transmembrane and cytoplasmic domains as well as the localization of the receptor to
membrane microdomains during uptake of Neisseria gonorrhoeae has been investigated.
Biochemical anaysis was used to understand the association of CEACAM1 with membrane
microdomains and functional assays addressed the role of receptor determinants and
membrane microdomains for bacterial internalization.

In the third experimental part of this thesis (Chapter 7) we tried to further elucidate the
molecular determinants in the transmembrane domain of CEACAM1, which direct the
receptor to membrane microdomains. Therefore, different chimeras of CEACAM1 and
CEACAM3 were constructed and single amino acid substitutions in the transmembrane

domain of CEACAM1 as well as CEACAM3 were perfomed. By functional assays we
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wanted to understand the contribution of membrane microdomain localization to bacterial

internalization.

The multitude of membrane microdomain-mediated endocytosis pathways makes it necessary
to study this process for each individua receptor. Therefore, we asked which of the known
endocytotic machineries are contributing to CEACAM 1-mediated uptake of bacteria.

In the fourth experimental part of this thesis (Chapter 8) we interrogated a number of critical
molecules involved in endocytosis using pharmacologica inhibitors, bacterial toxins,
overexpression of dominant-negative variants, or RNAi. The role of lipid raft proteins,
RhoGTPases and Phosphoinositides in this internalization process was evauated.
Additionally aworking model was created on the basis of these findings.
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Blocked exfoliation response after pathogen attack

Colonization of mucosa surfaces is the key initial step in most bacterial infections. One
mechanism protecting the mucosa is the rapid shedding of epithelial cells, also termed
exfoliation, but how pathogens counteract this process is unclear. We found that
carcinoembryonic antigen (CEA)-binding bacteria colonized the urogenital tract of CEA
transgenic, but not of wildtype mice, by suppressing exfoliation of mucosa cells. CEA-
binding triggered de-novo expression of CD105, changing focal adhesion composition and
activating 1-integrins. This manipulation of integrin inside-out signaling promotes efficient

mucosal colonization and represents a potential target to prevent or cure bacterial infections.

*x " + #

During colonization of mucosal surfaces incoming microbes have to cope with a multitude of
innate and acquired host defences (Pearson and Brownlee, 2005). One protective mechanism
of the mucosa in stratified and squamous tissues is the accelerated turnover and shedding of
superficial epithelial cells, aso referred to as exfoliation (Mulvey et a., 1998; Mulvey et a.,
2000; Mysorekar et al., 2002). Though a number of in vitro studies have suggested that
microbes modulate cell detachment (Kim et al., 2009; Muenzner et a., 2005b), it is currently
unknown, how successful mucosal pathogens deal with the exfoliation response in vivo.
Neisseria gonorrhoeae, a gram-negative microorganism, causes one of the most common
sexually transmitted diseases worldwide (WHO, 2001). Despite the fact that these bacteria
can induce the exfoliation of host cells upon contact (McGee et al., 1981; Médlly et al., 1981,
Mosleh et a., 1997; Tjiaet a., 1988), they are able to establish themselves on virtually every
mucosal surface of the human body.

To investigate how gonococci manage to efficiently colonize the intact urogenital mucosa, we
performed vaginal infections of female mice (Hauck, 2009). In line with the innate capacity of
epithelial cells to respond to this bacteria challenge, N. gonorrhoeae triggered detachment of
superficial epithelial cells within 20 hours (Fig. 9A) and only low numbers of gonococci

could be re-isolated from wildtype mice (Fig. 9B).
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Fig. 9 CEA binding facilitates mucosal colonization and blocks exfoliation of superficial epithelial cells. A)
Genital tracts from female wildtype mice infected or not for 24 h with piliated, non-opaque gonococci were
excised, fixed and processed for scanning electron microscopy. Shown is the luminal surface of the upper
vaginal and cervical region. Exfoliating cells are highlighted by arrows. B) Schematic representation of the used
infection protocol with respect to pre-treatment of the mice, vaginal infection and re-isolation of bacteria (

indicates the time point of lentiviral transduction). Colonization of wildtype () or CEAtg ( ) female mice with
the indicated bacterial strains. Each circle reflects the number of bacteria re-isolated from an individual animal (n
= 8 unless indicated otherwise) and data were compiled from six experiments. The mean for each experimental
group of animals is marked; groups were compared against numbers isolated from Ngo Opacea-infected CEAtg
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mice by two-tailed Mann-Whitney U-test; *, p<0.001. C) Genital tracts infected as in B) were excised and
processed for scanning electron microscopy. Pictures show the luminal surface of the upper vaginal and cervical
regions. Inset shows adherent bacteria (black arrowhead). D) Quantification of exfoliating epithelial cells. Bars
represent mean — s.d. of exfoliating cellsin an area of about 0.075 mm2 (n=24); groups were compared against
uninfected mice by one-tailed Mann-Whitney U-test; *, p<0.01

Gonococci are adapted to man as sole natural host. One of the host-specific virulence traits
that gonococci share with other specialized mucosal colonizers, including Haemophilus
influenzae, Moraxella catarrhalis, and Neisseria meningitidis, is the ability to recognize
human carcinoembryonic antigen-related cell adhesion molecules (CEACAMS) (Virji, 2009;
Voges et a., 2010). To engage CEACAMSs, gonococci employ outer membrane adhesins of
the colony opacity-associated (Opa) protein family (Opacea; for review see (Hauck and
Meyer, 2003a)). Bacterial engagement of human CEACAMs can block detachment of
infected epithelial cells in vitro suggesting that gonococci and other CEACAM-binding
bacteria might utilize CEACAMSsto modulate exfoliation (Muenzner et a., 2005b).

To test the hypothesis that CEACAM engagement by bacteria attenuates epithelial exfoliation
and promotes mucosal colonization, we employed a humanized mouse model of gonococcal
urogenital tract infection: CEA-transgenic (CEAtg) mice harbouring the human CEACAMS
gene (Eades-Perner et al., 1994). In CEAtg mice, CEA can be detected on mucosal surfaces
including the female urogenital tract (personal communication with P. Muenzner). Wildtype
as well as CEAtg female mice were vaginally infected with 10° bacteria and colonizing
bacteria were recovered by urogenital swabs 24h later. Consistent with the initid
observations, only few gonococci could be re-isolated from wildtype mice, irrespective of the
bacterial phenotype, whereas about 50 - 100-fold higher numbers of gonococci expressing
Opacea proteins were recovered from CEAtg mice (Fig. 9B). The Opacea protein expression
by re-isolated bacteria was unaltered (personal communication with P. Muenzner). Some re-
isolates expressed additional Opa proteins, further pointing to an in vivo advantage of opaque
phenotypes. Isogenic gonococcal strains lacking Opa protein expression (Opa), strains
expressing type IV pili (Opa/P"), or strains expressing a heparansulfate proteoglycan-binding
Opa protein (Opaysps) (Chen et al., 1995; van Putten and Robertson, 1995) could not be
isolated in increased numbers from CEAtg mice (Fig. 9B). Scanning electron microscopy
(SEM) of the upper vagina tract revealed massive exfoliation of the superficial epithelial
layer in wildtype animals infected with Opacea-expressing N. gonorrhoeae (Ngo Opacea) as
well as in CEAtg animals infected with non-CEACAM-binding gonococci could be observed
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(Fig. 9C). Vast exfoliation was aready evident at low magnification and at higher
magnifications, the detachment of multiple superficial epithelia cells was apparent (Fig. 9C).
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Fig. 10 CEA engagement by bacteria triggers CD105 expression in vivo. A) Genital tracts from wildtype or
CEAtg mice infected for 24 h with Opacea expressing (Ngo Opacea) or non-opague (Ngo Opa) gonococci were
excised and cryosections were co-stained with antibodies against N. gonorrhoeae (green) and CEA (red). Cell
nuclei were visualized by Hoechst (blue). Ngo Opacea bound to the CEA-positive mucosal surface of CEAtg
mice are indicated by arrowheads. B) Quantification of cell-associated bacteria in CEAtg mice. Bars represent
the mean number — s.d. of bacteria associated with 100 cells (n=3). C) Cryosections as in A) were co-stained
with antibodies against N. gonorrhoeae (green), a rat monoclonal antibody against murine CD105 (red), and
nuclei were stained with Hoechst (blue). CD105 expression (arrowheads) on the mucosal surface of CEAtg mice
isseenin the vicinity of cell-associated Ngo Opacea (arrow).

In contrast, exfoliation was not elevated in the urogenital tract of CEAtg mice infected with
Ngo Opacea (Fig. 9C & D). Thus, the Opacea - CEA interaction suppresses exfoliation and

facilitates mucosal colonization.
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Fig. 11 CEA stimulation leadsto CD105 expression and increased cell adhesion. 293 cells were transfected
with pcDNA (thin line), pcDNA CEA (thick ling), or pLPS3 mKate-CD105 (gray line) and were either left
uninfected or infected for 14 h with the indicated bacteria strains. Cells were analyzed by flow cytometry after
staining for CEA ( -CEA-Cy2) or CD105 ( -CD105- Cy2). Infection of CEA-expressing cells with Ngo Opacea
induces expression of CD105 that is not observed in uninfected cells or cells infected with Ngo Opa- . Shown is
a representative experiment repeated 3 times with similar results. B, C) 293 cells were transfected with vectors
encoding GFP, CEA, CEACAM1, or CD105-GFP. 2 days later, samples were infected for 12 hours with non-
opaque N. gonorrhoeae (Ngo Opa) or Opacea protein-expressing gonococci (Ngo Opacea) as indicated. Cells
were then employed in an adhesion assay with 15 g/ml fibronectin (B) or 50 g/ml collagen type | (C).
Adherent cells were fixed and stained with crystal violet and staining intensity was determined after dye elution
at 595 nm. Bars represent mean — s.d. of 6 wells. D) 293 cells transfected as in B) were lyzed and analyzed by
Western Blotting with monoclonal antibodies directed against CD66a,b,c,e (clone IH4Fc; -CEACAM, left
panel) or against green fluorescent protein (clone JD-8; -GFP, right panel).

In the urogenital tract of infected mice, gonococci co-localized with CEA-positive cells on the

vagina surface of CEAtg mice (Fig. 10A & B). Gonococci lacking Opa protein expression
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(Ngo Opa) were rarely detected on the mucosal surface of CEAtg mice and gonococci were

absent in wildtype mice, even if infected with Ngo Opacea (Fig. 10A & B).

wildtype
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CEAtg

Ngo Opagg,
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Fig. 12 CD105 expression on mucosal epithelial cells of CEAtg mice in response to Opac.expressing N.
gonorrhoeae. A) Cryosections of infected upper vaginal and cervical tissue from uninfected wildtype mice was

stai

ned with a rat monoclonal -CD105 antibody (clone MJ7/18) and polyclonal rabbit -N. gonorrhoeae

antiserum (Ngo). The primary staining was followed by staining with a mixture of Cy-5 coupled goat- -rabbit
and rhodamine-coupled goat- -rat antibodies together with Hoechst for labelling nuclei. B, C) Cryosections of
infected upper vaginal and cervical tissue from CEAtg mice infected for 24 h with B) Opacega-expressing
gonacocci (Ngo Opacea) or C) non-opaque gonococci (Ngo Opa) were co-stained as in A). Opacea-expressing
bacteria (arrowheads) were detected in contact with the epithelia cells that expressed CD105 (small arrows). In
contrast, animals infected with non-opague gonococci neither had attached gonococci nor detectable CD105
expression at the mucosal surface.

-31-



Blocked exfoliation response after pathogen attack

How can the engagement of apically expressed CEA lead to reduced detachment of infected
cells? CEACAM-binding by bacteria triggers de novo expression of CD105, a member of the
TGF- 1 receptor (TGF 1R) family, which promotes cell-matrix adhesion and blocks cell
migration (Conley et al., 2004a; Muenzner et al., 2005b).

Indeed, CEA engagement by Ngo Opacea in vitro stimulated the expression of CD105 and
increased the adhesiveness of infected cells to severa extracellular matrix proteins (Fig. 11).
Moreover, CEACAM-binding bacteria, but not Opa-negative bacteria, triggered de novo
expression of CD105 by vaginal epithelial cells of CEAtg micein vivo (Fig. 10B and Fig. 12).
CD105, a well characterized endothelial marker, was present on small blood vessels in the
submucosa of wildtype (Fig. 13) and CEAtg mice, but was absent from uninfected vaginal
epithelial cells (Fig. 10B and Fig. 12). Thus, CD105 expression in response to CEA-
stimulation by gonococci could be responsible for enhanced matrix adhesion of infected

epithelial cells and the suppression of exfoliation.

Hoechst

transmission

Fig. 13 CD105 expression on endothelial cells in uninfected wildtype animals A) Cryosections of the
submucosal region of the urogenital tract of uninfected female wildtype mice were stained with arat monoclonal
antibody directed against murine CD105. Staining was completed with a secondary goat-anti-rat antibody
conjugated to Cy3 (red) and cell nuclei were stained with Hoechst (blue). Size of scale bar is25 m.
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Cell adhesion to the extracellular matrix is mediated by integrins, and TGF 1R influence
integrin expression (Zambruno et al., 1995). However, CD105, a type IlI, non-signalling
member of the TGF 1R family, does not increase the amount of integrin 1 or integrin-
associated cytoplasmic proteins (Conley et a., 2004a; Guerrero-Esteo et al., 1999).
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Fig. 14 CD105 enhances integrin activity by delocalization of zyxin. A) Human vagina epithelial cells
(hVEC) were transduced with lentivirus encoding GFP, CD105wt, or CD105 35. Cells were employed in
adhesion assays and adherent cells were quantified after crystal violet staining. Bars represent mean — s.d. of 5
wells. B) Cells transduced as in A) were replated onto collagen, stimulated or not with Mn2+ (a global activator
of integrin activity) before analysis with an activation specific integrin 1 antibody (clone 9EG7) (active integrin

1) or an activationindependent integrin 1 antibody (clone AlIB2) (total integrin 1). Bars represent the mean
—s.d. of 5 wells of arepresentative experiment repeated twice with similar results. C) hVEC were transduced as
in A) and parallel samples were stained for zyxin or vinculin. Small arrowheads highlight disappearance of zyxin
from focal adhesions in CD105wt-expressing cells. G) Hela cells were transfected with vectors encoding GFP,
GFP-zyxin, or GFP-zyxin 2/3LIM, in the presence or absence of CD105. Cells were employed in adhesion
assaysasin A). Bars represent mean — s.d. of 5 wells.

In HeLa cells and 293 cells, CD105 promotes cell adhesion by stimulating integrin inside-out

signaling leading to enhanced integrin activity (personal communication with P. Muenzner).
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The adhesion promoting activity of CD105 was located in the cytoplasmic domain of CD105,
which was necessary and sufficient (personal communication with P. Muenzner) for this
process. In line with these results, transduction with CD105 WT, but not with CD105 35,
enhanced cell-matrix adhesion and increased integrin activity of human vagina epithelial
cells (hVEC) (Fig. 14A & B). One of the cellular factors that associate with the cytoplasmic
part of CD105 is zyxin, afocal adhesion protein which binds CD105 via three LIM-domains
(Conley et al., 2004b).
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Fig. 15 CD105 expression induces zyxin delocalization in human vaginal epithelial cells. A) Whole cell
lysates (WCLs) human vaginal epithelia cells (hWWEC) or 293 cells were probed with -zyxin antibody (upper
panel) or -tubulin antibody (lower panel). B) WCLs of hVEC or CD105-GFP-transfected 293 cells were probed
with -CD105 antibody (upper panel) or -tubulin antibody (lower panel). C) hVEC were transduced with GFP
virus, CD105wt virus or CD105 35 virus. Cells were lyzed and WCLs were analyzed by Western Blotting with
arabbit polyclonal antibody against GFP. D) hVEC were transduced with lentivirus encoding CD105wt and the
transduced cell population was fixed and stained for zyxin with a mouse monoclona antibody (red). Virally
transduced cells were detected by their GFP fluorescence. In untransduced cells (asterisk), endogenous zyxin is
localized at discrete, peripheral focal adhesion sites (arrowheads). In contrast, endogenous zyxin is de-localized
in CD105 wt expressing cells (arrow).

Zyxin-deficient fibroblasts show enhanced integrin activity and matrix adhesion (Hoffman et
al., 2006), which was not further stimulated by CD105 expression (personal communication
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with P. Muenzner). That CD105-stimulated integrin activity depends on zyxin, which by itself
acts as a negative regulator of cell adhesion, could be explained by a scenario, where de novo
expression of CD105 interferes with zyxin s inhibitory function at focal adhesion sites. In
hVEC, which express zyxin, but not CD105 (Fig. 15), zyxin was located at peripheral contact
sites (Fig. 14C). However, upon expression of CD105 WT, but not CD105 35, zyxin was
delocalized (Fig. 14C & Fig. 15).
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Fig. 16 Functionality test of the shCD105-encoding lentivirus. Functionality test of the shCD105-encoding
lentivirus and in vivo lentiviral transduction. A) Murine fibrosarcoma cells (MethA cells) were either left
without viral transduction (untreated) or transduced with control or shCD105-encoding lentiviral particles (108
infectious viral particles’animal) and two days later, the cells were analyzed for the surface expression of CD105
by flow cytometry with a rat monoclonal antibody directed against murine CD105 (clone and a secondary PE-
conjugated antibody. For each sample, 10,000 events were analyzed. Untreated MethA cells (green line) display
endogenous CD105 expression, which is strongly repressed after transduction with a shCD105 virus (red line),
but not with the GFP control virus (blue ling). Shown is a representative experiment. B) Female CEAtg mice
were treated with 108 infectious lentiviral particles of GFP virus, shCD105 virus, or left without virus (w/o
virus). Two days after transduction, cryosections of the genital tract were stained for GFP encoded by the
lentiviral particles ( -GFP) and for cell nuclei (Hoechst). Scale bar appliesto all pictures.

In contrast, the localization of the focal adhesion protein vinculin was unaltered (Fig. 14C).

Increasing the cellular pool of zyxin by overexpression, but not expression of a zyxin mutant
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lacking the second and third LIM domain (zyxin 2/3LIM), abrogated the increased adhesion
of CD105-transfected cells (Fig. 14D). Thus, CD105-mediated de-localization of endogenous
zyxin positively influences integrin activity, and could be responsible for the enhanced cell
adhesion and the suppression of epithelia exfoliation triggered by CEACAM-binding
bacteria.

To test a causa relationship between the CEACAM-dependent upregulation of CD105,
suppression of epithelia exfoliation, as well as improved colonization of the urogenital
mucosa by pathogenic gonococci, we generated a GFP and shRNA-encoding lentivirus
targeting murine CD105 (shCD105) (Fig. 16). In vivo, vagina application of shCD105 or a
GFP-encoding control virus resulted in strong expression of GFP in the superficial epithelial
(Fig. 16). To investigate the role of CD105 expression for mucosal colonization in vivo,
shCD105 or GFP virus were applied 24 h prior to vagina infection mice. Application of
shCD105 virus suppressed the ability of Ngo Opacea to colonize the urogenital tract of
CEAtg mice, whereas the GFP-virus had no effect (Fig. 18A). Moreover, scanning electron
microscopy of the mucosa revealed that transduction with shCD105 virus reversed the
phenotype of the infected epithelial cells and allowed pronounced exfoliation in response to
infection with CEACAM-binding bacteria (Fig. 18B & C). In CEAtg mice treated with the
GFP virus, Ngo Opacea were dill able to block exfoliation (Fig. 18B & C). Thus,
upregulation of CD105 on mucosal epithelia cells interferes with exfoliation and promotes
gonococca colonization of the urogenital tract. To further confirm the causal relationship
between CD105-initiated molecular processes and the suppression of epithelial exfoliation,
CEAtg mice were transduced with lentiviral particles driving the expression of zyxin-GFP,
zyxin- 2/3LIM-GFP, or GFP, respectively (Fig. 17).

Delivery of zyxin to the vaginal epithelium did not result in an increased exfoliation of the
uninfected mucosa (Fig. 17). However, zyxin, but not zyxin- 2/3LIM, overexpression
blocked the colonization of CEAtg mice by Opacea-expressing gonococci (Fig. 18D). The
overexpression of zyxin, but not zyxin- 2/3LIM, alowed exfoliation of CEA-positive cells
infected with Ngo Opacea and re-established the responsiveness of the vaginal mucosa (Fig.
18E & Fig. 17). Thus, CEA-initiated upregulation of CD105 on superficial epithelia cells
and the resulting de-localization of zyxin from integrin-rich focal adhesion sites are the
critical molecular events that alow CEACAM-binding microorganisms to counteract the
exfoliation response.
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Fig. 17 Infection with the GFP-zyxin-encoding lentivirus resultsin zyxin expression, but does not induce
exfoliation. A) Female CEAtg mice were transduced with 108 lentiviral particles encoding either GFP virus,
GFPzyxin virus, or GFP-zyxin 2/3LIM virus. Additional CEAtg mice were not treated with virus (w/o virus). 2
days after transduction, genital tracts were removed, cryosections were prepared, and stained for GFP. B) 293
cells were either transfected with a GFP, GFP-zyxin-, or GFP-zyxin-  2/3LIM-encoding expression plasmid
(Transfected) or they were tranduced with a GFP, GFP-zyxin- or a GFP-zyxin-  2/3LIM encoding recombinant
lentivirus (Transduced). Whole cell lysates (WCL) were analyzed by Western blotting with a monoclonal -GFP
antibody. C) Two female CEAtg mice were transduced with 108 lentiviral particles encoding GFP-zyxin. 2 days
after transduction, genital tracts were removed, fixed and processed for scanning electron microscopy. Shown is
one overview of the surface of the upper vagina epithelium from each animal. D) CEAtg mice were transduced
with GFP-, GFP-zyxin, or GFP-zyxin 2/3LIM-encoding lentiviral particles and infected with Ngo Opacga. 24h
after infection, the urogenital tracts were excised and processed for scanning electron micrographs. In control
virus and GFP-zyxin 2/3LIM virus transduced animals, exfoliation was suppressed. In GFP-zyxin virus
transduced cells, exfoliation of numerous epithelial cells is evident at low magnification. At higher
magnification, detachment of infected epithelial cells can be observed (arrow). Cell-associated Ngo Opacga ON
the mucosal surface of CEAtg mice are indicated by arrowheads.
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Though symptomatic gonococcal infection in humans might be a multi-step process
orchestrated by additiona virulence factors (Merz and So, 2000; Virji, 2009), our results
establish a specific role of Opacea proteinsin promoting mucosal colonization.
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Fig. 18 Inhibition of CD105 expression in vaginal epithelial cells or mucosal delivery of zyxin block
bacterial colonization. A) Female mice were transduced with GFP or shCD105-encoding virus. 24 h later,
animals were infected with Ngo Opacea and colonizing gonococci were enumerated the next day. Bars represent
the mean — s.d. of bacteria re-isolated from six individual animals. Groups were compared against numbers
isolated from untransduced CEAtg mice by two-tailed Mann-Whitney U-test; *, p<0.01. B) Scanning electron
micrographs of the mucosal epithelium of mice transduced and infected as indicated. Exfoliating epithelial cells
are marked by arrows, cell-associated bacteria are indicated by arrowheads. C) Quantification of exfoliating
epithelial cells as in Fig. 1D); groups were compared against GFP-transduced wildtype mice by one-tailed
Mann-Whitney U-test; *, p<0.01. D, E) Wildtype or CEAtg mice were transduced with GFP-, GFP-zyxin, or
GFP-zyxin 2/3LIM-encoding lentiviral particles, or left without virus (w/o virus). Animals were infected with
Ngo OpaCEA. D) Colonizing gonococci were enumerated as in A). E) Exfoliating cells were enumerated as in
C).

In vivo challenge experiments with male volunteers have revealed that after infection of the
urethra with non-opagque gonococci, bacteria re-isolated from these volunteers have almost

invariably converted to an Opa protein-expressing phenotype (Jerse et al., 1994; Swanson et
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al., 1988). In addition to the urogenital tract, members of the CEACAM family are present on
all mucosal surfaces including the nasopharynx (Hammarstrom, 1999). These mucosal
habitats are colonized by severa gram-negative bacterial species, which employ unrelated
protein adhesins to engage human CEACAMSs (Berger et a., 2004; Hill and Virji, 2003;
Leusch et al., 1991; Toleman et a., 2001, Virji et al., 2000a; Virji et al., 1996b). The blockage
of epithelial exfoliation afforded by CEACAM binding might have driven this convergent
evolution that allows specialized bacteria to transform the mucosa into a dependable platform

for colonization.
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Several bacterial pathogens exploit carcinoembryonic antigen-related cell adhesion molecules
(CEACAMS) to promote their uptake into eukaryotic cells. Besides cell-cell-adhesion,
CEACAML1 is involved in regulation of cell proliferation, insulin homeostasis, and neo-
angiogenesis, processes that depend on the cytoplasmic domain of CEACAML1. By analysing
the molecular requirements for CEACAMI1-mediated internalization of bacteria, we
surprisingly find that the CEACAM1 cytoplasmic domain is completely obsolete for bacterial
uptake. Accordingly, CEACAM1-4L as well as a CEACAM1 mutant with a complete
deletion of the cytoplasmic domain (CEACAM1 ACT) promotes equivalent internalization of
several human pathogens. CEACAM1-4L - and CEACAM1 ACT-mediated uptake proceedsin
the presence of inhibitors of actin microfilament dynamics, which is in contrast to
CEACAM3-mediated internalization. Bacteriaengaged CEACAM1-4L and CEACAM1
ACT, but not CEACAMS3, locdize to a ganglioside GM;- and GPl-anchored protein-
containing portion of the plasma membrane. In addition, interference with cholesterol-rich
membrane microdomains severely blocks bacterial uptake via CEACAM1-4L and
CEACAM1 ACT, but not CEACAM3. Similar to GPl-anchored CEACAMG6, both
CEACAM1-4L as well as CEACAM1 ACT partition into a low-density, Triton-insoluble
membrane fraction upon receptor clustering, whereas CEACAMS3 is not detected in this
fraction. Bacterial uptake by truncated CEACAM1 or chimeric CEACAM1/CEACAM3
molecules revedls that the transmembrane domain of CEACAML1 is responsible for its
association with membrane microdomains. Together, these data argue for a functional role of
lipid rafts in CEACAM1-mediated endocytosis that is promoted by the transmembrane
domain of the receptor and that might be relevant for CEACAML1 function in physiologic
settings.

Neisseria gonorrhoeae (Ngo) is a sexualy transmitted bacterial pathogen that causes
gonorrhoea in humans, its only natural host. The infection is initiated by pilus-mediated
attachment of the microorganisms to the apical side of mucosal epithelia (Swanson et d.,
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1987). Active retraction of the pilus then brings the bacteria into close contact with the host
cell surface (Merz et a., 2000). The intimate attachment is further supported by neisserial
colony opacity-associated (Opa) proteins that associate with distinct host surface receptors
(Hauck and Meyer, 2003a; Hauck and Meyer, 2003b). The magority of Opa-variants
characterized to date mediates attachment to members of the human carcinoembryonic
antigen-related cellular adhesion molecule (CEACAM) family, a group of immunoglobulin
(lg)-related proteins abundantly expressed on the apical surface of mucosa epithelia
(Hammarstrom, 1999; Kuespert et al., 2006a).

Of the nine CEACAM family members found in humans, CEACAM1, CEACAM3, CEA, and
CEACAMG6 have been reported to bind to neisseriad Opa proteins and to mediate
internalization of the pathogens (Bos et al., 1997; Chen et al., 1997; Gray-Owen et a., 1997b;
Virji et a., 1996a). In this regard, the molecular mechanism of CEACAM3-mediated uptake
has been studied in great detail and seems to rely on tyrosine-based sequence motifs in the
cytoplasmic domain of CEACAMS3 (Billker et a., 2002; McCaw et a., 2003; Schmitter et al.,
2004a). Expression of CEACAMS is restricted to human granulocytes and enables these
immune effector cells to phagocytose and eliminate CEACAM-binding microbes (Schmitter
et al., 2004a; Schmitter et al., 2007b). In contrast to the granulocyte-restricted CEACAM3,
CEACAM1 has a broad tissue distribution and is expressed in epithelia cells of the intestine,
the liver, kidney, pancreas, prostate, endometrium, and mammary ducts as well as on
endothelial cells and hematopoietic cells (Hammarstrom, 1999; Thompson, 1995).
CEACAM1 acts as a homophilic intercellular adhesion molecule and the cell-adhesive
properties are mediated by its amino-terminal Ig-variable (1g,)-like domain (Oikawa et al.,
2000; Watt et al., 2001). Furthermore, CEACAM1 appears to enhance cell attachment to
extracellular matrix proteins by stimulating integrin activity (Liu et a., 2007; Muenzner et al.,
2005b). Alternative splicing of the CEACAML transcript leads to the expression of several
evolutionarily conserved CEACAM1 isoforms. The maor isoforms harbour four
(CEACAM1-4) or three (CEACAM1-3) extracellular Ig domains including the Ig,-like
amino-terminal and three or two Ig-constant (Igc)-like domains. Furthermore, CEACAM1
splice variants comprise either a short (10 amino acids; e.g. CEACAM1-4S) or along (71 - 75
amino acids; e.g. CEACAM1-4L) cytoplasmic domain (Kuespert et al., 2006a); see also the
CEA homepage at: http://cea.klinikum.uni-muenchen.de/).

Evidence over the last years has implicated CEACAM1 in several important cellular functions

including cell morphogenesis, proliferation, apoptosis, and insulin uptake (Kirshner et al.,
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2003; Leung et al., 2006; Nittka et al., 2004). In particular, the long cytoplasmic domain of
CEACAM1 seemsto be critical by providing a binding interface for numerous protein-protein
interactions including associations with components of the cytoskeleton. In this regard,
CEACAM1 has been reported to associate with actin (Sadekova et al., 2000; Schumann et al.,
2001), tropomyosin (Schumann et a., 2001), and paxillin (Ebrahimnejad et al., 2000).

Both, the integrity of Tyr-488 and Ser-503 within the cytoplasmic domain of CEACAM1 and
an optimal ratio in the expression level of the long (CEACAM1-4L) and the short
(CEACAM1-4S) isoforms were found to be essential for some of its biological functions, e.g.
the suppression of cell proliferation (Obrink, 1997; Obrink et a., 2002; Turbide et al., 1997)
or insulin clearance (Ngjjar, 2002).

In the case of insulin clearance, CEACAM1-4L serves as a direct substrate of the insulin
receptor, which phosphorylates CEACAM1-4L at Tyr-488. Phosphorylated CEACAM1-4L is
involved in the regulation of the endocytosis and degradation of the insulin receptor in the
liver (Poy et al., 2002a; Poy et al., 2002b). By this way, CEACAM1-4L causes down-
regulation of insulin signaling and decreases growth of hepatocytes in response to insulin
(Najjar, 2002).

Though the long cytoplasmic domain of CEACAML1 plays an important role in severa
CEACAM 1-dependent processes, no data on its significance in the CEACAM1-mediated
internalization of Neisseria gonorrhoeae have been published. In the present study, we
therefore have generated CEACAML1 variants in which severa known phosphorylation sites
were mutated or CEACAM1 variants lacking the entire cytoplasmic domain. Unexpectedly,
we found that CEACAM1-mediated uptake of CEACAM-hinding bacteria is not affected by
modifications of the cytoplasmic domain of CEACAMLI. Instead, our data point to a
membrane microdomain-dependent uptake mechanism that does not require any determinants
and molecular interactions provided by CEACAM 1 cytoplasmic or extracellular domains, but

is strictly dependent on the transmembrane domain of the receptor.

, 6 +

Tyrosine phosphorylation of the cytoplasmic domain of CEACAM1 is not involved in
bacterial uptake
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CEACAM1 plays a modulatory role for several cellular signal transduction pathways and
tyrosine phosphorylation of the cytoplasmic domain is involved in a number of these
signaling events (Ngjjar, 2002; Obrink, 1997). However, the role of tyrosine phosphorylation
in bacterial uptake by CEACAM1 has not been addressed. Therefore, we analyzed whether
the ITIM-like motifs within the cytoplasmic domain of CEACAM1 are necessary for bacterial
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Fig. 19 Mutationswithin the I TIM-like motifs of CEACAM 1-4L have no effect on the internalization of
pathogenic Neisseria gonorrhoeae. A. 293T cells were transfected with plasmids encoding HA-tagged wild-
type CEACAM1-4L, CEACAM1-4L Y493F, CEACAM1-4L Y 493/520F, or the empty control vector (pcDNA).
Whole-cell lysates (WCL) were analyzed by Western blotting with a monoclonal anti-HA antibody. B. Lysates
of Opaca-expressing (Ngo Opacea) or non-opague (Ngo Opa ) gonococci were analyzed by Western blotting
with a monoclonal anti-Opa antibody to confirm the bacterial phenotype. C. Cellstransfected asin (A) were
infected for 2 h with non-opague (Ngo Opa) or Opacea-expressing (Ngo Opacea) gonococci at a moi of 30 and
analyzed in gentamicin protection assays. The graph shows mean values— SD of two independent experiments
donein triplicate.

uptake. HA-tagged CEACAM1-4L wildtype (WT) as well as CEACAM 1-4L mutants which
had either one (Y 493F) or both tyrosine residues (Y 493/520F) exchanged for phenylalanineee
were transiently expressed at similar levels in 293 cells, a human cell line that does not
express any CEACAM family members endogenously (Fig. 19A). As a negative control, 293
cells were transfected with the empty expression vector (pcDNA) (Fig. 19A). Two days after
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transfection, the cells were infected for 2 h with isogenic strains of N. gonorrhoeae MS11 that
either express a CEACAM-binding Opa variant (Ngo Opacea) or that have a non-opague
phenotype (Ngo Opa) (Fig. 19B). To determine the Opacea-initiated uptake by the different
CEACAM1 variants, the number of internalized viable bacteria was determined by
gentamicin protection assays (Fig. 19C). Surprisingly, no significant differences in bacterial
internalization between CEACAM1-4L and its mutants were detected (Fig. 19C). These
results suggest that tyrosine phosphorylation at residues within the ITIM-like motifs is not
necessary for the CEACAM 1-mediated uptake of Opacea-expressing N. gonorrhoeae.
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Fig. 20 A CEACAM1 gplice variant with a short cytoplasmic domain (CEACAM1-4S) internalizes
Neisseria gonorrhoeae. A. 293T cells were transfected with plasmids encoding HA-tagged CEACAM1-4L,
CEACAM1-4S, or the empty control vector (pcDNA). Whole-cell lysates (WCL) were analyzed by Western
blotting with a monoclonal anti-HA antibody (upper panel). Equal loading of the lysates was confirmed by
blotting of the same samples with anti- -actin antibody (lower panel). B. Cells transfected as in (A) were
infected for 2 h with Opacega-expressing N. gonorrhoeae at a moi of 30 and analyzed in gentamicin protection
assays. The graph shows mean values— SD of two independent experiments done in triplicate.

The cytoplasmic domain of CEACAML1 is not required for the invasion of Opacea-expressing
gonococci.

Because post-translational modifications at tyrosine residues within the CEACAM1
cytoplasmic domain appeared dispensable for bacteria uptake, we wondered whether other
sequence determinants within the CEACAM1-4L cytoplasmic domain are involved in
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bacterial internalization. Therefore, we took advantage of a naturally occurring splice variant
of CEACAM1, CEACAMI1-4S that contains a short, 10 amino acids long cytoplasmic
domain. Interestingly, gentamicin protection assays with 293 cells expressing CEACAM 1-4S
demonstrated that similar numbers of bacteria were taken up compared to CEACAM1-4L
(Fig. 20). These results suggested that the few amino acids constituting the cytoplasmic
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Fig. 21 The cytoplasmic domain of CEACAM1 is not involved in the uptake of microbes. A. 239T cells
were transfected with vectors encoding HA-tagged CEACAM1-4L, CEACAM1 CT, or the empty control
vector (pcDNA). Transfection efficiency of the 293T cells was determined by flow cytometry using a
monoclonal antibody against CEACAM. The graphs show the result of a representative experiment. B. Cells
were transfected as in (A) and infected for 2 h or the indicated time points with non-opaque (Ngo Opa) or
Opacea-expressing (Ngo Opacea) gonococci with an moi of 30. The number of total cell-associated bacteria was
determined by dilution plating after lysis of the cells. The graph shows mean values — SD of two experiments
doneintriplicate. C. Cells were transfected and infected as in (B) and the number of viable intracellular bacteria
at the indicated time points was determined by gentamicin protection assays. The graph shows mean values— SD
of two experiments done in triplicate.

domain of CEACAM1-4S were sufficient for CEACAM 1-mediated internalization.To address
this question, we generated a CEACAM1 mutant lacking the entire cytoplasmic domain
(CEACAM1 ACT) and expressed it transiently in 293 cells. Flow cytometry demonstrated
that surface expression of CEACAM1 ACT was comparable to CEACAM1-4L (Fig. 21A).
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Importantly, the extent of adhesion of Opacea-expressing gonococci to either CEACAM1-4L
or CEACAM1 ACT was indistinguishable (Fig. 21B). However, to our surpriss CEACAM1
ACT lacking the entire cytoplasmic domain was as effective in bacterial uptake as
CEACAM1-4L (Fig. 21C). Furthermore, both receptors showed similar kinetics of uptake
with increasing numbers of viable intracellular bacteria during the first 2 h after the start of
the infection (Fig. 21C). As observed before, Opa-negative gonococci did barely adhere and
were not internalized by either CEACAM1 variant (Fig. 21B & C). Together, these data
suggest that the cytoplasmic domain of CEACAM1 does not play a role during bacterial

internalization.

Microscopic analysis of CEACAM1-mediated uptake of gonococci

Gentamicin protection assays only detect viable intracellular bacteria. Therefore, differences
in bacterial uptake could be masked by differences in intracellular survival of bacteria
internalized via distinct CEACAM1 mutants. To corroborate the results of the gentamicin
protection assays, we therefore anayzed CEACAMI1-mediated uptake by visud
determination of intracellular bacteria using confocal laser scanning microscopy.
Accordingly, human 293 cells were transfected with constructs encoding CEACAM1-4L,
CEACAM1 ACT, or a red fluorescent protein (RFP) encoding control vector. Prior to
infection, gonococci were simultaneously labelled with fluorescein and biotin according to
published procedures to allow a clear-cut discrimination between intra- and extracellular
bacteria by fluorescence microscopy (Agerer et a., 2004). Cells were infected for 2 h, fixed
and the samples stained with streptavidin-AlexaFluor647 without permeabilization of cell

membranes.

-47 -



CEACAM 1-mediated pathogen uptake via membrane microdomains

A

extracellular bacteria total bacteria RFP/CEACAM

CEACAM1-4L

-
QO
g
=
<
Q
<<
[11]
(&)

0 Ngo Opa”

2 Ngo Opacea

20 A

15

10

5 1

0 L= — = -

pcDNA CEACAM1 CEACAM1
-4L ACT

Intracellular bacteria / cell

Fig. 22 Confocal microscopy reveals similar numbers of intracellular N. gonorrhoeae taken up via
different CEACAM 1 variants. A. 293T cells were transfected with vectors encoding HA-tagged CEACAM 1-
4L, CEACAM1 CT, or red-fluorescent protein (RFP). Cells were infected with biotin- and fluorescein-labelled
non-opaque (Ngo Opa) or Opacea-expressing (Ngo Opacea) gonococci. Two hours after the infection, cells
were fixed and stained with AlexaFluor647-streptavidin to mark extracellular  bacteria.  After cell
permeabilization, a monoclonal antibody against the HA-taq was used in combination with a Cy3-conjugated
secondary antibody to detect CEACAM 1-expressing cells, whereas transfected control cells were detected by
RFP fluorescence (RFP/ICEACAM). Confocal laser scanning microscopy alows the selective detection of the
total bacterial population (fluorescein label; total bacteria) and the extracellular bacteria (AlexaFluor647 label).
Accordingly, extracellular bacteria (arrowheads) can be distinguished from intracellular bacteria (labelled with
fluorescein only; arrows) in the merged picture. Bars represent 10 mm. (B) In samples processed asin (A) the
intracellular bacteria were counted. Bars represent the mean number of intracellular bacteria in 20 cells from
each of three independent infections— SD.
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Therefore, extracellular bacteria were selectively marked by AlexaFluor647, whereas all
bacteria (both extra- and intracellular bacteria) were labelled with fluorescein. In addition,
CEACAM1-expressing cells were stained with anti-HA-antibodies and Cy3-conjugated
secondary reagents after permeabilization of cellular membranes. Confocal laser scanning
microscopy reveaed that numerous bacteria adhered to both CEACAM1-4L and CEACAM1
ACT expressing cells (Fig. 22A). In addition, both types of cells harboured intracellular
pathogens (Fig. 22A). No bacterial uptake was observed when the cells were infected with
non-opague gonococci (data not shown) or when the cells were transfected with the control
vector (Fig. 22A).

To better compare the efficiency of uptake mediated by CEACAM1 compared to CEACAM1
ACT, we counted intracellular N. gonorrhoeae in transfected cells in different samples.
Essentially similar numbers of intracellular bacteria were found in both, CEACAM1-4L-
expressing and CEACAM1 ACT-expressing cells, whereas no intracellular bacteria were
detected in cells expressing RFP (Fig. 22B). These data corroborated the findings of the
gentamicin protection assays and demonstrated that the cytoplasmic domain of CEACAM1 is
not critical for the uptake of pathogenic Neisseria.

Flow cytometry to quantify CEACAM1-mediated uptake of N. gonorrhoeae

To quantify CEACAM1-mediated internalization by a further, independent method, we
employed flow cytometry as recently described by Pils et a. (Pils et al., 2006a). Accordingly,
293 cells were transiently transfected with the indicated CEACAM1 constructs or an empty
control vector. Prior to infection, the bacteria were labelled with fluorescein, and then added
to the cells at a MOI of 30. 2h after the start of the infection, the cell-associated fluorescein-
derived fluorescence was measured in the presence of trypan blue, a cell-membrane
impermeable dye that quenches the fluorescence from extracellular, cell-associated bacteria
and allows the selective detection of fluorescein fluorescence emitted from intracellular
bacteria. Indeed, cells transfected with the control vector do not exhibit fluorescein-
fluorescence irrespective of the phenotype of the infecting bacteria (Fig. 23A). In contrast,
Opacea-expressing gonococci are found to be internalized by about 21% or 25% of the 293
cellstransfected with CEACAM1-4L or CEACAM1 CT, respectively (Fig. 23A).
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Fig. 23 Analysis of CEACAM 1-mediated bacterial uptake by flow cytometry. A. 293T cells were transfected
with control vector (pcDNA) or the indicated HA-tagged CEACAM1 constructs and infected with either
fluorescein-labelled non-opague (Opa ) or Opacea-expressing gonococci (Ngo Opacea). After 2 h, the percentage
of cells containing fluorescein-labelled bacteria was detected in fluorescence channel 1 (FL-1). The percentage
of fluorescein-positive cells was multiplied by the mean fluorescence intensity of these cells to obtain the uptake
index (u.i.). Graphs show a representative experiment. B. Uptake index in the indicated samples was determined
asin (A). Barsrepresent mean values — SD of the uptake index from three independent experiments.

These values are close to the transfection efficiency that ranged between 24% - 30%
CEACAM 1-positive cells in the transfected cell population (Fig. 20A and data not shown)
suggesting that about 80 90% of the CEACAM1-positive cells harboured Opacea-
expressing gonococci. Most importantly, the deletion of the cytoplasmic domain of
CEACAM1 did not compromise the uptake of CEACAM1-binding bacteria (Fig. 23A). The
total amount of internalized bacteria, as estimated by the uptake index was even dlightly
elevated in the case of CEACAM1 ACT, even though these differences between CEACAM 1-
4L and CEACAM1 ACT were not significant (Fig. 23A & B). Together, these data further
support the view that CEACAM 1-mediated internalization occurs without any contribution of

cytoplasmic determinants.

CEACAM recognition is not limited to N. gonorrhoeae, but has also been reported for other
pathogens including N. meningitidis, Haemophilus influenzae, Moraxella catarrhalis, and
certain strains of diffusely adhering Escherichia coli (Afa/lDr DAEC) (Berger et a., 2004; Hill
et al., 2001b; Hill and Virji, 2003; Virji et a., 2000b). Therefore,
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Fig. 24 CEACAM 1-mediated invasion of diverse CEACAM-binding human specific pathogens occurs in
the absence of the CEACAM1 cytoplasmic domain. 293T cells were transfected with empty vector control
(pcDNA), the HA-tagged CEACAM 1-4L or the HA-tagged CEACAM1 CT construct and infected for 2 h with
an moi of 30 with Neisseria meningitidis (A), Moraxella catarrhalis (B), or Haemophilus influenzae (C). The
graphs show mean numbers of viable intracellular bacteria — SD of two independent experiments done in
triplicate. D. Western blotting of whole-cell lysates (WCL) using the monoclonal anti-HA antibody demonstrates
the expression of HA-tagged CEACAM1 constructs (upper panel). Membrane was stripped and reprobed with -
actin antibody to confirm egual loading (lower panel).

we analyzed whether other CEACAM-binding bacteria were aso taken up without
contributions of the CEACAM 1 cytoplasmic domain. Accordingly, 293 cells were transfected
with the empty control vector (pcDNA), CEACAM1-4L, or CEACAM1 ACT and were
infected with diverse CEACAM-binding Gram-negative bacteria. Gentamicin protection
assays revealed that both CEACAM1-4L as well as CEACAM1 ACT were able to promote

internalization of N. meningitidis, H. influenzae, and M. catarrhalis to the same extent (Fig.
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24A-C). Expression of similar amounts of the CEACAM 1 variants was confirmed by Western
blotting (Fig. 24D). Together, these data suggest that CEACAM1 engagement by structurally
distinct adhesins directs internalization of attached pathogens in the absence of the

cytoplasmic domain of the receptor.
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Fig. 25 Scanning electron microscopy of CEACAM l-initiated bacterial uptake. A. 293T cells were
transfected with CEACAM1-4L, CEACAM1 CT or with the empty vector control (pcDNA). After 2 days,
293T cells were infected with Opacga-expressing gonococci for 40 min or 1.5 h. Cultures were fixed in situ and
analyzed by scanning electron microscopy. Arrows point to pseudopod-like structures. Bars represent 1 m. B.
Whole-cell lysates (WCL) of the transfected cell population used in (A) were analyzed by Western blotting with
amonoclonal anti-HA antibody to detect HA-tagged CEACAM1 (upper panel). The membrane was stripped and
re-probed with a -actin antibody to demonstrate equal loading (lower panel).

Scanning electron microscopy of CEACAM1-mediated bacterial uptake.

Though CEACAM1-4L and CEACAM1 CT mediate bacterial internalization to the same
extent, it might well be that the uptake in these cases occurs by distinct mechanistic processes.
To get a first idea about the initial cellular responses triggered by CEACAM1-4L and the
CEACAM1 mutant lacking the entire cytoplasmic domain, scanning electron microscopy
(SEM) was performed on 293 cells infected with Opacea-expressing gonococci for 40 min.
Only few bacteria bound to the surface of cells transfected with the empty control vector and
no surface alterations characteristic of bacterial uptake were visible on the infected cells even
after 1.5 h (Fig. 25A). In contrast, bacteria adhered in large numbers to the surface of
CEACAM1-4L, but also to the surface of CEACAM1 ACT transfected cells (Fig. 25A). In
both cases, already after 40 minutes of infection the bacteria appeared to sink into the cell
body surrounded by small host cell membrane protrusions (Fig. 25A; arrows). No differences
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in the extent and appearance of these bacteria-induced structures were observed between
CEACAM1-4L and CEACAM1 ACT (Fig. 25A) pointing to a common underlying

mechanism of bacterial internalization.

Role of the actin cytoskeleton in CEACAM1-mediated internalization of N. gonorrhoeae
Rearrangement of the actin cytoskeleton is critical in bacterial uptake by diverse surface
receptors. For example, CEACAM3-mediated uptake relies on the dynamics of the actin
cytoskeleton and can be effectively blocked by cytochadasin D (McCaw et a., 2004,
Schmitter et a., 2004a). Also for CEACAM1, numerous connections between its cytoplasmic
domain and cytoskeletal components have been described (Da Silva-Azevedo and Reutter,
1999; Schumann et a., 2001). As the cytoplasmic domain of CEACAM 1 was dispensable for
bacterial internalization, we wondered whether the actin cytoskeleton was required for
CEACAM1-4L- or CEACAM1 ACT-mediated uptake of N. gonorrhoeae. Therefore, we
infected CEACAM-transfected cells with Opacea-expressing bacteria in the presence or
absence of inhibitors of actin dynamics and measured bacterial uptake by flow cytometry.
Treatment with cytochalasin D, an inhibitor of actin filament elongation, led to a dramatic
inhibition of CECAM 3-mediated bacteria engulfment (reduction of 80% - 90% at 0.50r 1 M
cytochalasin D, respectively), but only had a limited effect (about 50% reduction) on
CEACAM1-4L- and CEACAM1 ACT-mediated uptake (at 0.5 M or 1 M cytochalasin D)
(Fig. 26A & C).

These results suggest that both CEACAM1-4L as well as CEACAM1 ACT share a similar
uptake mechanism that is distinct from the strictly actin cytoskeleton-dependent uptake
triggered by CEACAM3. Importantly, essentialy the same results were observed when the
cells were pre-treated with jasplakinolide A, a selective inhibitor of actin filament
disassembly (Fig. 26B & C). These data further support the notion that CEACAM 1-mediated
internalization differs mechanistically from CEACAM 3-triggered uptake, not only by the lack
of involvement of the cytoplasmic domain of the receptor, but also by a limited requirement

for actin cytoskel eton rearrangements during internalization.
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Fig. 26 Inhibitors of microfilament dynamics do not completely block CEACAM 1-mediated bacterial
internalization. 293T cells transfected with HA-tagged CEACAM1-4L, CEACAM1 CT, or CEACAM3 were
treated with cytochalasin D (A) or Jasplakinolid (B) 30 min prior to infection. Cells were infected for 2 h with
fluorescein-labelled non-opaque (Ngo Opa ) or Opacea-expressing (Ngo Opacea) gonococci and the percentage
of cells containing fluorescent bacteria was measured by flow cytometry. The percentage of fluorescent cells was
multiplied by the mean fluorescence intensity of these cells to obtain the uptake index. Bars represent mean
values of the uptake index — SD from three independent experiments. C. The uptake index of Opacea-expressing
bacteria by the indicated transfected cellsin the presence of 1 M of the indicated inhibitors was co mpared on a
relative basis. Uptake by untreated cells was set to 100%.

CEACAM1-mediated bacterial internalization requires integrity of membrane microdomains

Sphingolipid- and cholesterol-rich membrane microdomains, also known as lipid rafts, are
important for clustering certain cellular receptors and surface proteins. Previously, such
membrane microdomains have been implicated in bacteria internalization via GPI-linked
CEACAM-isoforms, but have been shown to be dispensable for CEACAM3-initiated uptake
by phagocytes (Schmitter et al., 2007c). To analyze, whether lipid rafts are involved, we
determined the CEACAM 1-mediated internalization of N. gonorrhoeae under the influence of
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different concentrations of methyl- -cyclodextrin (M -CD), a cholesterol-chelating agen t that
disrupts membrane microdomains. Importantly, both CEACAM1 variants were significantly
inhibited in their ability to support bacterial invasion after treatment with M -CD ( Fig. 27A).
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Fig. 27 Cholesterol-rich membrane microdomains are involved in CEACAM 1-mediated uptake of N.
gonorrhoeae. A C. 293T cdlls transfected with HA-tagged CEACAM1- 4L, CEACAM1 CT, or CEACAM3
constructs were infected with Opacga-expressing gonococci for 2 h in the absence or presence of the indicated
concentrations of (A) methyl- -cyclodextrin (M -CD) (B) filipin (Fil), or (C) nystatin (Nys). The numbers of
viable, intracellular bacteria were determined by gentamicin protection assays. A C show mean values — SD of
three independent experiments done in triplicate. D. 293T cells transfected with vectors encoding GFP-tagged
CEACAM1-4L, CEACAM1 CT, CEACAMS, or a GFP-encoding control plasmid (GFP) were infected with
Opacea-expressing gonococci for 2 h, fixed, permeabilized, and stained with a polyclonal antibody against
gonococci and a goat anti-rabbit Cy5-conjugated secondary antibody. Ganglioside GM,, a marker of cholesterol-
rich membrane microdomains, was visualized with the AlexaFluor555-conjugated cholera toxin subunit B. In
GFP-transfected cells, no enrichment of GFP at GM ;-positive membrane domains could be observed. In contrast,
GFP-tagged CEACAM1-4L as well as CEACAM1 CT extensively colocalized with GM1 (arrowheads),
whereas CEACAM 3 displayed only a marginal colocalization with bacteriaand GM 1. Barsrepresent 10 m.

Even low concentrations of M -CD (5 mM) effectively blocked CEACAM1-4L- and
CEACAM1 ACT-mediated uptake of N. gonorrhoeae (Fig. 27A). As observed previoudly,
CEACAM3-mediated uptake was not affected by concentrations up to 10 mM of M -CD
(Fig. 27A) (Schmitter et a., 2007c). Similar results were obtained with two additional
cholesterol-depleting reagents, nystatin and filipin (Fig. 27B & C). These results not only
corroborate our finding that CEACAM1-mediated internalization is mechanistically distinct
from the CEACAM 3-triggered uptake process. Furthermore, these data support the idea that
CEACAML is internalized via cholesterol-rich membrane microdomains in a process that
does not require determinants within the cytoplasmic domain of the receptor.

To investigate if CEACAML1 indeed localized to cholesterol- and sphingolipid-rich
microdomains during uptake of pathogens, 293 cells were transfected with GFP-tagged
CEACAM constructs (CEACAM1-4L-GFP, CEACAM1 ACT-GFP, or CEACAM3-GFP) or a
GFP-encoding control vector (pEGFP C1) and infected with Opacga-expressing gonococci.
Staining of the bacteria by specific antibodies demonstrated that the Opacea-expressing
pathogens specifically interacted with CEACAM1- and CEACAM3-expressing, but hardly
with pEGFP-C1-transfected cells (Fig. 27D). Importantly, selective labelling of the lipid raft
marker ganglioside GM; by the cholera toxin binding domain revealed that both CEACAM 1-
4L as well as CEACAM1 ACT extensively co-localized with GM; in membrane
microdomains (Fig. 27D). Moreover, whereas in control vector transfected cells the
membrane microdomains were distributed in small patches all over the cell surface, GM; and
CEACAM1-4L as well as CEACAM1 ACT were detected together in large areas of the
plasma membrane (Fig. 27D). In line with its insensitivity to cholesterol depletion,
CEACAM3 and associated bacteria only showed a marginal colocalization with GM; (Fig.
27D). Further microscopic investigations demonstrated that Opacea-expressing bacteria
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strongly co-localized with a GPl-anchored green fluorescent protein (GFP-GPI) in
CEACAM1-4L-expressing cells, whereas no such co-localization was seen with CEACAM3
(Fig. 28). Together, these data demonstrated that CEACAM1 not only associates with
ganglioside-rich membrane microdomains independent of its cytoplasmic domain, but also
that lipid rafts are functionally involved in CEACAM 1-mediated bacterial internalization.

Ngocea GFP-GPI overlay transmission

CEAC AM1-4L
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Fig. 28 Recruitment of GPl-anchored GFP to the sites of bacterial attachment in CEACAM 1-4L-
expressing cells. 293 cells were cotransfected with HA-tagged constructs of CEACAM1-4L, CEACAM3, or
control vector (pcDNA) and a plasmid encoding for a GPl-anchored GFP (GFP-GPI). After infection with
rhodamine-labelled Opacea-expressing N. gonorrhoeae (Ngocea) for 30 min, the cells were fixed and analyzed
by confocal laser scanning microscopy. Arrowheads mark the recruitment of GPI-anchored GFP to the attached
bacteriain CEACAM1-4L transfected cells. In pcDNA transfected cells no adhesion of the bacteria to the cells
was observed, whereas in CEACAM 3-transfected cells bacterial adhesion and internalization, but no recruitment
of GFP-GPI was observed (small arrows). Barsrepresent 10 m.

CEACAM1 partitions into a low-density, detergent-resistant membrane fraction upon
clustering

To confirm the distinct subcellular distribution of CEACAM1-4L and CEACAM1 ACT in a
sphingolipid- and cholesterol-rich subdomain of the plasma membrane, we extracted cellular

membranes from transfected 293 cells and isolated the detergent-resistant membrane
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fractions. Under these conditions, cholesterol-rich membrane microdomains float in a sucrose
gradient (fractions 3-4), whereas other components of the plasma membrane and cytoskel etal
proteins distribute into high density fractions (fraction 6-8). Indeed, the protein reggiel (also
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Fig. 29 CEACAM1 isoforms, but not CEACAM 3, partition into a detergent-resistant membrane fraction
upon receptor ligation. 293T cells transfected with HA-tagged CEACAM3 (A), CEACAM1-4L (B),
CEACAM1 CT (C), or with CEACAMG (D) constructs were left untreated (left panels) or cross-linked by
CEACAM-gpecific antibodies (right panels). Cells were then homogenized and cellular membranes collected by
centrifugation. The pellet was extracted with 0.2% Triton X-100, adjusted to 50% sucrose and applied to the
bottom of a discontinuous sucrose gradient. After 18 h ultracentrifugation, eight distinct fractions were collected
from top (low density; No. 1) to bottom (high density; No. 8) of the gradient and analyzed by Western blotting
with monoclonal anti-HA antibody or monoclonal -CEACAMG6 antibody (A D, top panels). The same sampl es
were probed with anti-reggie-1 (Regl) antibody (A, middie panel; B and D, lower panel) or with anti  -tubulin
antibody (A; lower panel). Detergent-resistant membrane components were identified mainly in fractions 2 4.
WCL indicates whole-cell lysates used as control.

known as flotillin2), a marker protein of lipid rafts, was strongly present in the low-density

fractions of the gradient (Fig. 29A; middle panel), whereas tubulin was only found in the high
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density fractions (Fig. 29A, lower panel). Similar to reggiel, a major portion of GPI-linked
CEACAMG6 was detected in the low-density membrane fractions and cross-linking of
CEACAMG by specific monoclonal antibodies did not alter this distribution (Fig. 29A, upper
panel). Antibody-mediated cross-linking of CEACAMs was chosen, because bacterial
engagement of CEACAMSs did not allow the detection of the receptors in the low-density
fractions, presumably due to their strong association with the high-density bacteria (data not
shown). Interestingly, in unstimulated cells CEACAM1-4L was detected in the high density
fractions, whereas the major portion of total CEACAM1-4L (about 70 80%) redistributed
into low-density, detergent-resistant membrane fractions upon cross-linking with CEACAM-
specific antibodies (Fig. 29B; upper panel). Importantly, the same stimulation-dependent
redistribution into detergent-resistant membranes could be seen for CEACAM1 ACT further
confirming our previous functional and microscopic observations (Fig. 29C). In contrast to
CEACAM1 isoforms and CEACAM6, CEACAM3 was not detected in low-density
membrane fractions irrespective of antibody cross-linking (Fig. 29D; upper pand). In
additional experiments, using CEACAM 3-specific monoclonal antibodies (clone COL-1) for
cross-linking of this receptor, the same strict association of CEACAM3 with high-density
fractions was found (data not shown) supporting the notion that CEACAMS3 is not associated
with cholesterol- and sphingolipid-rich membrane microdomains. Together, these data
provide biochemical evidence for a differential association of CEACAM family members
with distinct membrane compartments and suggest a redistribution of CEACAM1 isoforms
upon receptor engagement into a cholesterol- and sphingomyelin-rich membrane
microdomain. This redistribution is independent of the intracellular sequences of CEACAM1,
but has important functional consequences with regard to CEACAMI1-mediated

internalization events.

The CEACAML1 transmembrane domain directs the receptor into a cholesterol-rich membrane
fraction

As the cytoplasmic domain is not involved in CEACAM1-mediated internalization of
bacteria, we wondered, which molecular determinants of CEACAM1 are responsible for the
functional association with cholesterol-rich membrane regions. In principal, one or several of
the Igc-like extracellular domains of CEACAM 1 could mediate a lateral association with
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Fig. 30 The transmembrane domain is responsible for the association of CEACAM 1 with cholesterol-rich
membrane microdomains. A. Schematic representation of the used CEACAM isoforms and mutants.
CEACAM 1-derived parts are black and white, whereas CEACAM3 derived domains are shaded. B. 293T cells
were transfected with HA-tagged CEACAM1-4L, CEACAM3, CEACAM1-N-TM, CEACAM1-N/CEACAMS-
TM, or pcDNA as a negative control. Expression of the receptors was analyzed by flow cytometry with
monoclonal aCEACAM antibody (clone CLB/gran10). C E. Thirty minutes prior to infection with Opacga-
expressing N. gonorrhoeae, cells were incubated with the indicated concentrations of methyl- -cyclodextrin
(M -CD). The numbers of viable, cell associated (C) or intracellular (D) bacteria were determined by cell
association or gentamicin protection assays. The graphs show mean values — SD of a representative experiment
done in triplicate. (E) The absolute numbers of viable, intracellular bacteria in untreated samples from (D) were
set to 100% to allow arelative comparison of the influence of 5mM M -CD on uptake via different receptors.
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GPI-anchored proteins and direct CEACAML1 to a specific membrane domain. This would
also explain the different behaviour of CEACAM3, which lacks such Ig. domains (Fig. 30A).
Alternatively, the single transmembrane region of CEACAM1 could direct the receptor to a
specific membrane microenvironment. To address the significance of these two regions of
CEACAM1 for membrane microdomain association, we constructed a minimal CEACAM1
molecule that lacks all extracellular Ig. domains (CEACAMI1-N-TM) as wel as a
CEACAM1/CEACAMS3 chimerathat harbours the extracellular part of CEACAM 1 connected
to the transmembrane domain of CEACAM3 (CEACAM1-N/CEACAM3-TM) (Fig. 30A).
Similar to wildtype CEACAM1 or CEACAMS these variants were expressed on the surface
of transfected 293 cells and all receptors supported adhesion of Opacea-expressing N.
gonorrhoeae (Fig. 30B & C). Whereas adhesion of bacteria to these receptors was not
affected by pretreatment with M CD, the depletion of cholesterol severely reduced
internalization of bacteria via CEACAM1 as well as via CEACAMI1-N (Fig. 30D & E).
These results demonstrate that the extracellular 1g. domains are dispensable for CEACAM1
recruitment to cholesterol-rich membrane microdomains. In contrast, transfer of the
CEACAM1 amino-terminal domain to the transmembrane domain of CEACAM3 made
bacterial uptake insensitive to the depletion of cholesterol (Fig. 30D and E). These results
clearly point to a critical role for the CEACAM1 transmembrane domain in directing the
receptor to cholesterol-rich membrane microdomains to promote lipid raft-mediated bacterid

internalization.

, - #H

Human CEACAMSs are targeted by a variety of specialized pathogens that exploit these
receptors to successfully colonize the mucosa. CEACAM engagement by these microbes not
only leads to intimate attachment of the bacteria to the apical surface of their host cells, but
also triggers gene expression events in the infected eukaryotic cells and induces receptor-
mediated uptake (Kuespert et a., 2006a; Muenzner et al., 2005b). Importantly, the molecular
mechanism of bacteria internalization via the widely expressed family member CEACAM1
has remained poorly characterized. In contrast, several groups have recently analyzed in detail
the uptake of pathogens via the human granulocyte specific family member CEACAM3
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(Billker et al., 2002; McCaw et al., 2003; Schmitter et al., 2004a). In the case of CEACAMS,
a receptor-triggered re-organization of the actin cytoskeleton is required that is initiated upon
tyrosine phosphorylation of defined sequences within the cytoplasmic domain of CEACAM3
and requires the GTP-loading of the small GTPase Rac by the guanine nucleotide exchange
factor Vav (McCaw et a., 2003; Schmitter et al., 2004a; Schmitter et al., 2007b).

Surprisingly, we observe that in the case of CEACAM1-mediated uptake neither tyrosine
phosphorylation nor any other determinant within the cytoplasmic domain of the receptor is
involved in bacterial uptake. This is cogently demonstrated in different independent
experimental approaches, where a CEACAM1 mutant lacking the entire cytoplasmic domain
(CEACAM1 CT) is dtill able to promote equivaent levels of internalization compared to
wildtype CEACAM1-4L. These unexpected findings demonstrate that the cytoplasmic
domain is completely dispensable for CEACAM1-mediated uptake of diverse CEACAM-
binding pathogens.

Interestingly, the long cytoplasmic domain of CEACAM1 has been shown to associate with
g-actin and microfilament-associated components of the cytoskeleton such as tropomyosin or
paxillin (Ebrahimnegjad et al., 2000; Schumann et al., 2001). In addition, phosphorylation-
dependent interactions between the CEACAM1 carboxy-terminus and the tyrosine
phosphatase SHP-1 or the adapter molecule Shc, respectively, have been reported
(Beauchemin et al., 1997; Huber et a., 1999b; Poy et al., 2002a). However, neither of these
protein-protein-interactions appears to be required for CEACAM 1-initiated internalization.

It isimportant to point out that CEACAM 1 isoforms, either harbouring a cytoplasmic domain
or not, employ a mechanistically similar route of uptake. This statement is based on the
observation that CEACAM1 isoform-mediated gonococca internalization can only partially
be blocked by inhibitors of actin polymerization or microfilament elongation, whereas
CEACAM3-mediated uptake is strictly dependent on actin dynamics. As can be detected by
scanning electron microscopy, engagement of CEACAM1 isoforms induces only minor
changes in the surface of the infected cells, further suggesting that maor cytoskeletal
rearrangements are not involved in the CEACAM 1-driven internalization process.

Importantly, pre-treatment of the cells with either methyl- -cyclodextrin, nystatin, or filipin,
which deplete cholesterol from the membrane, resulted in a significant inhibition of bacterial
uptake by epithelia cells via both wildtype CEACAM1-4L and CEACAM1 ACT, whereas
CEACAM3-mediated internalization was not affected by these cholesterol-chelating agents.
These results not only further strengthen the finding that CEACAM1 induces uptake by a
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mechanism different from CEACAMS3, but also underline the concept that internalization via
CEACAM1 depends on cholesterol-rich membrane microdomains. It has been reported
recently, that CEACAM1 partially partitions into detergent-insoluble membrane fractions
(Muller et a., 2005). In addition, mass spectrometry has identified gpl14, a protein well
characterized for its apical localization and lipid raft association in polarized MDCK cells, as
the dog homologue of CEACAM1 (Fullekrug et a., 2006). Furthermore, the murine
CEACAM1 homologue functions as a cellular receptor for strains of the murine hepatitis
virus (MHV). Though cellular infection by MHV relies on virus envelope host membrane
fusion and not on endocytotic processes, MHV infectivity is increased by media enriched in
cholesterol, presumably due to afacilitated fusion (Thorp and Gallagher, 2004).

Our data support the concept the CEACAM1 localization to membrane microdomains has a
functional relevance for receptor-mediated internalization and provide evidence that
CEACAM1 redistribution between physically distinct membrane compartments is triggered
by receptor clustering. Furthermore, experiments with truncated CEACAM1 as well as a
CEACAM1/CEACAMS3 chimera clearly point to the transmembrane region of CEACAM1 as
being responsible for membrane microdomain localization. Concepts have been put forward
to explain the selective recruitment of transmembrane proteins into cholesterol- and
sphingolipid-rich areas of the cell membrane such as pamitoylation of cysteine residues in
close proximity to the transmembrane domain (Melkonian et a., 1999). However, both
CEACAM1 and CEACAM3 contain a cytoplasmic cysteine residue in close proximity to the
hydrophobic transmembrane core. Therefore, further extensive site specific mutagenesis of
the CEACAM1 and CEACAM3 transmembrane regions will be needed to delineate the
critical residues involved in membrane microdomain targeting.

Cholesterol- and sphingolipid-enriched membrane microdomains, often termed lipid rafts, are
present in most cell types, where they are involved in avariety of cellular processes including
protein and lipid trafficking (Helms and Zurzolo, 2004) as well as signal transduction (Simons
and Toomre, 2000a). It has been recognized that several pathogens use the endocytotic
properties of caveolae or lipid rafts to achieve entry into host cells (Duncan et a., 2002;
Manes et al., 2003; Shin and Abraham, 2001). Recently, it has been show that the
transformation of small membrane microdomains into ceramide-enriched membrane
platforms is central for the invasion of mammalian cells by Pseudomonas aeruginosa and
requires the activity of the cellular acid sphingomyelinase (Grassme et a., 2003).

Interestingly, this particular enzyme has also been shown to be stimulated upon uptake of N.
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gonorrhoeae by epithelial and phagocytic cells (Grassm@ et al, 1997; Hauck et a., 2000).
However, inhibition of acid sphingomyelinase by imipramine impaired both CEACAM1- and
CEACAMS3-mediated uptake of Opacea-expressing N. gonorrhoeae (Suppl. Fig. 2)
suggesting that this enzyme plays a more genera role in CEACAM-mediated internalization

processes such as in the regulation of receptor clustering.
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Fig. 31 An inhibitor of the acid sphingomyelinase blocks CEACAM1- as well as CEACAM 3-mediated
bacterial internalization. 293T cells were transfected with (A) the empty control vector (pcDNA), HA-tagged
CEACAM1-4L, or CEACAM1 CT or (B) with the empty control vector or CEACAM3. Transfected cells were
treated with the indicated concentrations of imipramine for 30 min prior to infection and infected for two hours
with Opacga-expressing gonococci. The number of viable intracellular bacteria was determined by gentamicin
protection assays. The graph shows mean values — SD of two experiments done in triplicate.

One aspect of using membrane microdomain-mediated entry pathways, that might be
particular beneficia for pathogens, could be the intracellular trafficking of these
compartments. In this respect, endocytotic vesicles arising from membrane microdomain-

initiated uptake seem to avoid acidic lysosomes and display only limited degradation of their
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content (Manes et al., 2003). It is aso interesting to point out that CEACAM1 has been
implicated in the transcytosis of N. gonorrhoeae through intact epithelial monolayers, a
process that might also be connected to the partitioning of CEACAML1 into lipid rafts (Wang
et a., 1998, Wang et a., 2007). Clearly, the intracellular trafficking of the Neisseria-
containing vesicle after CEACAM1-mediated entry needs to be characterized. Importantly,
CEACAM1-mediated entry of several other Gram-negative species which target human
CEACAM isoforms, such as H. influenzae, M. catarrhalis and N. meningitidis (Hill et al.,
2001b; Hill and Virji, 2003; Virji et a., 2000b), is also not compromised by the absence of a
cytoplasmic domain. This indicates that engagement of CEACAML1 by structurally diverse
bacterial adhesins stimulates a mechanistically similar uptake process. Therefore, we
postulate that human-specific pathogens exploit this particular CEACAM 1-mediated
internalization pathway for their own advantage. This cytoplasmic domain-independent and
membrane microdomain-dependent uptake mechanism might also be relevant for pathogen
internaization via GPl-anchored CEACAM family members such as CEA or CEACAM6
that, despite a lack of cytoplasmic domains, promote internalization of bacteriain a M CD-
sensitive manner (Schmitter et al., 2007b) and localize to low-density membrane fractions.
Furthermore, as CEACAML1 is involved in the uptake and degradation of insulin in
hepatocytes, it will be interesting to investigate if physiologicad CEACAM1-mediated
processes also involve cholesterol- and sphingolipid-rich membrane microdomains.
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Carcinoembryonic antigen-related cell adhesion molecule 1 (CEACAM1) and CEACAM3
belong to the immunoglobulin (Ig) superfamily and can be exploited by human-specific
Neisseria gonorrhoeae for adhesion to and invasion into the host cells. Despite both
transmembrane proteins share a high sequence conservation in their amino-terminal, bacteria-
binding domain, they act completely different in the context of immune response to bacterial
infection. Though both, CEACAM1 as well as CEACAM3, can mediate the opsonin-
independent internalization of the pathogens, these receptors differ strongly in the molecular
mechanism that regulates this uptake process.Whereas the cytoplasmic domain of CEACAM3
Is essential for CEACAMS3-dependent internalization of gonococci, surprisingly, the
cytoplasmic domain of CEACAML1 is not needed for CEACAM1-mediated uptake, whereas
the cytoplasmic domain of CEACAMS is essential for CEACAM 3-dependent internalization
of gonococci. Indeed, the localization of CEACAM to cholesterol and sphingolipid- enriched
microdomains is dictated by during neisserial uptake is only dependent on the transmembrane
domain of the receptor and, in contrast to CEACAMZ3, the integrity of these microdomains is
essential for CEACAM1-mediated neisserial internalization. By constructing different
chimeras of the transmembrane domains of CEACAM1 and CEACAMS3, their differential
localization could be observed in detail and critical residues for the localization to membrane
microdomains were determined. In detail, the close proximity of two aromatic phenylaanine
residues (Phess; and Phegss) on the same face of the transmembrane apha-helix of
CEACAM1 was crucia for this localization. Furthermore, a single amino acid substitution in
the transmembrane domain of CEACAMS3, mimicking the close proximity between two
aromatic phenyalanin residues (Phe;7s and Leu->Pheyzs)leads to translocation into membrane
microdomainsTherefore, we could demonstrate, that an aromatic amino acid key-bit can shift
a non-raft-resident transmembrane protein  into  cholesterol-enriched membrane

microdomains.
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Carcinoembryonic antigen-related cell adhesion moleculel (CEACAM1) and CEACAM3
belong to the Immunoglobulin (1g)-superfamily (Beauchemin et al., 1999). They consist of
various extracellular domains, a transmembrane domain (TMD) and a cytoplasmic domain.
While CEACAM1 has a wide tissue distribution and is expressed on myeloid, epithelial and
endothelial cells and lymphocytes, CEACAM3 expression is restricted to granulocytes.
Therefore, CEACAM1 has many physiological functions and is involved in cell adhesion,
insulin clearance, immune cell regulation and bacterial internalization (Boulton and Gray-
Owen, 2002; I1zzi et al., 1999a; Klaile et al., 2009; Oikawa et a., 1992; Poy et al., 2002c;
Turbide et a., 1997). In contrast, CEACAM3 is only known to be invovled in opsonin-
independent phagocytosis, resulting in bacterial elimination by granulocytes (Schmitter et al.,
2004b). These unequal functions of both family members might be due to their evolutionary
background and also their cytoplasmic domain. CEACAM1 has two ITIM-like motifs in its
cytoplasmic domain with the consensus sequence S/1I/S/LxY xxI/VIVIL, thereby inhibitory
signals can be transmitted, leading to a suppression of tumours or after binding to pathogens
to an inhibition of proliferation and activation of CD4" lymphocytes (Boulton and Gray-
Owen, 2002; 1zzi et a., 1999a). But astonishingly, the cytoplasmic domain of CEACAM1
seems not to be involved in the internalization of different human-specific pathogens
(Muenzner et a., 2008). On the contrary CEACAM3 has an ITAM-like motif in its
cytoplasmic domain with the consensus sequence Y XXL/IXxxxxxXYXxxL/l leading to an
activation of signas for the elimination of pathogens and the cytoplasmic domain of
CEACAMS3 is aso essentid for the internalization of pathogenic bacteria into host cells
(Schmitter et al., 2004Q). It is aso speculated that CEACAM3 appears to be a natural
evolutionary chimera, bearing the N-domain from CEACAM1, CEA or CEACAMG6 and the
cytoplasmic tail of CEACAM4. Thereby, CEACAM3 demonstrates a specific adaptation of
the innate immune system to handle some human-specific pathogens. The internalization of
these microbes occurs via opsonin-independent phagocytosis and therefore differs
mechanistically highly from CEACAML1 (Pils et al., 20084d). Interestingly CEACAM1 seems
to have an old ancestry, because orthologues occur in a variety of mammals and bacteria can
restrictively bind to CEACAM1 and avoid binding to CEACAM3. This might be due to their
different evolutionary background (Kammerer and Zimmermann, 2010; Kuespert et al.,
2006b).
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But both CEACAMSs can serve as a receptor for the human specific pathogen Neisseria
gonorrhoeae, which is a gram-negative microorganism that causes one of the most common
sexualy transmitted diseases worldwide (Virji et a., 1996b; WHO, 2001). The binding to
CEACANMSs occurs via their N-domains and the colony opacity-associated (Opa) proteins of
the pathogen, leading to an intimate attachment of the bacteria to the host cells and resulting
in the internalization of the microbes. Therefore the microorganisms have an extremely high
adaptation to their exclusive human host. But gonococci can not bind to all members of the
CEACAM family. The interaction is restricted to the transmembrane CEACAM1 and
CEACAMS3 and the GPI-linked CEACAM5 and CEACAM®6 (Hauck and Meyer, 20033).
Also the uptake mechanism differs depending on the bound CEACAM and the cell type
(Kammerer and Zimmermann, 2010).

Upon receptor engagement the tyrosine residues in the ITAM-like motif of CEACAM3 gets
phosphorylated by src-family kinases leading to an uptake of the pathogens (Schmitter et al.,
2007€e). For CEACAM 1-mediated internalization of gonococci the ITIM-like motif and the Ig
constant like extracellular domains are not essential (Muenzner et a., 2008). Therefore
CEACAM1 seems to behave like a GPI-anchored protein, but the signalling pathway
initialized upon bacterial binding to CEACAML is not clarified so far. After clustering via
antibodies or gonococca binding, CEACAML is translocated into membrane microdomains,
depending only on its TMD. On the contrary, CEACAMS3 is not resident in membrane
microdomains neither with clustering nor without (Muenzner et al., 2008; Schmitter et al.,
2007d). Thus, the CEACAM1-mediated internalization of N. gonorrhoeae is dependent on the
integrity of membrane microdomains, demonstrated also by the disruption with methyl- -
cyclodextrin (M CD), a known cholesterol chelator.

Lipid rafts are defined as 200 nm small detergent-resistant membrane microdomains enriched
in cholesterol, sphingolipids and many signalling proteins like src family tyrosine kinases.
(Pike, 2006; Simons and lkonen, 1997). The preferentia interaction of sphingolipids and
cholesterol result in a spontaneous separation from other phospholipids in the plasma
membrane, leading to the formation of lipid rafts. For this purpose, cholesterol also acts as
stabilizing agent and fills the gaps between the bulky glycosphingolipids (Riethmuller et al.,
2006). Microdomains can be subdivided into caveolae and non-caveolar rafts with differentia
protein and lipid compositions (Yao et a., 2009) and they are involved in various
physiological functions, like insulin metabolism or T- and B- cells response (Simons and

Toomre, 2000a). Because of their signalling capacity these microdomains can also serve as an
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entry portal for many pathogens (Zaas et a., 2005). The integrity of rafts is essentia for the
uptake of mycobacteria or P. gingivalis by macrophages demonstrated by the use of the
cholesterol-depleting drug methyl- -cyclodextrin (M CD) (Gatfield and Pieters, 2000; Wang
and Hajishengallis, 2008). Various receptors for pathogens, for bacterial toxins or for other
physiological functions are localized in these specialized microdomains, reflecting an
important role as signalling platforms in diverse fields of cellular action (Simons and Toomre,
2000Db).

Because of their different membrane localization yet similar binding specificity, CEACAM1
and CEACAMS reflect an ideal model to explore the molecular determinants that guide the
localization of receptors to these membrane microdomains. Therefore we constructed
chimeras to investigate the critical parts of CEACAM1, sufficient and/or necessary for its
association with lipid rafts. Indeed, we found that the close proximity of only two aromatic
phenylalanine residues in the TMD is responsible for the localization of CEACAML1 to
membrane microdomains and can translocate even CEACAM3, a non-raft resident receptor,
to these specialized microdomains.

Sructural comparison of CEACAM1 and CEACAMS3 transmembrane domains

CEACAM1 and CEACAM3 belong to the same family and have striking differences in their
localization to membrane microdomains. Previous studies could demonstrate a biochemically
association of CEACAM 1 with membrane microdomains in case of clustering via antibodies
or pathogen binding, in contrast to CEACAM3. Additionally the TMD of CEACAM1 is
crucia for the cholesterol-dependent internalization of Neisseria gonorrhoeae (Muenzner et
al., 2008).

In order to study the differential localization of CEACAM1 and CEACAM3 to membrane
microdomains, we compared the amino acid composition and the structure of the
transmembrane domains. Both receptors consist of an extracellular, a transmembrane and a
cytoplasmic part (Fig. 32A). While CEACAM1 has four extracellular immunoglobulin-like
domains, CEACAMS3 has only one. Also the length of their transmembrane domains differs,
while CEACAM1 has 29 amino acids, CEACAMS3 consists of 22 amino acids. The
cytoplasmic domain of CEACAM3 consists of 4 residues more than CEACAM1. As we can
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exclude the importance of the cytoplasmic domain and the Ig constant-like extracellular
domains for their localization, we concentrated on their TMDs for further studies.

While CEACAM1 has two phenylaanine residues in close proximity, CEACAM3 bears only
one aromatic phenylalanine residue in its TMD. Additionally CEACAM1 has 5 lleand 7 Ala
residues in its TMD, whereas CEACAM3 has only one lle, 4 Ala and one Tyr residues (Fig.
32). Except for these differences in the amino acid composition, there seem to be no other
obvious disparities. Despite their similarities in their transmembrane domain, CEACAM1 and
CEACAMS3 have adifferent localization in the membrane due to their TMDs.

A CEACAM1WT

Il sionai sequence ] Extraceliuiar domain [ Transmembrane domain [l Cytoptasmic domar

B Cc
Receptor TM-Sequence
CEACAM1WT CEACAM1WT AIAGIVIGVVAIVALIAVALACFLHFG
CEACAM3 WT CEACAM3WT
CEACAMS3 L176F CEACAMS3 L176F F

Chimera 3abcd j Chimera 3abcd HFG

Chimera 3ab1cd Chimera 3ab1cd LVEIVALTAVALACFLHFG

Chimera 1ab3cd Chimera 1ab3cd ATAGIVIGVVA

Chimera 1abc3d Chimera 1abc3d AIAGIVIGVVAIVALI

Chimera 1ab3cd-
L451F/F454L

Chimera 1ab3cd- FHL
L451F/F454L

Fig. 32 Structural comparison of CEACAM1 and CEACAM3 and introduction of chimeras CEACAM1
and CEACAM3 consist of an extracellular, a transmembrane and a cytoplasmic domain (A). Different chimeras
of the CEACAM1 and CEACAM3 (green) transmembrane domain were constructed, lacking the cytoplasmic
domain and having the extracellular domain of CEACAM1 (C). In (D) the amino acid sequence of the
transmembrane of the chimeras is shown. Parts of CEACAM3 are shown in green.

Therefore the following study concentrated on the construction of different chimeras of the
CEACAM1 and CEACAM3 TMD, to define the critical residues in the TMD of CEACAM1
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involved in the localization to membrane microdomains. The chimeras differ in their TMD,
which are generated out of the CEACAM1 and CEACAM3 TMDs in different ratios (Fig.
32B&C). All chimeras have the extracellular domains of CEACAM1 and lack the
cytoplasmic tail, as it is not necessary for bacteria uptake. Chimera 3abcd consists of the
whole transmembrane domain of CEACAM3. Chimera 3ablcd has the N-terminal part of the
TMD of CEACAMS3 and the C-termina part of the TMD of CEACAM1 and Chimera 1ab3cd
is the other way round. Chimera l1abc3d and Chimera 1lab3cd-L451F/L454F are based on
Chimera 1ab3cd and have less of the CEACAM3 TMD or substitutions of specific amino
acids. Additionally a CEACAM3 mutant was created with an exchange of Lys;7¢ to Phe (Fig.
32B& C).With these chimeras and mutants at hand, different assays were performed to test
their localization to detergent-resistant microdomains and their sensitivity to the cholesterol-

depleting agent methyl- -cyclodextrin in the case of bacterial internalization.

C-terminal part of CEACAM1 transmembrane domain responsible for membrane
microdomain association

To investigate the localization of the receptors to membrane microdomains, we used
HEK293T cells, devoid of expressing any endogenous CEACAM. Additionally cells were
infected with Neisseria gonorrhoeae, a good characterized pathogen, expressing one type of
Opa proteins, Opacea, With an explicit specificity for CEACAM-binding. The CEACAM1-
mediated internalization of the gonococci is strongly dependent of the integrity of membrane
microdomains, while CEACAM 3-mediated uptake is not (Muenzner et a., 2008; Schmitter et
al., 2007d). To determine if the C- or the N-terminal part of the TMD of CEACAML1 is
responsible for the association with the membrane microdomains, a gentamicin protection
assay was performed. HEK293T cells were transiently transfected with CEACAM1 4-L
(WT), CEACAM3WT, Chimera 3abcd with the complete TMD of CEACAMS,
Chimeralab3cd and Chimera3ablcd, each with half of the CEACAM1 and half of the
CEACAM3 TMD. Prior to infection cells were treated without, with 0.2 mM or 0.5 mM
methyl- -cyclodextrin (M CD), a cholesterol depleting agent, for 30 min, which stayed on
the cells during the whole infection time. Cells were infected with Opacga-expressing
gonococci at a multiplicity of infection (MOI) of 30 for 2 hours. Afterwards the amount of
viable bacteria was analyzed by cell association assay and gentamicin protection assay (Fig.
33A & B). The association of the gonococci with HEK293T cells is on the same levdl,
independently on the transfected construct, and is not affected by the treatment with the
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Fig. 33 C-terminal part of the transmembrane domain of CEACAM 1 is responsible for association with
membrane microdomains HEK293T cells were transfected with HA-tagged CEACAM1 4-L (CC1 WT),
CEACAM3 WT (CC3 WT), Chimera 3abcd, Chimera 1ab3cd or Chimera 3ablcd. Transfection efficiency was
determined via flow cytometry (C). Cells were pretreated for 30 min with the indicated concentrations of methyl-

-cyclodextrin (M CD) prior to infection. Cells were infected with Opacega-expressing gonococci for 2 h and
employed in a cell association (A) and a gentamicin protection assay (B). The graphs show mean values — SD of

-73-



Aromatic residue defines CEACAM localization

one representative experiment done in triplicate. The absolute numbers from four independent experiments of
viable, intracellular bacteria in untreated samples were set to 100 % to allow a relative comparison of the
influence of 0.5 mM M CD on uptake via different receptors (D). (E) 293T cells cotransfected with Cerulean-
tagged Chimera 3abcd, Chimera 1ab3cd or Chimera 3ablcd and as lipid raft marker GPI-anchored GFP (GPI-
GFP) were infected with AlexaFluor647 labelled Opacea-expressing gonococci for 30 min. Cells were fixed,
permeabilized and treated with AlexaFluor555-conjgated cholera toxin subunit B, visualizing the lipid raft
marker ganglioside GM;. Recruitment of CEACAM and, in case of CEACAM1 WT and CEACAM3 L176F,
lipid raft marker to the site of bacterial entry is accentuated with an arrow. Bars represent 10 m.

cholesterol chelator (Fig. 33A). The transfection efficiency of all different constructsisin the
range of 23 37 % ( Fig. 33C). Neisserial uptake via CEACAM1 WT and chimera 3ablcd
displayed a dramatic dose-dependent sensitivity to inhibition via M CD (up to 50%
inhibition), whereas internalization via CEACAM3 WT, Chimera 3abcd and Chimera 1ab3cd
were only slightly affected (Fig. 33B & D). Even low concentrations (0.2 mM and 0.5 mM)
blocked the CEACAM1 WT and Chimera 3ablcd mediated bacterial uptake. Treatment with
M CD aone for 2 hours and 30 min did not affect the viability of the HEK293T cells even in
higher concentrations (2 mM) (Fig. 34). This points to an involvement of the C-terminal part

of the TMD of CEACAM1 in the localization to membrane microdomains.
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Fig. 34 Influence of M CD on cell viability HEK 293T cells were treated with DMEM, PFA of indicated
concentrations of M CD for 2 h and 30 min. Cell viability was determined via addition of MTT and incubation
for 2 h. The absorption of formed coloured formazan could be detected via spectrofluorometer at 550 nm (A).
Cell amount could be determined after fixation with 4 % PFA via crystal violet addition and incuation for 1 h.
After washing the remaining dye was dissolved with acetic acid and absorption could be detected by
spectrofluorometer at 550 nm (B). Ratio of cell viability divided by cell amount was displayed (C).

To confirm that Chimera 3ablcd indeed localize to cholesterol- and sphingolipid-rich
microdomains during bacteria internalization, 293T cells were cotransfected with Cerulean-
tagged chimeric constructs (Chimera 3abcd, Chimera 3ablcd or Chimeralab3cd) and with a
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GPl-anchored green fluorescent protein (GPI-GFP). Cells were infected with Opacga-
expressing gonococci, fluorescently labelled with AlexaFluor 647, and treated with
fluorescently-labelled cholera toxin, selectively binding to the lipid raft marker ganglioside
GM; (Fig. 33E). All chimeras show a strong recruitment to the sites of bacterial entry. In the
line with the insensitivity to cholesterol depletion Chimera 3abcd and Chimera 1ab3cd show
only marginal colocalization with GPI-GFP, or GM; at the sites of bacterial entry, comparable
to CEACAM3 WT (Fig. 37E). Interestingly Chimera 3ablcd clearly colocalizes, like
CEACAM1 WT, with both lipid raft marker (Fig. 33E & Fig. 37E), reflecting the results
from the gentamicin protection assay. Together these data point to a critical role for the C-

terminal part of the TMD of CEACAML1 in the association to membrane microdomains.

CEACAML1 residence in membrane microdomains depends on one amino acid

To clarify the critical residues involved in the association with membrane microdomains, we
constructed two chimeras, based on the Chimera 1ab3cd, which is insensitiveto M CD. As
isoleucine and alanine residues in the TMD of Fc RIIA were suggested to play a crucial role
for the association with lipid rafts (Garcia-Garcia et a., 2007), Chimera 1abc3d has one third
of the CEACAM1 transmembrane domain, where two isoleucin residues are localized. For the
other Chimera 1ab3cd-L452F/F454L., two amino acids were exchanged to mimic the position
of the aromatic amino acids in the TMD of CEACAML1. Expression of al chimeric and
mutant constructs was confirmed via Western blotting and flow cytometry (Fig. 36). To
determine their association with cholesterol- and sphingolipid enriched microdomains, 293T
cells were transfected with Chimera 1abc3d, Chimera 1ab3cd-L451F/F454L and CEACAM1
WT, CEACAM3 WT or Chimera 1ab3cd for control and applied in a gentamicin protection
assay. Transfection efficiency was determined via flow cytometry and was decreased for
Chimera 1abc3d (Fig. 35C). Prior to infection with Opacea-expressing gonococci, cells were
treated with indicated concentrations of M CD or left untreated for 30 min. Cholesterol

chelator remains on the cells for 2 hours during infection. The number of cell-associated

-75-



Aromatic residue defines CEACAM localization

A Adherence
& 120
o
-
X 100 T
-
_r
= 80
=
S &0
o
= T
o 40
a
L]
s 20
o
w
g ol
£ & 0205 - 0205 - 0205 - 0205 - 0205 mMm
3 & & & > Iy MBCD
] <& <« o n_{‘ S &
& 9 & & &
v-_é‘ v;x‘ N ,\’& <& X
S @vg &2 LaE £
& &£ &g &
© © C‘F\ (_}\\ > CF\
B
Invasion
70
60
50
40
30
20
10 -
0
& - 0205 - 0205 - 0205 - 0205 - 0205 mM
MpCD
& & o N ,\p P
* & A & g &
v‘? ‘;5" N w2 ‘(bt N
(& (%) & RN &
8 & & &g &
[ ¥ = R =
(“{‘ (:{h ~ o‘(‘
E
CEACAM-Cerulean GPI-GFP CT-TRITC

Chimera 1abc3d

Chimera 1ab3cd-L451F/F454L

o

Intracellular Bacteria [%]

a-CEACAM-Cy2

CEACAM1 WT

|
El
i
i
i

183% |

CEACAM3 WT

Chimera 1ab3cd
28.0 %

Chimera 1ab3cd-
. LADKFEIFAnAL

= 293 %

Chimera 1abc3d

6.6 %

- -
= o
o o

Ngo-Cy5

Overlay

Fig. 35 Phenyalanine residue critical for CEACAM 1 association with membrane microdomains HEK293T
cells were transfected with HA-tagged CEACAM1 4-L (WT), CEACAM3 WT, Chimera 1ab3cd, Chimera
1abc3d or Chimera 1ab3cd-L451F/F454L . Transfection efficiency was determined via flow cytometry (C). Cells
were pretreated for 30 min with the indicated concentrations of methyl- -cyclodextrin (M CD) prior to
infection. Cells were infected with Opacga-expressing gonococci for 2 h and employed in a cell association (A)
and a gentamicin protection assay (B). The graphs show mean values — SD of one representative experiment
done in triplicate. The absolute numbers from three independent experiments of viable, intracellular bacteria in
untreated samples were set to 100 % to alow arelative comparison of the influence of 0.5 MM M CD on uptake
via different receptors (D). (E) 293T cells cotransfected with Cerulean-tagged Chimera 1ab3cd, Chimeralabc3d
or Chimera 1lab3cd-L451F/F454L and as lipid raft marker GPl-anchored GFP (GPI-GFP) were infected with
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AlexaFluor647 labelled OpaCEA-expressing gonococci for 30 min. Cells were fixed, permeabilized and treated
with AlexaFluor555-conjgated cholera toxin subunit B, visualizing the lipid raft marker ganglioside GM.
Recruitment of CEACAM and, in case of CEACAM1 WT and CEACAMS3 L176F, lipid raft marker to the site of
bacterial entry is accentuated with an arrow. Bars represent 10 m.

bacteria differed only dlightly, but this seems not to be an effect of cholesterol depletion. Cell
association was highest for CEACAM1-mediated binding to the host cells (Fig. 35A).
Neisserial uptake was dose dependently blocked in CEACAM1 WT and Chimera lab3cd-
L451F/FA454L transfected cells (about 50 or 40 %; Fig. 35B & D). In contrast CEACAM3-
mediated internalization as well as Chimera 1ab3cd and Chimera 1abc3d showed only slight
influence of cholesterol depletion (Fig. 35B & D). Indeed, also GM; and GPI-GFP strongly
gets recruited in the case of Chimera 1ab3cd-L451F/F454L mediated bacterial entry, whereas
there is only marginal localization to Chimera 1labc3d during neisserial uptake (Fig. 35).
These results point to a critical role for the aromatic phenylaanine residues in the TMD of

CEACAMLA for the localization to membrane microdomains.

pcDNA CEACAM1WT CEACAM3 WT Chimera3abcd
F 2

29

0.4%| . 34.4%* 8% *3 6%

Chimeralab3cd-
Chimera3ab1cd Chimeralab3cd L451F/F454L Chimeralab3cd

16.6%

a-CEACAM-Cy2

0O

Counts
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Fig. 36 Expression control of chimeras and CEACAM 3 mutant HEK 293T cells were transfected with
HA-tagged CEACAM1 WT, CEACAM3 WT, Chimera 3abcd, Chimera 3ablcd, Chimera 1lab3cd, Chimera
labc3d and Chimera lab3cd-L451F/FA54L. After two days of expression whole cell lysates (WCL) of the
samples were analyzed for CEACAM expression by Western blotting with monoclonal -HA antibody (A) or
cells were measured after antibody staining against CEACAM (clone 18/20) and Cy2-conjugated secondary
antibody by flow cytometry (B). (C) 293T cells were transfected wih HA-tagged CEACAM3 WT and
CEACAM3 L176F and analyzed by flow cytometry after antibody staining against CEACAM and Cy2-
conjugated secondary antibody.
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Substitution of one lysine residue to phenylalanine translocates CEACAM3 to membrane
microdomains

In the light of the proximity of two aromatic amino acid residues in the TMD being important
for the localization to membrane microdomains, we hypothesized that a point mutation in
CEACAM3 might also be sufficient for translocating the receptor to detergent-resistant
microdomains. Therefore we mutated Leu;s; to phenylalanine, mimicking the positon of the
phenyalanines in the TMD of CEACAM1 (Fig. 32D). Expression at the cellular surface was
determined viaflow cytometry (Fig. 36C).

Afterwards 293T cells were transfected with CEACAM1 WT, CEACAM3 WT or
CEACAM3 L176F and applied in a gentamicin protection assay. Transfection efficiency was
determined via flow cytometry (Fig. 37C). Prior to infection with Opacga-expressing
gonococci, cells were treated with indicated concentrations of M CD or left untreated for
30 min. The number of cell-associated bacteria is not influenced by the cholesterol depletion.
(Fig. 37A). Neisseria uptake was dose dependently blocked in CEACAM1 WT and aso in
CEACAM3 L176F transfected cells (about 60 or 50 %). In contrast CEACAM 3-mediated
internalization was only margina influenced by of cholesterol depletion (Fig. 37B). This
points to a crucia role for the phenyalanine residues in the localization to membrane
microdomains. Indeed, also GM; and GPI-GFP strongly gets recruited in the case of
CEACAM3 L176F and CEACAM1 WT to the sites of bacterial entry. In contrast only
marginal recruitment of the lipid rafts markers could be determined in the case of CEACAM3
WT (Fig. 37E). These results support the view, that one solitary exchange of amino acids can
change the localization of receptors and regulate their association with membrane

microdomains.

Sensitivity to methyl- -cyclodextrin not due to decreased bacterial viability

As gentamicin protection assay only reflects the number of viable bacteria, we wanted to
confirm, that the sensitivity of CEACAM-mediated uptake to M CD is no effect of an
increased bacterial decease. Therefore 293T cells transfected with Cerulean-tagged CEACAM
or control (pLPS-Cerulean) constructs, were pretreated with 0.5 mM M CD or left untreated
for 30 min and infected with fluorescein-labelled Opacea-expressing N. gonorrhoeae for 2

hours. Afterwards cell associated fluorescein-derived fluorescence was measured in the
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Fig. 37 Exchange of one amino acid translocates CEACAM 3 to membrane microdomains. HEK293T cells
were transfected with GFP-tagged CEACAM1 4-L (CC1 WT), CEACAM3 WT (CC3 WT), CEACAM3 L176F
(CC3 L176F) or acontrol vector (pLPS-EGFP). Transfection efficiency was determined via flow cytometry (C).
Cells were pretreated for 30 min with the indicated concentrations of methyl- -cyclodextrin (M CD) prior to
infection. Cells were infected with Opacega-expressing gonococci for 2 h and employed in a cell association (A)
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and a gentamicin protection assay (B). The graphs show mean values — SD of one representative experiment
done in triplicate. The absolute numbers from three independent experiments of viable, intracellular bacteria in
untreated samples were set to 100 % to alow arelative comparison of the influence of 0.5 MM M CD on uptake
via different receptors (D). (E) 293T cells cotransfected with Cerulean-tagged CEACAM1 WT, CEACAM3 WT
or CEACA3 L176F and as lipid raft marker GPI-anchored GFP (GPI-GFP) were infected with AlexaFluor 647
labelled Opacea-expressing gonococci for 30 min. Cells were fixed, permeabilized and treated with
AlexaFluor555-conjgated cholera toxin subunit B, visudizing the lipid raft marker ganglioside GM.
Recruitment of CEACAM and, in case of CEACAM1 WT and CEACAM3 L176F, lipid raft marker to the site of
bacterial entry is accentuated with an arrow. Bars represent 10 m.

presence of trypan blue. This cell membrane impermeable dye quenches the fluorescence
from extracellular, cell-associated bacteria and allows a selective detection of fluorescence
emitted from intracellular bacteria (Pils et a., 2006a). The so called uptake index, giving a
relative number of cell associated or intracellular bacteria, was determined via flow
cytometry. In case of Chimera 3abcd, Chimera 1ab3cd and Chimera 1ab3cd L451F/F454L
cell association was dightly affected by the inhibitor (Fig. 38A). For invasion cholesterol
depletion only has an influence on CEACAM1 WT, Chimera 3ablcd, Chimera lab3cd
L451F/F454L and CEACAM3 L176F mediated bacteria uptake (up to 60 %; Fig. 38A & C).
These data confirm the results of the previous gentamicin protection assays, leading to the
conclusion that indeed, the close proximity of aromatic residuesis responsible for the position

of CEACAMSs in cdlular membranes.

Association of chimeras with deter gent-resistant microdomains via flow cytometry

A novel flow cytometry assay has been described to determine the association of receptors
with membrane microdomains (Gombos et al., 2004). Therefore 293T cells were transfected
with HA-tagged CEACAM1 WT, CEACAM3 WT, Chimera 3abcd, Chimera 3ablcd,
Chimeralab3cd, Chimeralabc3d, Chimera 1lab3cd-L451F/F454L and CEACAM3 L176F or
left untransfected for the controls GM; and transferrin receptor. After two days cells were
incubated with appropriate antibodies against CEACAMSs or transferrin receptor for 1 h and
afterwards treated for 30 min with secondary Cy3-conjugated antibody or AlexaFluor 555-
conjugated cholera toxin subunit B. Expression levels of receptors and ganglioside GM; was
measured via flow cytometry. Additionally, cells were treated for 5 min with 0.1 % Triton to
solve the non-raft resident proteins. For proteins resident in detergent-resistant membrane
microdomains their expression level, measured by flow cytometry, should be maintained. The
association with lipid rafts can be demonstrated by the FCDR-index, which should be higher

for raft-resident proteins. The lipid raft marker ganglioside GM; serves as a positive control
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and had an FCDR index of0.71, whereas transferrin receptor is not localized in membrane

microdomains and had a
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Fig. 38 Determination of membrane microdomain association via flow cytometry. HEK 293T cells
transfected with Cerulean-tagged CEACAM1 WT (CC1 WT), CEACAM3 WT (CC3 WT), Chimera (Chim)
3abcd, Chimera 3ablcd, Chimera 1lab3cd, Chimera labc3d, Chimera lab3cd-L451F/F454L and CEACAM3
L176F were treated with 0.5 mM methyl- -cyclodextrin, or left uintreated for 30 min. Afterwards cells were
infected with CFSE-labelled Opacea-expressing gonococci with an MOI of 30 for 2 h. Infected 293T cells were
analyzed by flow cytometry in the presence of trypan blue (B) or not (A). (C) Values represent the percentage of
transfected 293T cells containing CFSE-labelled bacteria compared to untreated control. The results are derived
from a representative experiment. (D) 293T cells were transfected with HA-tagged CEACAM1 WT, CEACAM3
WT, Chimera 3abcd, Chimera 3ablcd, Chimera 1lab3cd, Chimera 1labc3d, Chimera lab3cd-L451F/F454L,
CEACAM3 L176F of left untransfected for controls (GM; and transferrin receptor). Cells were treated with
antibodies against CEACAM (clone 18/20) or transferrin receptor (clone MEM-75) for 1 h and labelled with
Cy3-conjugated secondary antibodies or AlexaFluor555-conjugate cholera toxin subunit B, to visualize
ganglioside GM ;. Cells were measured via flow cytometry in the presence or without 0.1 % triton. FCDR indices
were calculated and displayed in graph (D) or table (E). The results are derived from a representative
experiment.
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FCDR index of 0.03 (Fig. 38D & E). Indeed, for CEACAM1 WT, Chimera 3ablcd, Chimera
1lab3cd-L451F/F454L and CEACAM3 L176F, the FCDR indices were comparably high to
GM;, whereas the FCDR indices of CEACAM3 WT, Chimera 3abcd, Chimera 1ab3cd, and
Chimera 1abc3d were comparably low to the transferrin receptor (Fig. 38D & E). Together,
these data strongly confirm the previous results and suggest an association with detergent-
resistant microdomains of the mentioned receptors, al depending on just the close proximity

of two aromatic residues.
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Receptor TM-Sequence Sensitivity to MBCD
CEACAM1 WT ATAGIVIGVVAIVALIAVALACFLHFG Yes
CEACAM3 WT IVTGVLVGVALVAALVCFLLLA No
Chimera 3abcd IVTGVLVGVALVAALVCFLLLHFG No
Chimera 3ab1cd IVTGVLVGIVALIAVALACFLHEG Yes
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Chimera 1ab3cd-L451F/F454L AIAGIVIGVVAVALVAALVCFLLFHLG Yes
CEACAM3 L176F IVTGVLVGVALVAALVCFLLFA Yes

Fig. 39 Three dimensional structures of the different CEACAMs and chimeras Transmembrane sequences
of the different CEACAMs were displayed as three dimensional structures with the programs Coot and PyMol.
The hypothetical structure is based on an idealised alpha-helix of bacterial rhodopsin. The constructs sensitive to
methyl- -cyclodextrin (C; red) have an obvious close proximity of their phenylalanine residues (A; green),
whereas the insensitive constructs (C; black) have phenylalanine residues (B; green) in opposite directions.

Model of transmembrane structures
To determine a general mechanism in the localization to membrane microdomains we
compared the three dimensional structures, to find obvious differences in the localization of
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their aromatic residues in their TMD.Indeed, we discovered, that for the M CD-sensitive
receptors CEACAM1 WT, Chimera 3ablcd, Chimera 1ab3cd-L451F/F454L and CEACAM3
L176F both phenylalanine residues (highlighted in green) are in close proximity on the same
side side of the transmembrane apha-helix (Fig. 39A & C). The arrangement resembles a key-
bit that could hold the transmembrane protein in a certain membrane microenvironment or,
after multimerization, interlocks with a neighbouring receptor. In contrast, the other receptors,
not localized to membrane microdomains, have the phenylaanine residues arranged opposite
directions (Fig. 39B & C). This might depict also a general mechanism for the association of
receptors with membrane microdomains, as other raft-resident receptors show the same

position of aromatic residues in their TMD (data not shown).

.- H#

Membrane microdomains are tightly packed with cholesterol, sphingolipids and different
proteins involved in signalling pathways, like src familiy kinases or GPI-linked proteins. By
recruitment of adaptors, scaffolds and enzymes after ligand binding to receptors localized in
membrane microdomains, membrane microdomains serve as signalling platforms and thereby
have diverse cellular functions, depending on the receptors. This signalling complex might be
protected from non-raft enzymes via its localization to these membrane microdomains.
Therefore, various receptors essential for physiological functions are resident in membrane
microdomains upon ligand binding, including insulin receptor, Fc RI, T- and B-cell receptors,
EGF receptor, integrins, the tumor necrosis factor (TNF) receptor CD40, the fas receptor
CD95, the platelet activating factor (PAF) receptor and interleukin-1 (IL-1) receptor
(Riethmuller et a., 2006; Simons and Toomre, 2000b). Additionally, lipid rafts can also serve
as potential gateways for many pathogens, including Escherichia coli, Saphylococcus aureus,
HIV, Plasmodium falciparum and prions, to enter into host cells. They are involved in many
aspects of infection, like the internalization process, activation of intracellular signalling
molecules and maturation, lysis or fusion of phagosomes. Also CEACAML, a receptor for
human-specific pathogens, like Neisseria gonorrhoeae, Neisseria meningitidis, Moraxella
catharralis, Haemphilus influencea and Afa-expressing Escherichia coli, is associated with
membrane microdomains after ligand binding. However, the localization of receptors to

membrane microdomains seems to be essential for multifaceted physiological and also

-83-



Aromatic residue defines CEACAM localization

bacterial pathways (Hartlova et al., 2010). Although various receptors cluster in membrane
microdomains the molecular mechanisms, determining this preferential association, are not
entirely identified till yet.

Here we provide for the first time evidence, that the substitution of a single amino acid can
change the localization of a non-raft resident receptor and translocates it to membrane
microdomains. The CEACAM family seems to be varying in their uptake mechanism of
pathogens. While epithelial CEACAMs (CEACAM1, CEA and CEACAMG6) use membrane
microdomains as entry portals, the granulocyte resident CEACAM3 mediates a opsonin-
independent and src-dependent internalization process (Schmitter et a., 2007d). This builds
an ideal model for investigating the factors involved in the localization to membrane
microdomains on structurally-related receptors. The association of Opa-binding CEACAM1
with membrane microdomains is due to its TMDs as could be demonstrated in previous
studies. In particular, internalization of Neisseria gonorrhoeae was dependent on the integrity
of membrane microdomains and thereby was abolished in the presence of cholesterol
depleting agents, like methyl- -cyclodextrin, fillipin or nystatin. Additionally biochemical
association with detergent-resistant microdomains could be revealed (Muenzner et al., 2008).
Lou et a demonstrated, that the prohormone convertase PC3 also requires its TMD for
interaction with lipid rafts in the trans golgi network, resulting in sorting to the regulated
secretory pathway (Lou et al., 2007). Item, the TMD of CD40 could be connected to the
recruitment and clustering of the receptor to these membrane platforms, correlating with
impaired signalling via JNK, p38 MAP kinase and SAPK by the use of a chimera with the
non-raft resident CD45. As both TMDs has the same length, different localization in the
membrane might be due to the higher hydrophobicity of the CD40 transmembrane domain
(Bock and Gulbins, 2003). For CEACAM1 and CEACAMS3 transmembrane domains this
could not be an explanation, as CEACAMS3 has a higher ratio of hybrophobic amino (22:3)
acid residue in its shorter TMD than CEACAM1 (29:5). Therefore we generated different
chimeras of the TMDs of CEACAM1 and CEACAM3 and tested them in our approved
infection system with Neisseria gonorrhoeae in the presence or absence of the cholesterol
chelator methyl- -cyclodextrin. It was supposed before, that the length of the TMDs might
determine the sorting of integral membrane proteins (Lai, 2003). Hence, the chimeras bear
different length of transmembrane domains. But the length of their TMDs was not dependent
on their association with membrane microdomains. This leads to the conclusion, that the

length of the TMD is not important for the sensitivity to microdomain disruption, in the case
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of CEACAML. Besides, the insulin receptor can be dissociated from caveolinl, by interaction
with GM3, which seems to take place near the N-terminal part of the transmembrane domain
on Lysss and may shift the insulin receptor to gangliosides-enriched membrane
microdomains during the state of insulin resistance, indicating that a substitution of one amino
acid can result in heavy changes in locaization of receptors (Kabayama et a., 2007).
However the C-terminal part of the Fc RIIA transmembrane domain resembling with the
carboxyl end of the transmembrane domain of HA showed an increased association with
DRMs (GarciaGarcia et a., 2007). Also for CEACAM1 the C-terminal part of the
transmembrane domain is crucia for its association with membrane microdomains, as we
demonstrated in gentamicin protection assays, flow cytometry asays and confocal
microscopy. Chimeras with the C-terminal part of the transmembrane domain of CEACAM3
are neither sensitive to the disruption of membrane microdomains, nor colocalizes with
distinct lipid raft markers, like GM; or GPI-GFP. This might refer to the proximity of
signadling interaction partners for the CEACAM1-mediated internalization process or the
distribution of the lipids surrounding microdomain-associated CEACAML1. Due to the fact
that epidermal growth factor (EGF) receptors needs a balance of inner and outer leaflet lipids,
revealed by lipidomics studies, the receptor itself may determine the definition of raft
properties due to their amount of ethanolamine glycerophospholipids or sphingomyelin (Pike
et a., 2005). But critical amino acids defining the localization of the EGF receptor were not
determined Moreover, the TMD of the human immunoreceptor Fc RIIA isresponsible for the
cross-linking-dependent association with the microdomains and a mutant (A224S) lacks this
ability. Also the amino acids lley3 seems to be critical for the localization of the receptor with
lipid rafts. But the mutants were still sufficient for phagocytosis, implying that an minimal
association to lipid rafts can not be excluded (Garcia-Garcia et al., 2007). Localization to
membrane microdomains for CEACAML1 is not dependent on isoleucine residues, as
neisseria uptake via Chimera labc3d, bearing all isloleucine residues of CEACAM1, but
lacking the phenylalanine residues, was not sensitiveto M CD or recruited GPI-GFP or GM;.
Previous NMR-studies revealed, that aromatic amino acid residues might be important to
penetrate proteins into hydrophobic membranes with negatively charged lipids. A
combination of magic angle spinning (MAS) NMR spectroscopy and the two-dimensional
nuclear Overhauser enhancement spectroscopy (NOESY') was used to observe the correlation
between protons of lipid groups and the aromatic phenylalanine side chains of the
myristoylated alanine-rich C kinase substrate (MARCKYS) effector domain, resulting in the
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generation of PIP,-enriched microdomains (Gambhir et a., 2004; Zhang et a., 2003).
Additionally, examination of the neuronal protein NAP-22 reveaed, that proteins with basic-
aromatic clusters are strongly associated with cholesterol-enriched microdomains, due to their
electrostatic properties (Epand et al., 2005). In the present study the association with
membrane microdomains also seems to be dependent on aromatic residues, as Chimera
L451F/FA54L recoversits sensitivity to M CD during the internalization process of Neisseria
gonorrhoeae and seems also colocalized with GM; and GFP-GPI. But this association seemed
to be connected to a distinct localization of both phenyalanin residues and not just to the
whole basic-aromatic cluster. Indeed the substitution of one amino acid to phenylaanine,
mimicking the position in CEACAM1, was sufficient to translocated CEACAMS3, a non-raft
resident receptor to membrane microdomains. This was also biochemically confirmed with its
association to DRMs. We suppose, that the close proximity of both phenylalanine residues
might be due to a direct interaction with certain lipids and is therefore important for the
internalization of gonococci into the host cells. Since cholesterol-rich domains can be
generated in membranes as a consequence of particular lipids as a shell surrounding
membrane bound proteins, this might also be true for CEACAM 1 association with membrane
microdomains, depending on its aromatic residues (Anderson and Jacobson, 2002).

Together our results support the importance of the close proximity of two phenylalanine
residues for the localization to membrane microdomains. It remains to be elucidated, if the
position of the phenyalanine residues is a general mechanism for the localization of different
receptors to membrane microdomains. If the localization of CEACAM1 with membrane
microdomains after ligand binding is aso connected to its physiological functions, like insulin
clearance in the liver, needs to be investigated in more detail. Our results reveal that
CEACAMSs build agreat, physiologically relevant tool for further investigations on membrane

microdomain associ ation.
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Endocytotic processes are critical for cellsin metabolism and for the regulation of protein and
lipid composition in the plasma membrane. Pathogens exploit these host pathways via
specialized receptors for themselves to evade the immune response or to cross cellular
barriers. Neisseria gonorrhoeae is a human specific, gram-negative pathogen causing one of
the most common sexually transmitted diseases worldwide (WHO, 2001). The bacterium has
an impressive adaptation to its natural solitary host and can interact via its Opa proteins with
receptors of the CEACAM family at mucosal surfaces of the host (Hauck and Meyer, 2003b).
Thisinteraction leads to an intimate attachment to the cell surface, resulting in the endocytosis
of the pathogen and in the transcytosis of the epithelial cell layer into the submucosa (Wang et
al., 1998). CEACAM1 is the member with the widest tissue distribution and is expressed on
epithelial, endothelia and hematopoietic cells (Hammarstrom, 1999). It has many
physiologica functions, including regulation of immune cells, controlling of insulin
metabolism and cell adhesion (Gray-Owen and Blumberg, 2006; Najjar, 2002; Waitt et al.,
2001). However, the signalling processes initiated by CEACAM1 in the context of neisserial
internalization are not fully understood so far. Endocytotic pathways display very complex
and tightly regulated signalling processes, depending on their membrane lipid composition,
the cargo or the regulation mechanism (Mayor and Pagano, 2007).

Cholesterol- and sphingolipids-enriched membrane microdomains play a crucial role in many
physiologica cellular functions and have been implicated in diverse endocytotic processes
and the uptake of pathogens. They can be subdivided into caveolae and non-caveolar rafts,
enriched in either caveolins or flotillins. Both are morphological different membrane
structures having a varying composition of lipids and proteins, which might reflect different
cellular functions. Caveolae are 50 to 100 nm omega-shaped invaginations associated with
caveolin coat proteins and cavin adaptor proteins. Caveolinl is, besides caveolin2 and 3, the
major structural component and is most abundandly expressed in non-muscle cells. It is
involved in and also essential, demonstrated in vivo, for caveolae formation through
oligomerization and association with cholesterol (Bender et a., 2002; Chidlow and Sessa,
2010; Parton and Simons, 2007). The endocytosis of caveolae requires dynamin2, which is
also directly associated with caveolinl, src kinases and actin recruitment. But downregulation

of caveolinl does not block the endocytosis of al lipid raft markers, as GM; still can be
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internalized. This leads to the conclusion, that multiple endocytotic mechanisms seem to be
involved in the uptake of lipid rafts resident components (Parton and Simons, 2007; Y ao et
al., 2005). The raft protein flotillinl may also be a component of caveolae, but it is also
expressed in cell lines devoid of caveolin, thereby the relationship between caveolin and
flotillinl is not entirely clear yet (Glebov et al., 2006; Yao et a., 2009). Flotillins are
ubiquitously expressed and evolutionary conserved. They are differentialy associated with
the lipid bilayer by fatty acid modification, like myristoylation or pamitoylation, and
hydrophobic amino acid stretches (Babuke and Tikkanen, 2007; Bauer and Pelkmans, 2006).
Flotillinl has been demonstrated to reside in lysosomes and other endocytotic compartments
and seems to be part of a clathrin- and dynamin-independent endocytotic pathway.
Additionally, it seem to have a role in the internalization of cholera toxin and GPI-APs
(Glebov et a., 2006). In contrast, Frick et a proposed that for clathrin- and caveolin-
independent vesicle trafficking the coassembly of flotillinl and flotillin2 is essential (Frick et
al., 2007). Hence, membrane microdomains are very heterogenous structures, enriched in
various lipids and proteins, they are thereby extremely difficult to characterize. But typical
marker proteins, like caveolins and flotillins, or toxins binding to certain lipids, ease the
characterization and investigations on the endocytotic capacity of membrane microdomains.

In endocytotic processes small GTP-binding proteins serve as molecular switches and can
thereby regulate the duration and timing of the signalling. They have various members in
eukaryotes and can be classified into 5 different families. Ras subfamily members mainly
regulate gene expression, whereas the Rho/Rac/Cdc42 subfamily members regulate gene
expression and cytoskeletal reorganization. Intracellular vesicle trafficking is controlled by
Rab and Arf family members and Ran family members govern nucleocytoplasmic transport
and microtubule organization during the cell cycle. They exist in GDP-bound inactive and the
GTP-bound active form and can be stimulated by guanine nucleotide exchange factors (GEF).
Small GTPases regulate a wide range of cellular functions by initiating and terminating
downstream signals during certain time periods (Matozaki et a., 2000). As Rho GTPases are
involved in the activation and the organization of actin cytoskeleton and in microtubule
dynamics, they can also function in phagocytosis and other kinds of endocytotic pathways
(Jaffe and Hall, 2005). RhoGTPases also play a role in clathrin-independent endocytotic
mechanisms, like the internalization of interleukin-2 (IL-2) receptor, localized to membrane
microdomains. This process can be inhibited by the expression of dominant-negative RhoA or
Rac. Additionally Cdc42 facilitates the internalization of GPI-anchored proteins. Another
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member is TC10, which regulates the GLUT4 transport after stimulation with insulin and is
thereby also associated with membrane microdomains. RhoG, which is highly related to Racl,

seems also to be involved in caveolar endocytosis, as it was demonstrated by Prieto-SAnchez
et a (Prieto-Sanchez et al., 2006; Symons and Rusk, 2003).

Despite, also diverse lipids have a signalling capacity, playing arole in endocytotic processes.

Phosphoinositides are the phosphorylated derivates of phosphatidylinositols (Pl) and are
abundant components of eukaryotic cell membranes. They are the best characterized

glyceralipids, involved in diverse cellular processes, including proliferation, glucose

transport, cytoskeletal organization and vesicle trafficking. There are up to seven different Pls
defined, including PI-3-phosphate (PI13P), Pl-4-phosphate (PI4P), PI-5-phosphate (PI5P) PI-

3,4-bisphosphate (PI-3,4-P,), PI-3,5-bisphosphate (PI-3,5-P,), PI-4,5-bisphosphate (PIP,), PI-

3,4,5-trisphosphate (PIP3). They serve as phospholipase substrates for the genereation of

soluble second messengers, interact directly with intracellular proteins, ater membrane

topology by electrostatic interactions or control the localization of proteins with lipid-binding

domains, including PH-, PX-, PTB-, FYVE- , ENTH- or FERM-domains (Fruman et al.,

1998; Yin and Janmey, 2003). Their reversible generation is regulated by lipid-kinase and

lipid-phosphatase activity, thereby they are associated with assembly and control of signalling

pathways. They have a differential localization as PIP, and PIP; are concentrated at the
plasma membrane, while PI3P and PI-3,5-P, are predominantely localized to endosomal

compartments and PI4P is enriched in the trans-golgi network and secretory organelles. This
might also reflect their varying cellular functions (Haucke and Di Paolo, 2007). PIP; is a
critical second messenger regulating various cellular activities, like modulation of actin

cytoskeleton, vesicle trafficking, focal adhesion formation and nuclear events. The level of

PIP, can be balanced by hydrolysis via phospholipase C (PLC) resulting in the generation of

inositol-1,4,5-trisphophate and diacylglycerol, by phosphorlation via class | phosphoinositide
3 kinases (PI3K) generating PIPs;, or by dephophorylation via phosphoinositide 5

phosphatases. Additionaly, PIP; is preferentially synthesized in membrane microdomains and

can be regulated by the small G proteins Rho, Rac or Arf (Doughman et a., 2003; Mao and

Yin, 2007). PIP, aso has amajor role in al forms of endocytotic pathways, as it functions as
co-receptor for the recruitment and regulation of endocytotic proteins (Di Paolo and De
Camilli, 2006). Via PI3K activity PIP, can be phosphorylated at the 3-hydroxyl group of the
inositol ring, generating PIPs. PIP; is a rare phosphoinositide, which has been implicated to

phagocytotic processes and termination of GTPase signalling. Most notably it is involved in
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many downstream signalling processes by binding to PH-domains, including the protein
kinase Akt, which isinvolved in cellular surviva pathways and induction of protein synthesis.
PI3Ks can be divided into three classes depending on their structural and biochemical
features. Class | PI3Ks use PIP, as substrate and have differential signalling outputs,
depending on their varying isoforms, classified by the 4 catalytic subunits, which can interact
with the 7 regulatory subunits. Beside generation of PIP;, class | PI3Ks have various
downstream effectors, like Akt or GTPases, regulating their guanine nucleotide exchange
factors (GEFs) or their GTPase activating proteins (GAPs) (Vanhaesebroeck et a.).
Therefore, PI3K may also be modulating actin cytoskeleton and phagocytosis, pointing to a
role in endocytotic processes.

Here, we demonstrate for the first time an involvement of caveolinl, microtubules, RhoG,
Racl and PI3K in the CEACAM 1-mediated endocytosis of Neisseria gonorrhoeae.

/" +

Recruitment of flotillin to the site of bacterial entry

As we now have strong evidence, that the integrity of membrane microdomains has an
influence on CEACAM1-mediated internalization of Neisseria gonorrhoeae and that GPI-
anchored proteins and GM; are recruited to the site of bacterial entry, we wanted to identify
additional components of lipid rafts involved in the uptake mechanism of the pathogens.
Therefore 293T cells cotransfected with mKate-tagged CEACAM1 WT, CEACAM1 WT and
GFP-tagged Hotillinl or Flotillin2, were infected with Pacific Blue-labelled Opacea-
expressing gonococci for 30 min. Afterwards, cells were fixed and analyzed via confocal
microscopy. CEACAM1-mediated bacteria internalization showed a very strong recruitment
of flotillinl and flotillin2 to the sites of gonococcal entry (Fig. 40A & B), whereas
CEACAM3-mediated uptake demonstrates only marginal recruitment of the lipid rafts
markers (Fig. 40A & B). Therefore, the results point to an association of CEACAM1 with
flotillins and thereby aso with membrane microdomains, supporting the previous data.

Flotillins are not functionally involved in CEACAM1-dependent neisserial uptake
Flotillinl and flotillin2 are markers of non-caveolar lipid rafts. In previous studies it was
demonstrated, that coexpression of flotillinl with flotillin2 induces formation of membrane
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microdomains, membrane curvature and vesicle budding. They are defining structural
components mediating the endocytotic clathrin-independent pathway (Frick et a., 2007). To
detect the functional involvement of flotillins in CEACAM1-mediated internalization a
gentamicin assay was performed.

293T cells were transfected with pcDNA as control or cotransfected with HA-tagged
CEACAM1 WT and either pLPS-EGFP (empty vector), flotillin-1, flotillin2, flotillinl & 2 or

Ngo Pacific Blue Flotillin1-GFP CEACAM-mKate Overlay

CEACAM1 WT

CEACAM3 WT

Overlay

CEACAM1 WT

CEACAM3 WT

Fig. 40 Strong recruitment of flotillin to the site of CEACAM 1-mediated bacterial entry. HEK 293T cells
cotransfected with GFP-tagged Flotillinl (A) or Flotillin2 (B) and either mKate-tagged CEACAM1 WT or
CEACAM3 WT were infected for 30 min with PacificBlue labelled Opacea-expressing gonococci and analyzed
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via confocal microscopy. Arrows indicate sites of interaction either only between CEACAM and bacteria or also
recruitment of lipi raft markers, shown in detail. Bars represent 10 m.

a trans-negative deletion mutant flotillin2 R1EA. This mutant displays the isolated
oligomerization domain and therefore has an impaired recruitment of adaptor molecule CAP
to focal adhesions and interferes with flotillin oligomerization (Langhorst et a., 2008a). Cells
were employed in a cell association and a gentamicin protection assay. The number of cell
associated bacteria varies between the different constructs only marginal (Fig. 41A) and also
CEACAM1 mediated internalization of Neisseri gonorrhoeae seems not to be affected by any
flotillin construct (Fig. 41B). The expression levels of the different flotillins showed only
minor differences, asflotillinl is expressed less (Fig. 41C). Therefore, flotillin overexpression
has no effect on the internalization of the pathogens and the uptake was also not affected by
the trans-negative deletion mutant of flotillin2. Thereby, a functional role for flotillin2 in the
internalization process of gonococci can be excluded. Additionally, cells were transduced
with lentiviral particles bearing the coding sequence for flotillinl shRNA or a control virus.
The functionality of flotillin sShRNA was determined via SDS-PAGE and Western blotting
with an antibody against flotillinl (Fig. 41D). After transfection with pcDNA, CEACAM1
WT or CEACAM3 WT, cells were infected with Opacea-expressing gonococci and applied to
a cell association and a gentamicin assay. The association of bacteria was not affected by the
knockdown of flotillinl (Fig. 41E). Additionally, the downregulation of flotillinl has neither
an effect on the CEACAM1-mediated uptake of bacteria nor on the CEACAM3-mediated
internalization of the microbes (Fig. 41F). Together, the data point to a non functional role for
flotillinl in the uptake process of Neisseria gonorrhoeae. Both flotillins are recruited to the
site of bacteria attachment, indicating a colocalization to membrane microdomains, but they
do not play any functiona role in the endocytotic process. Also SOHO-domain containing
proteins, like CAP, Vinexin or ArgBP,, play an important role for the downstream signalling
via flotillins. But the dominant-negative variants of the different SOHO-domain containing
proteins do not impair the CEACAM 1-dependent internalization of N. gonorrhoeae (data not

shown), pointing also to anon-functional role for flotillins in this process.
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Fig. 41 Flatillin has no functional relevance for CEACAM 1-mediated internalization. 293T cells transfected
with pcDNA or cotransfected with pLPS-Cerulean (empty vector), Flotillinl (Flotl), Flotillin2 (Flot2), Flotillinl
and Flotillin2 or Flotillin2 R1IEA and CEACAM1 WT were infected for 2 h with Opacga-expressing gonococci
and employed for a cell association (A) and a gentamicin protection assay (B). Viable bacteria were depicted in
graphs representing mean values — SD. Whole cell lysates were prepared and protein expression were detected
via SDS-Page and Western blotting with antibodies against GFP or HA (C). HEK 293T cells transduced with a
lentiviral particle bearing the coding sequence for flotillinl shRNA (shRNA Flot) or control virus (mock), were
transfected with either pcDNA, CEACAM1 WT or CEACAM3 WT. Cells were infected with Opacga-
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expressing gonococci for 2 h with a moi of 30 and analyzed by a cell association (E) or gentamicin protection
assay (F). Graph represents mean values — SD from one representative experiment. Downregulation of flotillinl
(red box) was confirmed by SDS-PAGE and Western blotting with monoclonal antibody against flotillinl (D).

Caveolinl plays a major role for CEACAM1-mediated internalization of gonococci

Another subset of membrane microdomains are caveolae. Caveolae are known to play arole
in various pathogenic internalization processes, like for E. coli, Chlamydia trachomatis or
echovirusl (Duncan et al., 2002). Therefore, an involvement of caveolinl in the CEACAM1-
mediated endocytosis of Neisseria gonorrhoeae was investigated.

293T cells cells were transduced with lentiviral particles bearing the coding sequence for
caveolinl shRNA or a control virus. The functionality of caveolinl shRNA was determined
via SDS-PAGE and Western blotting with antibody against caveolinl and actin. For controls,
mouse embryonic fibroblasts lacking Cavl (MEF Cavl) or expressing endogenous Cavl
(MEF Cav1") and HEK transfected with Cav1-GFP or untransfected were used (Fig. 42B).
Tansduced 293T cells or untransduced cells were transfection with pcDNA, CEACAM1 WT
or CEACAM3 WT, and after infection with Opacega-expressing gonococci cells were
employed in a gentamicin protection assay. Control transfected cells show no intracellular
bacteria. For CEACAM3-mediated internalization downregulation of caveolinl have no
effect, whereas CEACAM 1-mediated uptake of Neisseria gonorrhoeae was impaired by the
knockdown of caveolinl (Fig. 42A). To determine, if caveolinl is also associated with
CEACAM1 during bacteria internalization, 293T cells were cotransfected with Cerulean-
tagged caveolinl and either mKate-tagged CEACAM1 WT or CEACAM3 WT. Afterwards,
cells were infected for 30 min with PacificBlue-labelled gonococci and analyzed via confocal
microscopy. For CEACAM3 WT there seems to be a strong recruitment of CEACAM around
the bacteria, but only marginal recruitment of caveolinl. In contrast, for CEACAM1 WT a
strong recruitment of caveolinl and CEACAM to the sites of bacterial entry could be detected
(Fig. 42C). Together this data point to a functional involvement of caveolinl in the uptake
process of gonococci.

To decipher the part of caveolinl necessary for the involvement to CEACAM1-mediated
uptake of gonococci, different mutants of caveolinl were constructed. The construct lacking
Tyri4 can not be phosphorylated by src tryrosine kinase, diminishing the endocytosis of
caveolae (Sverdlov et a., 2007). 10 amino acids in the N-terminus (1-61) of caveolinl seems

to be important for rear polarization and caveolae formation (Sun et a., 2007). In contrast, 10
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expressing gonococci for 2 h with amoi of 30 and analyzed by a gentamicin protection assay. Graph represents
mean values — SD from one representative experiment (A). Downregulation of caveolin-1 (red box) was
confirmed by SDS-PAGE and Western blotting with monoclonal antibody against caveolin-1 (B). 293T cells
cotransfected with pLPS-Cerulean (empty vector), Caveolinl (Cavl), Caveolin Y 14F, Caveolinl missing residue
1-61 ( 1-61) or Caveolin lacking residue 141-178 ( 141-178) and CEACAM1 WT were infected for 2 h with
Opacea-expressing gonococci and employed for a cell association (C) and a gentamicin protection assay (D).
Viable bacteria were depicted in graphs representing mean values — SD. HEK 293T cells cotransfected with
Cerulean-tagged Caveolinl and either mKate-tagged CEACAM1 WT or CEACAM3 WT were infected for 30
min with PacificBlue labelled Opacega-expressing gonococci and analyzed via confocal microscopy. Sites of
colocalization are highlighted with an arrow and shown in detail. Bars represent 10 m.

amino acids of the C-terminus (141-178) of caveolin seems to be important for
oligomer/oligomer interaction of caveolinl (Schlegel and Lisanti, 2000). 293T cells were
cotransfected with pcDNA, Caveolinl WT, Caveolin Y14F, Caveolin 1-61, lacking the N-
terminal domain or Caveolinl 141-178, lacking the C-terminal domain. Cells were infected
for 2 h with Opacea-expressing Neisseria gonorrhoeae and were applied to a cell association
(Fig. 42D) and a gentamicin protection assay (Fig. 42E). The association of bacteria seems to
be dlightly decreased with al cotransfected caveolinl constructs, reflecting a possible general
problem with the overexpression of caveolinl (Fig. 42D). On the contrary, CEACAM1-
mediated uptake of gonococci only seems to be highly affected by overexpression of
Caveolinl 141-178, lacking the C-termina domain (Fig. 42E). Because the C-terminal
domain is important for oligomer interactions, this might reflect a dependence on membrane
stabilization of CEACAM1-mediated internalization of gonococci. Hence, it seems that
CEACAM1-dependent uptake of the pathogens does not require functional caveolar-
endocytosis, but rather the membrane stabilizing functions of caveolinl.

CEACAM1-mediated pathogenic endocytosis differs from caveolar endocytosis

To completely exclude the requirement for caveolar endocytosis, we investigated the
involvement of dynamin2, src kinases and actin cytoskeleton in the internalization process of
Neisseria gonorrhoeae, as these factors are supposed to be required for caveolar endocytosis
(Parton and Simons, 2007).

293T cells were co transfected with dynamin2 WT or the dominant-negative GTP-binding
defective mutant dynamin2 K44A and either CEACAM1 WT or CEACAM3 WT. After
infection with opague gonococci for 2 h, cells were applied to a cell association and a
gentamicin protection assay. The number of cell associated bacteria was not influenced by the
coexpression of dynamin2 (Fig. 43A). Additionally, CEACAM1- and CEACAM 3-dependent
internalization of gonococci were only slightly affected by the GTP-binding defective mutant
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Fig. 43 Dynamin2, src-kinases and actin cytoskeleton play a minor role for CEACAM 1-mediated uptake
of pathogenic gonococci. HEK 293T cells transfected with control vector (pcDNA) or cotransfected with
Dynamin2 WT, dominant-negative Dynamin2 K44A and either CEACAM1 WT or CEACAM3 WT wee
infected for 2 h with Opacea-expressing gonococci and analyzed in a cell association (A) or gentamicin assay
(B). Bars represent mean values — SD or two independent experiments done in triplicate. 293T cells were
transfected with control vector (pcDNA), CEACAM1 WT or CEACAM3 WT. Cells were infected for 2 h with
Opacea-expressing gonococci and analyzed in cell association (C) and gentamicin protection assay (D) in the
absence or presence of 20 M src-kinase inhibitor P P2. Bars represent mean values — SD of one representative
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experiment done in triplicates. Cell viability was measured viaan MTT assay and cell amount was determined
by crystal violet staining. Ratio of both is represented in (E). HEK 293T cells coexpressing GFP-tagged Actin
and either mKate-tagged CEACAM1 WT or CEACAM3 WT were infected with PacificBlue labelled gonococci
and analyzed by confocal microscopy in life cell mode (F).

(Fig. 43B), supposing that dynamin2 does not play any major role in the uptake of Neisseria
gonorrhoeae.

For deciphering the role of src kinases in the CEACAM 1-dependent internalization of the
microbes, 293T cells were transfected with control vector (pcDNA), CEACAM1 WT or
CEACAM3 WT. Prior to infection cells were treated with 20 M PP2, an effective inhibitor
of src kinases, or left untreated. While bacterial association to host cells remained unaffected
by the inhibitor (Fig. 43C), CEACAM 3-mediated internalization was decreased. It was shown
previously, that src inases play a crucia role for CEACAM3-mediated uptake of Neisseria
gonorrhoeae (Schmitter et a., 2007d). In contrast, src kinase inhibition has no effect on
CEACAM 1-dependent uptake (Fig. 43D). Additionaly, the inhibitor itself has no influence
on cell viability (Fig. 43F). This result demonstrated, that src kinases do not play any crucia
role for CEACAM 1-mediated internalization of gonococci.

The actin cytoskeleton was shown before in gentamicin assays to play a minor role for
CEACAM 1-dependent uptake (Muenzner et a., 2008). For visualization of this effect, HEK
293T cells cotransfected with GFP-tagged actin and CEACAM1 WT or CEACAM3 WT were
infected with PacificBlue-labelled opaque Neisseria gonorrhoeae for 30 min and analyzed via
confocal microscopy. For CEACAM3 avery intense recruitment of actin could be detected at
the sites of bacterial entry, whereas for CEACAM1 only weak recruitment of actin around the
pathogens could be shown (Fig. 43E). This indicates aminor role for actin in the CEACAM1-
dependent internalization process and confirms the results of the previous assays.

Together these data demonstrates, that the molecular components essential for caveolar
endocytosis are not necessary for CEACAMI1-mediated internalization of Neisseria
gonorrhoeae. Thus, the CEACAM 1-dependent endocytotic pathway of gonococci seems to
differ mechanistically from the classical caveolar or lipid rafts mediated endocytosis (Lgoie
and Nabi, 2007).

Crucial role for small GTPases in CEACAM-mediated internalization of Neissria
gonorrhoeae
RhoGTPases play an important role in endocytotic processes, seem to be crucia for

phagocytosis and can aso be implicated with membrane microdomains. Therefore we wanted
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Fig. 44 Inhibition of RhoGTPases via toxins decreased CEACAM1- and CEACAM3- mediated
internalization of Neisseria gonorrhoeae. HEK 293T cells transfected CEACAM1 WT, CEACAM3 WT or
control vector (pcDNA) (B) were pretreated for 3 h with either 1 ng TcdB or 50 ng TcdBF or left untreated.
After infection for 2 h with Opacea-expressing Neisseria gonorrhoeae, cell association (A) and gentamicin assay
(B) were performed and viable bacteria were counted. Graphs represent mean values — SD from one
representative experiment done in triplicate. HEK 293T cells were treated with DMEM, PFA or indicated
concentrations of toxins for 1 h. Cell viability was determined via addition of MTT and incubation for 2 h. The
absorption of formed coloured formazan could be detected via spectrofluorometer at 550 nm (C). Cell amount
could be determined after fixation with 4 % PFA via crystal violet addition and incuation for 1 h. After washing
the remaining dye was dissolved with acetic acid and absorption could be detected by spectrofluorometer at 550
nm (D). Ratio of cell viability divided by cell amount was displayed (E).

to identify GTPases involved in the CEACAM1-mediated internalization of Neisseria
gonorrhoeae. 293T cells were transfected with control vector (pcDNA), CEACAM1 WT or
CEACAM3 WT. Prior to infection, cells were treated for 3 h either with toxin B from
Clostridium difficile strain VPl 10463 (TcdB), glycosylating RhoA, Racl and Cdc42 or
toxinB from Clostridium difficile strain 1470 serotype F (TcdBF), glycosylating Racl and r-
Ras. After infection with Opacga-expressing gonococci, cells were analyzed in a cdl
association and a gentamicin protection assay. The toxins seem to have no influence on cell
viability after 1 h, which was determined by an MTT assay (Fig. 44C-E). Except for TcdB,
which seem to have a dlight decreasing influence on the CEACAM1-dependent cell
association of bacteria, Cell association was not affected by both toxins (Fig. 44A).
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Fig. 45 Racl isinvolved in CEACAM 1 and CEACAM 3-mediated uptake of gonococci, while RhoA only
plays a role for CEACAM 3-mediated internalization. 293T cells cotransfected with control vector (pLPS-
EGFP), GFP-tagged RhoA WT. dominant negative RhoA T19N, Racl or dominant negative Racl N17V12 and
either CEACAM1 WT (A &B) or CEACAM3 WT (C & D), were infected for 2 h with OpaCEA-expressing
gonococci and analyzed in cell association (A & C) and gentamicin protections assay (B & D). Bars represent
mean values — SD from one representative experiment done in triplicate. (E & F) 293T cells coexpressing
indicated mKate-tagged CEACAMSs and indicated GFP-tagged GTPase were infected with PacificBlue-labelled
OpaCEA-expressing Neisseria gonorrhoeae and analyzed via confocal microscopy in life cell mode. CEACAM-
interaction with bacteria and optional recruitment of GTPases are highlighted by arrows and shown in detail.
Barsrepresent 10 m.
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Pathogenic internalization via CEACAM3 was highly decreased by both toxins (about 90 %).
However, CEACAM1-mediated uptake of gonococci was aso decreased in the present of
both toxins (about 50 %), but seem to be not as sensitive to the toxins as CEACAM3-
dependent internalization (Fig. 44B). Therefore RhoA, Racl, CD42 or r-Ras seem to play a
major role in CEACAM 3-dependent endocytotic processes are aso involved in CEACAM1-
mediated uptake of Neisseria gonorrhoeae.

RhoG and Racl play a crucial rolein CEACAM1-mediated uptake process

To identify distinct GTPases, necessary for one or both pathways we used dominant-negative
constructs of Racl, RhoA, Cdc42 and RhoG, which bear substitutions of amino acids
abolishing their affinity for GTP. 293T cells cotransfected with control vector (pLPS-EGFP),
Racl WT, dominant-negative Racl N17V12, RhoA WT or dominant-negative RhoA T19N
and either CEACAM1 or CEACAM3 were analyzed after infection with opague gonococci in
acell association and a gentamicin protection assay. In the case of cell associated bacteria, al
GTPases seem to have a dlight decreasing influence on CEACAM3, and cotransfection with
RhoA WT or Racl has a dlightly decreasing influence on the number of CEACAM1-
dependent cell associated pathogens (Fig. 45A & C). For CEACAM3-mediated
internalization both GTPases seem to play an important role, whereas for CEACAM1-
mediated uptake of gonococci only Racl seem to be involved in , relative to the associated
bacteria (Fig. 45B & D).

To confirm the results visually, HEK 293T cells were cotransfected with either GFP-tagged
Racl WT or RhoA WT and either mKate-taged CEACAM1 WT or CEACAM3 WT. Cédlls
were infected with PacificBlue-labelled, Opacea-expressing Neisseria gonorrhoeae and
analyzed via confocal microscopy. In the case of CEACAMS3, both GTPases show a strong
recruitment to the site of bacterial entry and colocalization with CEACAMS, indicating an
involvement in the endocytotic pathway (Fig. 45E & F; lower panel). In contrast only Racl
gets recruited to the site of CEACAM1-mediated bacterial entry and colocalizes with the
receptor, whereas RhoA is neither recruited nor colocalizes with bacteria or receptor (Fig.
45E & F; upper panel). This confirms the results from the gentamicin assay and strictly point
to an involvement of Racl in both CEACAM-mediated uptake processes, while RhoA seems
only to be essential for CEACAM 3-dependent internalization.

Additionally, cells were cotransfected with control vector (pLPS-EGFP), RhoG WT,
dominant negative RhoG F37A, Cdc42 WT or dominant-negative Cdc42 T17N and either
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Fig. 46 RhoG play a role for CEACAM1-mediated uptake, while Cdc42 is not involved neither in
CEACAM1- nor in CEACAM3-mediated internalization. 293T cells cotransfected with control vector
(PLPS-EGFP), GFP-tagged RhoG WT. dominant negative RhoG F37A, Cdc42 or dominant negative Cdc42
T17N and either CEACAM1 WT (A &B) or CEACAM3 WT (C & D), were infected for 2 h with Opacga-
expressing gonococci and analyzed in cell association (A & C) and gentamicin protections assay (B & D). Bars
represent mean values — SD from one representative experiment done in triplicate. (E & F) 293T cells
coexpressing indicated mKate-tagged CEACAMs and indicated GFP-tagged GTPase were infected with
PacificBlue-labelled Opacea-expressing Neisseria gonorrhoeae and analyzed via confocal microscopy in life cell
mode. CEACAM-interaction with bacteria and optional recruitment of GTPases are highlighted by arrows and
shown in detail. Barsrepresent 10 m.
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CEACAM1 or CEACAM3. After infection with opague gonococci cells were applied in cell
association and gentamicin assay. For both CEACAMS, cotransfection with Cdc42 seemed to
have dlight negative effect for cell associated bacteria (Fig. 46A & C). While RhoG WT
showed increased internalization for CEACAM1, dominant-negative variant demonstrated a
decreasing influence on the number of internalized bacteria. Therefore RhoG seemed to play a
major role for CEACAM1-dependent uptake, while Cdc42 is not involved (Fig. 46B). In
contrast, for CEACAM3-mediated uptake both RhoG and Cdc42 seemed to be not involved
(Fig. 46D). To have a visua confirmation of these results, GFP-tagged variants of the
GTPases and mKate-tagged CEACAMs were coexpressed in 293T cells, infected with
PacificBlue-labelled opague gonococci and analyzed via confocal microscopy. Indeed, RhoG
is strongly recruited to the sites of bacteria entry and colocalized with the receptor in the case
of CEACAM1, whereas Cdc42 is not (Fig. 46E & F; upper panels). However, also for
CEACAM3 Cdc42 is neither recruited to the pathogens nor colocalizes with the receptor. But,
despite the results of the gentamicin assay, RhoG seems to be recruited to the bacteria and
colocalizes also with the receptor (Fig. 46E & F; lower panels). The results confirm arole for
RhoG in CEACAM1-mediated internalization of gonococci, whereas Cdc42 isnot involved in
both  CEACAM-dependent pathways. RhoG might not be functionaly involved in
CEACAM 3-dependent uptake, but might be recruited to the site of bacterial entry on behalf of
other interaction partners of CEACAMS.

Microtubules are involved in CEACAM1-mediated neisserial endocytosis

RhoG GTPase is not only involved in caveolar endocytosis, but has also been demonstrated to
act upstream of Racl and activates Racl/Cdc42 through a microtubule-dependent pathway.
Kinectin was also found to be an effector for this microtubule-dependent activation of Rac
and Cdc42 (Vignal et al., 2001). Additionally, microtubules have an endocytotic potential and
also seem to play a role in the uptake of Campylobacter jejunii and Citrobacter freundii
(Oelschlaeger et al., 1993). Therefore, to decipher the role of microtubules in the CEACAM1-
mediated internalization process of Neisseria gonorrhoeae, HEK cells transfected with GFP-
tagged CEACAM1 and CEACAMS3 or left untransfected, were infected for 30 min with
PacificBlue-labelled opaque gonococci. After fixation microtubules were stained with an
antibody and samples were analyzed by confocal microscopy. Indeed, microtubules seemed to
be surrounding the bacteria and they also colocalized with CEACAM1. In contrast they were
not colocalizing with CEACAM3 in the case of pathogenic entry (Fig. 47A). This data
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47 Microtubules show an involvement in CEACAM 1-mediated neisserial uptake. 293T cells

transfected with GFP-tagged CEACAM1 WT, CEACAM3 WT or left untransfected, were infected for 30 min
with PacificBlue labelled Opacega-expressing gonococci. Afterwards cells were fixed with 4 % PFA,
permeabilized and stained with antibody against -tubulin (clone E7) and Cy3-conjugated secondary antibody.
Preparates were analyzed with confocal microscopy. Arrows indicate CEACAM-bacteria interaction and in case
of CEACAM1 enrichment of -tubulin to the site of bacterial attachment, shown in detail (A). 293T cells were
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transfected with pcDNA, CEACAM1 WT (CC1 WT), CEACAM1 lacking the cytoplasmic domain (CC1 CT)
and CEACAM3 WT. Transfection efficieny was determined after staining with a monoclonal CEACAM
antibody (clone 18/20) and Cy2-conjugated secondary antibody by flow cytometry (D). Prior to infection with
Opacea-expressing gonococci for 2 h, cells were treated with 20 M microtubule inhibitor nocodazole (Noco), or
left untreated. Samples were analyzed in cell association (B) and gentamicin protection assay (C). Cell viability
was determined in an MTT-assay and cell amount was determined by crystal violet staining (E).

promoted an involvement of microtubules in the CEACAM 1-mediated uptake. To test if they
are aso functionaly involved, 293T cells transfected with control vector (pcDNA),
CEACAM1 WT, CEACAM1 lacking the cytoplamsmic domain and CEACAM3 WT, were
infected with opaque gonococci and analyzed in a cell association and gentamicin assay in the
presence or absence of 20 M inhibitor nocodazole, interfering with microtubule
polymerization. Transfection efficiencies were up to 59 % (Fig. 47D). Indeed CEACAM1-
mediated internalization of the bacteria seemed to be affected by the inhibitor, aso
independently of the cytoplasmic domain. On the contrary, CEACAM 3-dependent uptake is
only dlightly inhibited (Fig. 47B & C). Cdl viability was not affected by the use of
nocodazole (Fig. 47E). This strongly indicated a functional involvement of microtubules in
the CEACAM 1-mediated internalization of Neisseria gonorrhoeae.

Delayed CEACAM1-mediated internalization of gonococci in comparison to CEACAMS-
dependent uptake

After internalization of pathogens into cells, they accumulate in endosomal vesicles, which
are enriched in distinct RabGTPases. Rab5 is atypica marker for early endosomes and Rab7
is a marker for late endosomes. To decipher the pathway route of CEACAM 1-mediated
uptake 293T cells were cotransfected with Rab7 and either CEACAM1 or CEACAMS3. After
infection with Opacea-expressing gonococci samples were analyzed in confocal life cell
microscopy. Already after 7 min recruitment of CEACAM3 around the attaching or invading
bacteria was visible. In comparison the first enrichment of CEACAM1 around the bacteria
could be detected after 12 min, indicating time dependent differences in both pathways.
After55 min CEACAM3-dependent internalized gonococci can be clearly seen in Rab7-
enriched vesicles, whereas for CEACAM1 most bacteria were still detectable at the cell
surface and could be found, also after longer time periods, only margina in Rab7-enriched
vesicles. This pointed to a time delayed endocytotic process for CEACAM 1-mediated
internalization of Neisseria gonorrhoeae contrarily to CEACAM 3-mediated phagocytosis.
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Fig. 48 CEACAM 3-mediated phagocytosis demonstrate a faster uptake of gonococci into Rab7-enriched
endosomes. HEK 293T cells cotransfected with GFP-tagged Rab7 and mKate-tagged CEACAM1 WT or
CEACAM3 WT were infected with PacificBlue-labelled Opacea-expressing Neisseria gonorrhoeae and
analyzed ba confocal microscoy in life cell mode. Arrows indicate CEACAM-interaction with bacteriaand in the
case of CEACAM3 WT enrichement of Rab7 in bacteria containing vesicles, shown in detail.

Therefore both pathways seem to have different signalling processes leading to this particular
delay.
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PH-domainsindicate a role for PIP, and PIP3; in CEACAM1-mediated endocytosis

For deciphering the role of PIPs in the CEACAM1-mediated internalization process of
Neisseria gonorrhoeae, we used different GFP-tagged PH-domains as tools. Akt-PH-domain
binds preferentially to PI-3,4-P, and PIP;, whereas Btk-PH-domain only bind to PIP; and
PLC -PH-domain only bind to PIP..
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Fig. 49 PH-domains of Btk and PLC seem to inhibit CEACAM 1-mediated uptake of gonococci,
indicating a role for PIP,. HEK 293T cells were contransfected with CEACAM1 WT or CEACAM3 WT and
pLPS-EGFP (empty vector), Akt-PH, Btk-PH or PLC -PH. Afterward they were infected with nonopaque (Ngo
Opa) or Opacea-expressing gonococci for 2 h and analyzed in a cell association (A & C) or gentamicin
protection assay (B & D). Viable bacteria were counted. Graphs represent mean values — SD from one
representative experiment done in triplicate.

293T cells were cotransfected with GFP-tagged PH-domains of Akt, Btk or PLC and either
CEACAM1 WT or CEACAM3 WT. After infection with opaque and nonopague gonococci,
cells were analyzed in a cell association and a gentamicin protection assay. While the PH-
domains had no influence on CEACAM1- or CEACAMS3-dependent cell association (Fig.
49A & C), PLC -PH domain seemed to have an inhibitory effect on the CEACAM1-
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mediated internalization of gonococci. Internalization seemed also to be slightly affected by
Btk-PH domain (Fig. 49B). In contrast Akt-PH domain seemed to have a dlightly increasing
effect on CEACAM3-mediated neisserial uptake (Fig. 49D). This might reflect a major
functional role for PIP, and a minor role for PIP; in CEACAM 1-dependent internalization of
Neisseria gonorrhoeae.

To test, if PIPs are indeed recruited to the sites of bacteria entry, life cell microscopy was
accomplished. 293T cells were cotransfected with GFP-tagged PH domains and either mK ate-
tagged CEACAM1 or CEACAMS3. After infection with PacificBlue-labelled, Opacga-
expressing gonococci, cells were imaged via confocal microscopy for 2 h. Already after 15
min massive recruitment of all PH-domains to the sites of bacteria entry could be detected for
CEACAM1-mediated internalization (Fig. 50A-C; upper panel). At later timepoints in
endocytosis, recruitment of PLC -PH domain around the bacteria vanished and only
recruitment of Btk-PH domain could be detected anymore (data not shown). In contrast for
CEACAM3-dependent bacterial entry the strongest recruitment was shown for Akt-PH
domain and a weaker recruitment of Btk-PH domain. In the case of PLC -PH domain only
margina colocalization could be detected (Fig. 50A-C; lower panel). Together the results
pointed to a clear involvement of PIP, and also PIP; in CEACAM 1-dependent endocytosis of
Neisseria gonorrhoeae. On the contrary PIP, seemed to play only a minor role for
CEACAM 3-mediated uptake of gonococci.

CEACAM1-mediated endocytosis of Neisseria gonorrhoeae is strongly dependent on PI3K
activity

As PIP; is a substrate and PIP; is one product of PI3K, this leads to the assumption, that also
PI3K might be involved in CEACAM1-mediated bacterial uptake. Therefore 293T cells
expressing CEACAM1 WT, CEACAM3, WT, CEACAM1 lacking the cytoplasmic domain
( CT), or control vector were analyzed in cell association and gentamicin protection assaysin
the presence or absence of 50 M PI3K inhibitor LY2 94002 or 200 nM PI3K inhibitor
wortmannin. The inhibitors alone had no effect on cellular viability (Fig. 51E-G). Both
inhibitors had aso no markedly influence on cellular association of Neisseria gonorrhoeae
neither with CEACAM1 nor with CEACAM3 (Fig. 51A & C). For CEACAM3-mediated
internaization the inhibition of PI3K with both inhibitors seemed to have no influence (Fig.
51B & D). In contrast CEACAM 1-dependent uptake of gonococci seemed to be markedly
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Fig. 50 PH-domains are recruited to the sites of CEACAM 1-mediated bacterial entry. HEK293T cells
cotransfected with CEACAM1 WT or CEACAM3 WT and GFP-tagged Akt-PH domain (A), Btk-PH domain
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(B) or PLC -PH domain (C) were infected with Pacific Blue labelled Opacga-expressing gonococci and
analyzed via confocal microscopy in life cell imaging mode. Arrows highlight CEACAM-Opa interaction and
optional recruitment of the PH-domains to the site of bacterial entry and detail is shown. Bars represent 10 m.

reduced by the use of LY 294002 and also decreased with wortmannin, indicating a prominent
role for PI3K in this signalling process (Fig. 51B & D). Astonishingly also CEACAM1 CT-
dependent internalization of Neisseria gonorrhoeae was strongly affected by the inhibitors,
comparable to CEACAM1 WT (Fig. 51B & D). Together, LY294002 seemed to have a
greater influence on CEACAM 1-mediated internalization as wortmannin, which might reflect
the importance of a distinct isoforms of PI3K involved in this signalling pathway.

PI3K activity in CEACAM1-mediated endocytosis is independent from CEACAM localization
to membrane microdomains

As the previous studies proved an independency of CEACAM 1-mediated uptake of gonococci
from its cytoplasmic domain and an involvement of the transmembrane domain in receptor
localization, the transmembrane domain of CEACAML1 could also be responsible for a
connection to PI3K signaling. Additionally, the localization to membrane microdomains,
mediated by the transmembrane domain of CEACAM1, might also be necessary for PI3K
signaling, as it plays an important role in CEACAM 1-dependent neisserial internalization
process. Therefore, 293T cells were transfected with CEACAM1 WT, CEACAM3 WT,
CEACAM1 CT, lacking the cytoplasmic domain and CECAM1 N-TM, lacking the
immunoglobulin contant (Ig.) like extracellular domains. After infection wit h opague
gonococci, samples were analyzed in a gentamicin assay in the presence or absence of 50 M

LY 294002. CEACAM3-dependent uptake seems not to be affected by inhibition of PI3K
(Fig. 52A), whereas CEACAM1-mediated internalization was strongly decreased in the
presence of the inhibitor. The decrease in bacterial internalization was a so independent of the
cytoplasmic domain of CEACAML1 or even the Ig.-like extracellular domains (Fig. 52A). This
points to an involvement of the N-terminal domain or the transmembrane domain of
CEACAML1 in PI3K signalling. This in turn raises the question, if membrane microdomains
(MM) might be involved in this signalling pathway. Therefore we tested the previously
constructed transmembrane chimeras of CEACAM1 and CEACAMS3, varying in ther
association with membrane microdomains. 293T cells were transfected with the MM-
localizing CEACAM1 WT, Chimera 3ablcd, Chimera 1lab3cd-L451F/F454L and the non
MM-localizing CEACAM3 WT, Chimera 3abcd, Chimeralab3cd, Chimera 1abc3d. After
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Fig. 51 Strong evidence for the involvement of PI3K in CEACAM 1-mediated internalization of Neisseria
gonorrhoeae. HEK 293T cells transfected CEACAM1 WT (CC1WT), CEACAM3 WT (CC3WT) or
CEACAM1 lacking the cytoplasmic domain ( CT) (B) were pretreated for 30 min with either 50 m PI3K
inhibitor LY 294002 (A&B) or 200 nM PI3K inhibitor Wortmannin (C& D) or left untreated. After infection with
Opacea-expressing Neisseria gonorrhoeae, cell association (A & C) and gentamicin assay (B & D) were
performed. Viable bacteria were counted. Graphs represent mean values — SD from one representative
experiment done in triplicate. HEK 293T cells were treated with DMEM, PFA of indicated concentrations of
M CD for 2 h and 30 min. Cell viability was determined via addition of MTT and incubation for 2 h. The
absorption of formed coloured formazan could be detected via spectrofluorometer at 550 nm (E). Cell amount
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could be determined after fixation with 4 % PFA via crystal violet addition and incuation for 1 h. After washing
the remaining dye was dissolved with acetic acid and absorption could be detected by spectrofluorometer at 550
nm (F). Ratio of cell viahility divided by cell amount was displayed (G).

infection with opague gonococci, samples were analyzed in a cell association and gentamicin
assay in the presence or absence of 50 m LY 294002. CEACAMS is not affected by the
inhibitor, whereas CEACAM1 shows a strong decrease in the number of internalized bacteria,
confirming the results of previous assays. Surprisingly, for al chimeras a markedly reduction
of intracellular bacteria could be detected in the presence of the PI3K inhibitor (Fig. 52B).
Therefore, the localization to membrane microdomains during the internalization process
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Fig. 52 Localization to membrane microdomains not necessary for PI3K action. HEK 293 T cells
transfected with transfected with CEACAM1 WT (CC1WT), CEACAM3 WT (CC3WT), CEACAM1 lacking
the cytoplasmic domain ( CT) or CEACAML lacking the Ig-constant like extracellular domains (CC1 N-TM)
(B) or CEACAM1 WT (CC1WT), CEACAM3 WT (CC3WT), Chimera (Chim) 3abcd, Chimera 3ablcd,
Chimera 1ab3cd, Chimera lab3cd-L451F/F454L and Chimera 1abc3d (A) were pretreated for 30 min with 50
m PI3K inhibitor LY 294002 or left untreated. After infection with Opacea-expressing Neisseria gonorrhoeae,
cell association and gentamicin assay were performed. Untreated cells were set to 100 % and values represent
the mean percentage — SD with respect to the total cell associated bacteria and are derived from two independent
experiments done in triplicate (A) or one representative experiment donein triplicate (B).
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seemed not to be necessary for PI3K signaling. As Chimera 3abcd bears the complete
transmembrane domain of CEACAM3 and only consists of the extracellular part of
CEACAM1, we supposed that the N-domain itself is the mediator of PI3K signalling during
CEACAM1-mediated internalization of Neisseria gonorrhoeae and that this signalling
pathway is independent from the localization to membrane microdomains.

/$ #

Cedllular endocytotic pathways display an ideal point of attack for pathogens to enter into their
host cells and to exploit cellular functions. The diversity of endocytic pathways increases with
increasing research interest and can not always be classified, as demonstrated for viruses
using unusual endocytic pathways (Mercer et a., 2010). A course classification of endocytotic
pathways depends on the lipid composition of the membrane bilayer, the involved signalling
factors, like small GTPases, kinases, or phosphatases, scaffolding proteins, like clathrin,
flotillin or caveolin, and the cargo (Mayor and Pagano, 2007). The CEACAM 1-mediated
internalization of Neisseria gonorrhoeae is dependent on the integrity of membrane
cholesterol, indicating a crucia role for membrane microdomains in this process. Studies
within the last years revealed that many other pathogens, like Escherichia coli,
Saphylococcus aureus, Chlamydia trachomatis, Shigella flexneri or Campylobacter jejunii
employ rafts, caveolae or raft-derived membrane domains to infect mammalian cells
(Riethmuller et a., 2006). This depends on the localization of their receptors to membrane
rafts and the initiated signalling cascades afterwards. CEACAM1 is localized to detergent-
resistant microdomains after cross-linking or bacterial binding, demonstrated via sucrose
gradient and also by colocalization with GPI-GFP or GM,, typical raft markers in confocal
images. Additionally, a strong recruitment of lipid raft proteins, like caveolini, flotillinl and
flotillin2 could be detected at the sites of bacteria entry. Although flotillins do not have a
functional role in neisserial internalization, caveolinl seems to be involved also functionally
in the uptake process. Caveolae-dependent endocytosis is known to be inhibited by tyrosine
kinase inhibitors and enhanced by tyrosine phosphatase inhibitors (Nabi and Le, 2003). But as
demonstrated dynamin, src kinases and actin do not play a role for CEACAM 1-dependent
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endocytosis, indicating an endocytic process different from caveolae internaization. In
comparison, anthrax toxin also associates with its receptor localized in lipid rafts, but gets
internalized within clathrin-coated pits and also shiga toxin is following a similar route into
the cells (Lafont and van der Goot, 2005). B cell receptor internalization is also dependent on
inducible phosphorylation of clathrin associated with lipid rafts (Stoddart et al., 2002). This
indicates a requirement of lipid rafts in a combined clathrin-mediated endocytotic pathway.
CEACAM1-mediated uptake of Neisseria gonorrhoeae is also strongly decreased in the
presence of dansylcadaverine, an inhibitor of clathrin-pathway (data not shown). Despite, it is
impropable for clathrin playing a maor role in CEACAM 1-dependent internalization of the
pathogen, because dynamin2 is not necessary for this pathway. Additionaly
monodansylcadaverine also has side effects on the activity of acid sphingomyelinase, which
was aso demonstrated to be necessary for gonococcal uptake (Muenzner et a., 2008; Schutze
et al., 1999). Park et a demonstrated that -syn is internalized into microglia upon binding to
GM1 in a clathrin-, caveolae-, and dynamin-independent manner, but lipid raft-dependent
manner. Also microtubules did not play a role in this process, indicating a novel endocytic
pathway. But the mechanism could not be clarified in detail (Park et a., 2009). In contrast, for
CEACAM1-mediated bacteria internalization microtubules are recruited and necessary.
Together, membrane microdomains seem not to have an essential role in the endocytic
process, but their integrity and the presence of caveolin seem to be necessary for CEACAM1-
mediated internalization. Caveolinl might have a stabilizing function and act as a determinant
of raft-dependent endocytosis, which is needed for the signalling of CEACAMI.
Additionally, Shack et al could demonstrate arole for caveolinl in the induction of PI3K/Akt
pathway and CEACAM 1-mediated internalization also needs the activity of PI3K (Shack et
a., 2003). This might reflect an indirect role for caveolinl in the uptake of gonococci by
regulating PI3K activity and stabilizing the membrane, cause in general membrane
microdomains are characterized by a reduced lateral mobility (Riethmuller et al., 2006).
Enterohenorrhagic Escherichia coli (EHEC) aso have the ability to translocate PI3K to
caveolinl-containing membrane microdomains upon adherence and initiate signalling
cascades involving PLC resulting in cytoskeletal rearrangements (Shen-Tu et al., 2010).
Aditionally, Rab5 is known to interact directly with caveolinl and also gets activated upon
binding. This interaction is dependent on amino acids 82-178 of caveolinl (Hagiwara et a.,
2009). For CEACAM1-mediated internaization only the mutant of caveolinl lacking the
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amino acid residues 141-178 decreases the uptake of the pathogens, which might depict a
possible Rab5-mediated entry pathway for Neisseria gonorrhoeae.

In general, GTPases behave as molecular switches that couple signalling pathways to
modified cellular environment. They are involved in large varieties of celular effects,
including cell migration, gene transcription, cell junctions and endocytotic processes. In
previous studies RhoGTPase activity was implicated in the localization of CEACAML1 to
epithelial cell contacts involving the transmembrane domain of CEACAML1 (Fournes et al.,
2003). For the internalization of Neisseria gonorrhoeae RhoGTPases also seem to play an
important role, as demonstrated in a dramatically decreased uptake in the presence of
Clostridium difficile toxins. Later in this study, it was possible to address Racl and RhoG as
factors involved in CEACAM 1-dependent neisserial endocytosis. RhoG and Racl are also
involved in the integrin-mediated engulfment of apoptotic cells by macrophages (Nakaya et
al., 2006). Also, CEACAM1 has been linked to integrin-dependent signalling processes upon
activation of Rho GTPases, but if these signaling processes are aso implicated for the
internalization of Neisseria goniorrhoeae are not elucidated yet (Muller et al., 2005).
Additionally, both GTPases could aso be linked to the internalization of the EGF receptor
after stimulation and showed an independent activation of one another (Samson et al., 2010).
In CEACAM 1-mediated internalization of gonococci a possible interaction of both GTPases
remains to be determined. This leads to the question, if the activation of RhoG and Racl
depends on a direct interaction with CEACAM1. The involvement of microtubules in
neisserial uptake process could also be demonstrated by the use of nocodazole, a microtubule
destabilising agent, and confirmed by confocal microscopy. The recruitment of tubulin to the
sites of bacterial attachment implicates an early involvement of the microtubule network in
the internalization process. In previous studies it could be demonstrated that RhoG can
translocate to the plasma membrane in the presence of a microtubule network and can
afterwards activate Racl via PIP, (Gauthier-Rouviere et a., 1998; Zheng et a., 1996). It
remains to be determined if this pathway could aso play a role in CEACAM1-mediated
uptake of gonococci and also if other GTPases might also be involved. Also caveolin
expression leads to alterations in the microtubule network, resulting in increased
polymerization of microtubules and might explain the involvement of caveolin in the
CEACAM1-mediated internalization process (Kawabe et a., 2006). Additionally disruption
of microtubules results in a loss of morphologic caveolae and redistribution of caveolar/raft-

resident proteins as demonstrated in adenylyl cyclase signalling (Head et a., 2006).
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Microtubules form a dynamic intracellular cytoskeletal network essential for vesicle
trafficking and other cellular functions. Microtubule dependent internalization of pathogens
into endosomal vacuoles was aso demonstrated for Campylobacter jgunii and Citrobacter
freundii (Oelschlaeger et a., 1993). Additionally, endocytosis of glycosphingolipids seems to
depend not only on microtubules, but also on PI3Ks activity and Rab7 functions, implicating
a possible role for Rab7 and PI3K in CEACAM1-mediated uptake mechanism (Pagano,
2003). However, in this study it was demonstrated that CEACAM1-mediated gonococcal
endocytosis has adelayed or not existent sorting into Rab7-enriched endosomal compartments
in comparison to CEACAM3-dependent uptake. The reason might be, that endocytotic
vesicles arising from membrane microdomain-initiated uptake seem to avoid acidic lysosomes
and display only limited degradation of their content (Manes et a., 2003). The entry pathway
of borna disease virus, which is sensitive to the disruption of membrane microdomains
follows a microtubule-dependent, Rab5-dependent and Rab7-independent pathway (Clemente
and de la Torre, 2009). Also for Rab5, a marker for early endosomes, an association with
caveolin-enriched membrane microdomains could be demonstrated (Hagiwara et al., 2009).
This might point to a possible role for Rab5 in the CEACAM1-mediated entry pathway of
Neisseria gonorrhoeae resulting in sorting into endosomal, but not lysosomal compartments.
The uptake pathway of gonococci also depends highly on PI3K activity as it was
demonstrated by the use of the inhibitors LY 294002 or wortmannin. PI3K is involved in a
variety of pathogenic invasion processes as Helicobacter pylori, Chlamydia trachomatis and
Listeria monocytogenes (Coombes and Mahony, 2002; Ireton et al., 1996; Kwok et al., 2002).
For the internalization of Listeria lipid rafts seem to play an important role, but the depletion
of cholesterol did not affect PI3K recruitment to the bacterial contact site. It was suggested
that MAP kinase pathway could be involved. Also the regulation of p38 signalling might
depend on microdomain integrity (Lafont and van der Goot, 2005). For CEACAM 1-mediated
internalization of gonococci the PISK aso seem to play a crucial role, despite cholesterol
depletion. But p38 signalling is not involved in this pathway, as invasion assays with
SB203580, an inhibitor of p38 kinase, do not affect neisseria uptake (data not shown). Also,
the internalization of diffusely-adhering Escherichia coli (DAEC) which interact with
CEACAML is dependent on PI3K and microtubules, implicating a similar uptake pathway for
both pathogens (Korotkova et a., 2008). But the exact role for the kinase has not been
elucidated yet. PI3K could play a direct role in catalyzing the generation of PIPs out of PIP;
explaining the decreased internalization in the presence of PLC -PH domain by blocking the
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substrate and the increased neisseria uptake in the presence of staurosporine, which inhibits
protein kinase C (data not shown). Therefore more PIP, seems to be available for PI3K
action. Another hint for PISK involvement is the endosome fusion, by acting upstream of
Rab5 and might affect the state of guanine-nucleotide exchange of Rab, as the fusion process
was inhibited by the use of LY294002 and wortmannin (Shepherd et al., 1996). The
gonococcal internalization with all CEACAM chimeras is decreased in the presence of the
PI3K inhibitors, indicating an independent signalling of PI3K from the localization in
membrane microdomains. This might point to an involvement of the N-domain of CEACAM 1
in the signalling of PI3K, which is highly flexible (Klaile et a., 2009) and not the
transmembrane domain which determines the localization of CEACAM1 to membrane
microdomains (Muenzner et a., 2008).

Altogether CEACAM1-mediated internaization of Neisseria gonorrhoeae depends on the
localization to and the integrity of membrane microdomains with a functional role for
caveolinl, microtubules, RhoG, Racl and PI3K, leading to the transcytosis of the pathogens
through the epithelial cell layer.
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Neisseria gonorrhoeae is a highly adapted human-specific pathogen causing one of the most
common sexually transmitted diseases worldwide (WHO, 2001). It possesses various variable
virulence factors to evade the immune response and to modulate the hosts signalling
pathways. This might be the reason why acquired immunity against reinfection with
gonococci does not exist. But gonococcal infections mostly can be treated with a single-dose
antibiotic therapy in over 95 % of the cases. However, the development of resistances to
antimicrobials, including sulfonamides, penicillin, tetracyclines and fluorogquinolones has
emerged and is reported to spread in Asia and Australia. Additionally, concerns regarding the
failure of even third-generation of cephaosporins for gonococcal infections are increasing
(Barry and Klausner, 2009; Tapsall, 2009). Also increasing susceptibility to HIV infections
due to co-infections with Neisseria gonorrhoeae, provide impetus for increasing research in
this field of gonococcal infections. Thereby, identification of new candidate drugs and
vaccine targets for gonococcal infections and pathways in Neisseria are promoted (Barh and
Kumar, 2009; Feily and Namazi, 2010).

Prominent virulence factors of gonococci are the colony opacity (Opa) proteins, leading to an
intimate attachment of the pathogens to the host cells, resulting in the internalization of the
microbes and translocation through the epithelial barrier, which builds the first line of
immune defence. Opa proteins can interact with heparansulphate proteogylcans or members
of the CEACAM-family. The interaction with these immunoglobulin-like family members
opens several new opportunities for the pathogens to manipulate the host cells for their own
purpose. CEACAM1 has the widest tissue distribution of al family members and is aso
involved in a great spectrum of physiological processes, like immune cell regulation, insulin
metabolism, angiogenesis or cell adhesion. Besides Neisseria gonorrhoeae CEACAM1 aso
serves several other human-specific pathogens as receptor, including Neisseria meningitidis,
Haemophilus influenzae, Moraxella catarrhalis and Escherichia coli. Through the specific
interaction with a multifunctional molecule such as CEACAM1, bacteria are enable to exploit
mammalian host cell functions, including signal transduction pathways, cytoskeletal
rearrangements or vacuolar trafficking (Finlay and Cossart, 1997). Therefore, the study of
bacterial virulence factors interacting with cellular CEACAMSs provides a vauable tool for
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investigating cellular functions and mechanisms of bacterial disease leading to new

therapeutic strategies.

9. Suppression of exfoliation by bacterial pathogens

The first and most critical step of bacterial infections is the efficient colonization with the
host-s epithelium. Epithelial cells at mucosal surfaces are in constant contact with the
microbes and therefore have a sensing system, which can, in contrast to Toll-like receptors on
macrophages, discriminate between pathogenic and non-pathogenic bacteria (Philpott et al.,
2001; Schilling et al., 2001). The recognition of pathogens via epithelial cells represents
thereby an important step for the activation of innate host defenses. For example, in the
urinary tract one main cellular defense mechanism is the exfoliation or cell detachment of
superficial epithelial cells, resulting in the disappearance of cell associated, mainly gram-
negative bacteria (Davis, 1981).

However, pathogenic bacteria have evolved counteracting strategies to overcome innate
defense mechanisms and successfully colonize mucosal surfaces of their host. Escherichia
coli infection in vitro is performed in two distinct steps: the invasion of superficial bladder
cells, providing them with a protective environment to replicate and the invasion of
underlying epithelium to establish a stable pool of bacteriain the bladder and therefore evade
the hosts immune system (Mulvey et a., 2001). Salmonella typhimurium is also able to
manipulate the migratory potential of phagocytes with its type Il secretion system (T3SS),
resulting in an immobilization of the infected cells by interacting with the adaptor protein
zyxin (Worley et a., 2006). In contrast, it was shown in vitro that Shigella flexneri use their
T3SS to inject virulence proteins into host cells and thereby manipulate distinct signalling
cascades of their host, resulting in the stabilization of integrin-containing adhesion sites, the
interference with focal adhesion disassembly and the suppression of cell detachment (Kim et
a., 2009; Tegtmeyer and Backert, 2009). Also Neisseria gonorrhoeae have evolved a
counterstrategy to establish itself on virtually every mucosal surface of the human body and
therefore represent a very effective colonizing pathogen. Through binding to epithelial cells
the gonococci are able to activate transcription factor nuclear factor B (NF B), leading to an
upregulation of its own epithelial receptor, CEACAM1 (Muenzner et a., 2002). The binding
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of the pathogen to CEACAM1, but aso to other epithelial members, such as CEACAM®6 and
CEA, triggers a de-novo expression of CD105, normally expressed on endothelial cells, which
is a component of the TGF- receptor complex and thereby able to modulate TGF- ;-
dependent responses. The overexpression of CD105 after bacterial binding results in an
altered cellular morphology, migration and adhesion of epithelia cells in vitro (Muenzner et
al., 2005b). In the present study a humanized mouse model for Neisseria gonorrhoeae
infections in vivo could be successfully established. CEA-transgenic mice harbouring the
human CEACAM5 (Eades-Perner et al., 1994) showed a reduced exfoliation and an
upregulation of CD105 expression after challenging with Opa-expressing gonococci.
Corresponding, CD105 knockdown also blocks bacterial colonization in vivo. This causal
relationship between CD105 expression and the suppression of exfoliation after neisserial
attachment to epithelia cells represents the first involvement of CD105 in the context of
successful bacterial colonization of a mucosal surface in vivo. The overexpression of CD105
in murine fibroblasts also leads to a decreased migration in chemotaxis and wound-healing
assays (Maet a., 2000). Corresponding, in the present study the cells were more adherend in
the presence of CD105 and it was possible to address this effect to an activation of integrins
via the cytoplasmic domain of CD105. The cytoplasmic domain of CD105 is crucia for the
interaction with the LIM-domain containing protein zyxin, which isinvolved in the regulation
of actin polymerization at focal adhesion sites (Conley et a., 2004a; Hirata et a., 2008). We
demonstrated that CD105 can mediate the suppression of exfoliation in gonococcal infections
relying on its interaction with zyxin, not only in vitro but aso in vivo. Zyxin has a critical role
in cell motility, where the correct positioning of the molecules at focal adhesion sites is
essential for its physiological function. Zyxin can shuttle between cell adhesion sites and the
nucleus and thereby can exhibit different functions in cellular signalling (Drees et al., 1999).
Overexpression of synemin, a cytoplasmatic intermediate filament protein, seem to block the
localization of zyxin to focal adhesion sites via binding, resulting in a reduced cell adhesion
and an enhanced motility (Sun et a.). In contrast, we demonstrated that Zyxin is displaced
from focal adhesion sites by CD105 interaction and therefore changes its cellular functions in
the process of attachment of Neisseria gonorrhoeae. The interaction of zyxin with CD105 and
therefore the resulting exfoliation is based on the second and third LIM domain of zyxin and
the cytoplasmic domain of CD105. Zyxin seems to undergo proteolytic degradation in
response to CD105 expression and parts of it might therefore shuttle to the nucleus (personal

communication with P. Muenzner). This can be conditional upon the loss of its nuclear export
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signal (NES), which is localized in the conserved leucine-rich sequence and is required for
exclusion of expressed zyxin from the nucleus (Nix et al., 2001). It remains to be determined,
whether the upregulation of CD105 expression is also connected to the colonization of other
mucosal pathogens and therefore displays a general mechanism for the suppression of
exfoliation. The upregulation of CD105 is dependent on the signalling of CEACAMI,
CEACAMG6 or aso CEA after bacterial engagement. Therefore the localization of
CEACAM1, CEACAM6 or CEA to membrane microdomains upon neisserial binding
(Muenzner et a., 2008; Schmitter et a., 2007d) might also play arole for the signal pathways
leading to the upregulation of CD105. Also the CEACAM-mediated signaling pathway
initiated by the binding of the pathogen and resulting in the upregulation of CD105 expression
remains to be determined.

10. Thetransmembrane domain of proteinsasa crucial

deter minant of endocytotic mechanisms

Cdlular signalling is important to regulate crucial cellular processes. Therefore diverse
receptors are localized on the cellular surface in the plasma membrane transducing signals
from the outside to the inside. Their anchorage to the membrane can be via alpha-helical
transmembrane domains or a glycosylphosphatidylinositol-anchor. For most of these
signalling steps our understanding of the molecular mechanism is incomplete, including the
earliest events in receptor-mediated signalling. For GPIl-anchored proteins the signaling
process is also not entirely determined, but it is supposed that the transmission of signals
occurs via interaction with other transmembrane proteins in membrane microdomains and
thereby association with signalling molecules, like src-family kinases (Low and Saltiel, 1988;
Stefanova et a., 1991). Most proteins with a transmembrane domain can transduce their
signals by their cytoplasmic domains, but in the last decades increasing interest was focused
on the transmembrane domains of different receptors. These domains can determine the
localization of proteins to the membrane or also to membrane microdomains and therefore can
influence the signalling of the receptor (Moore et a., 2008). For example the transmembrane
domain of infuenca virus hemagglutinin alone is sufficient to recruit it into cholesterol-rich
microdomains (Scheiffele et al., 1997; Scolari et a., 2009). Also CD44 is amember of the Ig-
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superfamily and targets to basolateral lipid rafts of mammary epithelial cells via its
transmembrane domain, resulting in an interaction with the actin cytoskeleton (Perschl et al.,
1995). Another immunoreceptor, Fc RI , associates with membrane microdomains via its
transmembrane domain and the signalling processes abolished by mutations in the
transmembrane domain (Gosse et a., 2005). Also CEACAML1 is localized in membrane
microdomains after bacteria engagement. Additionaly the cytoplasmic domain of
CEACAM1 plays no role in the internalization of the gonococci, but its transmembrane
domain and the integrity of membrane microdomains are crucia. This indicates that the
transmembrane domain of CEACAM1 seems to determine the localization of CEACAM1 to
membrane microdomains, as it was demonstrated in the present study. Thus, signalling
processes seem to be initiated by the transmembrane domain of the receptor. It needs to be
elucidated if this is a result of dimerization via the transmembrane domain of CEACAM1,
like the oligomerization of G-protein coupled receptors also depends on their transmembrane
domain (Parker et al., 2009). It seems that lipid raft association of transmembrane proteins
generaly employs direct protein-lipid interaction, as it could be demonstrated by the absence
of cellular proteins in the localization of HA in detergent-resistant microdomains.
Additionally crucial hydrophobic aminos acids in the exoplasmic half of the transmembrane
domain for the localization to detergent-resistant microdomains were identified by
mutagenesis (Scheiffele et al., 1997). The transmembrane domain could also be the reason for
the appearance of lipid shells before protein dimerization. This might be due to a direct
interaction between cholesterol-sphingolipid complexes and specific amino acids in the
transmembrane domain. The aromatic acids Trp, Tyr and Phe alow membrane-associated
peptides to penetrate the membrane surface and might reflect an effect of electrostatic
interactions of the proteins with the negatively charged lipids. (Anderson and Jacobson,
2002). For CEACAM1 the amino acids in the transmembrane domain responsible for the
localization to membrane microdomains were identified in this study. The close proximity of
two aromatic phenyalanin residues is crucia for the CEACAM1-association after ligand-
binding with detergent resistant microdomains. It is known that phenylalanine residues can
stabilize membrane-spanning GxxxG motifs and therefore demonstrates arole for certain side
chainsin helix-helix interfaces (Unterreitmeier et al., 2007). It was aso demonstrated that the
five phenylalanine rings of myristoylated aanine-rich C kinase substrate (MARCKYS) can
penetrate into the acyl chain region of phosphatidylcholine bilayers and sequesters PIP,
electrostatically (Zhang et al., 2003). For the association of influenca virus hemagglutinin five
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large hydrophobic amino acids in the transmembrane being in contact with the exoplasmic
leaflet of the membrane were required (Scheiffele et al., 1997). This depicts the importance of
aromatic amino acid residues in the interaction of proteins with cellular membranes. Also
cholesterol binding was defined for the 2-Adrenercig receptor by a cholesterol consensus
motif (CCM), including an aromatic residue, which interacts with the sterol ring of cholesterol
(Hanson et al., 2008). The putative cholesterol recognition site has the pattern L/VX1.5Y X1-
sR/K and gp41l has a segment corresponding to this sequence adjacent to the transmembrane
anchor (Epand, 2004). If CEACAM1 can directly interact with lipids like cholesterol needs to
be investigated, but no obvious lipid binding motif could be found in the transmembrane
domain. Further studies could be done to detect direct protein-lipid interaction with
photoactivatable lipids, like cholesterol or sphingolipids or photolabile lipids after
cyclodextrin treatment (Haberkant et a., 2007; Haberkant and van Meer, 2009).

In contrast the association with membrane microdomains was aso demonstrated for the
transmembrane domain of Fc RIIA and a crucia role not only for pamitoylation but also for
isoleucine and alanine residues was suggested (GarciaGarcia et a., 2007). Also a non-
aromatic lipid-raft targeting motif SKHKED in SHP-1 was discovered, which is necessary
and sufficient for its association with membrane microdomains (Sankarshanan et al., 2007).
For other cytoplasmatic molecules, like src family protein tyrosine kinases lipid modifications
seem to be essential for their localization to caveolae. A cysteine residue determines
palmitoylation and insertion into caveolae, but for caveolin the palmitoylation of cysteine is
not necessary for its association with caveolae (Dietzen et al., 1995; Shenoy-Scaria et a.,
1994). In contrast after treatment with 2-bromopalmitate, an inhibitor of palmitoylation,
CEACAM1-mediated gonococcal uptake was not affected (data not shown), suggesting an
independency of the localization of CEACAML1 for pamitoylation. This indicates that there
might be many different mechanisms for the localization of proteins to membrane
microdomains depending on their function, their structure and their signalling. It is aso
known, that a member of the CEACAM family PSG17 can interact with the extracellular
large domain (LED) of CD9 and the Phey74 residue is crucia for this interaction. This depicts
the involvement of a single aromatic residue in the interaction of two proteins (Charrin et al.,
2009). In basic/aromatic clusters the function often depends on their oligomeric state, which
might give a hint that also for CEACAM1 association to membrane microdomains the
oligomerization of the receptors is necessary, also shown in this study, that only cross linking
of CEACAML1 translocates it into detergent-resistant microdomains (Zhang et a., 2006a). The
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FAST protein transmembrane domain functions in a modular manner to mediate cell-cell
membrane fusion. Thereby it was suggested, that the bulky shape of the C-proximal end of the
transmembrane domain, consisting of clustered aromatic residues, might induce curvature in
the inner leaflet of the bilayer (Clancy and Duncan, 2009). If maybe CEACAML1 itself can
ater membrane curvature by exerting a direct effect on its lipid environment upon
oligomerization remains to be structurally determined. The close proximity of two or more
aromatic amino acid residues discovered in CEACAM1 and implicated in the localization to
membrane microdomains also shows up in other membrane microdomains associated
receptors, like insulin receptor, Fc RI receptor, ephrin B1 receptor, IGF1 receptor, in the
transmembrane adaptor molecule PAG and also in the scaffolding domain of caveolinl
(Simons and Toomre, 2000a). This might give a hint for a genera mechanism by the
proximity of two aromatic residues, demonstrated for CEACAM1 and aso for CEACAMS3, a
non-raft resident protein. As CEACAM1 has many different roles aso in physiological,

cellular functions it should be investigated, if the localization to membrane microdomains and

Tab.1: Proteins located in membrane microdomains with close

proximity of aromatic amino acid residues (highlighted in red) in
their transmembrane alpha helix

FceR1 receptor LCYILDAILFLYGIVLTLLY
Insulin receptor NIGPLIFVFLFSVVIGSIYLFL
EphrinB1 receptor VALFAAVGAGCVIFLLIIF

IGF1 receptor LIALPVAVLLIVGGLVIMLYVFH
PAG LWGSLAAVAIFFVITFLIFLC
HA ILWISFAISCFLLCVVLLGF
Caveolin1 (scaffolding domain) DGIWKASFTTFTVTKYWFYR

thereby the position of the phenyalanines might also be crucia for other functions of
CEACAML. As the insulin receptor also is associated with membrane microdomains and
CEACAML1l isinvolved in its clearance in the liver, this interaction might also depend on the

association of CEACAM 1 to membrane microdomains.
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11. Proposed model for CEACAM 1-mediated uptake process

In the present study we could shed new light on the CEACAM-mediated colonization and
internalization process of Neisseria gonorrhoeae into mammalian cells and determine
different factors involved in this process. The results are shown schematically in our proposed
model (Fig. 53). Neisseria gonorrhoeae binds via its opa proteins to CEACAM1, shifting the
receptor to cholesterol-enriched membrsne microdomains. The integrity of these
microdomains is essential for the internalization of the pathogen, although the endocytotic
process itself seem to be independent on the presence of flotillin, as we demonstrated with the
use of different cholesterol chelators, shRNA against flotillinl and dominant-negative mutants
of flotillin. However, caveolinl, another typical raft protein, seems to be aso functionally
involved in the uptake process, but the process distinguishes from caveolar endocytosis, as the
involvement of dynamin2, src kinases and the actin cytoskeleton can be excluded. Therefore
caveolinl might have only arole in stabilizing the membrane for the internalization process
and thereby maybe ease the direction of signalling molecules, like RhoG, to neisseria-bound
CEACAML. This should be further investigated via FRAP analysis and life cell imaging
testing the mobility of CEACAM 1-enriched membranes. The involvement of microtubules in
the uptake process could target RhoG to the plasma membrane, as it was demonstrated in the
internalization process of Yersinia pseudotuberculosis before (McGee et a., 2003). Both were
recruited to the sites of bacterial attachment in early time points of CEACAM1-mediated
internalization processes of Neisseria gonorrhoeae. Afterwards RhoG could activate Racl
through interaction with PIP,, as PLC -PH doman was recruited to CEACAM1-bound
gonococci during early time points and vanished at later time points (Gauthier-Rouviere et a.,
1998; Zheng et a., 1996). PISK might then generate PIP; using PIP; as a substrate, as PI3K
activity was essential for CEACAM1-mediated uptake process and Btk-PH domain was
recruited to CEACAM1-bound gonococci also at later time points during infection. Which
additional factors cause the uptake of Neisseria gonorrhoeae into the endocytotic vesicle,
leading to the transcytosis of the pathogen, has to be further investigated.

In addition a second signalling pathway leads to the upregulation of CD105 expression, but
neither the pathway nor the targeted transcription factor is known so far. In turn, CD105 can
interact with zyxin, resulting in the delocalization of zyxin from focal adhesions, in the

activation of integrins, in the suppression of exfoliation and in the successful colonization of
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Fig. 53 Hypothetical model of CEACAM 1-mediated internalization of Neisseria gonorrhoeae After
CEACAM1 engagement of Neisseria gonorrhoeae, the receptor clusters and translocates into membrane
microdomains, enriched in caveolinl, PIP,, cholesterol and sphingolipids. The dynamin-, clathrin- and caveol ae-
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independent endocytotic process requires the presence of RhoG and microtubules at the plasma membrane,
indicating a possible microtubule-dependent trandocation of RhoG. Afterwards Racl gets activated and PIP,
serve as a substrate for PI3K, resulting in the internalization of Neisseria gonorrhoeae, within PlPs-enriched
vesicles. The pathogen gets trand ocated to the basal lamina, in which an additional involvement of microtubules
can not be excluded. A second signalling pathways lead to the expression of CD105, through activation of an
unknown transcription factor. In turn CD105 interacts with zyxin via its LIM domains, resulting in a
delocalization from focal adhesion, ; integrin activation and thereby an increased adherence and suppressed
exfoliation.

the mucosal surface by the pathogen. If there are also additional bacterial factors involved in
this process, needs to be further investigated.

Altogether CEACAM1-mediated internalization of Neisseria gonorrhoeae depends on the
localization to and the integrity of membrane microdomains with a functiona role for
caveolinl, microtubules, RhoG, Racl and PI3K. This leads on the one hand to the transcytosis
of the pathogens through the cells and on the other hand to the upregulation of CD105 and the
overcoming of exfoliation through the interaction with the focal adhesion protein zyxin (Fig.
53).

In summary the data obtained from this study provide an advanced view on the CEACAM1-
mediated internalization process of Neisseria gonorrhoeae and display a novel scenario for

the successful colonization of the human mucosa by highly adapted pathogens.
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Haemophilus influenzae

acapsulated RD strain

Moraxella cattharhalis
ATCC 43617

Neisseria gonorrhoeae
N302 (MS11-B1)
N309 (MS11-B1)

N280 (MS11-F3)

Neisseria meningitidis
MC58 (Opa’)

Escherichia coli

NovaBlue

StBl4

$ll

HEK 293T cells

C C!

13. Material

source: A. Reidl, ZINF Wuerzburg

source: DSMZ (No. 11994)

PIIEBL(S), Opago., opaC::cat, pTH6a, (Tet?), (EmF), (Cam®)
PilEB(S), Opago., opaC::cat, pTH6a::opas, (PEMK62), (Tet?),
(Em"), (Cam")

Pil Ers, P+, Opaso-, opaC::cat, (Cam®)

siaD::cam, IgtA::kan

endAl, hsdR17(r.Mk12"), SUPE44, thi-1, recAl, gyrA96, relAl,
lac[F-proA'B*lacl®Z M15::Tn10(Tet®)], (Novagen)

mcrA a(merBC-hsdRMS-mrr) recAl endAl gyrA96 gal” thi-1
SUpE44 " relAl D(lac-proAB)/F proAB” lacl9ZaM15 Tnl0
(Tet")

human epithelial kidney cells
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MethA methyl cholanthrene-induced mouse abdominal dropsy sarcoma
cell line,
Hela human epithelial cervical cancer
MS74 endometria epithelia cells
ME180 human cervica carcinomacell line
HBMEC human microvascular endothelial cell line
$$ C

13.3.1. Medium for agar plates and bacteria

LB medium 1% wi/v Tryptone; 0.5% w/v yeast extract; 0.5% w/v NaCl; pH
7.0 with NaOH (autoclaved)

LB agar plates 1% w/v Tryptone; 0.5% w/v yeast extract; 0.5% w/v NaCl; 10
mM MgCI2; 1.2% w/v Agar-Agar; pH 7.0 with NaOH
(autoclaved)

GC agar plates 3.375% w/v GC-Agar (autoclaved); 1% v/v Vitamin solution

BHI agar plates 5.25% w/v BHI-Agar; 20 g/ml Hemin; 20 g/ml NAD

Vitamin solution 10% wl/v Dextrose; 1% w/v L-Glutamin; 2.6% w/v L-Cystein

Cl; 0.01% w/v Cocarboxylase; 0.002% w/v Fe(NO)3; 0.0003%
w/v Thiamin-HCI; 0.025% w/v NAD; 0.001% w/v Vitamin B12;
0.015% w/v L-Arginin; 0.0013% w/v -aminobenzoe acid;
0.11% w/v L-Cystein; 0.1% w/v Adenin; 0.05% w/v Uracil;
0,003% w/v Guanin; 3% v/v 3N NaOH; (pH3.5)

Refreezing medium 50% v/v LB medium; 50% v/v Glycerol (50%)

13.3.2. Antibiotics

Ampicillin (amp) 100 mg/m
Chloramphenicol (cam) 30 mg/ml
Erythromycin 7 g/mi
Gentamicin 50 g/ml
Kanamicin 50 mg/ml
Penicillin 10 mg/ml
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Streptamicin 10 mg/ml
Tetracyclin 10 g/ml

13.3.3. Medium for cdll culture

Medium for 293T cells DMEM (PAA) + 10% v/v CS (calf serum)

Medium for MEF and HeLa DMEM (PAA) + 10% v/v FCS (foetal bovine serum) +
1% v/v Pyruvat (PAA) + 1% v/v non-essential amino
acids (PAA)

Refreezing medium for cells 70% viv DMEM, 20% v/v CS, 10% v/v DM SO

Gelatine-solution 0.1% wi/v gelatine, sterile filtration

$ -

Primary Antibodies

Antigen Name Isoform | Species Company
CD66acde IH4FC 19gG, Mouse ImmunoTools
CD66ad Clone 18/20 Mouse AG Hauck
Tubulin Clone E7 Mouse AG Hauck

GFP Clone JL-8 19G2a Mouse Clontech

HA Clonel2CA5 Mouse AG Hauck

Flag M2 1gG1 Mouse Sigma

Zyxin Clonel64D4 19G, Mouse Synaptic Systems
Vinculin Clone hVIN-1 19G, Mouse Sigma

CD105 Clone MJ7/18 19G24 Rat SouthernBiotech
CD105 Clone P4A4 19G2p Mouse AG Hauck
flotillin2 Clone 29 19gG, Mouse BD Biosciences
caveolinl Clone 2297 19gG, Mouse BD Transduction Laboratories
Opaproteins | Clone4B12/C11 Mouse Prof. Achtmann
Neisseria Clone 1G-511 Rabbit ImmunoGlobe
Transferrin Clone MEM-75 1gG1 Mouse BioL egend
receptor
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Secondary Antibodies (all derived from Jackson ImmunoResearch Laboratories)

Cy3-conjugated AffiniPure goat anti-mouse 1gG
Cy5-conjugated AffiniPure goat anti-mouse 1gG
Cy2-conjugated AffiniPure goat anti-mouse I1gG
Cy3-conjugated AffiniPure goat anti-rabbit 1gG
Cy5-conjugated AffiniPure goat anti-rabbit 1gG
Cy2-conjugated AffiniPure goat anti-rabbit 1gG
HRP-conjugated AffiniPure goat anti-mouse 1gG
Biotin-SP-conjugated AffiniPure goat anti-rat 1gG

Antibody independent staining reagents

Name Company
Choleratoxin subunit B FITC Sigma
Choleratoxin subunit B-Alexa-Fluor555 Sigma
FITC-Streptavidin ICN

Rhodamine-Streptavidin
FITC (5-(6)-carboxyfluorescein-succinylester)

Pacific Blue
AlexaFluor 647

Rhodamin (5-(6)-carboxytetramethylrhodamine-

succinimidylester)

Molecular Probes
Molecular Probes
Molecular Probes
Molecular Probes

$* "1
Name Manufacturer
Tag-Polymerase AG Hauck
Pfu-Polymerase AG Hauck
T4 Ligase AG Hauck
Cre Recombinase AG Hauck
InFusion ClonTech
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Antarctic Phosphatase
Trypsin
Restriction Enzymes

NEB

PAA Laboratories
NEB or Fermentas

$, !

Name Target Company
PP2 Src-family of tyrosinekinase | Calbiochem
Wortmannin PI3K Calbiochem
Methyl- -Cyclodextrin Cholesterol Sigma
Cytochalasin D Actin Calbiochem
Genistein Tyrosine Kinases Calbiochem
LY 294002 PI3K Calbiochem
Nocodazole Microtubules Sigma
Filipin Cholesterol Sigma
Nystatin Cholesterol Calbiochem
SB203580 p38 Kinase Calbiochem

Toxin B (TcdB)

Toxin BF (TcdBF)

Staurosporin

Y 27632

Jasplakinolide
Latrunculin B
DL-threo-PDMP
Aprotinin

Pepstatin A

L eupeptin
(Mono)Dansylcadaverin

RhoA/G, Racl, TC10

Racl,R-Ras

Protein kinases
ROCK-I
Stabilization of actin
Actin
Glucosyltransferase
Serin proteases
Aspartic proteases
Serin proteases
Clathrin

Dr. Genth; Med Hochschule

Hannover

Dr. Genth; Med Hochschule

Hannover
Sigma
Calbiochem
Calbiochem
Calbiochem
Calbiochem
Sigma
Sigma
Sigma
Sigma
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$. &
Name Sequence Template Plasmid
5-TAAGCCCCTCCCAGCCCACC-
shRNA-CD105-
CATTTTCAAGAGAAATGGGTGG-
sense
GCTGGGAGGGGCTTTTTTTTC-3- pLL3.7
5-TCGAGAAAAAAAAGCCCCTC- none shCD10
shRNA-CD105- CCAGCCCACCCATTTCTCTTGAA- 5
rev AATGGGTGGGCTGGGAGGGGCT-
TA-3-
_ 5-ATAATGGCCATAGTTGCTCTG-
sense-Chimera 1cd pcDNA
ATAGCAGTAGCC-3:
pBS SK (+) 3.1
5-ATAATGGCCACTCCGACCAG- )
CEACAM1 CT | Chimera
rev-Chimera 3ab GACCCCGGTCACGATCCCAGGT- sablcd
C
GAGAGGCC-3-
5-ATAATGGCCATAGTGGCGCT-
sense-Chimera GGTGGCCGCACTGGTGTGTTTC- pcDNA
3cd-HA CTGCTCCTTCATTTCGGGAAATA- pBS SK (+) 3.1
TCCCTATGACG-3: CEACAM1 CT | Chimera
_ 5-ATAATGGCCACTACTCCAAT- 1ab3cd
rev-Chimera 1ab
CACAATGCCAGC-3-
5-ATAATGGCCATAGTGGCGCT-
sense-Chimera GGTGGCCGCACTGGTGTGTTTC- DNA
C
3cd-HA CTGCTCCTTCATTTCGGGAAATA- P
pBS SK (+) 3.1
TCCCTATGACG-3:
CEACAM1 CT | Chimera
5-ATAATGGCCACTCCGACCAG- 3ched
rev-Chimera 3ab GACCCCGGTCACGATCCCAGGT-
GAGAGGCC-3-
5--CCGCTAGCGCTACCGGTCG- pLL3.7
Agel-sense
CCACC-3- pEGFP C1 GFP
ZyxXinWT-rev 5.-CGCGAATTCTCACTGGGCT- Zyxin WT Zyxin W
EcoRlI CTAGCAG-3: T
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5:-CCGCTAGCGCTACCGGTCG- pLL3.7
Aqgel-sense
CCACC-3- pEGFP C1 GFP-
Zyxin 2/3 LIM- 5--GCGCGAATTCTCAGTCAGTG- Zyxin 2/3LIM | Zyxin 2
rev TAACAGCC-3- /3LIM
5-GGTGTGTTTCCTGCTCTTTC- pcDNA
CEA1ab3cd-FF-
ATCTCGGGAAATATCCCTATG-ACG- 31
sense
3 pcDNA3.1 Chimera
5--CGTGCTATAGGGATATTTCC- Chimeralab3cd | lab3cd
CEA1ab3cd-FF-
CGAGATGAAAGAGCAGGAAAC- L452F/F
rev
ACACC-3: 4541
CEA1abc3d- 5-GTTGCTCTGATAGCACTGGT- SOEi
in
Soeing-sense GTGTTTCC-3: pcDNA3.1 q gtj
_ produc
CEACAM1rev 5--GTAGCGGCCGCTCTAGATCA- Chimera 1ab3cd L
Notl AGCAGCGTAATC-3-
CEACAM1lsense | 5-ATAAGCTTGCCATGGGGCAC- SOEi
in
Hindlll CTCTCAG-3: pBS SK (+) g gtj
produc
CEA1abc3d- 5--GGAAACACACCAGTGCTAT- CEACAM1 CT )
soeing-rev CAGAGCAAC-3-
CEACAM1lsense | 5-ATAAGCTTGCCATGGGGCAC- pcDNA
Hindlll CTCTCAG-3: Annealed SOEing 31
CEACAM1rev 5--GTAGCGGCCGCTCTAGATCA- product 1& 2 Chimera
Notl AGCAGCGTAATC-3- labc3d
5-GGTGTGTTTCCTGCTCTTTG- pcDNA
CC3L-F-sense
CCAAAACTGGAAGAACC-3 31
pBS SK (+)
5-GGTTCTTCCAGTTTTGGCAA- CEACA
CEACAM3WT
CC3L-F-rev AGAGCAGGAAACACACC-3 M3
L176F
CD105wt-Nhel- 5--GAACTGCTAGCAATGGACA- pLL3.7
sense GCGGCAC-3: pLPS3EGFP | CD105
CD105wt-Agel- 5--GTAGACCGGTACTGCCATGC- CD105 WT WT-
rev TGCTGGTG-3- GFP
5--GAACTGCTAGCAATGGACA- pLPS3-EGFP pLL3.7

CD105wt-Nhel -
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sense GCGGCAC-3: D105
CD105-35AA- 5-GTAGACCGGTATCCGCTTGC- CD105 35AA BEAA
Aqgel-rev TGGGGGAAC-3:

5-GAACTGCTAGCACCATGGG-
CEA1-Nhel-sense pLL3.7

GCACCTCTCAG-3: pcDNA3.1

CEACA

5-GCTAGACCGGTATGTCATAG- CEACAM1WT
CEA1-Agel-rev M1WT

GGATACTGC-3:

5-GAACTGCTAGCACCATGGG- pLL3.7
CEA1-Nhel-sense

GCACCTCTCAG-3: pcDNA3.1 CEACA

5-GCTAGACCGGTGCATATTTC- CEACAM1 CT M1 CT
CC1 CT-Agel-rev

CCGAAATGCAG-3:

5-AATAGCTAGCACCATGGGGCC- pLL3.7
CEA3-Nhel-sense

CCCCTCAGC-3- pcDNA3.1 CEACA

5-GCCAGACCGGTATGTCATAGG- CEACAM3WT | M3WT
CEA3-Agel-rev

GATAAGAAG-3:
CEA-sense 5-CATTTGCAACAGCTACAGTC-3 DNA obtained

none
CEA-rev 5-AGTGCAGTGGTATCAGAAAC-3: from mice
$/7 2
Vektor Inserts Cloning Strategy or source

pcDNA 3.1 Hygro

CEACAM1, CEACAMS,
CEACAM1 CT, Chimera 3abcd,
Chimera 1ab3cd, Chimera 3ablcd,
Chimera 1abc3d, Chimera 1ab3cd
L452F/F454L, CEACAM3 L964F

Restriction digest with Hindll1
/ Notl and ligation
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CEACAM1, CEACAMS3,
CEACAM1 CT, Chimera3abcd,

Cre-Recombination between

pLPS3-EGFP Chimera 1ab3cd, Chimera 3ablcd, .
Chimera 1abc3d, Chimera 1ab3cd the loxP sites
L452F/F454L, CEACAM3 L964F
CEACAM1, CEACAMS,
CEACAML CT, Chimera 3abed, Cre-Recombination between
pLPS3-mKate Chimera 1ab3cd, Chimera 3ablcd, hel _
Chimera 1abc3d, Chimera 1ab3cd the loxP sites
L452F/F454L, CEACAM3 L964F
CEACAM1, CEACAMS3,
CEACAM1 CT, Chimera 3abcd,
Chimera 1ab3cd, Chimera 3ablcd,
Chimera 1abc3d, Chimeralab3cd | Cre-Recombination between
pLPS3-Cerulean
L452F/F454L, CEACAMS3 L964F, the loxP sites
Caveolinl WT, Caveolinl Y 14F,
Caveolinl 1-61, Caveolinl 141-
178
Restriction digest with Hpal /
pLL3.7 shCD105 Xhol and ligation of annealed
oligos
CD105WT-GFP, CD105 -35AA-
LL37 GFP, CEACAM1WT-GFP, Restriction digest with
pLLo. N
CEACAM3WT-GFP, CEACAM1 Agel/Nhel and ligation
CT-GFP
LL37 ZyxinWT-GFP, Zyxin 2/3LIM- Restriction digest with
pLLS. N
GFP Agel/EcoRI and ligation
CEACAM1/3 Chimera, i .
pDNR-CMV InFusion reaction
CEACAM1N-TM
pcDNA 3.1 Dynamin2-WT, Dynamin2K44A S. Schmitt (La Jolla)
ArfL WT, Arf1 T3IN, Arf1 Q71L ,
pXS J. Donaldson
Arf6 WT, Arf6 T27N, Arf6 Q67L
RhoG WT, RhoG F37A, .
© © Cre recombination between
pPEGFP C1 RhoA WT, RhoA T19N,

Cdc42 WT, Cdc42 T17N,

loxP sites
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Racl WT, Racl N17V12
Flotillinl WT, Flotillin2 WT, R. Tikkanen, M. Frick, C.
pPEGFP Flotillin2 7xYF, Flotillin2 G2A, Stuermer
Flotillin2 R1IEA
Akt-PH, PLC -PH, Btk-PH, OSBP-
ODEGFP T. Bala
PH
unknown GPI-GFP, Stomatin L. Pelkmans
pMD2.G Addgene
psPAX2 Addgene
$3 C 0
Name Recipe
Ammonium Persulfate (APS) 10% wiv APS

Annealing buffer

Anode buffer (5x)

Birnboim-Doly P1

Birnboim-Doly P2
Birnboim-Doly P3
Blocking buffer
Blotto

Borate buffer

Carbodiimide

Carbonate buffer [0.1 M]

Cathode buffer (5x)

100 mM K-acetate, 30mM HEPES-KOH pH7.4,
2 mM Mg-acetate

125 mM Tris-Base, 200 mM 6-aminohexanacid pH 9.4

50 mM Trig/HCI; 10 mM EDTA; 100 mg/ml RNAseA

0.2 mM NaOH; 20% w/v SDS

3 M potassic acetate; pH 5.5 with acetic acid

10% v/iv FCSin PBS

2% w/v BSA; 0.05 %w/v Sodium azide; in 1x TBS-T

0.2 M borate buffer prepare by adding 1 M NaOH to
boric acid until pH 8.5

2% carbodiimidein 0.1 M MES buffer

adding 0.1 M N&COs to 0.1M NaCOz until pH 9.6

125mM Tris-Base, pH 10.4
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Coomeassie Stain
(PVDF Membrane)

Cre-Buffer

Cristal violet

Destain (PVDF Membrane)
DNA-Ladder (1 kb Marker)

dNTPs [20 mM]

ECL

Ethanolamine [0.25 M]
Ethidium bromide
FACS buffer

FITC

GEBS

H>0, solution

HBS (2x)

Homogeni zation Buffer

Lysis buffer

MES buffer
MTT lysis buffer
MTT solution

25% v/v Isopropanol; 10% v/v Pure acetic acid; 3% w/v

Coomassie

33 mM NaCl; 50 mM Tris/HCI pH7.5; 10 mM MgCl,
50mg/ml in 96% Ethanol

45.5% v/v Methanol; 9.1% v/v Pure acetic acid

1 kb DNA-Ladder in 6x loading dye solution

20 mM dGTP; 20 mM dATP; 20 mM dCTP; 20 mM
dTTPin ddH20

0.225 mM -coumaric acid, 1.25 mM luminol, 0.1 M
Tris-Base, pH 8.5

20 | ethanolamine in 1.3ml bo rate buffer

10 mg/ml EtBr

5% hest inactivated FCS; 0.1% Azide; in 1x PBS
4mgFITCin1ml DMSO

20% wi/v Glycerol; 0.5% w/v Sarkosyl; 50 MM EDTA;
0.05% bromphenol blue

30% v/v H>O,

50 mM Hepes; 280 mM NaCl; 1.5 mM NaHPO,; pH
7.1-7.05 with NaOH

50mM TrispH7.4; 2mM MgCl, ; 8% w/v Sucrose

50 mM TrisBase; 10 MM EDTA; 150 mM NaCl;
10% Glycerol; 0.025% Triton X-100; 2.5 mM DTT;
10 M Benzamidin; 5 ¢/ L Leupeptin; 10 ¢/ L
Aprotenin; 10 g/ L Pefablock

0.1M MES buffer, pH 5.2-6
5% v/v formic acid; 95% v/v isopropanol

5mg/ml MTT in 1x PBS
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1.37 M NaCl; 26.8 mM KCl; 14.7 mM KH,POg; 78.1

PBS (10x)
MM Na,PO4
I 0.9mM Ca"™ (CaCl,); 0.5 mM Mg™ (MgCly); in 1x
PBS
PFA 4% wiv PFA, in AQ.pides PH 7.3
Pfu-buffer 10 mM Trig/HCI pH 7.5 ; 50 mM KCl, 1.5 mM MgCl,
Permeabilization buffer 10% v/v FCS, 0.2% Saponin; in PBS

1% Triton X-100; 50 mM Hepes; 150 mM NaCl;
10% Glyceral; 1.5 mM MgCly; 1 mM EGTA;
10mM Sodium pyrophosphat; 100 mM NaF;
RIPA-buffer 1 mM Natrium Orthovanadat; 5 g/ml Leupeptin;
10 g/ml Aprotinin; 10 g/ml Pefablock;

5 g/ml Pepstatin; 10 M Benzamidin;

0,1% w/v SDS; 1% v/v Deoxycholin acid

Running-buffer (10x) 3% w/v Tris Base; 14.4% wi/v Glyzin; 1% w/v SDS
4% wiv SDS; 20% w/v Glycerol; 125 mM TrisHCL,;
Sample buffer 2x/4x 10/20% v/v [3-2-Mercaptoethanol ;

1% w/v Bromphenol blue; pH6.8
Saponin (gentamicin-assay) 1%in 1x PBS

Saponin (immunofluorescence) |0.1% in 1x PBS

0.5 mg/ml Horseradish-peroxidase (40 kDa)
0.5 mg/ml Bovine Serum Albumin (66 kDa)
0.5 mg/ml Lipoxidase (96 kDa)

0.5 mg/ml B-Galactosidase (116 kDa)

0.5 mg/ml Myosin rabbit muscle (205 kDa) in

Triton-buffer

SDS-PAGE-Marker (HMW)
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SDS-PAGE-Marker (LMW)

SEM fixation solution

Sephadex G10-solution
Sodium dodecyl sulfat (SDS)

SOB medium

Stacking gel buffer
Staining solution (crystal violet)

Storage buffer

Stripping buffer

Suspension medium
TAE-buffer (50x)

TBS (10x)

TB solution

TBS-T
TE-buffer

0.5 mg/ml Lysozym (14.4 kDa);

0.5 mg/ml Soybean Trypsin Inhibitor (22 kDa)
0.5 mg/ml Horseradish-peroxidase (40 kDa)
0.5 mg/ml Bovine Serum Albumin (66 kDa)
0.5 mg/ml Lipoxidase (96 kDa) in Triton-buffer

2% glutaraldehyde, 3% formaldehyde in 0.1M
isotonic, Na-cacodylate buffer, 0.09 M sucrose,
0.01 M CaCl, 0.01IM MgCly, pH6.9

10% wi/v Sephadex G10; in Triton-buffer

20% w/v SDS

0,5% wiv yeast extract, 2% w/v tryptone, 10 mM NaCl;
2.5 mM KCI, 10mM MgCl;, 10 mM MgSO, solubilize
in nanopure H,O (autoclaved)

0.5M TrisBase; pH 6.8

0.1 M Borat buffer; 1% v/v crystal violet

0.01 M phosphate buffer (pH 7.4), 1% BSA, 0.1%

sodium acid, 5% glycerol

1% w/v SDS; 62.5 mM TrisHCI, 0.8% v/v [3-
mercaptoethanol

0.25% Tween in DMEM

500 mM TrisBase; 50 mM EDTA; 5.7% w/v acetic
acid

500 mM TrisBase; 1.5 M NaCl; pH 7.5

10 mM PIPES, 15 mM CaCl2, 250 mM KCI, 55mM
MnCI2; solubilize in nanopure H20; pH 6.7 (sterilized
viaan 0.45 m syringefilter; storage at 4 C)

0.05% Tweenin 1x TBS

10 mM TrisBase; 1 mM EDTA; pH 8.5 (autoclaved)
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