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Summary
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1. Summary
Human CEACAM3 is a tailor-made receptor of the innate immune system to fight 

pathogens  exploiting  epithelial  CEACAM-family  members  for  colonisation  and 

invasion  of  their  host.  Previous  studies  established  CEACAM3  as  the  receptor 

facilitating  rapid  phagocytosis  and  elimination  of  N.  gonorrhoeae by  human 

granulocytes. The studies reported here set out to shed light on the evolution of this  

highly specialised receptor and the associated signalling machinery. 

CEACAM3 arose from exon shuffling after radiation of CEACAM1 approximately 24 

million years ago in an ancestor of modern primates, bringing together the N-terminal 

domain  of  an  epithelial  CEACAM  (CEACAM1,  CEA  or  CEACAM6)  targeted  by 

pathogens with an intracellular signalling sequence most probably derived from an 

early CEACAM4 equipping it with a trigger of efficient phagocytosis. This signalling 

motif, that is closer to a canonical ITAM in CEACAM4, was further diversified during 

CEACAM3 evolution. Phagocytosis via CEACAM3 requires the activity of Src-family 

tyrosine kinases and activation of the small GTPase Rac, a regulator of the actin 

cytoskeleton. We could show, that phosphorylation of the tyrosines in the CEACAM3 

ITAM-like sequence allows direct recruitment of the guanine nucleotide exchange-

factor  (GEF)  Vav,  which  acts  on  Rac.  Rac  triggers  lamellipodia  formation  by its 

effector, the WAVE-complex, a heteropentameric assembly providing interfaces for 

Rac and the adapter protein Nck via Sra1 and Nap1 respectively. We show, that 

CEACAM3 orchestrates activation as well as localisation of the actin-polymerisation 

machinery by recruitment of the WAVE-complex via Nck, which constitutively binds 

the WAVE-complex and is recruited to sites of CEACAM3 phosphorylation in a SH2-

dependent  manner.  Further  studies  were  undertaken  to  elucidate  the  role  of 

additional  kinases  in  the  CEACAM3  signalling  pathway.  From  similarities  to 

immunoreceptor-signalling pathways the Tec and Syk family of tyrosine kinases were 

in  the  focus  of  those  studies.  While  Tec  kinases were  found  to  be  important  in 

uptake and directly bind to pY230 of CEACAM3 during uptake, Syk associated with  

CEACAM3 wildtype only after uptake, but not close to the plasma membrane during 

the  phagocytic  process.  This  is  in  contrast  to  a  CEACAM3/CD3ζ-ITAM chimera, 

where  Syk  co-localised  with  the chimera  and  bacteria  in  early  uptake  but  not 

intracellular bacteria.  Together, these studies provide novel insight into the protein-

interaction network initiated by bacterial binding to CEACAM3 and help to explain the 

efficient and rapid phagocytosis mediated by this granulocyte receptor.
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2. Zusammenfassung
Das  humane  CEACAM3  ist  ein  maßgeschneiderter  Rezeptor  des  angeborenen 

Immunsystems  und  dient  zur  Bekämpfung  von  Pathogenen,  die  epitheliale 

CEACAMs zur Kolonisation und Infektion ihres Wirtes ausnutzen. Vorangegangene 

Untersuchungen  identifizierten  CEACAM3  als  den  Rezeptor,  der  die  schnelle 

Phagozytose  und  Abtötung  von  N.  gonorrhoeae durch  humane  Granulozyten 

bewirkt. Die hier vorgestellten Untersuchungen sollen Aufschluss über die Evolution 

dieses  hochspezialisierten  Rezeptors  und  den  zugehörigen  Signaltransduktions-

apparat geben. 

Durch die Neuanordnung von Exonen nach der Radiation von CEACAM1 entstand 

CEACAM3  vor  ca.  2,4x107 Jahren  in  einem  Vorfahren  der  modernen  Primaten. 

Hierbei  wurde die  N-terminale Domäne eines epithelialen CEACAMs (CEACAM1, 

CEA  oder  CEACAM6),  welches  von  Pathogenen  genutzt  wird,  mit  einer 

intrazellulären  Domäne  kombiniert,  die  höchstwahrscheinlich  von  einem 

ursprünglichen  CEACAM4  stammt.  Die  Kombination  dieser  Komponenten  ergab 

einen  effizienten,  phagozytischen  Rezeptor.  Das  für  den  Aufnahmeprozess 

verantwortliche   Signalmotiv,  welches  in  CEACAM4 einem  typischen  ITAM noch 

ähnlicher ist, wurde im Laufe der Evolution von CEACAM3 weiter abgewandelt. Die 

Phagozytose  über  CEACAM3  benötigt  die  Aktivität  von  Tyrosinkinasen  der  Src 

Familie, sowie die Aktivierung der kleinen GTPase Rac, einem Regulator des Aktin- 

Zytoskeletts. Es konnte gezeigt werden, dass die Phosphorylierung der Tyrosinreste 

in der ITAM-ähnlichen Sequenz von CEACAM3 die direkte Rekrutierung des Rac 

aktivierenden  Guanin-Nukleotid  Austauschfaktors  (GEF)  Vav  ermöglicht.  Durch 

seinen Effektor, dem WAVE-Komplex, löst Rac die Bildung von Lamellipodien aus. 

Der heteropentamere Wave-Komplex stellt auf seinen Komponenten Sra1 und Nap1 

Bindungsstellen für Rac bzw. das Adapterprotein Nck bereit. Die vorliegende Arbeit  

zeigt, dass CEACAM3 sowohl die Aktivierung als auch die Lokalisation des Aktin-

Polymerisierungsapparates  durch  Rekrutierung  des  WAVE-Komplexes  über  Nck 

koordiniert. Nck bindet konstitutiv an den Wave-Komplex und wird in Abhängigkeit 

von  seiner  SH2-Domäne  zu  Stellen  rekrutiert,  an  denen  CEACAM3  in 

phosphorylierter  Form vorliegt.  Weitere Untersuchungen wurden durchgeführt,  um 

die Beteiligung weiterer Kinasen im CEACAM3 Signalweg zu erforschen. Aufgrund 

der Parallelen zu den Signaltransduktionsvorgängen von Immunrezeptoren rückten 

die  Kinasen  Tec  und  Syk  in  den  Fokus  dieser  Untersuchungen.  Während  eine 
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Beteiligung der Tec Kinasen an der Aufnahme von Pathogenen festgestellt wurde, 

konnte Syk nur nach der Aufnahme, nicht aber während des Aufnahmevorganges an 

der Zellmembran in Verbindung mit unverändertem CEACAM3 beobachtet werden. 

Dies stellt einen Gegensatz zu den Beobachtungen dar, die mit einer Chimäre aus 

CEACAM3  und  einem,  dem  CD3ζ  Protein  entstammenden,  traditionellen  ITAM 

gemacht wurden. Hier ko-lokalisierte Syk in frühen den Phasen der Aufnahme mit  

der  Chimäre  an  der  Zellmembran.  Diese  Lokalisation  konnte  jedoch  bei 

intrazellulären  Bakterien  nicht  mehr  festgestellt  werden.  Zusammengenommen 

geben  diese  Untersuchungen  neue  Einblicke  in  das  Netzwerk  von 

Proteininteraktionen,  welche  durch  die  Bindung  von  Bakterien  an  CEACAM3 

ausgelöst  werden.  Die  gewonnenen  Erkenntnisse  ermöglichen  ein  besseres 

Verständnis  der  schnellen  und  effizienten  Phagozytose,  die  von  diesem 

Granulozyten-spezifischen Rezeptor vermittelt wird.
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3. Introduction
About  20,000  genes  shape  the  human  being.  A  lot  more  proteins  arise  from 

differential splicing, and depending on expression of certain combinations of proteins 

within a special cell type, an unimaginable number of protein-protein interactions can 

take  place.  Stunningly,  very  distinct  signalling  chains  emanate  even  within  the 

protein-crowded interior of the cell. Life emerges from the structured interactions of 

all  biomolecules  making  up  the  organism.  Everything  depends  on  signals  and 

interactions.  Starting  from  simple  hydrophilic  and  hydrophobic  forces  driving 

membrane  creation,  continuing  with  proteins  giving  these  membranes  distinct 

shapes,  reading DNA, synthesizing DNA, RNA and proteins themselves.  Sensing 

external  and  internal  conditions  and  relaying  these  information  via  appropriate 

pathways  to  the  effectors  that  warrant  thriving  of  the  organism  in  the  given 

environment. 

While basic genes and protein families are well conserved throughout a wide range 

of species, the differences arise from changes in other, emergence and expansion of  

gene-families in the course of evolution. One large family are proteins with at least 

one immunglobuline(Ig)-fold domain. This fold seems to be extraordinarily success-

ful. The UniProt database currently lists over 700 reviewed and 3500 unreviewed hits 

for domains with an Ig C1-, C2-, or V-class fold. But not only immunglobulines them-

selves are part of this super-family, but, e.g., also proteins that mediate cell-cell inter-

actions. A peculiar family of Ig-proteins, the CEA-family, has members that can do 

both: regulate cell-cell interaction, as well as elicit or modulate immune-responses. 

This  family  has  undergone  massive  expansion  and  diversification  in  mammals, 

reflecting immunological adaptations to endogenous or alien challenges. The CEA-

family of Ig-superfamily-proteins comprises pregnancy specific glycoproteins (PSGs), 

regulating the maternal immune system to tolerate the semi-allogenic foetus, as well  

as  the  group  of  carcinoembryonic  antigen  related  cell  adhesion  molecules 

(CEACAMs),  which  contains  some  highly  specialised,  membrane  bound 

hematopoietic  receptors,  that,  like  pattern  recognition  receptors,  help  respond  to 

pathogens. The youngest and fastest evolving protein in this family is CEACAM3,  

which has been shown to be the major phagocytic receptor engaging pathogens that  

are able to  exploit  CEACAMs for  colonisation of  their  host.  How this  specialised 

receptor emerged and turns a protein-domain initially used by pathogens to colonise 

their host into a death-trap for them will be the topic of the work presented here.
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3.1. Carcinoembryonic-antigen related Cell Adhesion Molecules (CEACAMs)

3.1.1. The CEA-family

The CEA-family of the Ig-superfamily is, according to current research, restricted to 

mammals,  in  which  this  family  underwent  massive  expansion  (Kammerer, 

Zimmermann, 2010). The origin of investigations on this gene-family can be found in 

the  1960s,  when CEA (CEACAM5) was discovered  (Gold,  Freedman,  1965) and 

associated  with  colorectal  cancer  and  used  as  a  serum  marker  for  monitoring 

recurrence and development of tumors. Since then, the number of CEA-family genes 

in  humans  grew constantly  and subsequently  related  genes were found  in  other  

mammals.  It  became  clear,  that  the  CEA-family  is  a  very  diverse  one  and  its  

subgroups, CEACAMs and PSGs, show vast differences concerning the amount of 

members as well as amino-acid sequences even in closely related species. 

The  most  recent  and  comprehensive  study  by  Kammerer  and  Zimmermann 

(Kammerer,  Zimmermann,  2010) reveals that  the CEA-family rapidly expanded in 

mammals,  conferring  immunological  benefits  in  regard  to  challenges  posed  by 

pregnancy or pathogens. The authors of the study suggest from hitherto unpublished 

observations, that a CEACAM1-like gene may well  be the ancestor of  the family,  

since  CEACAM-like  genes  encoding  ITIMs/ITSMs  as  found  in  CEACAM1  were 

discovered even in fish. Despite low sequence conservation, the similarities in the 

structural properties of the gene-loci are said to support this notion.

Together with CEACAM18, 19, 20 as well as CEACAM1, CEACAM16 belongs to the 

group of primordial CEACAMs. CEACAM16 is found in all mammals, but not lower 

vertebrates,  and  displays  extraordinarily  high  conservation  across  the  species. 

CEACAM1,  CEACAM18,  CEACAM19  and  CEACAM20  are  also  found  in  all 

mammalian lineages except the Monotremata (Platypus).  For CEACAM16, 18, 19 

and  20  there  are  only  very  few  related  genes,  with  a  CEACAM16-like  gene  in 

platypus, a CEACAM20-like gene (CEACAM22) and a CEACAM18 duplication in the 

opossum  and  cattle,  where  in  the  latter,  the  CEACAM18  related  gene  is  most  

probably a pseudo-gene. While only remains of a CEACAM22 gene can be found in  

mammals like dog, cattle and humans, CEACAM1 expanded vastly and gave rise to 

the CEACAM and PSG subgroups of the CEA-family.

5
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3.1.2. Pregnancy specific glycoproteins (PSGs)

In contrast to CEACAMs, most of which are membrane anchored and constitutively 

expressed,  PSGs are soluble  proteins  expressed and secreted during pregnancy 

and  thought  to  attenuate  the  maternal  immune  system  towards  the  allogenetic 

foetus. This concept is supported by the finding, that in species with hemochorial 

placentation more PSG-genes are found. (Zebhauser et al., 2005). Originating from 

an  ancestral  CEACAM1,  PSGs  have  expanded  in  the  mammalian  lineage,  as  it 

seems,  reflecting  the  invasiveness  of  the  trophoblast  during  pregnancy.  Recent 

research  found  PSGs  predominantly  in  mammals  with  hemochorial  placenta,  in 

which  trophoblast  cells  are  directly  exposed  to  the  maternal  bloodstream  and 

therefore maternal immune-cells. This type of placenta is typically found in humans 

and rodents  (Euarchontoglires),  but  not  e.g.  horses or  dogs (Laurasiatheria)  that  

have a epitheliochorial or endotheliochorial placenta respectively. While in dogs no 

PSG-genes have been found, five loci were identified in the horse. This underlines 

the  suggested  correlation  of  PSG-evolution  and  exposure  of  foetal  tissue  to  the 

6

Figure  3.1.1: The mammalian carcinoembryonic antigen (CEA) family. CEACAM1 gave rise to the  
diversity of the CEACAMs and PSGs in the different species. (Kammerer and Zimmermann BMC  
Biology 2010 8:12 doi:10.1186/1741-7007-8-12)
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maternal  immune  system,  since  a  subset  of  equine  trophoblast  cells  is  highly 

invasive  and  exposed  to  the  maternal  immune-cells.  The  small  brown  bat  M. 

lucifugus presents another exception in the laurasiatherian clade, carrying the most 

expanded family of  CEACAM1 related genes observed until  now. Over 100 such 

genes were discovered, and at least 18 can be assigned to the PSG subgroup. This 

goes alongside with another exceptional property of this species, its highly invasive 

hemochorial placentation (Carter, Mess, 2008). 

PSGs were  studied  to  the  greatest  extend  in  mice  up to  now,  revealing several 

interaction partners and resulting effects in the organism. In mice , PSGs 17 and 19 

are known to stimulate cytokine secretion by engagement of CD9 on macrophages 

and monocytes (Snyder et al., 2001; Waterhouse et al., 2002; Ha et al., 2005; Ha et  

al., 2008), as do PSG1, PSG6 and PSG11 in humans. In both cases IL6 and IL10 as 

well as TGFβ are secreted, suppressing inflammatory responses. Also most of the 

mouse CEACAMs are secreted proteins specifically expressed during pregnancy by 

trophoblast cells, rendering them functionally into PSG-like proteins  (Zebhauser et 

al., 2005).

3.1.3. Carcinoembryonic-antigen related cell-adhesion molecules (CEACAMs)

While  PSGs  are  expressed  only  temporarily  and  only  by  trophoblast  tissue, 

CEACAMs are constitutively expressed in a range of tissues.  In contrast to PSGs, 

7

Figure 3.1.2: The human family of CEACAMs. Modified from Küspert et al. 2006 updated with UniProt  
data for CEACAM20 and 21 splice variants and tissue distribution of CEACAMs
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the majority of CEACAMs are anchored to the membrane. The exceptions found until  

today revealed PSG-like expression patterns. CEACAM16 marks another exception,  

being a soluble protein with  expression limited to the cerebellum (Zebhauser et al., 

2005). While most CEACAMs are restricted to distinct tissues or cell types, only few 

are more widely expressed. The latter do not allow for clear cut classification when 

grouped  according  to  their  expression  in  certain  compartments  of  the  organism. 

Both, expression-patterns as well as binding and signalling capabilities, define the 

functional repertoire of each protein. Only few members of the CEACAM-family have 

been assessed for their functions in the organism in greater detail.

3.1.3.1. Epithelial CEACAMs

CEACAM16 aside, all ancestral CEACAMs are found in epithelia and display high 

structural variability regarding their domain organisation not only on a gene to gene 

basis,  but  also  regarding  variations  in  gene  products  originating  from  differential 

splicing. CEACAM1, CEACAM18, 19 and 20 are membrane spanning proteins and 

possess at least a short cytoplasmic domain. CEACAM18 is probably palmitoylated 

within its rather short cytoplasmic domain, possibly directing the protein to specific  

membrane microdomains. CEACAM20, which is expressed by intestinal epithelia like 

CEACAM18, differs from all other CEACAMs in having a truncated N-domain, which 

is the moiety that is generally associated with ligand binding in CEACAMs. Moreover, 

it carries a bona fide ITAM in its cytoplasmic domain. CEACAM1 aside, the ancestral  

CEACAMs  were  discovered  only  recently,  and  no  specific  functions  have  been 

assigned to those conserved members of the CEA-family until today. A function for 

CEACAM19, which is expressed on squamous epithelia, is elusive, but it possesses 

two  tyrosine  residues  that  may  contribute  to  signal  transduction.  Although  the 

annotated entry in UniProt excludes an ITAM-like arrangement of those tyrosines,  

another CEACAM19 related entry leaves this option for further investigation.

CEACAM1 is probably the ancestor of all CEACAMs and PSGs in therians. It is also 

found  on  epithelia,  but  is  not  restricted  to  this  type  of  cells.  Several  CEACAM1 

derived CEACAMs exist in different species, and in humans, seven such CEACAMs 

exist. Of those, three can be found on epithelia in addition to CEACAM1 and all have 

been investigated regarding their role in cancerous disease. CEACAM5, CEACAM6 

and  CEACAM7  share  their  mode  of  membrane  linkage,  which  is  achieved  by 

glycosyl-phosphatidyl-inositol(GPI)-anchors.  This  kind  of  membrane  anchoring  of 
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CEACAMs was so far only found in primate CEACAMs, but not in CEACAMs of other  

mammals.  GPI-linkage  was  acquired  by  few  changes  in  the  CEACAM1  coding 

sequence  (Naghibalhossaini,  Stanners,  2004) leading to  a  premature  stop  in  the 

transmembrane domain and increasing efficiency of GPI-attachment. 

CEACAM7 has been identified  (Thompson et al.,  1989) and further characterised 

(Khan et al., 1992; Thompson et al., 1994) in the late 1980s and early 1990s. It is 

expressed on normal colonic epithelia (Frangsmyr et al., 1999) and was reported to 

be down-regulated early in tumour development (Thompson et al., 1994). Since then, 

CEACAM7 was investigated as a biomarker of tumour monitoring by expression-level 

analysis  (Douard et  al.,  2006) but  discarded as a therapeutic  indicator.  A recent 

study however proposes CEACAM7 as a predictive marker for disease recurrence 

(Messick et al., 2010) in rectal-cancer patients. 

CEACAM6  is  also  GPI-anchored  and  found  on  epithelial  tissues  as  well  as  on 

granulocytes  and  monocytes.  Like  CEACAM7,  CEACAM6  has  been  thoroughly 

investigated  in  the  context  of  cancerous  disease,  investigating  its  value  as  a 

predictive marker  (Maraqa et  al.,  2008), or  monitoring biomarker  (Duxbury et  al., 

2005). Expression of CEACAM6 and CEACAM5 (CEA) can be regulated by TGFβ 

via  Smad3  (Han  et  al.,  2007) and this  regulation  may contribute  to  their  role  in 

cancer.  An up-regulation of  CEACAM5 and 6 can be detected in  the majority of 

tumours.  Their  ability  to  inhibit  anoikis  by  activating  survival  signalling  via  α5β1 

integrins that reside in the same lipid raft domains as the CEACAMs may contribute  

to tumour growth. Upon clustering of lipid rafts, signalling is induced via an Akt/PI3K 

pathway (Camacho-Leal, Stanners, 2008) that interferes with caspase 9 activation. 

Although most literature refers to CEACAM6 expression in the context of cancerous 

tissue it is widely distributed in normal tissue, too. Apart  from its presence in the  

hematopoietic system, CEACAM6 is also found on the epithelium lining the intestine 

and the lung (Kolla et al., 2009). Even though a convincing explanation is missing, 

CEACAM6 may be a modulator of cystic fibrosis (Stanke et al., 2010) since the gene 

for CEACAM6 displays frequent variations within the known modifier locus CFM1 of 

this disease. CEACAM6 belongs to the CEACAMs that are exploited by pathogens 

on  epithelial  cells.  In  epithelial  cells  CEACAM6  engagement  leads  to  increased 

adherence of the infected cell to the matrix and to endocytosis of the bacteria with  

inefficient killing, allowing the pathogens to cross the epithelial layer in vivo (Wang et 

al., 2007). CEACAM6 can also support gut inflammation by adherent invasive E. coli 

(AIEC) (Barnich et al., 2007; Carvalho et al., 2009) in Crohn's disease patients. 
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CEA  was  discovered  in  the  1960s  in 

context  with  colon  carcinomas  (Gold, 

Freedman,  1965) and  its  mRNA 

characterised  in  1983  (Zimmermann  et 

al.,  1983). Since  the  nomenclature 

redefinition  (Beauchemin et al., 1999) in 

1999 CEA is known as the product of the 

CEACAM5  gene,  and  sometimes  the 

protein is also referred to as CEACAM5. 

Patients  with  elevated  serum  levels  of 

this  GPI-anchored  CEA-family  member 

were found to have acute or recurrent tumours and a bad prognosis regarding the 

course of  the  disease.  CEA serves as  cell-cell  adhesion molecule expressed on 

various  epithelia  in  physiological  context,  allowing  homo-  and  heterophilic 

interactions with its own kind or other CEACAMs.

Within  the  CEACAM-family  CEACAM1 is  the  member  with  the  highest  structural 

variability. Twelve splice-variants are known in humans, differing in the number of 

extracellular  domains  and  more  importantly  in  the  presence  of  either  a  short  

(CEACAM1-S) or long (CEACAM1-L) cytoplasmic domain. CEACAM1 is also found 

on epithelial and endothelial cells and has been linked to various specific signalling 

pathways by well conserved signalling motifs in its cytoplasmic domain. CEACAM1 

displays  a  vast  range  of  signalling  and  regulatory  capabilities  in  metabolic  and 

angiogenic processes as well as in immunity and tumour progression that have been 

summarised  on  several  occasions  (Kuespert  et  al.,  2006;  Nouvion,  Beauchemin, 

2009). CEACAM1's long cytoplasmic domain contains an immunoreceptor tyrosine 

based inhibitory motif (ITIM), which is conserved throughout the mammalian lineage 

and a second immunoreceptor motif, that is a switch motif (ITSM) in more ancestral 

and  changed  to  a  second  inhibitory  motif  (ITIM)  in  more  recently  branched  off  

species.  These  phosphorylation  sites  play  a  role  in  CEACAM1  function  during 

regulation of insulin signalling (Poy et al., 2002b, 2002a) which was lately linked to 

effects in lipid metabolism (DeAngelis et al., 2008). But not only metabolic pathways 

are modulated by CEACAM1, it also helps shaping the tissue when expressed on 

endothelial cells. CEACAM1 can be induced by VEGF on endothelial cells (Ergun et 

al., 2000), and studies with knockout mice also confirmed a critical role of CEACAM1 

in neovascularisation  (Horst et  al.,  2006). As all  CEACAMs before,  CEACAM1 is 
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Figure 3.1.3: Epithelial CEACAMs are targeted by  
pathogens to cross the epithelial layer (Hauck and  
Meyer 2003)
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under very intensive investigation in terms of cancer. A β-catenin binding site (Jin et 

al., 2008) with the amino acid sequence TEHKxS, in which the histidine and lysine 

residues are most critical, can be found in CEACAM1. Since β-catenin links to wnt 

signalling,  this  interaction  could  explain  increased tumour  formation  upon loss  of 

CEACAM1  (Leung  et  al.,  2006,  2008;  Song  et  al.,  2010).  However,  CEACAM1 

knockout  mice  do not  display increased  spontaneous  tumour  formation,  but  less 

resistance to azoxy-methane induced tumours. Generally CEACAM1 is regarded as 

a tumour suppressor (Singer et al., 2000), but this effect seems to rely on the long 

cytoplasmic domain with its ITIM, while the short-splice variant of CEACAM1 with a 

truncated cytoplasmic domain is found to be up-regulated in lung cancer  (Wang et 

al., 2000). Signalling related to suppression and inhibition is thought to be linked to a 

general decrease in the activation status of a cell. This is achieved by phosphatases  

like SHP1 or -2 (protein-phosphatases) or SHIP (inositol-phosphatase), and indeed,  

CEACAM1  will  readily  associate  with  those  enzymes  in  epithelial  cells  upon 

CEACAM1 activation (Huber et al., 1999; Chen et al., 2001b). The differential effects 

of CEACAM1-splice variants add further to the repertoire of this versatile member of  

the CEACAM-family. 

Its  physiological  roles  and  effects  in  tumorigenesis  aside,  CEACAM1  is  also  a 

prominent  receptor for  pathogens.  In mice it  serves as a receptor for  the mouse 

hepatitis  virus (MHV),  and an adaptation  to  this  challenge can be observed in a 

second allelic variant of CEACAM1 in this species, that will not allow the MHV to bind 

anymore. In humans, CEACAM1 is also exploited by pathogens. In this case bacteria 

benefit from recognising CEACAM1 and its family members on epithelial cells, giving 

them  an  advantage  for  colonisation  of  their  host.  In  addition  to  the  improved 

adherence  and  thus  protection  against  clearance  by  mucus  flow,  binding  to 

CEACAM1 was shown to  increase anchorage of  the infected cells to  the matrix, 

inhibiting  exfoliation,  another  clearing  mechanism that  would  typically  protect  the 

organism  by  shedding  single  infected  cells.  After  in-vitro  demonstration  for 

CEACAM1  and  CEACAM6  (Muenzner  et  al.,  2005), this  mechanism  could  be 

confirmed  in  vivo  using  mice  expressing  human  CEA  (Muenzner  et  al.,  2010) 

highlighting the role of epithelial CEACAMs not only in tumorigenesis (Singer et al., 

2010) but also in host-pathogen interactions. As mentioned before, mice employed 

an  evasive  strategy to  reduce  pathogenic  impact  by evolving  a  second  allele  of  

CEACAM1.  Other  mammalian  species  however  seem  to  have  taken  a  more 

aggressive route to cope with pathogens. By gene duplication, exon shuffling and 
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mutation,  specialised  receptors  arose,  which  support  clearance  of  pathogens 

exploiting epithelial CEACAMs. Those specialised receptors are consequently found 

on the immune-cells residing in the hematopoietic system.

3.1.3.2. Hematopoietic CEACAMs (Granulocytes)

While  most  primordial  CEACAMs  are  found  on  epithelia,  of  this  group  only 

CEACAM1, which gave rise to the current expansion of this family in mammals, is 

found  on  hematopoietic  cells  as  well.  CEACAM1  is  again  the  most  abundant  

CEACAM-family member in the hematopoietic system, being expressed on T-cells, 

B-cells,  platelets  and  granulocytes.  Its  almost  ubiquitous  expression  made 

CEACAM1 the CEACAM protein most extensively researched. Due to the ITIM in the 

cytoplasmatic domain of the L-spliceforms, CEACAM1 was studied in regard of its 

immunoreceptor-like  signalling  capabilities,  and  indeed,  CEACAM1  is  able  to 

mediate inhibitory signalling in a number of scenarios. In the hematopoietic system,  

CEACAM1  not  only  serves  as  a  receptor  for  pathogens  exploiting  epithelial 

CEACAMs for colonisation of their host, but modulates immune responses in several 

settings (Gray-Owen, Blumberg, 2006). 

In resting granulocytes, CEACAM1 is able to delay spontaneous apoptosis of these 

short  lived  leukocytes  (Singer  et  al.,  2005) via  an  SHP-1  and  Erk1/2  mediated 

pathway. Interestingly, in a B-cell model CEACAM1 was found to promote apoptosis 

when challenged with opaque gonococci (Pantelic et al., 2005) leading to inhibition of 

antibody production. This effect does not involve SHP-1, Syk or PLC but relies in part  

on activity of SHIP or BTK. In a human B-cell line, Lobo et al demonstrated that  

CEACAM1  can  serve  as  a  negative  co-receptor  for  the  BCR  and  regulates 

phosphatidylinositol 3-kinase (PI3K) activity (Lobo et al., 2009).

CEACAM1 can inhibit several ITAM-based signals via its ITIM-sequence and seems 

to play an important  role for mucosal  pathogens to suppress immune responses. 

This includes TLR2 mediated signalling (Slevogt et al., 2008), which is suppressed 

by UspA1 expressing Moraxella catarrhalis or Opa expressing N. meningitidis. This 

suppressive  effect  may be of  benefit  to  several  CEACAM-binding urogenital  and 

mucosal pathogens in the first step of infection, since CEACAM1 is also found on 

those epithelia. 

The  inhibitory  effects  of  CEACAM1-L  on  T-cells  have  been  subject  to  several  

studies.  N. gonorrhoeae is able to suppress activation of CD4+ T-cells by recruiting 
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CEACAM1 to the cell surface and without getting phagocytosed  (Lee et al., 2008) 

and  N. meningitidis or membrane vesicles released by that pathogen seem to be 

able to confer this effect as well (Lee et al., 2007). The view, that CEACAM1-binding 

must  lead  to  inhibition  of  T-cell  proliferation  has  been  challenged  though,  since 

another  study showed that  CEACAM1-binding as well  as non-binding bacteria  or 

membrane vesicles exhibit a positive effect on proliferation of T-cells (Youssef et al., 

2009). Differences  in  experimental  setups  may  account  for  some  of  the 

discrepancies, but still CEACAM1 seems to be the most complex CEACAM in terms 

of  variability  and  signalling  properties  that  depend  not  only  on  the  pre-activation 

status  of  the  cell,  but  also  on  the  CEACAM1  isoforms  expressed  and  their 

expression ratios (Gray-Owen, Blumberg, 2006). A humanised mouse model, which 

expresses human CEACAM1 in addition to the endogenous mouse CEACAM1, has 

been established lately, allowing the study of pathogenic interactions with immune-

cells expressing this CEACAM-family member only (Gu et al., 2010). This model may 

shed some more light on the contributions of single CEACAMs in the response to 

human-specific pathogens as  N. meningitidis or  N. gonorrhoeae.  Another disease 

model  that  is  available  in  mice  is  mimicking  multiple  sclerosis.  In  this  model,  

blockage of CEACAM1 by antibodies increased severity of the disease while cross-

linking CEACAM1 by addition of a CEACAM1-Fc chimera ameliorated the course of 

the myelitis by inhibiting IFNγ and IL17 production. This inhibition was found to be 

mediated by invariant natural killer cells, as mice that do not have these cells were 

unresponsive to the treatment (Fujita et al., 2009).

CEACAM8 is a granulocyte-specific member of the CEACAM-family. It is linked to 

the membrane via a GPI-anchor and released to the cell surface upon activation of 

the granulocyte. Although related to CEACAM1 evolutionarily, CEACAM8 does not  

recognize pathogens like  N. gonorrhoeae,  but engages in heterophilic interactions 

with CEACAM6. Another known ligand of CEACAM8 is galectin-3 (Yoon et al., 2007), 

a protein associated with IgE binding, which might point to a role of CEACAM8 in 

response to parasites. Engagement of CEACAM8 leads to de-granulation and strong 

adhesion of granulocytes. 

CEACAM6,  which  can  also  be  found  on  epithelial  tissues,  is  expressed  on 

granulocytes  as  well.  On  these  cells,  it  may  mediate  phagocytosis  of  OpaCEA 

expressing gonococci  (Gray-Owen et al.,  1997a) and its stimulation contributes to 

adhesion of granulocytes to endothelia (Skubitz et al., 1996; Skubitz, Skubitz, 2008; 
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Skubitz, Skubitz, 2010). As on epithelia, CEACAM6 in granulocytes is a receptor for 

Afa/Dr adhesins of diffusely adhering  E. coli (DAEC) (Berger et al., 2004) and has 

been linked to  inflammatory processes induced  by type1  pili  of  E.  coli,  probably 

contributing to inflammatory bowel disease like Crohn's disease (Semiramoth et al., 

2008).

CEACAM4 is likely to be the first ITAM-carrying offspring of CEACAM1. Although 

capable of inducing phagocytosis via its cytoplasmic domain (unpublished results),  

no ligand for its single extracellular IgV-like domain has been identified so far (Popp 

et al.,  1999). Since its initial description in 1991  (Kuroki et  al.,  1991) it has been 

subject to very few studies, most of the time as a comparison to its fellow family 

members. 

CEACAM3 is an exceptional member of 

the CEACAM-family, not by its signalling 

variability or complexity like CEACAM1, 

but  by  its  simplicity  and  effectiveness 

with  which it  fulfils  its task.  CEACAM3 

expression  is  limited  to  granulocytes 

and it is the less abundant CEACAM on 

these cells. It does not engage in homo- 

or  heterophilic  interactions,  but  seems 

to  represent  one  side  of  an  paired 

receptor  system  with  CEACAM1. 

CEACAM3 is a decoy and represents a means of the innate immune system to fight  

off  CEACAM-binding  pathogens  by  mediating  efficient  uptake  and  killing  (Chen, 

Gotschlich,  1996). But  not  all  CEACAM-binding  pathogens  are  recognised  by 

CEACAM3.  N. meningitidis,  for  example,  only  interacts  with  CEACAM1. 

N. gonorrhoeae though expresses several colony opacity associated (Opa) proteins 

that  are  recognised  by  CEACAM3  as  well.  In  a  chicken  B-cell  model  (DT-40), 

engagement of CEACAM3 by gonococci will lead to cell death of the infected cells 

(Chen et  al.,  2001a). If  this finding mirrors the processes in human granulocytes 

needs  to  be  questioned,  though.  Not  only  because  in  human  granulocytes 

CEACAM1 might interfere with apoptosis as mentioned before, but also based on 

the  finding,  that  Syk  is  required  for  uptake  by  B-cells,  which  was  shown  to  be 

dispensable  in  a  human  differentiated  monocytic  cell  line  (Hauck  et  al.,  1998). 
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Figure 3.1.4: CEACAMs can mediate phagocytosis  
of  pathogens  that  usually  exploit  CEACAMs  on 
epithelia  for  colonisation  of  their  host,  but  
pathogens  may  turn  CEACAM1  binding  into  
another immune evasive strategy by suppressing  
the T-cell response (Hauck and Mayer 2003)
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CEACAM3 does not display a broad spectrum of signalling functions as observed for 

CEACAM1,  which  relates  to  its  limited  expression  pattern  and  narrow  ligand 

specificity.  Since  this  property  will  keep  crosstalk  of  signalling  events  low, 

circumstances for detailed analysis of the underlying signal-transduction cascade are 

very favourable.

While  in  mice,  CEACAM1s  N-terminal  domain  was  altered  due  to  evolutionary 

pressure in order to disallow binding of a viral pathogen, in humans, the bacterial  

pathogen-binding domain was linked to an intracellular signalling apparatus that will  

facilitate not only uptake, but also killing of the pathogen. In dogs a similar couple  

arose during the radiation of CEACAM1-related genes, giving rise to CEACAM28, an 

ITAM-containing  receptor  expressed  on  cells  of  the  immune-system.  The  recent 

discovery  of  this  CEACAM-family  member  raises  the  question  for  possible  dog-

specific pathogens or immune-regulatory affairs that are addressed by this receptor.
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3.2. CEACAMs: their signalling properties and related pathways

While the preceding chapter described expression profiles and implicated functions 

of the CEACAM family members, this chapter will deal with and go into further detail  

concerning the signalling properties and mechanisms of  individual CEACAMs. To 

this point the CEACAMs will not be grouped by distribution in the organism, but by 

their mode of linkage to the membrane or cytoplasm respectively. These differences 

were mentioned before and allow to form five more or less distinctive groups. The 

first one, which won't be discussed further herein, is the group of soluble CEACAMs 

that  are  not  linked  to  the  cell  in  any way,  but  confer  their  effects  by binding to 

receptors, regulating distinct processes. The second group are CEACAMs linked to 

the outer leaflet of the membrane by a GPI-anchor with no direct connection to the 

cytoplasm. Nonetheless, those CEACAMs can mediate strong signals to the interior 

of  the  cell  as  will  be  discussed  in  the  following  chapter.  CEACAMs  with  a 

transmembrane  domain  will  make  up the  remaining  three  groups.  Three  groups, 

because we can discriminate between transmembrane-linked variants that  do not 

have phosphorylation-related signalling (e.g. CEACAM1-S) in their cytoplasmic part, 

if  there is one at all,  or immunoreceptor like tyrosine-based signalling sequences 

which can be divided into  immunoreceptor  tyrosine based  inhibitory  motifs (ITIMs) 

and their activatory (ITAM) counterpart.

3.2.1. GPI anchors and signalling via lipid rafts

GPI-anchoring of CEACAMs is only found in primates and this property is likely to 

have evolved by introduction of a premature stop in the transmembrane domain of a 

CEACAM1  sibling  and  refined  by  additional  mutations,  that  allow  more  efficient  

attachment  of  the  GPI-moiety  (Naghibalhossaini,  Stanners,  2004). Studies  have 

shown, that the GPI-anchor is the switch deciding which signalling will occur after  

receptor engagement. Since the receptor bound to the membrane in such a manner  

does  not  have an direct  linkage to  the  cytoplasm,  where  the  signalling  cascade 

resides, other means of relaying the information of receptor binding have to be in 

place. The GPI-anchor will target proteins to membrane microdomains (lipid rafts)  

that are associated with distinct signalling proteins. GPI-anchors come in different  

variations  and  are  the  end  product  of  a  complex  biosynthesis  and  remodelling 
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machinery  (Kinoshita et al., 2008). They determine localisation and thus signalling 

outcome of the proteins attached (Nicholson, Stanners, 2007). Signalling sequences 

in the protein determine (and can be predicted by software  (Pierleoni et al., 2008)) 

which  anchor  is  to  be  added.  And  it  does  not  come  as  a  surprise,  that  CEA,  

CEACAM6, CEACAM7 (Nicholson, Stanners, 2007) and CEACAM8 share the same 

signalling sequence, that should direct them to the same species of lipid rafts, i.e. in  

the different cell types they are expressed though. 

In  granulocytes,  CEACAM8  and 

CEACAM6 engagement will lead to up-

regulation  of  CD11/CD18  on  the  cell 

surface  that  will  mediate  adhesive 

properties of the stimulated cell.

On  epithelial  cells,  CEACAM5  and 

CEACAM6  are  able  to  promote 

enhanced  cell  adhesion  by  up-regulation  of  CD105  by  an  unknown  mechanism 

(Muenzner et  al.,  2005;  Muenzner et  al.,  2010). CEACAM6 will  also trigger other 

gene expression or up-regulation events (Muenzner et al., 2005). Aside from studies 

with  exchanges  of  GPI-anchors  to  alter  signalling  outcomes  and  the  more 

physiological questions addressed by the studies of Skubitz et al and Münzner et al,  

the GPI-anchored CEACAMs have mostly been studied in regard to their suitability 

as cancer markers or prognostic tools. 

3.2.2. Transmembrane anchors and immunoreceptor (like) signalling

CEACAM16 aside, all  primordial  CEACAMs (1,18,19,20)  are membrane spanning 

proteins.  The  CEACAM1-related  subgroup  adds  another  three  transmembrane 

proteins to this group (CEACAMs 3,4,21).  CEACAM18 and the CEACAM21 carry 

only  short  cytoplasmic  domains  with  no  tyrosine  phosphorylation  sites,  but  

CEACAM18 possesses a putative palmitoylation site,  probably targeting it  to lipid 

rafts. While little is known about the subcellular localisation of CEACAM19, 20 and 

21, CEACAM1 could be pinpointed to lipid rafts,  as observed for  CEACAM5 and 

CEACAM6.  Astonishingly,  CEACAM1  shares  some  functional  identities  to  those 

CEACAMs,  as  it  can  also  trigger  enhanced  cell-adhesion  upon  engagement  by 

CEACAM-binding pathogens (Muenzner et al., 2005). Another intriguing observation 
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Figure  3.2.1: The GPI-attachment signal-sequences 
of  the  GPI  anchored  CEACAMs  and  the 
corresponding sequence from CEACAM1 from which  
the GPI-linked CEACAMs delineate themselves.
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was  CEACAM1's  dependence 

on  integrity  of  cholesterol  rich 

membrane  microdomains  to 

exhibit  phagocytic  activity, 

which  does  not  rely  on  the 

cytoplasmatic  domain  of 

CEACAM1  (Muenzner  et  al., 

2008). So, CEACAM1 seems to 

capable  of  both  signalling  via 

lipid rafts, as well as through its 

cytoplasmic  domain.  Here  again,  the  variability  in  splice  forms  and  expression 

patterns  governs  over  a  variety  of  signalling  outcomes  for  CEACAM1.  While 

phagocytic activity of CEACAM1 resembles that of GPI-anchored CEACAMs, it can 

nevertheless  confer  distinct  signalling  via  its  cytoplasmic  domain,  that  contains 

immunoreceptor like tyrosine based signalling motifs. 

The presence of those motifs stimulated comparisons of CEACAMs with the FcγR 

family,  that  also  encompasses  GPI-linked,  as  well  as  ITAM and ITIM containing 

members. Since the FcγR family and its signalling is studied in quite detail (reviewed 

in  (Nimmerjahn, Ravetch, 2008)), it is tempting to draw the parallels to CEACAM 

signalling. Although the signalling motifs strongly resemble each other, we will see 

that differences can arise from subtle changes. 

CEACAM1-L  carries  ITIMs,  a  type  of  immunoreceptor  tyrosine  motif,  which  is 

associated with suppression of activation usually attenuating signalling by agonizing 

receptors that carry ITAMs. The FcγRIIB carries an ITIM as well, and studies show, 

that the outcome of its signalling depends on the context of receptor ligation. When 

being  engaged  in  parallel  to  an  ITAM  containing  receptor,  like  the  BCR,  ITIM 

signalling will result in suppression of the ITAM signal by action of inositol or protein  

phosphatases. ITIM-signalling alone however can lead to apoptosis in B-cells, which 

is thought to deliver a mechanism to control self-tolerance of the immune system. 

Similar observations are made with CEACAM1, which can inhibit signalling by TLR2 

(Slevogt et al., 2008) and lead to an arrest of proliferation and probably to onset of 

apoptosis  in  some  T-  and  B-cell  lines  when  challenged  with  OpaCEA Neisseriae 

(Pantelic et al., 2005; Lee et al., 2008). CEACAM1 has been shown to associate with 

the protein phosphatases SHP-1 and SHP-2, enabling it to interfere with pathways  

relying on protein phosphorylation (Chen et al., 2001b). Interestingly, CEACAM1 can 
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Figure  3.2.2:  The  ITAM-related  signalling  sequences  of  
CEACAMs in comparison to the canonical ITAMs of CD3ζ and  
Fc-receptors.  The  strict  canonical  ITAM  consensus  is  
D/ExxYxxL/Ix(6-8)YxxL/I . Less strict patterns allow absence  
of  the  D/E  at  position  -3  of  the  initial  tyrosine  and  more  
spacing amino acids between the YxxL/I entities. Conserved  
positions are indicated by an * or “:”
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not  interfere  with  CEACAM3  mediated  phagocytosis  (unpublished  observations), 

suggesting a robust signalling beneath CEACAM3 that offers no point of intervention  

for inhibitory signals.

CEACAM3 and 4 carry ITAM(like) sequences, that are related to ITAMs found e.g. in  

phagocytic  Ig receptors like FcγRIIA or the  γ-subunit  of  Fcγ-receptors.  While  the 

latter rely on Syk family kinases to a varying extent, phagocytosis triggered by the 

CEACAM3 ITAM-like sequence is not  affected by over-expression or inhibition of 

Syk. 

A blueprint for canonical ITAM signalling 

beneath  TCR,  BCR  and  FCR  can  be 

inferred  from the  literature  (reviewed in 

(Andreotti et al., 2010; Harwood, Batista, 

2010;  Ravetch,  Bolland,  2001;  Gilfillan, 

Rivera,  2009))  and  allows  to  discover 

significant  differences to  the CEACAM3 

ITAM-like  triggered  signalling.  Usually, 

ITAM signalling starts by phosphorylation 

of  the  ITAM  tyrosines  by  a  Src-PTK. 

Depending  on  cell  type  and  receptor, 

Lyn, Fyn, Hck or Lck are available for this 

task. By phosphorylating the tyrosines in 

this  twin-tyrosine  motif,  the  Src-PTKs 

pave the way for binding of a Syk family 

kinases, i.e. ZAP70 in T-cells or Syk in B-

cells  and  other  FcR  involving  settings. 

Upon binding of  the  Syk  family kinase, 

different  assemblies  can  occur, 

depending on the cell type and receptor 

engaged. Not only BCR and TCR are target to Syk-family kinase binding, but also 

Fc-receptors that harbour ITAMs in their cytoplasmic domains or side chains. Syk-

family  kinases phosphorylate  dedicated  scaffolding proteins  (LAT1,  LAT2,  BLNK) 

that  in  turn  recruit  additional  SH2-containing  effectors  or  scaffolding  proteins 

contributing to the assembly of the signalling complex. In canonical ITAM-signalling, 

Vav is recruited via another adapter protein, SLP76 (LCP2), and can activate small 

GTPases like Rac. Tec family kinases activate PLCγ, which is also recruited to the 
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Figure  3.2.3: Key steps and signalling proteins in 
BCR signalling. After initial activation by Lyn, Syk is  
needed  for  subsequent  assembly  of  the  signal-
complex around BLNK (Bradshaw 2010)

Figure  3.2.4:  Signalling  events  and  interactions 
downstream of the TCR. Lck prepares the docking  
site  for  ZAP70 in  the  CD3ζ  ITAM and activates  
ZAP70 and Itk. Adapter proteins and downstream 
effectors  are  phosphorylated  by  action  of  those 
downstream  kinases  and  assemble  in  multi-
interaction  signal  complex  at  the  membrane  
(modified from Andreotti 2010)
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scaffolding protein.  This central scaffold is most likely the point of  intervention by 

ITIM mediated signals

In  CEACAM3  ITAM-like  mediated 

signalling,  the  requirements  for  kinase 

activity  differ  from  canonical  ITAM 

signalling, since no Syk-family kinase is 

involved  in  the  actual  process  of 

phagocytosis  triggered  by  CEACAM3. 

The initial signal however is the same as 

for  the FcγR, as upon clustering of  the 

CEACAM3, Src-PTKs are activated and 

phosphorylate  the  tyrosine  residues  in 

the  CEACAM3  cytoplasmic  domain.  While  in  TCR  mediated  signalling  Vav  will 

appear very late in the signal transduction chain (bound via SLP76 to LAT), it directly  

binds to phosphorylated CEACAM3. This provides a shortcut to the activation of Rac 

(Schmitter et al., 2007a), which is in line with the observation, that the small GTPase 

Rac  gets  activated  quickly  and  locally  at  the  site  of  CEACAM3  engagement  

(Schmitter  et  al.,  2004). Moreover,  as  will  become  apparent  in  Chapter  4.3, 

CEACAM3 is able to recruit the adaptor protein Nck in a phosphorylation dependent  

manner as well. This adapter links to an Arp2/3 activator, the WAVE-complex, and 

thus  enables  CEACAM3 to  orchestrate  rapid  actin  reorganisation  leading  to  the 

uptake of the bound particle.
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Figure 3.2.5: Signal pathway beneath Fc γ R. Syk  
is  needed for  Signal  propagation  in  FcR  γ-side-
chain  dependent  as  well  as  the  single  chain  
FcγRIIA signalling (Nimmerjahn 2008)
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3.3. Components of the ITAM(-like) signalling pathway

Our current knowledge of the CEACAM3 signalling pathway shows involvement of all  

different  kinds of  proteins.  Kinases initiate  signalling and ready docking sites  for 

guanine nucleotide exchange factors (GEFs) and adaptor proteins, that will in turn 

recruit and activate effector molecules leading to directed actin polymerisation, which 

will  drive  lamellipodia  formation.  These  membrane  protrusions  engulf  the  bound 

pathogen and deliver it to the intracellular vesicle processing system, targeting the 

bacteria to destruction in acidic lysosomes. 

3.3.1. Protein tyrosine kinases (PTKs)

Kinases modify proteins or lipids by addition of a phosphate-moiety,  changing the 

structural and electrostatic properties of their targets significantly. Those changes are 

readily recognised by signal-forwarding or -processing proteins, that recruit additional 

enzymes  to  the  site  of  activation.  Distinct  kinases  will  act  on  multiple  targets, 

establishing the basis for a signalling network, or expanding signalling by activation 

of additional kinases or other enzymes. Kinases of primary interest are the protein 

tyrosine  kinases  (PTKs),  acting  on  a  sterically  distinct  target.  Tyrosine 

phosphorylation has been a breakthrough in evolution in early eukaryotes as can be 

seen  form  the  mass  of  kinases  and  also  phospho-tyrosine  recognising  domain 

containing proteins in the genome of higher eukaryotes.  The networks that those 

kinases  unfold  are  long  subject  to  bioinformatical  analyses  to  grasp  the  logical 

connections along the pathways. And in fact, depending on the mode of regulation of  

their activity, kinases can be described as switches in the cellular signalling network 

similar to gates in a logical circuit (Bradshaw, 2010). 

3.3.1.1. The Src family

The Src family of protein tyrosine kinases (Src-PTKs) encompasses eight (Fgr, Lck, 

Hck, Src, Lyn, Yes, Fyn and Blk) individual kinases that show a conserved domain 

arrangement,  but  differ  in  expression  patterns  and  specificity  towards  binding 

partners and phosphorylation targets. 

Src-PTKs  are  key  players  in  the  tyrosine  phosphorylation  chain,  especially  in 

immunoreceptor signalling. It does not come as a surprise that Src-PTKs are also 

21



Introduction
Components of the ITAM(-like) signalling pathway

needed  for  signalling  conferred  by  CEACAM3 

(Schmitter et al., 2007b). According to our current 

understanding, Src-PTKs will  become active upon 

clustering  of  the  receptors  they  associate  with, 

paving the road for other signalling molecules that 

in  turn  bind  to  the  phospho-tyrosines  (pY) 

embedded in the suitable sequence context via pY 

recognizing domains, in most cases SH2 domains. 

Src-PTKs  are  regulated  by  multiple  inputs,  with 

each input  modulating  activity.  Src-family  kinases 

are  membrane-targeted  by  N-terminal  lipidation. 

While myristoylation on a glycine residue has been 

experimentally  detected  in  some  family  members 

and is likely to occur in others as well, some Src-

PTKs  are  possibly  palmitoylated  on  cysteine 

residues  nearby.  Src-PTKs  are  inhibited  by 

phosphorylation  of  a  tyrosine  residue  on  their  c-

terminus by Csk (c-terminal Src kinase) which facilitates intra-molecular binding of 

the SH2 domain to the c-terminal pY (Y527 in murine Src) keeping the kinase in an 

inactive fold.  Another  intra-molecular interaction occurs between the SH3 domain 

and the SH2-kinase linker, that packs the SH3 domain on the back of the kinase  

domain.  Every  input,  that  loosens  the  packaging  of  the  kinase,  will  increase  its 

activity.  Therefore,  binding  of  another  SH3  domain  (Moarefi  et  al.,  1997), 

dephosphorylation of Y527 in Src or disruption of the SH2-pY527 interaction as well 

as  phosphorylation  of  the  activation  loop  Y416  (in  Src)  (reviewed  in  (Roskoski, 

2005)) will gradually drive activation of the Src-family kinase. Targets of Src kinases 

include receptors, kinases and adaptors. In the case of CEACAM3, Src-PTKs are 

responsible for phosphorylation of the tyrosine residues in the CEACAM3 ITAM-like 

sequence.  Other  downstream  effectors  of  this  pathway  are  most  probably  also 

invoked by phosphorylation by Src kinases. 

3.3.1.2. The Syk family

The Syk family consists of only two members, which are different from the Src-PTKs 

in having a second SH2 domain instead of a SH3 domain. While ZAP70 (ζ chain 
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Figure  3.3.1:  Domain organisation of  
Src-family  kinases.  Src-kinases  are 
targeted to the plasma membrane by 
acylation  on  their  N-terminus.  The  
SH3  and  SH2  domains  keep  the 
kinase  in  an  inactive  state  via  
intramolecular  interactions.  The  SH2 
domain  binds  to  the  phosphorylated 
regulatory  c-terminal  tyrosine.  The 
association of the SH3 domain with a  
proline  sequence  in  the  SH2-kinase  
linker  confers  further  autoinhibition 
(Bradshaw 2010)
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associated  protein  of  70  kDa)  expression  is 

restricted to the hematopoietic system, especially 

T-cells,  Syk has been detected in various other 

tissues  as  well.  Aside  from  differences  in  the 

domain-structure,  the  Syk-family  shows  distinct 

mechanisms of regulation of their activity.  While 

Src-PTKs  can  be  gradually  activated,  Syk  and 

ZAP70  operate  in  an  almost  on/off  fashion. 

Similar to the Src-PTKs, the inactive kinase exists 

in a compact fold in which the interdomains A and 

B,  linking 1st and 2nd SH2 domain  and 2nd SH2 

domain to  the kinase domain respectively,  pack 

against  the  kinase  domain  inducing  allosteric 

inhibition  of  kinase  activity.  This  auto-inhibitory 

sandwich-fold can be resolved either by binding of 

a ligand ITAM peptide, or phosphorylation within the SH2-kinase linker (Au-Yeung et 

al.,  2009). Both  events  alone  display  a  similar  capability  to  activate  Syk  family 

kinases but  the effects do not add up  (Tsang et al.,  2008). Therefore Syk-family 

kinases switch from inactive to active in response to distinct single inputs, making 

these kinases an “OR”-gate,  switching to active in case of the one OR the other  

input.  However, Syk seems to be more flexible than Zap70 in numerous regards, 

starting  with  a  more  distributed  expression  pattern  as  well  as  having  multiple 

functions and engaging in more interactions that are facilitated by a more flexible 

tandem SH2-domain assembly.  Also, Syk responds to more diverse inputs,  being 

already activated by ligation of a single SH2 domain (Fuetterer et al., 1998). 

3.3.1.3. The Tec family

Tec kinases share the most structural similarity with Src-PTKs on their C-terminal 

part,  where they display an architecture  that  mirrors that  of  Src-PTKs having the 

kinase domain on the most c-terminal edge, followed by an SH2 and a SH3 domain 

in that order. While Src-PTKs are complete at this point, Tec kinases carry some 

more on their N-terminus. Four out of five Tec kinases carry a N-terminal PH domain 

that  will  allow recognition and binding to  phospholipids  in  the  membrane,  linking 

recruitment of the kinase to preceding enzymatic activity. This makes Tec kinases 
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Figure  3.3.2:  Syk  family  kinases 
possess  two  SH2  domains  that  keep 
the kinase in an inactive compact fold  
until a higher affinity ligand is available.  
Syk  kinases  are  usually  recruited  to  
membranes by tyrosine phosphorylation 
of ITAMs by Src-PTKs (Bradshaw 2010)
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clear  downstream  effectors.  And  not  surprisingly, 

Tec  kinases  are  seen  as  modulators  of  various 

pathways during receptor signalling. Their mode of 

activation  makes  them  prone  for  this  task,  since 

multiple  signals  have  to  be  present  and  regulate 

kinase activity.  The  regulation  of  the  activity is  a 

little more complex than for the Src-family kinases. 

While in Src-PTKs the kinase domain alone is very 

active and the additional domains keep the kinase 

packed in an inactive fold, the Tec kinase domain 

seems to require allosteric regulation to assume its 

functional  state  involving  activation  loop 

phosphorylation as well as proper interaction of the 

SH2-kinase  linker  with  the  kinase  domain  (see 

review  (Bradshaw,  2010)). While  phosphorylation 

of the activation loop tyrosine may occur either by 

autophosphorylation,  or  far  more  efficiently  by 

action of Src-PTKs, how proper positioning of the 

linker occurs is still a matter of research. It can be 

anticipated  though,  that  interaction  of  the  SH2 domain  with  a  ligand will  lead  to 

conformational  rearrangement  favouring  interaction  of  the  linker  with  the  kinase 

domain. Since both inputs are needed for full activation of Tec kinases, this family of  

kinases constitutes a logical “AND” gate in signalling pathways requiring at least two 

simultaneous inputs to switch to the active conformation. This notion is supported by 

a  recent  study,  that  identified  a  network  of  allosteric  interactions  in  Tec  kinases 

leading to the assembly of a so called 'regulatory spine' depending on amino acids 

outside of the kinase domain itself (Joseph et al., 2010).

24

Figure  3.3.3: Tec kinases are similar  
to  Src-PTKs  regarding  their  domain  
structure. An additional PH-domain at  
the  n-terminus  regulates  membrane 
localisation  in  most  Tec-family  
kinases. The activation of Tec kinases  
requires  multiple  precise  events 
leading  to  phosphorylation  of  the  
activation  loop  and  interaction  of  a  
linker  tryptophan  residue  with  the  
kinase domain. (Bradshaw 2010)
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3.3.2. Adaptors and scaffolds

After  phosphorylation  of  the  tyrosines  in  the  ITAM-like  sequence  of  CEACAM3, 

multiple interactions are possible. While several kinases themselves can also bind to 

CEACAM3 via their  SH2 domains,  additional  factors  are recruited in response to 

tyrosine  phosphorylation.  For one,  the guanine nucleotide exchange factor  (GEF) 

Vav1  can  directly  bind  to  pY230  of  CEACAM3.  In  common  immunoreceptor 

signalling, Vav is recruited more indirectly to promote activation of the small GTPase 

Rac by catalysing the exchange of Rac bound GDP for GTP. Nck is also recruited to 

this signalling complex via its SH2 domain and localises Rac's effector in terms of 

actin polymerisation: the WAVE-complex.

3.3.2.1. The Vav-family of guanine nucleotide exchange factors

Vav  is  a  protein  with  numerous  protein-

protein-interaction sites. In humans, there are 

three isoforms of Vav, which are identical in 

regard of domain structure. Differences arise 

in  the  expression  patterns,  with  Vav1 being 

restricted  to  the  hematopoietic  system  and 

Vav2 and Vav3 being expressed in a  wider 

range of tissues. Vav could be grouped into 

the effector category, since its known function 

makes it an effector of CEACAM3, that relays 

the activation to the actin polymerisation machinery by activating a key regulator, the 

small GTPase Rac by acting as a guanine nucleotide exchange factor (GEF). But 

keeping in mind Vav's complex assembly that shows several protein-protein binding 

motifs and interaction domains, including two SH3 and one SH2 domain along with  

one PH and one CH domain, justifies grouping it into the scaffolding category. Vav 

can be phosphorylated on several tyrosine residues, allowing further interactions with 

SH2-domain proteins. A proline rich region allows binding of SH3 domains, and two 

more SH3 domains within the c-terminus of the Vav protein enable recognition of 

proline rich stretches in other proteins. A SH2 domain is embedded in between those 

SH3 domains and confers binding to phospho-tyrosines, as in our field of interest, to 

phosphorylated  tyrosine  230  (pY230)  in  CEACAM3  (Schmitter  et  al.,  2007a). 
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Figure  3.3.4:  The  guanine  nucleotide 
exchange factor (GEF) Vav is implicated in  
many  processes.  A  multitude  of  domains  
facilitates  interactions  with  phospholipids,  
phosphoproteins  and  proline-rich 
sequences,  making  Vav  an  expedient 
scaffold, too (Tybulewicz 2005)
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Recently the structural and mechanistical properties of Vav inhibition and activation 

were  investigated,  revealing  a  highly  cooperative  intramolecular  network  of 

interactions regulating GEF activity, that depends on the DH-domain adjacent acidic 

helix and the CH domain. Additionally, activation needs tyrosine phosphorylation on 

Y142, Y160 and Y174, and occurs in that order, since Y174 is not readily accessible 

without  prior  phosphorylation  of  the  other  tyrosine  residues  (Yu  et  al.,  2010). 

Tyrosine 174 is phosphorylated by the Src-PTK Lck in vivo, and is crucial for T-cell 

development and activation (Miletic et al., 2006). The assembly after T-cell receptor 

(TCR)  stimulation  is  quite  complex,  involving  several  adapter  proteins  like  LAT, 

SLP76  and  Vav.  Vav  is  a  versatile  signalling  protein  in  T-cells  (reviewed  in 

(Tybulewicz, 2005)), acting on multiple events such as calcium flux, development 

and actin reorganisation.  Vav proteins are needed for generation of  the oxidative 

burst  in  macrophages and neutrophils,  whereas  FcR-mediated  phagocytosis  only 

needs  Vav in  neutrophils,  but  not  in  macrophages  (Utomo  et  al.,  2006). Vav  is 

involved  in  actin  cytoskeleton  reorganisation  in  multiple  scenarios  (reviewed  in 

(Hornstein et al., 2004)). It functions in formation of the T-cell signalling complex with 

antigen  presenting  cells,  termed  immunological  synapse,  as  well  as  in  integrin 

mediated actions as T-cell or platelet spreading. Vav was found to be involved in  

FcR and complement receptor mediated phagocytosis. While its role as a Rac GEF 

downstream of  FcR ligation  (Patel  et  al.,  2002) has been challenged  (Hall  et  al., 

2006), it was found to be essential for the phagocytosis via the complement receptor 

(termed CR3 or Mac1 or CD11b/CD18 or αMβ3 integrin). In the context of CEACAM3 

mediated phagocytosis Vav's activity as a Rac GEF is essential  (Schmitter et  al., 

2007a). This pathway is continued by activation of PAK, and subsequently (as also 

observed in context of FcεR signalling (Arudchandran et al., 2000), the activation of 

JNK  (Hauck et al., 1998) that is found equivalently in CEACAM signalling. For  all 

those activities,  the  SH2 domain of  Vav is  critical,  and multiple proteins allowing 

binding of Vav via its SH2 domain have been identified so far. For T-cell signalling,  

the kinase ZAP70 has been shown to be an important docking partner (Katzav et al., 

1994) and the tyrosine residue (Y)315 in this protein mediates this critical interaction  

(Wu  et  al.,  1997). Generally,  Vav  may  bridge  phosphorylated  ITAMs  to  further 

scaffolds  by interaction  with  Syk  family  kinases  ((Deckert  et  al.,  1996) review in 

(Bustelo, 2001)) and thereby bring additional downstream effectors into place. This 

again is a difference to the pathway we observe in CEACAM3 signalling. 

Summing up, Vav proteins are very versatile and fine tuned regulators of the actin 
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cytoskeleton and other cellular responses to environmental signals, that have been 

studied in quite detail but nonetheless will prove interesting in the future regarding 

the  complexities  of  their  modes  of  signalling  determined  by selective  scaffolding 

and/or catalytical activity. 

3.3.2.2. The Nck family, ubiquitous adapter proteins 

Another  small  family  of  scaffolding 

proteins  is  the  family  of  Nck  proteins. 

Ncks  are  adaptor  proteins  containing 

three  SH3  domains  and  one  SH2 

domain  and  have  been  implicated  in 

many  processes  such  as  neuronal 

development  (Fawcett  et  al.,  2007; 

Guan  et  al.,  2007), invadopodia 

formation (Stylli et al., 2009) and other actin cytoskeletal rearrangements. There are 

two isoforms of adaptor protein Nck, Nck1 and Nck2, that seem to be redundant in  

most scenarios. This is also true for embryonic development, where knockout of one 

Nck isoform allows normal development but knockout of both Nck genes results in 

lethality around day nine in embryonic development (E9.5) (Bladt et al., 2003). The 

likely redundancy in function does not come as a surprise when considering the high 

sequence identities of the two isoforms. Both are 68% identical on the whole-protein 

level, and the distinct SH domains rank even higher, with 76% in the 3 rd SH3 domain 

being  the  lowest  and  86% in  the  SH2  domain  the  highest  degree  of  sequence 

identity (reviewed in (Lettau et al., 2009)). Nck1 and Nck2 display differences in their 

expression  patterns,  with  ubiquitous  expression  of  Nck1  and  more  restricted 

expression of Nck2 (Bladt et al., 2003). Although differences in binding affinities of 

the SH2 domains were described, specificities vary only insignificantly (Frese et al., 

2006) reflecting the conservation of the tyrosine-peptide interacting residues in both 

isoforms.

But also the SH3 domains have been implicated in many protein-protein interactions. 

Since  the  canonical  SH3-binding  motifs  (proline  rich  sequences)  usually  do  not 

require  enzymatic  modification  to  assume  a  recognisable  conformation,  these 

interactions are considered to be constitutive and regulated only by accessibility of 

the  binding  sequence.  And  indeed,  a  recent  study  detected  an  inhibitory 
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Figure 3.3.5: The adaptor protein Nck exists in two  
isoforms,  each  consisting  of  three SH3 domains  
and one SH2 domain, that share large sequence 
identity in these domains (Lettau 2009)
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intramolecular  interaction  in  Nck2,  that 

modulated  its  ability  to  bind  to  proline 

rich sequences in trans by masking the 

binding  site  of  the  2nd SH3  domain 

through an adjacent arginine rich stretch 

in  Nck2  itself  (Takeuchi  et  al.,  2010). 

Already  ten  years  ago  numerous 

interaction  partners  for  Nck  had  been 

described (reviewed in (Li et al., 2001)), 

including  a  multitude  of  actin 

cytoskeleton related proteins. High local 

concentrations of Nck SH3 domains trigger actin polymerisation via N-WASP in an 

artificial system (Rivera et al., 2004) without the need for Cdc42 activity. In a more 

physiological setting, Nck initiates actin polymerisation via N-WASP synergistically 

with  PI(4,5)P2 (Rohatgi  et  al.,  2001;  Tomasevic et  al.,  2007).  Besides binding to 

WASP via its 3rd SH3 domain, Nck can also bind via its 1st SH3 domain to Nap1, 

which is a constituent of the Wave-complex, another activator of the Arp2/3-complex 

(Kitamura et al., 1996).

3.3.3. Effectors

The  signalling  beneath  CEACAM3  seems  to  be  very  streamlined  for  rapid 

engulfment of bound particles, and quite a number of studies were undertaken to 

identify  components  of  this  signalling  cascade.  Several  enzymatically  and 

catalytically active proteins were found in the context  of  the CEACAM3-mediated 

signalling pathway. 

3.3.3.1. Phosphatidyl-Inositol-3-Kinase (PI3K)

Of special interest in this context is the family of phosphoinositide 3 kinases (PI3Ks),  

that catalyse transfer of a phosphate group to the 3'-OH of the inositol head-group.  

This sugar is linked to a diacylglycerol (DAG) moiety, targeting it to the membrane. 

While one hydroxyl group of the inositol is used for linkage to the DAG, three OH-

groups are accessible to phosphorylation, yielding a register that can accommodate 

eight distinct states of activation (unphosphorylated, 3'-, 4'-, 5'-, 3,4'-, 3,5'-, 4,5'- and 
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Figure  3.3.6:  Nck  proteins  are  ubiquitous  and 
involved  in  numerous  protein-protein  interactions  
linking  receptor  activation  to  the  cytoskeleton  or  
other processes (Li 2001 Oncogene)
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3,4,5'-  phosphorylation).  This 

potent signalling hub allows very 

detailed  signalling  events,  and 

this  is  recapitulated  by  the 

multitude  and  diversity  of 

modifying  enzymes  (Williams et 

al.,  2009). The  complexity  of 

potential signalling events triggered is raised even higher by multi-specificity in PIP 

recognition  (Cozier  et  al.,  2004;  Booth,  2006). In  mammals,  eight  PI3K  catalytic 

subunits are encoded by the genome, that can be combined with one of numerous 

regulatory subunits. Class IA PI3Ks come in three isoforms (α,β,δ) and may bind one 

of  five  regulatory  subunits  (Fruman,  Bismuth,  2009).  They  phosphorylate 

phosphatidylinositol(PI)-4,5-bisphosphate  (PI(4,5)P2)  to  generate  the  3,4,5-

trisphosphate (PIP3), which facilitates membrane recruitment of proteins with, e.g.,  

pleckstrin  homology  (PH)  domains.  But  also  other  sequence  motifs  are  able  to 

interact  with  PIP3,  as  was  shown  for  the  c-terminal  SH2  domain  of  the  p85α 

regulatory subunit  (Ching, 2001). Although the binding site for PIP3 is distinct from 

the phosphotyrosine (pTyr) binding pocket, the close proximity of both allows only 

one phospho-specific interaction at a time. Downstream of FcR signalling, PI3K are 

important for phagocytosis of opsonised particles larger than about 2µm in diameter 

(Araki et al., 1996; Cox et al., 1999; Swanson, Hoppe, 2004). Fc-receptors use an 

ITAM to initiate the phagocytic process and CEACAM3 coordinates phagocytosis via 

a closely related signalling motif that differs only slightly from the ITAM consensus 

sequence. It is interesting to note, that the second tyrosine residue of the CEACAM3 

ITAM-like sequence is embedded in a YxxM context that does not fit the consensus 

of an ITAM, but should be a preferred target for the SH2 domain of the p85-subunit 

of PI3K. Surprisingly, although the SH2 domain will localise to sites of infection and 

directly interacts with phosphorylated CEACAM3 (Kopp 2010 submitted), this does 

not  depend on the YxxM but  instead on the YxxL motif  centred around Y230 of  

CEACAM3. PI3K activity is dispensable for pathogen-uptake by CEACAM3 (Kopp et  

al 2010 submitted), but seems to initiate killing by triggering the oxidative burst in 

granulocytes. This is in line with previous observations, that show increased recovery 

of  gonococci  in  gentamicin  protection  assays  without  increased  overall  uptake 

activity upon inhibition of PI3K, likely due to attenuated acidification of phagosomes 

(Booth et al., 2003). The products of PI3Ks regulate the phagosomal fate in many 
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Figure  3.3.7:  ClassI  PhosphatidylInositol-3-Kinases  (PI3K).  
Three  catalytic  subunits  can  associate  with  one  of  five  
regulatory  subunits  that  determine  localisation  of  the  
enzymatic activity (Fruman 2009)
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pathways,  and  the  exact  impact  of  PIPs  in  gonoccocal  uptake  remains  to  be 

determined. Observations until today reveal only a short lived accumulation of PIP3 to 

the  phagocytosed  bacteria,  which  is  in  line  with  FcR-mediated  phagocytosis. 

However, there seems to be a difference in the temporal pattern in regard to another  

PI-species, the PI(3)P, which shows prolonged association with engulfed particles in 

CEACAM3-mediated uptake compared to FcR-mediated phagocytosis or Salmonella 

invasion (Pattni et al., 2001; Vieira et al., 2001; Scott et al., 2002; Booth et al., 2003). 

3.3.3.2. PhospholipaseCγ (PLCγ)

Another downstream effector associated with 

PIPs  is  PLCγ,  which  enzymatically  cleaves 

PI(4,5)P2 into  DAG  and  inositol-1,4,5-

trisphosphate  (IP3),  second messengers that 

activate  PKC and  lead  to  Ca2+ mobilisation, 

respectively,  and  control  several  signalling 

events  (reviews  (Patterson  et  al.,  2005; 

Faccio, Cremasco, 2010)). The PLC-family is 

quite  large  (Suh  et  al.,  2008) with  the 

γ-subgroup consisting of two isoforms (PLCγ1 

and  PLCγ2)  with  apparently  distinct  target 

pathways. PLCγ functions in chemotaxis and 

cell migration  (Kolsch et al., 2008), and may 

help  initiate  lamellipodial  protrusions  by 

activating cofilin, which leads to generation of free barbed ends (Mouneimne, 2004; 

Mouneimne et al., 2006). This however applies to adenocarcinoma cells migrating 

along  an  EGF  gradient.  In  T-cells,  PLCγ1  is  essential  for  proliferation,  cytokine 

production and TCR signalling  (Fu et al., 2010). Upon ligation of Dectin1, a c-type 

lectin recognizing fungal cell  wall components,  PLCγ2 is activated downstream of 

Syk (Xu et al., 2009) and activates production of inflammatory cytokines in dendritic 

cells or leads to phagocytosis and oxidative burst in macrophages (Robinson et al., 

2006; Brown, 2006).

During  phagocytosis,  PLCγ  seems  to  serve  an  important  function,  too,  since 

inhibition will lead to arrest of phagosome formation due to accumulation of PI(4,5)P 2 

(Scott  et  al.,  2005). This  may  explain  partial  inhibition  of  CEACAM3  mediated 
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Figure  3.3.8:  PhospholipaseCγ  hydrolyses 
PI(4,5)P2 and yields DAG and IP3 that in turn 
act as second messengers to regulate Ca2+ 

levels or PKC activation. The split catalytic  
domain folds up, as does a second, split PH 
domain.  SH2  and  SH3  domain  enable 
additional interactions (Faccio 2010)
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bacterial uptake upon loss of PLCγ in a chicken B-cell model (Chen et al., 2001a). In 

mice, PLCγ2 in neutrophils is involved in generation of the oxidative burst in a Vav 

dependent manner  (Graham et al., 2007) downstream of integrin activation. Vav is 

also  a  key  player  in  CEACAM3  signalling  and  co-localisation  of  the  PLCγ  SH2 

domain with bacteria about to be internalised was observed previously  (McCaw et 

al., 2003). Still, the exact role for PLCγ in CEACAM3-mediated uptake is yet to be 

clarified.

3.3.3.3. The Wave-complex, an activator of the Arp2/3 complex

WAVE  is  a  nucleation  promoting  factor  that 

interacts with the Arp2/3 complex downstream 

of  Rac  (Miki  et  al.,  1998). WAVE comes in 

three  isoforms  (WAVE1-3),  each  embedded 

in  a  multi-protein-complex  that  regulates  its 

activity.  The  complex  itself  is 

pentaheteromeric  assembly  with  a  core 

assembly of Abi1 and Nap1, that provides the 

platform for  binding of  the  WAVE-protein  to 

Abi1 and Sra-1 to  Nap1  (Eden et  al.,  2002; 

Gautreau et al., 2004). The fifth constituent is 

now termed Brk1 (initially HSPC300) and can 

bind  to  WAVE  as  well  as  Abi1.  While  the 

initial activation-status was a matter of debate 

for  some years,  a recent  study  (Lebensohn, 

Kirschner,  2009) resolved  the  contradictory 

data  presented  before  with  mildly  purified 

WAVE-complex. The complex itself is inactive 

in  its  native  form  and  gets  activated  by  denaturation  or,  under  physiological  

conditions, by multiple inputs that alter the structure of the complex in a way that the 

Arp2/3 interacting moiety, the carboxy-terminal VCA domain of the WAVE-protein, 

can bind and activate the Arp2/3 complex. The activation of the Arp2/3 complex is  

mediated  by  the  c-terminal  VCA  domain  of  WAVE.  Lately,  even  cooperative 

activation of the Arp2/3 complex by WAVE and WASP was suggested, showing that  

VCA dimers  of  any of  these  proteins  significantly  increase  activity of  the  Arp2/3 
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Figure  3.3.9:  The  Wave  complex  is  a  
pentameric  assembly  of  proteins,  that  
regulate the nucleation promoting activity of  
Wave's  VCA domain  by  masking  it  in  the  
initial  inactive  state.  Upon  phosphorylation 
and  interaction  with  other  effectors  the 
complex  is  activated  and  will  drive  actin  
polymerisation via the Arp2/3 complex that is  
activated by the VCA domain.
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complex (Padrick et al., 2008). 

While the WAVE-protein itself already harbours many interfaces for interactions with  

other proteins and cell constituents, the other proteins in the complex help regulate 

activation and localisation of the complex (reviewed  (Takenawa, Suetsugu, 2007)). 

One constituent  of  the complex,  Nap1 interacts  with  adaptor  proteins of  the Nck 

family via their N-terminal SH3 domains (Kitamura et al., 1996), allowing recruitment 

of  the  complex  to  sites  of  activation  marked  by  tyrosine  phosphorylation.  This 

mechanism  has  already been  observed  for  Nck-mediated  recruitment  of  WASP-

family proteins to activated receptors, and both families of  Arp2/3 activators have 

been  reviewed  in  detail  lately  (Kurisu,  Takenawa,  2009) regarding  their  roles  in 

disease  (Fernando  et  al.,  2009) and  reorganisation  of  the  actin  cytoskeleton 

(Derivery,  Gautreau,  2010). Structurally,  WAVE proteins  differ  from WASP-family 

proteins mainly by lacking a GTPase binding (CRIB-) domain. Since the process of 

actin  polymerisation  is  usually  initiated  and  regulated  by  activity  of  those  small 

GTPases, this difference may be puzzling at first, but only until one notices that the 

binding interface for the GTPase has just been outsourced to another constituent of  

the complex. Sra-1 can bind to the GTP bound conformation of the small GTPase 

Rac and therefore relay signals that arrive via this GTPase to the Arp2/3 complex by 

the Arp2/3 activating protein WAVE. While Sra-1 is bound to the WAVE-complex via 

Abi1, another protein, IRSp53, can directly bind to WAVE's prolin rich sequence via a 

SH3 domain and to GTP-loaded Rac (Abou-Kheir et al., 2008).

3.3.3.4. The small GTPase Rac, a regulator of cytoskeletal rearrangement

GTPases  are  self  inactivating  switches,  being  active  signalling  molecules  when 

loaded  with  GTP  and  inactive  after  cleavage  of  this  GTP  into  GDP  and  free 

phosphate by their intrinsic enzymatic activity. Consequently, this signalling activity 

can be positively regulated by guanine nucleotide  exchange factors  (GEFs),  that  

facilitate  efficient  re-charging  by  exchanging  the  GDP  for  GTP.  The  inverse 

regulation can be achieved by GTPase activating proteins (GAPs), that enhance the  

GTPase activity,  leading to  faster  inactivation of  the switch.  GTPase dissociation 

inhibitors (GDIs) regulate access of the GTPase to GEFs and GAPs by dislocation of 

the GTPAse from the membrane  (Dermardirossian,  Bokoch,  2005).  GTPases are 

abundant in the mammalian genome, with over 60 members in the five families Ras, 

Rho, Ral, Arf and Rab. The regulatory proteins (GEFs and GAPs) are as abundant,  
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with each group counting over 60 members again. 

The  family  of  GDIs  is  very  small  in  comparison, 

counting only three members in mammals. Rac is a 

small GTPase of the Rho family.  These GTPases 

are master regulators of the cytoskeleton, activating 

downstream  effectors  that  catalyse  reorganisation 

of  the  actin  cytoskeleton  by  de-capping  existing 

filaments and elongating the uncapped fibres. Rac 

is one of 22 Rho GTPases (Vega, Ridley, 2007) and 

one of the few members studied in more detail until 

now.  Rac  can  control  a  multitude  of  events, 

including  transcription  and  superoxide  production 

(reviewed  (Heasman,  Ridley,  2008;  Bosco  et  al., 

2008)).  One  target  of  Rac,  PAK,  again  acts  on 

several  targets  influencing  actin-cytoskeletal 

architecture as well  as transcriptional pathways.  However,  the main focus lies on 

Rac's  ability  to  initiate  and  regulate  actin  polymerisation,  which  is  achieved  by 

downstream effector, the WAVE-complex, either through IRSp53 (Abou-Kheir et al., 

2008;  Suetsugu  et  al.,  2006) or  Sra-1  (Kobayashi  et  al.,  1998). Rac  has  been 

implicated  in  ruffle  and  lamellipodia  formation  in  migrating  cells  as  well  as  in 

phagocytic processes downstream of integrins, FcR and CEACAMs  (Hauck et al., 

1998; Wong, Isberg, 2005; Patel et al., 2002; Hall et al., 2006). Rac1 and Rac2 show 

differing expression  patterns  and also  functional  differences  regarding phagocytic 

activity in neutrophils and migration of this cell-type  (Koh et al.,  2005; Sun et al., 

2007). Studies with dominant  negative Rac V12 established Rac as the GTPase 

involved in CEACAM3 mediated uptake (Schmitter et al., 2004).
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Figure 3.3.10: The small GTPase Rac  
is one of 22 Rho family GTPases and  
is  implicated  in  cytoskeletal  
rearrangements via multiple effectors  
(Heasman 2008)
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3.4. Aims
The  studies  comprised  in  thesis  set  out  to  add  to  our  current  knowledge  on 

CEACAM3, a peculiar member of the CEACAM-family restricted to granulocytes, that 

eliminates pathogens exploiting CEACAMs on exposed surfaces of the organism. 

3.4.1. Elucidation the Evolution of CEACAM3
To  understand  the  evolutionary  context  of  CEACAM3,  bioinformatical  methods 

should be used to compare structure and sequence of single CEACAM genes. The 

analyses should encompass available sequence data from different species to figure 

out, if a CEACAM3 gene can be detected in other species than Homo sapiens. The 

results  should  uncover  the  history  of  CEACAM3  and  its  relationship  to  other 

CEACAM genes.

3.4.2. How is CEACAM3 phosphorylation linked to Rac activation?
The involvement of the GTPase Rac and Src kinases in CEACAM3-mediated uptake 

has been described in earlier studies. In consideration of our knowledge on GTPase 

activation  and  phosphotyrosine  dependent  interactions  biochemical  as  well  as 

functional assays should enable us to elucidate how these events are connected to 

facilitate phagocytosis.

3.4.3. How is CEACAM3 connected to actin reorganisation?
Linking  CEACAM3  phosphorylation  to  Rac  activation  has  been  the  first  step  in 

elucidating  the  pathway  leading  to  cytoskeletal  rearrangements  after  CEACAM3 

engagement.  Further  studies  using  established  methods  should  identify  the 

downstream effectors that are used by CEACAM3 and Rac to facilitate localised and 

directed actin polymerisation driving uptake of CEACAM binding pathogens. 

3.4.4. ITAM(-like) signalling: investigating similarities and differences
The ITAM-like sequence of CEACAM3 was compared to canonical ITAMs in terms of 

signalling right from the start. We set out to investigate the role of the two typical  

ITAM-related kinases Tec and Syk in CEACAM3 signalling, analysing their functional  

impact on uptake as well  as their mode and pattern of  localisation to CEACAM3 

carrying its original ITAM-like or a CD3ζ-derived ITAM in comparison.
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4.1.1. Abstract

Carcinoembryonic  antigen-related  cell  adhesion  molecule  3  (CEACAM3)  is  an 

immunoglobulin-related  glycoprotein  exclusively  expressed  on  granulocytes.  In 

contrast to other members of the CEACAM family, CEACAM3 does not support cell-

cell-adhesion,  but  rather  mediates  the  opsonin-independent  recognition  and 

elimination of a restricted set of human-specific Gram-negative bacterial pathogens 

including Neisseria gonorrhoeae, Haemophilus influenzae, and Moraxella catarrhalis. 

Within  the  last  four  years,  molecular  determinants  of  CEACAM3  function  and 

CEACAM3-initiated signaling pathways have been elucidated. Sequence comparison 

between CEACAM3 and other CEACAM family members points to a chimeric origin 

of  this  receptor  with  the  bacteria-binding  extracellular  domain  and  the  function 

promoting intracellular domain derived from different genes. This review summarizes 

our current  knowledge about  the structure-function-relationship of  CEACAM3 and 

tries to combine these molecular details with a plausible scenario concerning the  

evolutionary  origin  of  this  phagocyte  receptor  in  the  light  of  host-pathogen 

adaptation.

4.1.2. Introduction

CEACAM3  belongs  to  the  family  of  carcinoembryonic  antigen  (CEA)-related  cell 

adhesion molecules (CEACAMs) that are characterized by a highly similar amino-

terminal  immunoglobulin-variable  (IgV)-like  domain  (Beauchemin  et  al.,  1999; 

Kuespert  et  al.,  2006). In  humans,  the CEACAM family comprises twelve closely 

related  proteins,  with  several  family  members  expressed  by  epithelial  cells  (e.g. 

CEACAM1,  CEA,  CEACAM6)(see  also  http://www.carcinoembryonic-antigen.de/ 

[URL Updated]). These glycoproteins can mediate homotypic and heterotypic binding 

to CEACAMs located on neighbouring cells, an interaction that requires the amino-

terminal IgV-like domain and contributes to cell-cell-adhesion as well as modulation of 

signal  transduction  (Kuespert  et  al.,  2006;  Öbrink,  1997). In  addition  to  their 

physiological roles, CEACAMs on epithelial cells are utilized by a number of human-

specific  bacterial  pathogens,  including  Neisseria  gonorrhoeae,  Haemophilus 

influenzae, and Moraxella catarrhalis, to contact their human host cells. Tight binding 

to CEACAMs expressed on the apical side of epithelia not only mediates intimate 
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attachment of these microorganisms to the mucosa, but also triggers endocytosis of  

the  bacteria,  alters  gene  expression  patterns  in  the  host  cells,  and  enhances 

extracellular-matrix-binding of the infected cells  (Bradley et al., 2005; Muenzner et 

al., 2005).

In contrast to these epithelial CEACAMs, the expression of other family members, 

such as CEACAM3, CEACAM4 and CEACAM8 is restricted to primate granulocytes, 

a cell type involved in the clearance of bacterial infection. In particular, CEACAM3 

has  not  been  found  to  engage  in  cell-cell  adhesion  with  other  CEACAM  family 

members, despite the high sequence similarity of the amino-terminal IgV-like domain 

of CEACAM3 with CEACAM1 (87% amino acid sequence identity), CEA (92% amino 

acid sequence identity), or CEACAM6 (89% amino acid sequence identity) (Kuroki et 

al.,  1991). The finding that  N. gonorrhoeae can be phagocytosed in an opsonin-

independent,  but  CEACAM-dependent  manner  by  human  granulocytes  (Chen, 

Gotschlich, 1996; Gray-Owen et al.,  1997a; Hauck et al., 1998; Virji et al.,  1996) , 

together with the demonstration that CEACAM3 is the main receptor responsible for 

this  process  (Schmitter  et  al.,  2004,  2007b), has  led  to  the  suggestion  that 

CEACAM3 is not  involved in  cell-cell-adhesion,  but  rather  represents  a germ-line 

encoded innate immune receptor targeted against human-specific pathogens. In this 

review  we  will  discuss  the  current  understanding  of  CEACAM3  function  for 

phagocytosis of bacteria and speculate about the evolutionary origin of this particular 

CEACAM family member.

4.1.3. Initial identification of CEACAM3

CEACAM3 was identified during an analysis of granulocyte-expressed non-specific 

crossreacting antigen (NCA).  NCA was initially defined by its cross-reactivity with 

antibodies against  CEA, a well  established tumor marker,  and,  at  the end of  the 

1980s, NCA was molecularly characterized  (Neumaier et al., 1988). Using a cDNA 

probe  corresponding  to  the  amino-terminal  domain  of  NCA-90  (now  known  as 

CEACAM6), several clones were isolated from a pooled human leukocyte-derived 

cDNA-library. One clone (clone W264) encoded a glycoprotein of ~35 kDa (Kuroki et 

al.,  1991). This  glycoprotein,  which  corresponds  to  CEACAM3,  was termed CEA 

gene family member 1 (CGM1) and three splice variants have been described (Nagel 

et al., 1993). The longest isoform, CGM1a, encodes a transmembrane protein with a 
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76-amino-acids long carboxy-terminal cytoplasmic domain. The isoform CGM1c is 

similar  to  CGM1a,  but  due  to  alternative  splicing  harbors  a  36  residue  long 

cytoplasmic  domain  with  distinct  amino  acid  sequence  (Nagel  et  al.,  1993). In 

contrast,  the  cDNA clone  of  CGM1b lacks  a  transmembrane  domain  and  would 

presumably lead to a secreted protein (Kuroki et al., 1991).

Already during the initial characterization it was noticed, that the cDNA for CGM1 is 

only found in human granulocytes  and in  white  blood cells  isolated from chronic  

myeloid  leukemia  (CML)  patients.  Furthermore,  the  CGM1a  isoform  could  be 

detected in both normal granulocytes and leukemia cells, whereas the short isoform 

(CGM1c) was only present in leukocytes from a single CML patient and the cDNA of  

CGM1b could not be detected (Nagel et al., 1993). On the protein level, CGM1a has 

been assigned to  the  CD66 antigen family as  it  reacts  with  a number  of  CD66-

specific monoclonal antibodies and was designated CD66d. Finally, in an overdue 

revision  of  the  CEA-family  nomenclature  in  1999  the  CGM1 protein  and  CD66d 

antigen has been termed CEACAM3  (Beauchemin et al.,  1999). Interestingly,  the 

murine  and  dog  genome  sequences  do  not  encode  a  homologue  of  CEACAM3 

(Kammerer  et  al.,  2007;  Zebhauser  et  al.,  2005). Furthermore,  cDNA cloning  of 

sequences encoding CEACAM amino-terminal domains from African green monkey 

(Cercopithecus  aethiops)  and  Baboon  (Papio  hamadryas)  failed  to  reveal  an 

orthologue  of  human CEACAM3  (Zhou  et  al.,  2001). These  results  suggest  that 

human CEACAM3 is a rather recent invention in evolution, as it presumably occurred 

after the divergence of  Cercopithecidae and  Hominoidae (around 24 million years 

ago; (Kumar, Hedges, 1998)).

4.1.4. CEACAM3 domain organization

CEACAM3  is  a  type  I  membrane  protein  encompassing  an  amino-terminal  34-

residue  signal  peptide,  a  single  extracellular  IgV-like  domain,  a  hydrophobic 

transmembrane domain as well as a cytoplasmic sequence (Fig. 4.1.1A). Whereas 

the IgV-like domain of CEACAM3 is closely related to CEACAM1, the cytoplasmic 

sequence differs from CEACAM1. The most distinctive feature within the cytoplasmic 

part of CEACAM3 is the presence of an immunoreceptor tyrosine-based activation 

motif  (ITAM)-like sequence that is characterized by two precisely spaced tyrosine 

residues in a particular sequence context  (Fig. 4.1.1B).  ITAMs are known from a 
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number of leukocyte receptors including the B cell receptor Igα and Igβ chains, the 

Fcε receptor I γ chain (FcεR1γ), and the T cell receptor ζ chain (Cambier, 1995). 

Tyrosine phosphorylation within the ITAM is a critical event in signal transduction by 

these  receptors  and  appears  to  be  important  for  CEACAM3-initiated  cellular 

responses as well  (see below). Besides the ITAM-like sequence,  the cytoplasmic 

part of CEACAM3 contains a short proline-rich motif as well as numerous predicted 

serine phosphorylation sites (Fig. .4.1.1B). 

4.1.5. CEACAM3-mediated pathogen recognition

In 1996, Chen & Gotschlich identified CEACAM3 (at that time still termed CGM1a), 

as a granulocyte receptor responsible for the opsonin-independent recognition and 

uptake of Opa protein-expressing Neisseria gonorrhoeae (Chen, Gotschlich, 1996). 

Stable  transfection  of  HeLa  cells  with  CEACAM3  cDNA  allowed  these  cells  to 

recognize and internalize  N. gonorrhoeae as well  as  E. coli expressing neisserial 

Opa proteins. These results already highlighted the fact that CEACAM3 can operate 
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Figure  4.1.1:  Primary  structure  and sequence  determinants  of  CEACAM3.A)  Primary  structure  of  
CEACAM3. CEACAM3 is a 252 amino acid (aa) type 1 transmembrane protein. The amino-terminal 34  
aa signal peptide is cleaved off, leaving an extracellular part of 121 aa containing the IgV-like domain  
(108 aa) and a 13 aa linker connecting to the 21 aa transmembrane (TM) domain. CEACAM3 also  
possesses a 76 aa carboxy-terminal cytoplasmic tail.B) Sequence motifs in the cytoplasmic domain of  
CEACAM3.  The  most  distinctive  feature  of  the  cytoplasmic  domain  of  CEACAM3  is  an  
immunoreceptor-tyrosine-based  activation  motif  (ITAM)-like  sequence  (underlined)  that  closely  
resembles the indicated ITAM-consensus sequence. The tyrosine residues within this motif (Y-230 and  
Y-241) have been shown to be phosphorylated by Src family protein tyrosine kinases. In addition, the  
cytoplasmic  domain includes several  predicted serine phosphorylation sites (indicated in  bold and  
underlined) (predicted by NetPhos; available online at http://www.cbs.dtu.dk/services/NetPhos/; (Blom 
et al., 1999)). These sites could be the target of PKA, PKC, or PKG activity. A proline-rich sequence  
may serve as a docking site for SH3 domain containing proteins (boxed).
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in an autonomous manner in different cell types as apparently no other granulocyte-

specific factors are needed to allow CEACAM3-mediated internalization. Infection of 

cell lines exposing distinct CEACAM family members on their surface with bacteria 

expressing a defined Opa protein demonstrated that CEACAM3 in particular leads to 

efficient internalization of microorganisms (Billker et al., 2002; Schmitter et al., 2004).

Early  studies  had  shown  that  CEACAM-dependent  interactions  between 

granulocytes and gonococci promote the stimulation of cytoplasmic tyrosine kinases, 

reduce the activity of  tyrosine phosphatases,  increase tyrosine phosphorylation of 

cellular proteins, and stimulate the small GTPase Rac (Hauck et al., 1998; Hauck et 

al.,  1999). Therefore, it seemed likely that CEACAM3-mediated efficient uptake of  

bacteria might be regulated by these biochemical responses of the infected cells. 

4.1.6. Regulation of CEACAM3-initiated phagocytosis

To  dissect  the  molecular  determinants  of  CEACAM3-initiated  phagocytosis, 

mutations of the characteristic ITAM-like motif within the cytoplasmic domain of the 

receptor have been generated.  Disabling the phosphorylation of the YxxLx (7)YxxM 

motif in the CEACAM3 cytoplasmic domain by exchanging tyrosine for phenylalanine 

impairs  CEACAM3-mediated  responses  (Billker  et  al.,  2002;  Chen  et  al.,  2001a; 

McCaw et al., 2004; Schmitter et al., 2004). Already a single conservative exchange 

of  either  Tyr-230  or  Tyr-241  for  phenylalanine  reduces  CEACAM3-dependent 

internalization of  bacteria  and the  combination  of  these  two mutations shows an 

additive effect (Billker et al., 2002; Chen et al., 2001a; McCaw et al., 2003; Schmitter  

et  al.,  2004).  Deletion  of  the  complete  cytoplasmic  domain  of  CEACAM3 further 

reduces the capacity of the receptor to mediate uptake of bacteria suggesting that 

intracellular  determinants  in  addition to  the ITAM-like sequence contribute to  this 

process (McCaw et al., 2003; Schmitter et al., 2004). The tyrosines within the ITAM-

like sequence serve as targets for protein tyrosine kinases (PTKs) of the Src family 

that are activated upon bacterial engagement of CEACAM3 (McCaw et al., 2003). In 

fibroblasts deficient for the Src family PTKs c-Src, Fyn and c-Yes, CEACAM3 is not 

able  to  promote  efficient  uptake  of  Opa-expressing  gonococci,  whereas  re-

expression of c-Src in these cells re-constitutes bacterial internalization (Schmitter et 

al.,  2007b). Upon  receptor  phosphorylation,  the  SH2-domain  of  c-Src  is  able  to 

associate with  CEACAM3  (Schmitter  et  al.,  2007b). Though c-Src is  not  strongly 
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expressed in human granulocytes, the closely related PTK Hck is also able to bind to 

CEACAM3 in a phosphorylation-dependent manner via its SH2 domain, and Hck is  

found to be recruited and strongly activated in phagocytes upon encounter with Opa 

protein-expressing gonococci (Hauck et al., 1998; Schmitter et al., 2007b).

Interestingly,  the  cytoplasmic  tyrosine  kinase  Syk,  that  is  known  to  critically 

contribute to ITAM-initiated uptake in the case of the Fcγ receptor, is not required to 

stimulate CEACAM3-initiated phagocytosis  (Sarantis, Gray-Owen, 2007). This is in 

line  with  previous  reports  showing  that  Syk  is  not  activated  upon  CEACAM 

stimulation in human phagocytic cells (Hauck et al., 1998). A molecular explanation 

for  this  surprising finding  is  provided  by the  fact  that  the  cytoplasmic  domain  of 

CEACAM3 can directly interact with the guanine-nucleotide exchange factor (GEF) 

Vav  (Schmitter et  al.,  2007a). In particular,  phosphorylated Tyr-230 of CEACAM3 

selectively  associates  with  the  SH2-domain  of  Vav,  suggesting  a  short  circuit 

between bacterial  engagement of  CEACAM3 and the local stimulation of guanine 
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Figure  4.1.2:  Signaling connections  of  CEACAM3.  Upon engagement  by  extracellular  stimuli,  the  
tyrosine residues in the ITAM-like sequence of CEACAM3 are phosphorylated by Src-family kinases  
(such as Src, Hck, or Fgr). The phosphorylated residues can then serve as docking sites for SH2-
domain containing molecules and several interactions have been biochemically confirmed. The Rac-
directed  guanine-nucleotide  exchange  factor  Vav  has  been  shown  to  bind  selectively  to  
phosphorylated Y230 via its SH2-domain, linking CEACAM3 engagement to stimulation of the small G-
protein Rac. GTP-bound Rac in turn will initiate the local formation of actin-based lamellipodia resulting  
in  uptake  of  CEACAM3-bound  bacteria.  Several  other  signaling  molecules  are  putative  binding  
partners  of  the phosphorylated ITAM, as  they  have  been found in  proximity  of  bacteria-engaged  
CEACAM3 (shaded). 
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nucleotide exchange activity (Fig. 4.1.2). Indeed, the recruitment of Vav appears as 

the  critical  molecular  event  required  for  CEACAM3-initiated  GTP-loading  of  Rac 

(Schmitter  et  al.,  2007a). Interference  with  either  Rac  or  Vav  in  primary  human 

granulocytes blocks the efficient uptake of Opa-expressing gonococci  (Schmitter et 

al.,  2004,  2007a). GTP-loaded  Rac  operates  as  a  master  regulator  of  actin 

polymerization  and  NADPH  oxidase  function  in  phagocytes  suggesting  that  the 

signaling events initiated by CEACAM3 are responsible for the uptake as well as for  

the elimination of gonococci. Interestingly, interfering with the function of the closely 

related  small  GTPase  Cdc42  in  transfected  human  cells  or  primary  human 

granulocytes does not impart CEACAM3-initiated phagocytosis pointing to a highly 

specific linkage between this receptor and Rac GTP-loading.

In  line with the critical  role of  Rac,  actin  cytoskeleton dynamics are essential  for 

CEACAM3-initiated  bacterial  uptake,  whereas  other  CEACAMs  appear  to  be 

internalized via lipid raft-dependent processes (Schmitter et al., 2007b; Muenzner et 

al., 2008)). Lipid raft-association and, therefore, sensitivity to cholesterol depletion,  

discriminate between bacterial internalization via CEACAM1 or glycosylphosphatidyl-

inositol (GPI)-anchored CEACAMs (CEA and CEACAM6) and CEACAM3-mediated 

uptake  (Muenzner et al., 2008). In this regard it is interesting to point out that the 

opsonin-independent  phagocytosis  of  Opa  protein  expressing  bacteria  by human 

granulocytes is not sensitive to cholesterol depletion (Schmitter et al., 2007b). These 

findings further support the idea that, despite the presence of multiple CEACAMs on 

granulocytes, CEACAM3 is the critical family member responsible for the efficient 

uptake of CEACAM-binding bacteria.

Several  other  molecules  have  been  localized  by  fluorescence  light  microscopy 

together  with  bacteria-bound  CEACAM3  such  as  the  isolated  SH2  domains  of 

phosphatidylinositol-3 kinase or phospholipase Cγ (Booth et al., 2003). However, it is 

currently not clear if these molecules interact directly with CEACAM3 and how they 

contribute to bacterial internalization by human granulocytes. Nevertheless, from the 

combined biochemical and functional studies described above it becomes apparent 

that  the  specific  combination  of  an  extracellular  CEACAM IgV-like domain  with  a 

phagocytosis-promoting  cytoplasmic  domain  in  a  single  molecule  allows  human 

granulocytes to recognize and eliminate CEACAM3-binding bacteria in the absence 

of  opsonizing  factors.  Therefore,  CEACAM3  could  be  seen  as  an  evolutionarily 

optimized receptor to combat pathogens that exploit  epithelial CEACAMs such as 

CEACAM1, CEA, or CEACAM6.
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4.1.7. Ancestry of CEACAM3

Given the functional implication of CEACAM3-mediated recognition and elimination 

of pathogens it is interesting to ask for the origin of this protein within the rapidly  

evolving  CEACAM  family.  Interestingly,  human  granulocytes  express  another 

CEACAM family member, CEACAM4, which perfectly matches the domain structure 

of CEACAM3. Both proteins feature a single extracellular IgV-like domain followed by 

a  transmembrane  region  and  a  cytoplasmic  domain  encompassing  ITAM-like 

sequences (Kuespert et al., 2006) (see also http://www.carcinoembryonic-antigen.de/ 

[UPDATED URL]). Moreover, on a genomic level, the number of exons is the same 

for both the CEACAM3 and the CEACAM4 gene, but the length of the introns, and 

therefore the entire loci are different: The CEACAM3 gene covers about 7 kb more 

than the CEACAM4 gene (based on total length of exons and introns) (Fig. 4.1.3). As 

with other CEACAM genes, the first two exons and the first intron are highly similar in 

length. Most of the length variation is due to intron 2, the large intron separating the  

exons encoding the IgV-like domain from the exons encoding the transmembrane 

and  the  cytoplasmic  domain.  Intron  2  contains  sequences  homologous  between 

CEACAM3 and CEACAM4, but the central segments are largely made up of LINE, 

SINE and LTR repetitive elements (Fig. 4.1.3). Interestingly, the degree of sequence 

divergence between the  CEACAM3 and the  CEACAM4 gene differs between the 

regions either side of the repeat-filled intron 2 (Fig. 4.1.3). This is also true on the  

protein level: Whereas the first part of the carboxy-terminal intracellular domain is  

highly similar between CEACAM3 and CEACAM4 (identity 73 %), the amino-terminal  
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Figure  4.1.3:  Schematic  alignment of CEACAM3 and CEACAM4 genomic regions.  The position of  
exons are shown (boxes) with untranslated regions in black. The percentage sequence divergence  
(Jukes-Cantor method) is shown below the alignable 5' and 3' sections graphed from a sliding window  
of 200bp (every 10bp). The average pairwise distances for the 5' and 3' regions are also given in  
percent  (boxed).  Repetitive  elements:  the  positions  of  Short  Interspersed  Nuclear  Elements  (▼;  
SINEs), Long Terminal Repeats (; LTRs), and Long Interspersed Nuclear Elements (▲; LINEs) are  
indicated. Insertions and deletions, including those representing repetitive elements, are not included  
in the pairwise difference calculations.
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IgV-like domain differs considerably between these two family members (identity 49 

%) and is  most  similar  between CEACAM3 and CEA (identity 92 %).  Therefore, 

CEACAM3 appears as a natural chimera, with the IgV-like domain derived from a 

bacteria-recognizing  CEACAM  such  as  CEACAM1,  CEA,  or  CEACAM6,  but  the 

cytoplasmic tail of the receptor, that is able to induce phagocytosis via an ITAM-like 

sequence, most likely inherited from an ancestor of CEACAM4. 

Together, these data about a potential chimeric origin of CEACAM3 nicely support  

the  biochemical  and  functional  analyses  that  have  divided  this  receptor  into  a 

bacteria-recognizing extracellular module and a phagocytosis-promoting intracellular 

part.

4.1.8. CEACAM3 as an example of host-pathogen co-evolution

CEACAM-binding human pathogens,  including  Haemophilus influenzae,  Moraxella  

catarrhalis, and Neisseria meningitidis, can cause life-threatening conditions such as 

sepsis and bacterial meningitis (Erwin, Smith, 2007; Stephens, 1999; Verduin et al., 

2002). However, the severe forms of disease are a dead-end for the pathogens, as 

these bacteria use the mucosa, and not the blood or the cerebrospinal fluid of the  

infected person, as a platform for further transmission. Indeed, these bacteria are 

most often found as harmless inhabitants of the nasopharyngeal mucosa and only a 

subset of the known strains is associated with disease. Given this epidemiological 

background, it is not easy to reconcile, how such microbes should pose a strong 

selective pressure that results in the evolution of a germ-line encoded innate immune 

receptor.  Interestingly,  the pathogen  Neisseria gonorrhoeae that  appears to  have 

evolved rather recently from N. meningitidis (Feavers, Maiden, 1998; Vazquez et al., 

1993), might have provided a strong impetus for our immune system to develop a 

novel innate defense mechanism.

On the one hand, gonococci possess an extraordinary antigenic variability of surface 

components and secret an immunoglobulin A1 protease allowing these bacteria to 

readily escape acquired humoral immune defenses. The antigenic variability is also 

the major  reason,  why there is  still  no vaccine against  N. gonorrhoeae available. 

Furthermore,  these bacteria also manage to inactivate or delude the complement 

system of  human serum by recruiting the inhibitory complement component  C4b-

binding protein  or  by sialylation  of  their  outer  membrane lipooligosaccharide with 
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host derived cytidine 5’-monophosphate-N-acetylneuraminic acid (Mandrell, Apicella, 

1993; Ngampasutadol et al., 2005; Putten, 1993).

On the other hand, urogenital tract infections with Neisseria gonorrhoeae can lead to 

infertility  or early abortion.  Though gonococci  are rarely lethal,  they can severely 

affect the reproductive success of individuals and therefore, might have represented 

a  strong  selective  pressure  during  human  evolution.  Of  course  this  is  highly 

speculative, but the advent of gonococci in the human population might have been 

the reason for the adaptive evolution of CEACAM3 as an innate immune receptor 

being  able  to  recognize  and  eliminate  potentially  harmful  CEACAM-binding 

gonococcal  variants.  As  we  are  only  able  to  evaluate  the  current  status  of  the 

human-gonococcal  co-evolution,  we  can  not  determine  who  has  an  edge  in  this 

competing arms race. But the expansion of  opa genes in the gonococcus (10 – 12 

copies) compared to the meningococcus (2 – 4 copies) as well as the presence of 

Opa proteins in gonococci binding to CEA and CEACAM1, but avoid recognition by 

CEACAM3  (Bos  et  al.,  1997;  Gray-Owen  et  al.,  1997b;  Kuespert  et  al.,  2007), 

already hint at the fact that the gonococcus itself  is also adapting to this defense  

mechanism of its sole natural host.

4.1.9. Conclusions

In this review we tried to summarize the current knowledge about the function and 

biochemical features of the phagocyte receptor CEACAM3 and speculated about the 

evolutionary origin of this molecule. CEACAM3 emerges as a specific adaptation of 

the innate immune system to cope with a small set of host-specific pathogens. A 

common feature of the recognized pathogens is their antigenic variability, allowing 

them to escape acquired immune responses. However, their ability to engage human 

CEACAMs by  structurally  diverse  adhesins  makes  these  microbes  vulnerable  to 

recognition  by  CEACAM3.  The  use  of  granulocyte  CEACAM3  as  a  germ-line 

encoded  death  trap  for  CEACAM-binding  pathogens  is  tightly  coupled  to  the 

cytoplasmic domain of this receptor.  Importantly,  signaling connections emanating 

from the ITAM-like sequence, in particular the direct binding to the Rac GEF Vav,  

render  CEACAM3  a  highly  efficient  phagocytotic  receptor.  The  involvement  of 

CEACAMs,  and  in  particular  CEACAM3,  in  an  arms  race  with  specific  bacterial  

pathogens makes this an interesting system to study bacterial-host co-evolution.
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4.2.1. Abstract

The  human  granulocyte-specific  receptor  CEACAM3  is  critically  involved  in  the 

opsonin-independent  recognition  of  several  bacterial  pathogens.  CEACAM3-

mediated  phagocytosis  depends  on  the  integrity  of  an  immunoreceptor  tyrosine-

based  activation  motif  (ITAM)-like  sequence  within  the  cytoplasmic  domain  of  

CEACAM3  and  is  characterized  by  rapid  stimulation  of  the  GTPase  Rac.  By 

performing  a  functional  screen  with  CEACAM3-expressing  cells,  we  found  that 

overexpression of a dominant-negative (dn) form of the guanine nucleotide exchange 

factor  (GEF) Vav,  but  not  dn versions of  the GEFs SWAP70,  Dock2,  or ELMO1 

interfered  with  CEACAM3-initiated  phagocytosis.  Moreover,  siRNA-mediated 

silencing of Vav reduced uptake and abrogated the stimulation of Rac in response to 

bacterial CEACAM3 engagement. In Vav1/Vav2-deficient cells, CEACAM3-mediated 

internalization was only observed after re-expression of Vav. Vav co-localized with 

CEACAM3  upon  bacterial  infection,  co-immunoprecipitated  in  a  complex  with 

CEACAM3, and the Vav SH2 domain directly associated with phosphorylated Tyr-

230 of  CEACAM3. In primary human granulocytes,  TAT-mediated transduction of 

Vav-dn,  but  not  SWAP70-dn,  severely impaired the  uptake  of  CEACAM3-binding 

bacteria. These data support the view that, different from canonical ITAM signaling, 

the  CEACAM3  ITAM-like  sequence  short-wires  bacterial  recognition  and  Rac 

stimulation  via  a  direct  association  with  Vav  to  promote  rapid  phagocytosis  and 

elimination of CEACAM-binding human pathogens.

4.2.2. Introduction

Neisseria gonorrhoeae and N. meningitidis belong to the few gram-negative bacterial 

pathogens that are exquisitely adapted to humans as their sole natural host. Both are 

highly efficient colonizers of the human mucosa, which they use as a platform for 

transmission  to  the  next  person  (Handsfield,  1990;  Rosenstein  et  al.,  2001). A 

number of well characterized adhesive factors allow gonococci and meningococci to 

specifically  contact  human  cells  and  to  establish  a  dependable  foothold  on  the 

epithelium (Meyer, 1999). On the one hand, type IV pili mediate the initial long range 

contact  with the mucosal  surface.  In a second step,  the so-called colony-opacity-

associated  (Opa)  proteins  provide  a  more  intimate  adhesion.  Work  over  the  last 
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decade has identified the cellular targets of neisserial Opa proteins. Whereas some 

Opa proteins bind to heparansulphate proteoglycans (OpaHSPG), the majority of Opa 

proteins  (OpaCEA)  recognizes  one  or  several  members  of  the  human  family  of 

carcinoembryonic antigen-related cell adhesion molecules (CEACAMs)(reviewed in 

(Kuespert  et  al.,  2006)). Furthermore,  other  human-specific  gram-negative 

pathogens  that  colonize  mucosal  surfaces,  such  as  Haemophilus  influenzae or 

Moraxella catarrhalis, also express CEACAM-binding adhesins (Virji et al., 2000; Hill 

et al., 2001; Hill, Virji, 2003). In addition to host cell adhesion, bacterial engagement 

of CEACAMs triggers specific gene expression events in epithelial cells, that appear 

to facilitate mucosal colonization  (Muenzner et  al.,  2005). Furthermore, pathogen-

mediated stimulation of CEACAM1 expressed by different hematopoietic cell types 

interferes  with  acquired  immune  defense  mechanisms  by  triggering  inhibitory 

signaling (reviewed in (Gray-Owen, Blumberg, 2006)).

In  sharp  contrast  to  the  potential  benefits  Neisseriae might  gain  from  CEACAM 

recognition, a series of studies has demonstrated that CEACAM-binding bacteria are 

effectively phagocytosed in an opsonin-independent manner by human granulocytes  

(Kupsch et  al.,  1993;  Chen,  Gotschlich,  1996;  Hauck  et  al.,  1998;  Hauck et  al.,  

1999). These cells represent the first  line of defense against  Neisseriae,  and the 

purulent  inflammation  is  a  diagnostic  hallmark  of  both  gonorrhea  and  bacterial  

meningitis  (Handsfield,  1990;  Rosenstein  et  al.,  2001). Interestingly,  the  opsonin-

independent  recognition  of  gonococci  by  granulocytes  does  also  depend  on 

CEACAMs (Chen, Gotschlich, 1996; Hauck et al., 1998; Gray-Owen et al., 1997a). In 

particular, a granulocyte-specific member of the CEACAM family,  CEACAM3, was 

identified as the major receptor responsible for opsonin-independent phagocytosis 

and bacterial elimination  (Schmitter et al., 2004). Studies on the structure-function 

relationship of CEACAM3 point to an immunoreceptor tyrosine-based activation motif 

(ITAM)-like sequence within  the  cytoplasmic  domain  that  is  phosphorylated  upon 

receptor  engagement  (Schmitter  et  al.,  2004;  McCaw  et  al.,  2003). Tyrosine 

phosphorylation of the CEACAM3 ITAM-like sequence is mediated by active protein 

tyrosine kinases (PTKs) of the Src family, in particular Hck and Fgr, that have been 

found  to  be  strongly  activated  in  primary  human  granulocytes  in  response  to 

CEACAM-binding bacteria (Hauck et al., 1998). In turn, the integrity and the tyrosine 

phosphorylation of the CEACAM3 ITAM-like sequence are critical for stimulation of 

the small GTPase Rac as well as for CEACAM3-mediated bacterial internalization 

(Schmitter et al., 2004; McCaw et al., 2003). However, the molecular link between 
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CEACAM3 engagement,  tyrosine  phosphorylation,  and  increased  GTP-loading  of 

Rac is not known.

In this study we provide experimental evidence that the guanine-nucleotide exchange 

factor (GEF) Vav links CEACAM3 engagement by CEACAM-binding N. gonorrhoeae 

with the stimulation of the small GTPase Rac. Importantly, Vav directly associates 

via  its  SH2  domain  with  a  phosphorylated  tyrosine  residue  within  the  ITAM-like 

sequence  of  the  receptor.  Interference  with  Vav  reduces  granulocyte  uptake  of 

CEACAM-binding  bacteria  suggesting  that  the  short-wiring  of  CEACAM3 

engagement  with  Vav recruitment  and Rac stimulation  is  critical  in the  control  of 

human-specific pathogens by the innate immune system.

4.2.3. Materials and methods

Bacteria
OpaCEA-expressing (Opa52), non-piliated Neisseria gonorrhoeae MS11-B2.1 (strain 

N309) and non-opaque, piliated gonococci MS11 were kindly provided by Thomas 

Meyer (Berlin, Germany).  Neisseria were grown on GC-agar (Gibco BRL, Paisley, 

UK)  supplemented  with  vitamins  at  37°C,  5%  CO2 and  subcultured  daily.  Opa 

protein expression was monitored by phenotypic  examination of  agar colonies as 

well  as  by Western  blotting  with  monoclonal  anti-Opa  antibody (clone  4B12/C11 

obtained from Mark Achtman, MPI für Infektionsbiologie, Berlin). For phagocytosis 

assays, bacteria were labeled with 0.2 µg/ml 5-(6)-carboxyfluorescein-succinylester 

(fluorescein; Molecular Probes, Eugene, OR) in PBS for 15 min at 37°C in the dark 

and washed three times with PBS prior to use.

Cell culture
The human embryonic kidney cell line 293T (293 cells) was grown in DMEM/10% 

calf serum (CS) at 37°C, 5% CO2. Cells were subcultured every 3 - 4 days. HeLa 

cells with stable expression of CEACAM3  (Nagel et al., 1993) were obtained from 

Wolfgang  Zimmermann  (Universität  München,  Germany)  and  cultured  in  DMEM, 

10% FCS, and 500 µg/ml G418. Mouse embryonic fibroblasts (MEFs) were isolated 

at day 12.5 p.c. from Vav1-/-Vav2-/- mouse embryos backcrossed to C57BL/6 mice 

for more than 10 generations  (Tedford et al., 2001). Head and inner organs were 
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removed  and  the  remaining  bodies  were  minced  and  treated  with  trypsin/EDTA 

solution at 37°C. The resulting primary fibroblasts were immortalized at passage two 

by retroviral  transduction  with  SV40 largeT antigen generously provided by Cord 

Brakebusch  (MPI  Biochemie,  München).  MEFs  were  grown  on  gelatine-coated 

culture dishes in DMEM containing 10% fetal calf serum, non-essential amino acids 

as well as sodium pyruvate and were used between passage 4 – 8. Prior to infection 

and  Rac  pull-down  assays,  all  cells  were  serum-starved  over-night  in  DMEM 

containing 0.5% CS. Primary human granulocytes were purified from freshly drawn 

blood as described (Schmitter et al., 2004). Viability of cells was determined prior to 

infection using trypan blue staining and in all cases was >90%.

Recombinant DNA constructs
Mammalian expression plasmids encoding v-Src (derived from the Prague C strain of 

Rous  sarcoma  virus)  or  HA-tagged  CEACAM3  and  the  derived  HA-tagged 

CEACAM3 mutants have been described previously (Schmitter et al., 2004; Hauck et 

al.,  2001). CEACAM3-RFP was constructed by amplifying CEACAM3 with primers 

CGM1-RFP-sense  5’-ATAGCTAGCGCCACCATGGGGCCCCCCTGAGCCTCTCCC 

CAC-3’  and  CGM1-RFP-anti  5’-ATAACCGGTGAAGCCACTTCTGCTTTGTGG 

TCCATCCG-3’  and  subcloning  via  the  Nhe1  and  the  Age1  sites  into  pDs-Red 

(Clontech).  CEACAM3-GFP  was  derived  after  PCR-amplification  of  HA-tagged 

CEACAM3  WT  with  primers  CEACAM3-IF-sense  5’-GAAGTTATCAGTCG 

ATACCATGGGGCCCCCCTCAGCC-3’  and  HA-CEACAM-IF-anti  5’-ATGGTC 

TAGAAAGCTTGCAGCGTAATCTGGAACGTCATATGG-3’ followed by insertion into 

vector pDNR-dual  using the InFusion  Cloning Kit  (Clontech,  Mountain View, CA). 

CEACAM3  cDNA  was  then  mobilized  from  pDNR-dual  by  Cre-mediated 

recombination  into  pLPS-3’EGFP  (Clontech)  to  allow  expression  of  GFP-tagged 

CEACAM3 in eukaryotic cells. Plasmids encoding HA-tagged Vav1 and Vav2 were 

provided  by  Sherry  Moores  (Harvard  Medical  School,  Boston,  MA)  and  plasmid 

encoding human Dock2 was from Shinya Tanaka (Hokkaido University,  Sapporo, 

Japan). Plasmids containing full-length human cDNA of SLP76 (IRATp970H0521D), 

ELMO1  (DKFZp434B0819),  and  Swap70  (IMAGp958H17135q2),  as  well  as  the 

partial  cDNA  of  Vav1  (IMAGp958K22536q2)  were  obtained  from  RZPD  (RZPD, 

Berlin, Germany ).

Dominant  negative  (dn)  constructs  of  Vav1,  ELMO1,  Dock2,  and  Swap70  were 
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generated  by  PCR  with  primers  VAV-IF-sense  5'-

GAAGTTATCAGTCGACGGTACCTTCTA  TCAGGGCTACC-3'  and  VAV-IF-anti  5'-

ATGGTCTAGAAAGCTTTCAGCAGTATTCAGAATAATCTTCC-3',  ELMO-IF-sense 

5'-GAAGTTATCAGTCGACATGCCGCCACCCGCGGAC-3'  and  ELMO-IF-anti  5'-

ATGGTCTAGAAAGCTTTCACATATGAGGGCAGTCCTTTC-3',  Dock2-IF-sense  5'-

GAAGTTATCAGTCGACATGGCCCCCTGGCGCAAAGC-3'  and  Dock2-IF-anti  5'-

ATGGTCTAGAAAGCTTTCAGTCATGGAATCCATCGTGTAGAG-3', SWAP70-IF-

sense  5'-GAAGTTATCAGTCGACATGGGGAGCTTGAAGGAGGAGC-3'  and 

SWAP70-IF-anti  5'-ATGGTCTAGAAAGCTTCTACTGCAGCTTTAGGTACATGTC 

TTCC-3',  respectively,  and the resulting PCR fragments were inserted into vector 

pDNR-dual using the InFusion Cloning Kit (Clontech). The cDNA was then mobilized 

from pDNR-dual  by Cre-mediated recombination into pLP-CMV-myc (Clontech) to 

allow expression of myc-tagged proteins in eukaryotic cells.

GST-Vav1-dn was  generated  using  oligonucleotides  Vav1-dn-EcoR1-pGEX-sense 

5'-ATAGAATTCGGTACCTTCTATCAGGGCTACC-3'  and  Vav1-dn-Xho1-pGEX-anti 

5'-ATACTCGAGTCAGCAGTATTCAGAATAATCTTCC-3'  and  subcloned  into  the 

EcoR1 and  Xho1 restriction  sites  of  pGEX4-T1 (Amersham-Pharmacia,  Freiburg, 

Germany). GST-Vav-SH2 was produced by PCR amplification of Vav1 with primers 

Vav1-SH2-IF-sense 5’-GAAGTTATCAGTCGACCCTCAGGACCTGTCTGTTC-3’ and 

Vav1-SH2-IF-anti  5’-ATGGTCTAGAAAGCTTATCTCTTTTCAGGCTCCTTG-3’ and 

inserted into vector pDNR-dual using the InFusion Cloning Kit (Clontech). The cDNA 

was then mobilized from pDNR-dual by Cre-mediated recombination into pGEX4-T1 

loxP derived from pGEX4-T1 using the Creator vector construction kit  (Clontech). 

GST-SLP-76-SH2 was produced accordingly using primers SLP76-SH2-IF-sense 5’-

GAAGTTATCAGTCGACCCCGCGGAGGAAGAG-3’ and  SLP76-SH2-IF-anti  5’-

ATGGTCTAGAAAGCTTCTATGGGTACCCTGCAGCATG-3’.  TAT-HA-Vav1-dn  was 

generated  by  PCR  using  primers  Vav1-dn-Xho1-sense  5'-TTATCTCGA 

GGGTACCTTCTATCAGGGCTACC-3'  and  Vav1-dn-EcoR1-anti  5'-TTATGAAT 

TCTCAGCAGTATTCAGAATAATCTTCC-3' and subcloning into pTAT-HA provided 

by Steve Dowdy (La Jolla, CA). SWAP70-dn was cloned into pTAT-HA using Nco1 

and Xho1 restriction sites after amplification with primers SWAP-70-dn-Nco1-sense 

5'-TTATCCATGGGGAGCTTGAAGGAGGAGC-3'  and  SWAP-70-dn-Xho1-anti  5'-

TTATCTCGAGTCACTGCAGCTTTAGGTACATGTCTTCC-3'.
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Transfection of cells, cell lysis, Western blotting, and determination of Rac GTP-
loading
Transfection  of  293T  cells,  cell  lysis,  Western  blotting  and  determination  of  Rac 

GTP-loading  were  performed  as  described  (Schmitter  et  al.,  2004).  Vav1/Vav2-

deficient fibroblasts were transfected with LipofectaminePlus (Invitrogen, Carlsbad, 

CA) in 24-well plates according to the manufacturer’s instructions using 1.5 µg of the 

empty control vector pCF1 or pCF1 Vav1-WT-HA and 0.5 µg of plasmid encoding 

CEACAM3-RFP.  Transfected  cells  were  employed  in  infection  experiments  48  h 

later.  Monoclonal  antibodies  used in  Western  blotting experiments  (mAb)  against 

Rac (clone 23A8), against phospho-tyrosine (clone 4G10), and against v-Src (clone 

EC10) were from Upstate (Lake Placid, NY), mAb against β-actin (clone AC-74) was 

from Sigma, mAb against GFP (clone JL-8) was from Clontech, mAb against GST 

(clone B-14), mAb against Vav (clone B2), and rabbit polyclonal anti-Vav2 antibodies  

(H-200)  were  from  Santa  Cruz  Biotechnology.  MAb  against  the  HA-tag  (clone 

12CA5) and against  the  myc-epitope  (clone 9E10)  were purified  from hybridoma 

supernatants. A rabbit polyclonal antibody generated against formaldehyde-fixed N. 

gonorrhoeae and  N.  meningitidis (IG-511)  was  produced  by  Immunoglobe 

(Himmelstadt,  Germany).  Secondary  antibodies  were  from  Jackson 

ImmunoResearch (West Grove, PA).

Gentamicin protection assay
For gentamicin protection assays, 6 x 105 293 cells in 24-well plates were infected 

with 20 bacteria/cell for 60 min. Following the infection, the medium was replaced 

with DMEM containing 50 µg/ml gentamicin. After 45 min incubation, cells were lysed 

by the addition of 1 % saponin in PBS for 20 min. Suitable dilutions were plated to  

determine the number of recovered viable bacteria.

RNAi treatment
A  siRNA-oligonucleotide  directed  against  Vav2  was  obtained  from  Dharmacon 

(Chicago,  IL),  which  targeted  the  sequence  5'-ggacatcaacttccggccg-3'.  A  control 

siRNA-oligonucleotide  was  obtained  from  Eurid  (MPI  Infektionsforschung,  Berlin, 

Germany) and was designed against the sequence 5'-aacgtacgcggaatacttcgatt-3'  in 

firefly luciferase.  HeLa cells in 24-well  plates were treated with a mixture of  2 µl  

Oligofectamin (Invitrogen, Karlsruhe, Germany) and 2.5 µl of a 20 µM stock-solution 
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of the indicated siRNA in 250 µl Optimem (Gibco BRL, Paisley, UK). After 4 h, 125 µl  

of  Optimem with 30% FCS were added and the cells incubated for another 24 h  

before the medium was replaced with regular growth medium. Two days after the 

start of the treatment, cells were lysed for Western blot analysis or used in infection 

experiments.

Immunofluorescence staining and microscopy
Immunofluorescence labeling was performed as described  (Schmitter et al., 2004). 

For differentiating between extra- and intracellular bacteria, cells were infected with 

fluorescein-labeled  gonococci  and  fixed  samples  were  stained  prior  to 

permeabilization  with  polyclonal  antibodies  against  gonococci  (IG-511)  and  Cy5-

coupled goat-anti-rabbit antibodies resulting in fluorescein-labeled intracellular and 

fluorescein/Cy5-labeled extracellular bacteria.  In  the case of  Vav2-HA transfected 

293  cells  and  TAT-protein  transduced  granulocytes,  the  samples  were  further 

stained after  permeabilization with  monoclonal  anti-HA-tag antibodies followed by 

Cy5-  or  Cy3-labelled  goat-anti-mouse  antibodies  to  detect  the  transfected  or 

transduced  cells,  respectively.  Samples  were  viewed  using  a  LSM  510  laser 

scanning confocal microscope (Zeiss, Oberkochen, Germany). For all triple-labeled 

specimens, the signals of the fluorescent dyes were serially recorded to avoid bleed-

through due  to  simultaneous  excitation.  The  corresponding images were  digitally 

processed with Photoshop6 (Adobe Systems, Mountain View, CA) and merged to 

yield pseudo-colored RGB pictures.

Immunoprecipitation and GST-pull-down
For immunoprecipitation, 3 µg of the indicated antibodies were added to whole cell  

lysates (WCLs) and incubated for 4h under rotation at 4°C. 30 µl Protein A/G-plus  

sepharose (Santa Cruz Biotechnology) were added to each sample for 1 h, before 

precipitates were washed three times with modified RIPA buffer and mixed with 2x 

SDS-sample buffer  (Schmitter et al., 2004). For GST-pull downs, 10 µg of purified 

GST or GST-fusion protein attached to glutathione-sepharose were added to WCLs 

and  incubated  for  2  h  at  4°C.  After  four  washes  with  modified  RIPA  buffer,  

precipitates were boiled in SDS sample buffer, before SDS-PAGE and Western blot  

analysis. 
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Generation and Far-Western probing of peptide spot membranes
The  15mer  peptides  surrounding  Y-230  or  Y-241  of  the  CEACAM3  cytoplasmic 

domain (Fig. 4.2.6B) were assembled by SPOT synthesis on an AC-S01 cellulose 

membrane (AIMS Scientific Products GmbH, Braunschweig, Germany) as described 

(Frank,  Overwin,  1996). Phosphotyrosine  was  incorporated  as  N-Fmoc-O-

[bis(dimethylamino)phosphono]-L-tyrosine  derivative  and  protecting  groups  were 

removed by an additional treatment with 90% aqueous trifluoroacetic acid overnight. 

The  peptides  stay  anchored  via  their  carboxy-termini  to  the  polyethyleneglycol 

spacer of the membrane and are amino-terminally acetylated.

Peptide spot membranes were blocked with blocking buffer (1 volume Sigma casein-

based blocking buffer  (Sigma),  4 volumes Tris-buffered saline,  pH 8.0 containing 

0.05% Tween (TBST), and 5% saccharose) for 16 h at 4°C and then incubated with 

20 µg of GST-Vav-dn or GST in blocking buffer for 20 h. After several washes in 

TBST, GST was detected by anti-GST antibody, followed by horseradish-peroxidase-

coupled goat-anti-mouse antibody and visualized by enhanced chemiluminescence. 

Expression and purification of GST- and TAT-fusion proteins
GST- as well as TAT-fusion-constructs were purified from E. coli BL-21 as previously 

described  (Schmitter  et  al.,  2004) using  glutathione-agarose  FF  (Amersham 

Biosciences,  Uppsala,  Sweden)  for  GST-containing  proteins  or  Ni2+NTA columns 

(Qiagen)  for  His-tagged,  TAT-fusion  proteins,  respectively.  After  elution  of  TAT-

fusion proteins with 8 M urea, 100 mM NaCl, 20 mM Hepes, and 500 mM imidazole, 

10% glycerol was added. Samples were rapidly desalted and buffer was exchanged 

to  RPMI containing 10% glycerol  using a PD-10 column (Amersham-Pharmacia). 

Purity  of  the  preparations  was  examined  by  SDS-PAGE  and  the  protein 

concentration estimated based on a BSA standard.

Granulocyte phagocytosis
Phagocytosis was determined by flow cytometry as previously described (Schmitter 

et  al.,  2004).  Briefly,  granulocytes  were incubated for  one hour  at  37°C with  the 

indicated amounts of purified TAT-fusion proteins before 1 x 106 granulocytes were 

infected with 2 x 107 fluorescein-labelled bacteria in 1 ml phagocytosis buffer (PB; 1 x 

PBS, 0.9 mM CaCl2, 0.5 mM MgCl2, 5 mM glucose, 1 % heat inactivated serum) for 

15 min at 37°C. Phagocytosis was stopped by addition of ice-cold PB, samples were  
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washed, taken up in ice-cold PBS, 2% FCS, 2 mg/ml Trypan blue and analyzed on a 

FACSCalibur  (Becton  Dickinson). To  obtain  an  estimate  of  the  amount  of 

phagocytosed  bacteria  (uptake  index),  the  percentage  of  fluorescein-positive 

granulocytes  was  multiplied  by  the  mean  fluorescence  of  these  cells.  For 

microscopic analysis,  infected granulocytes  were fixed with  4% PFA in  PBS and 

stained as described above.

Results

4.2.4. CEACAM3-mediated  phagocytosis  is  compromised  by  dominant-
negative Vav

To get insight into the molecular connection between CEACAM3 engagement and 

Rac stimulation, we sought to identify the guanine nucleotide exchange factor (GEF) 

responsible  for  increased  Rac  GTP  loading  in  response  to  bacterial  contact.  

Therefore, we co-expressed CEACAM3 with dominant-interfering mutants of the Rac 

GEFs Vav, SWAP70, ELMO1, and Dock2 (Wu et al., 1996; Shinohara et al., 2002; 

Brugnera  et  al.,  2002;  Nishihara  et  al.,  2002) that  are  known  to  be  present  in 

granulocytes. The dominant-interfering mutants were transiently co-expressed with 

CEACAM3 in human 293 cells. This cell line does not express any CEACAM family 

members  endogenously,  but  efficiently  internalizes  N. gonorrhoeae in  an  OpaCEA-

dependent  manner  after  transfection  with  CEACAM3  (Schmitter  et  al.,  2004). In 

agreement with previous studies, antibiotic protection assays revealed that following 

1  h  of  infection,  CEACAM3-transfected  cells  harbored  numerous  intracellular 

bacteria, whereas control transfected cells were not able to internalize the OpaCEA-

expressing gonococci (Fig. 4.2.1A). When cells were co-transfected with CEACAM3 

and dominant-negative (dn) variants of either the Rac GEFs Vav1, Swap70, ELMO1, 

or  Dock2,  respectively,  only  Vav-dn  significantly  reduced  CEACAM3-mediated 

uptake of gonococci (Fig. 4.2.1A). Expression analysis of the myc-tagged constructs 

revealed that all dominant negative GEF isoforms were expressed in the transfected 

293 cells (Fig. 4.2.1B). However, Vav-dn was expressed at lower levels compared to 

the  other  dn  GEFs (Fig.  4.2.1B).  Indeed,  increasing  the  dosage of  Vav-dn  (Fig.  

4.2.1D) led to further decreases in CEACAM3-dependent internalization (Fig. 4.2.1C) 

suggesting that Vav might be involved in CEACAM3-initiated signaling and bacterial 

uptake.
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4.2.5. RNAi  mediated  silencing  of  Vav  interferes  with  CEACAM3-mediated  
bacterial uptake and Rac stimulation

To  further  corroborate  a  role  for  this  GEF  in  CEACAM3-initiated  signaling  we 

employed a well characterized model of stable CEACAM3 expression in HeLa cells.  

These  cells  exhibit  CEACAM3  phosphorylation  and  CEACAM3-mediated 

phagocytosis in response to OpaCEA-expressing bacteria  (Gray-Owen et al., 1997a; 

McCaw et al., 2003). Importantly, siRNA-mediated silencing of Vav2 expression, the 

Vav isoform predominating in  HeLa and 293 cells,  not  only reduced Vav protein  

levels to less than 10% of the normal levels, but also severely impaired the uptake of  

OpaCEA-expressing gonococci (Fig. 4.2.2A). A control siRNA oligonucleotide directed 

against firefly luciferase did not compromise Vav protein levels and only marginally 

reduced  CEACAM3-mediated  bacterial  uptake  (Fig.  4.2.2A).  Moreover,  siRNA 

57

Figure  4.2.1:  The  guanine 
nucleotide exchange factor Vav is  
involved  in  CEACAM3-mediated 
internalization  of  OpaCEA-
expressing  gonococci.  (A)  293 
cells  were  co-transfected  with  an 
empty  control  vector  (pcDNA)  or  
HA-tagged  CEACAM3  and  the 
indicated  dominant  negative  (dn)  
versions of the human GEFs Vav1,  
Swap70,  Dock2,  and  ELMO1. 
Samples  were  infected  for  one 
hour  with  OpaCEA-expressing 
gonococci  and  the  number  of  
internalised  bacteria  was 
determined  by  a  gentamicin  
protection  assay.  The  graph 
shows mean values ± S.D. of three  
independent  experiments  done in 
triplicate  and  represents  the 
percentage  of  recovered  bacteria 
in  relation  to  CEACAM3-
expressing cells in the absence of  
a dn GEF. (B) Parallel samples as 
in  (A)  were  lysed  and  the  whole  
cell  lysate  (WCL)  was  separated 

by SDS-PAGE. Expression of the myc-tagged dn GEFs and CEACAM3 was confirmed by Western  
blotting with a monoclonal antibody (mAb) against the myc-tag (upper panel) or against the HA-tag  
(lower panel),  respectively.  (C)  293 cells were cotransfected with the indicated amounts of  cDNA  
encoding  Vav-dn  and  CEACAM3-HA  or  transfected  with  an  empty  control  vector  (pcDNA),  
respectively. Samples were infected with OpaCEA–expressing gonococci for 1 hour and applied in a  
gentamicin  protection  assay.  The  graph  shows  the  mean  values  ±  SDs  of  two  independent  
experiments done in triplicate in percent relative to CEACAM3-expressing cells in the absence of Vav-
dn. (D) Parallel samples as in (C) were lysed and the whole cell lysate (WCL) was separated by SDS-
PAGE. Expression of the myc-tagged Vav-dn and HA-tagged CEACAM3 was confirmed by Western  
blotting with a monoclonal antibody (mAb) against the myc-tag (upper panel) or against the HA-tag  
(lower panel), respectively.
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targeting  of  Vav  expression,  but  not  the  luciferase-directed  control  siRNA,  also 

reduced  the  levels  of  Rac  GTP  loading  in  response  to  bacterial  infection  in 

CEACAM3-expressing HeLa cells (Fig. 4.2.2B).  These results are in line with the 

idea  that  Vav  participates  in  CEACAM3-initiated  phagocytosis  and  in  particular 

contributes to CEACAM3-triggered GTP-loading of Rac.

4.2.6. Vav1/2-deficient cells do not show CEACAM3-mediated internalization

To  rule  out  the  possibility  that  Vav  dn  expression  or  the  Vav-directed  siRNA 

interfered with the activity of other cellular GEFs we investigated if genetic ablation of 

Vav  isoforms  compromises  CEACAM3-mediated  bacterial  uptake.  To  this  end, 

primary fibroblast were isolated from Vav1/Vav2-double knock-out mouse embryos 

and immortalized with SV40 large T antigen (Vav1/2 -/- cells). These cells were co-

transfected with a red fluorescent protein-tagged version of CEACAM3 (CEACAM-

RFP) and HA-tagged Vav1 or the empty control vector, respectively. Upon infection 

with OpaCEA-expressing gonococci, Vav1/2 -/- cells re-expressing Vav were able to 

internalize  the  bacteria  (Fig.  4.2.3A).  In  contrast,  intracellular  bacteria  were  not 

observed in CEACAM3-positive Vav1/2 -/- cells (Fig. 4.2.3A). Vav re-expression in 

Vav1/2  -/-  cells  was  confirmed  by  Western  blotting  (Fig.  4.2.3B).  These  results 

corroborate the idea that Vav is the critical GEF linking CEACAM3 engagement with  

the phagocytosis of CEACAM-binding microorganisms.

58

Figure  4.2.2:  Vav  depletion  by  siRNA 
interference  reduces  CEACAM3-mediated 
internalization  of  OpaCEA-expressing 
gonococci  and  Rac  stimulation.  (A)  HeLa 
cells  expressing  CEACAM3  were  left  
untreated or treated for two days with Vav2  
(Vav2)  or  luciferase  (Luc)  siRNA 
oligonucleotides. Cells were infected for one 
hour  with  OpaCEA-expressing  gonococci  
(Ngo  OpaCEA)  or  non-opaque  gonococci  
(Ngo Opa-) and processed in a gentamicin  
protection assay. The bars represent mean 
values  ±  S.D.  of  recovered  bacteria  from 
three  independent  experiments  done  in  
triplicate.  In  parallel,  cells  were  lysed  and 
Vav2 protein was immunoprecipitated using 
anti-Vav2  antibodies.  Western  blotting 
confirmed  downregulation  of  Vav2  upon 
treatment with Vav2-directed siRNA (upper  

panel). Similar amounts of the WCL were probed with a rabbit polyclonal anti-ß-actin antibody (lower  
panel).  (B) Cells transfected as in (A) were infected with Ngo OpaCEA. GTP-loading of the small  
GTPase Rac was determined by a GST-CRIB pull-down assay (top-left panel). Western blotting of  
WCL (bottom-left  panel)  with  mAb  anti-Rac  confirmed equal  amounts  of  protein  in  each  sample.  
SiRNA-mediated suppression of Vav protein expression was confirmed as in (A)(right panels).
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4.2.7. Vav associates with CEACAM3 upon bacterial binding

To  investigate  a  possible  recruitment  of  Vav  to  the  site  of  bacterial  CEACAM3 

engagement,  293  cells  were  co-transfected  with  constructs  encoding  HA-tagged 

Vav2 and CEACAM3-RFP. Importantly, upon infection of the cells with fluorescein-

labeled OpaCEA-expressing gonococci, Vav2 co-localized with CEACAM3 at the sites 

of bacterial attachment (Fig. 4.2.4A). Intracellular bacteria were not associated with  

CEACAM3  or  Vav2  suggesting  that  Vav  is  transiently  recruited  to  the  sites  of 

CEACAM3 clustering during internalization (Fig. 4.2.4A). To further analyze if  Vav 

associates with CEACAM3 in intact cells, we transfected 293 cells with combinations 

of constructs encoding green fluorescent protein (GFP) or GFP-tagged CEACAM3 

(CEACAM3-GFP)  and HA-tagged Vav2  or  an  empty  control  vector  (Fig.  4.2.4B). 

Upon  infection  with  OpaCEA-expressing  N.  gonorrhoeae and  precipitation  of 

CEACAM3-GFP with GFP-directed antibodies, HA-Vav was specifically detected in 

the immunoprecipitates (Fig. 4.2.4B).  In the absence of  CEACAM3, the anti-GFP 

antibodies did not precipitate Vav from Neisseria-infected cells (Fig. 4.2.4B). These 
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Figure  4.2.3:  Vav1/2-deficient  
mouse fibroblasts are unable to  
support  CEACAM3-mediated 
phagocytosis.  (A)  Vav1/2-
deficient  mouse  embryo 
fibroblasts  were co-transfected 
with  CEACAM3-RFP  and  the 
empty control vector (Vav1/2-/-)  
or HA-tagged Vav1 (Vav1/2 -/-  
+  Vav1).  After  infection  with 
fluorescein-labelled  OpaCEA–
expressing gonococci,  infected 
cells  were  stained  in  the 
absence  of  permeabilization 
with antibodies directed against  
gonococci  and  Cy5. 
Extracellular  bacteria  are 
stained by both fluorescein and 
Cy5  (small  arrows),  whereas 
intracellular bacteria selectively  
stain  for  fluorescein 
(arrowhead).  Bars represent  5 
µm.  (B)  Vav  was 
immunoprecipitated  from  the 
cell population used in (A) with  
a  polyclonal  anti-Vav  antibody 
and  after  separation  by  SDS-
PAGE,  analysed  by  Western 
blotting  with  the  anti  Vav 

antibody (left panel). The right panel demonstrates equal amounts of protein in the samples by probing  
with anti-actin antibodies.
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results  indicated  that  Vav  is  recruited  to  activated  CEACAM3  and  is  physically 

associating with a CEACAM3-containing protein complex.

4.2.8. Vav  associates  with  the  phosphorylated  ITAM-like  sequence  of  
CEACAM3

The ITAM-like sequence is a characteristic feature of  the CEACAM3 cytoplasmic 

domain  (Kuespert et al.,  2006). Mutation of the tyrosine residues contained within 

this sequence to phenylalanine abrogates tyrosine phosphorylation of the receptor, 

abolishes  CEACAM3-initiated  GTP-loading  of  Rac,  and  severely  interferes  with 

opsonin-independent bacterial uptake  (Schmitter et al., 2004; McCaw et al., 2003). 

On the other hand, Vav is the only Rac GEF known to contain a phosphotyrosine-
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Figure  4.2.4: Vav associates with CEACAM3. (A)  
293 cells were co-transfected with HA-tagged Vav2 
and  CEACAM3-RFP  and  then  infected  with 
fluorescein-labeled  OpaCEA–expressing 
gonococci.  One  hour  after  infection,  cells  were  
fixed and stained with anti-Vav antibodies and Cy5-
coupled  secondary  reagents  (α-Vav-Cy5),  before 
the  samples  were  analysed  by  confocal  
microscopy. Bar represents 10 µm. Recruitment of  
both CEACAM3 and Vav to  adherent  bacteria  is  
marked by arrows. Intracellular bacteria appear not  
to  be  associated  with  CEACAM3  or  Vav 
(arrowhead). (B) 293 cells were co-transfected as  
indicated  with  plasmids  encoding  GFP  or  
CEACAM3-GFP and HA-tagged Vav2. Cells were  
infected  with  OpaCEA–expressing  gonococci,  
lysed,  subjected to immunoprecipitation with anti-
GFP antibody and precipitates were analysed by  
Western  blotting  with  anti-HA-tag  antibody  (top  
panel). Expression of Vav2-HA (middle panel) and 
CEACAM3-GFP (bottom panel)  was confirmed in  
the respective whole cell lysates (WCL) by mouse 
monoclonal anti-HA-antibody or anti-GFP antibody,  
respectively.
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binding SH2 domain that is critical to recruit Vav to sites of cytoskeletal remodeling 

(Fig. 4.2.5A) (Hornstein et al., 2004). Importantly, the Vav-dn protein that interfered 

with CEACAM3-mediated bacterial uptake encompasses the SH2 domain prompting 

us to investigate whether Vav-dn directly associates with phosphorylated CEACAM3. 

Accordingly,  we  generated  a  GST-fusion  of  Vav-dn  and  expressed  it  in  E.  coli. 

Though the resulting fusion protein was sensitive to proteolytic cleavage, sufficient 

amounts could be purified from bacterial lysates (Fig. 4.2.5C). To analyse, if Vav-dn 

binds  to  CEACAM3  in  a  phospho-tyrosine-dependent  manner,  293  cells  were 

transfected  with  CEACAM3 together  or  not  with  a  constitutive  active  Src  family 

kinase  (v-Src)  and  lysates  were  prepared  from  uninfected  cells.  CEACAM3 was 

expressed at equal levels in both lysates, however, under these conditions tyrosine 

phosphorylation  of  CEACAM3 was  only  observed  in  the  presence  of  v-Src  (Fig. 

4.2.5B). Pull-down assays with GST-Vav-dn from these lysates demonstrated that 

the  C-terminal  part  of  Vav  encompassing  the  SH2  domain  was  able  to  bind  to 

tyrosine  phosphorylated  CEACAM3,  but  not  unphosphorylated  CEACAM3  (Fig. 

4.2.5C).  In  contrast,  GST  alone  did  not  bind  to  CEACAM3  irrespective  of  the 
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Figure  4.2.5:  The  Vav  SH2  domain 
associates  with  the  phosphorylated 
ITAM-like sequence of CEACAM3. (A)  
Schematic  representation  of  the 
domain structure of  Vav,  Vav-dn, and 
Vav-SH2. CH – calponin homology; Ac 
–  acidic  region;  Dbl  –  Dbl  homology 
domain;  PH  –  pleckstrin  homology 
domain; SH3 – src homology 3 domain;  
SH2 – src homology 2 domain. (B) 293 
cells  were transfected with the empty  
control vector (pcDNA) or CEACAM3-
HA  and  co-transfected  with  v-Src  or  
not.  Upon  immunoprecipitation  of  
CEACAM3-HA  with  HA-tag  directed 
monoclonal  antibodies  (HA-IP),  
tyrosine phosphorylation of CEACAM3 
was detected by Western blotting with  
phosphotyrosine-specific  monoclonal 
antibodies  (P.tyr  blot;  upper  panel).  
CEACAM3-HA  precipitation  (middle 
panel)  and  v-Src  expression  (bottom 
panel)  in the respective samples  was 
also  verified  by  Western  blotting with 

the indicated monoclonal antibodies. (C) 293 cells were co-transfected as in (B) Whole cell lysates  
(WCLs) were subjected to a pull-down assay with 10 µg of GST-Vav-dn or GST and the GST proteins  
visualised by Coomassie staining of the membrane (lower panel).  Co-precipitated CEACAM3 was  
detected by anti-HA antibody (top panel). (D) 293 cells were co-transfected with v-Src and CEACAM3-
HA or the empty control vector (pcDNA), respectively. Cell lysates were incubated with 10 µg of GST-
SLP-76-SH2 or GST-Vav-SH2 and the precipitates analysed by blotting with anti-HA antibody (top  
panel).  Equal  amounts  of  the  recombinant  GST  proteins  in  the  precipitates  were  confirmed  by  
Coomassie-staining of the membrane (bottom panel)
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phosphorylation status (Fig. 4.2.5C). Tyrosine phosphorylated CEACAM3 was also 

precipitated by a GST-fusion of the isolated Vav SH2 domain, but not by the SH2 

domain of the adapter protein SLP-76 (Fig. 4.2.5D). These results demonstrate that  

the Vav SH2 domain promotes a specific interaction with the phosphorylated ITAM-

like sequence of CEACAM3.

4.2.9. Vav  directly  binds  to  phosphorylated  Tyr-230  within  the  CEACAM3  
cytoplasmic domain

To  further  investigate  which  tyrosine  residue  within  the  CEACAM3  ITAM-like 

sequence is responsible for Vav-dn binding, 293 cells were co-transfected with v-Src 

and  the  empty  control  vector,  wildtype  CEACAM3  (CEACAM3  WT),  or  several 

CEACAM3 mutants (Fig. 4.2.6A; lower panel). These variants of CEACAM3 either  

harbored phenylalanine substitutions at single tyrosine residues within the ITAM-like 

sequence (CEACAM3 Y230F or CEACAM3 Y241F),  substitutions at both tyrosine 

residues  (CEACAM3  YY-FF),  or  lacked  the  complete  cytoplasmic  domain 

(CEACAM3 ΔCT). Whereas GST-Vav-dn was able to precipitate CEACAM3 WT as 

well as CEACAM3 Y241F, mutation of tyrosine residue Y-230 abolished association 

between CEACAM3 and the C-terminal part of Vav (Fig. 4.2.6A; upper panel). To 

analyze if the binding of Vav to the CEACAM3 cytoplasmic domain might be direct or  

if  this  association  requires  additional  adapter  functions,  we tested  the  binding of  

these two molecules in the absence of further cellular components. Accordingly, a 
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Figure  4.2.6:  Vav  directly  binds  to 
phosphorylated Tyr-230 of CEACAM3. (A)  
293  cells  were  co-transfected  with  the  
empty  control  vector  (pcDNA)  or  the 
indicated HA-tagged CEACAM3 constructs  
and v-Src. WCLs were analysed for equal  
expression  of  CEACAM3  constructs  by 
anti-HA  antibody  (bottom  panel).  Lysates  
were subjected to a pull-down assay with  
GST-Vav-dn  and  the  GST-fusion  protein 
was  visualised  by  Coomassie  staining  of  
the membrane (middle  panel).  CEACAM3 
variants  co-precipitating  with  GST-Vav-dn 
were  detected  by  anti-HA  antibody  (top 
panel). (B) Primary structure of the ITAM-
like  sequence  within  the  CEACAM3 

cytoplasmic  domain  (CT).  For  comparison,  the  ITAM consensus  sequence  is  aligned  below.  (C)  
Peptide spot membranes harbouring synthetic 15-mere peptides surrounding the indicated tyrosine  
residues of the CEACAM3 cytoplasmic domain (as indicated in (B)) in either the unphosphorylated (Y),  
the tyrosine-phosphorylated (pY), or the phenylalanine-substituted (F) form were probed with GST or  
GST-Vav-dn. Bound GST fusion proteins were detected with anti-GST antibody.
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peptide  spot  membrane  was  generated  that  encompassed  15-mer  peptides 

surrounding  each  of  the  two  tyrosine  residues  within  the  CEACAM3  ITAM-like 

sequence  (Fig.  4.2.6B).  Each  peptide  was  represented  in  the  un-phosphorylated 

from (-Y-), the phosphorylated from (-pY-), and the phenylalanine-substituted form (-

F-).  Importantly,  GST-Vav-dn  bound  to  a  synthetic  phospho-peptide  spanning 

CEACAM3  tyrosine  residue  Y-230,  whereas  there  was  no  binding  to  the  same 

peptide  in  the  un-phosphorylated  or  the  phenylalanine-substituted  forms  (Fig. 

4.2.6C).  This  in  vitro association was highly specific as Vav-dn did not bind to a 

synthetic  peptide  spanning  CEACAM3  tyrosine  residue  Y-241  neither  in  the 

phosphorylated nor in the un-phosphorylated form (Fig. 4.2.6C). Furthermore, there 

was no association between GST alone and any of the tested peptides detectable  

(Fig. 4.2.6C). Together, these results demonstrate that there is a direct and specific 

interaction between the Vav SH2 domain and the phosphorylated tyrosine residue Y-

230 within the ITAM-like sequence of CEACAM3.

4.2.10. Vav  is  involved  in  opsonin-independent  phagocytosis  of  CEACAM-
binding pathogens by primary granulocytes

To finally investigate if CEACAM3-initiated signaling in primary granulocytes is also 

dependent  on  Vav  function,  we  took  advantage  of  TAT-mediated  protein 

transduction in freshly isolated human granulocytes. Therefore, TAT-fusion proteins 

of VAV-dn as well as Swap70-dn were expressed and purified from Escherichia coli 

(Fig. 4.2.7A).  Human granulocytes were pre-incubated or not with  2 µM of  these 

proteins for 15 min before infection with fluorescein-labeled N. gonorrhoeae. In the 

absence of opsonins, non-opaque gonococci are barely phagocytosed by primary 

granulocytes, whereas OpaCEA-expressing N. gonorrhoeae are efficiently internalized 

within  15  min  after  infection  (Fig.  4.2.7A)  (Schmitter  et  al.,  2004). Interestingly, 

treatment  of  the  phagocytes  with  TAT-Swap70-dn  did  not  impair  their  ability  to 

internalize opaque gonococci compared to untreated control cells (Fig. 4.2.7A). In  

contrast, pre-incubation of the granulocytes with TAT-Vav-dn severely decreased the 

uptake of OpaCEA-expressing gonococci (Fig. 4.2.7A). To further corroborate these 

findings,  we  infected  TAT-protein  treated  cells  with  fluorescein-labeled,  OpaCEA-

expressing gonococci. Following infection for 15 min, the samples were fixed and, in 

the absence of cell permeabilization, extracellular bacteria were selectively marked 
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by  anti-N.  gonorrhoeae antibodies  and  Cy5-conjugated  secondary  antibodies.  In 

addition,  TAT-fusion  proteins  were  detected  after  cell  permeabilization  using 

antibodies against the HA-tag and Cy-3-conjugated secondary antibodies. Confocal 

microscopy revealed that cells transduced with TAT-Swap70-dn contained numerous 
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Figure  4.2.7: Vav is required for CEACAM3-mediated phagocytosis by primary human granulocytes.  
(A) Isolated human neutrophils were left untreated or pre-incubated for one hour at 37°C with 2 µM of  
TAT-HA-Vav-dn or TAT-HA-Swap70-dn prior to infection with fluorescein-labeled non-opaque (Ngo  
Opa-)  or  OpaCEA–expressing  gonococci  (Ngo  OpaCEA)  for  15  min  at  37°C.  Phagocytosis  was  
determined by flow cytometry. The bars represent the uptake index in relation to untreated cells and  
are derived from a representative experiment. Similar results were obtained with granulocytes isolated  
from three  different  donors.  The  right  panel  shows a  Coomassie-stained gel,  where 5  µg  of  the  
indicated purified TAT fusion proteins were loaded. (B) Isolated human granulocytes were pre-treated  
with either TAT-HA-Vav-dn or TAT-HA-Swap70-dn as in (A) prior to infection with fluorescein-labeled,  
OpaCEA-expressing gonococci. Samples were fixed and differentially stained for extracellular (arrow,  
Cy5- and fluorescein-positive)  and intracellular bacteria (arrowhead, fluorescein-positive  only).  The  
transduced TAT fusion proteins were visualised after cell permeabilization by using a monoclonal anti-
HA-tag antibody and a Cy3-conjugated rabbit anti-mouse-antibody (α-HA-Cy3).
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intracellular  bacteria  (Fig.  4.2.7B,  arrowhead),  characterized  by  their  exclusive 

fluorescein-staining,  as  well  as  some  cell-associated,  extracellular  bacteria  that 

stained positive for both, fluorescein and Cy5 (Fig. 4.2.7B; small arrow). In contrast,  

no intracellular bacteria were detected in TAT-Vav-dn transduced granulocytes and 

all cell-associated bacteria were clearly highlighted with both, fluorescein and Cy5 

(Fig. 4.2.7B; small arrows) proving their extracellular location. Together, these data 

further support the idea that Vav links CEACAM3 engagement with Rac GTP loading 

and demonstrate that this functional connection is critical for opsonin-independent  

CEACAM-mediated phagocytosis of OpaCEA-expressing gonococci by primary human 

granulocytes.

4.2.11. Discussion

CEACAM3 (formerly designated CGM1a or CD66d) is a specialized member of the 

CEACAM family that is exclusively expressed on granulocytes  (Nagel et al., 1993). 

So far,  no  homologues of  CEACAM3 have been  detected  in  species  other  than 

humans  suggesting  that  this  receptor  is  a  recent  invention  in  primate  evolution 

(Kuespert et al., 2006). In contrast to other CEACAM family members, CEACAM3 

does not engage in homo- or heterophilic interactions with other CEACAMs and does  

not  contribute  to  cell-cell-adhesion  (Oikawa  et  al.,  2000). Furthermore,  no 

endogenous ligands of  CEACAM3 have been identified at present.  However,  this 

receptor  is  responsible  for  the  efficient  opsonin-independent  recognition  and 

elimination  of  a  number  of  human-specific,  gram-negative  bacterial  pathogens 

(Schmitter  et  al.,  2004). These  findings  suggest  that  CEACAM3  represents  a 

specialized component of the human innate immune defence against a subgroup of 

bacterial  pathogens  that  exploit  CEACAMs  present  on  mucosal  surfaces  for 

successfully colonizing their human host.

Here,  we  provide  evidence  that  CEACAM3-mediated,  opsonin-independent 

phagocytosis of human pathogens depends on a direct physical interaction between 

a tyrosine phosphorylated residue within the CEACAM3 ITAM-like sequence and the 

Rac  GEF  Vav.  This  tyrosine  kinase-regulated  protein-protein  interaction  directly 

couples CEACAM3-mediated recognition of bacteria with the stimulation of the small 

GTPase Rac that  is critical  for  several  effector  functions of  human granulocytes, 

such  as  actin  cytoskeleton  rearrangements  leading  to  phagocytosis  and  the 
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generation of reactive oxygen derivatives by the NADPH oxidase (Diekmann et al., 

1994;  Dinauer,  2003). In  this  respect,  the  recruitment  of  Vav  to  tyrosine 

phosphorylated  CEACAM3  provides  a  molecular  explanation  for  the  efficient 

opsonin-independent phagocytosis and elimination of CEACAM3-binding bacteria by 

the human innate immune defence.

4.2.11.1. Vav connects multiple immunoreceptors with actin cytoskeleton dynamics

Vav stands out from other members of the Dbl homology (DH) family of GEFs, as it  

encompasses a SH2 domain that allows Vav to connect to phosphorylated tyrosine 

residues  in  a  number  of  proteins  (Fischer  et  al.,  1998). Furthermore,  Vav  GEF 

activity itself is regulated by tyrosine phosphorylation enabling Vav to couple protein 

tyrosine  kinase  signaling  pathways  to  Rho  GTPase  stimulation  (Bustelo,  2000). 

Though  in vitro Vav seems to be able to exert GEF activity towards multiple Rho 

family members, the preferred substrate for Vav appears to be the small GTPase 

Rac  (Heo et al.,  2005). For example,  upon stimulation of  the high affinity IgE Fc 

receptor (FcεR1) found on basophils and mast cells, Vav activity is directed towards 

Rac,  but  does  not  affect  other  small  GTPases  such  as  Cdc42,  RhoA,  or  Ras 

(Teramoto et al., 1997). Similarly, during Fcγ receptor (FcγR)-mediated phagocytosis 

Vav is exclusively coupled with guanine nucleotide exchange on Rac, but not on 

Cdc42 (Patel et al., 2002). Our data provide additional support to the notion that Vav 

acts as a specific Rac GEF in vivo, as CEACAM3-mediated phagocytosis depends 

on Rac,  but  not  on Cdc42 GTP loading,  and contact  of  human phagocytes  with 

OpaCEA-expressing gonococci leads to rapid Rac, but not Cdc42 stimulation (Hauck 

et al., 1998; Schmitter et al., 2004).

4.2.11.2. Molecular interactions mediated by the Vav SH2 domain and the CEACAM3 ITAM-

like sequence

In ITAM-initiated signaling by the T-cell receptor (TCR), by the B-cell receptor (BCR), 

by FcεR1,  or  by FcγR, Vav is recruited to  the activated receptor  complex by an 

indirect  mechanism  that  involves  Vav  SH2  domain  binding  to  the  tyrosine 

phosphorylated  adapter  molecules  SLP-76/  SLP-65  (BLNK)  or  either  one  of  the 

cytoplasmic PTKs ZAP-70 or Syk  (Fischer et al.,  1998; Monroe, 2006). Additional 

adapter  molecules  such  as  LAT  or  Gads  can  then  be  involved  in  linking  Vav-

associated molecules with the immunoreceptor complex  (Leo, Schraven, 2001). In 
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contrast, the Vav SH2 domain binds directly to the cytoplasmic ITAM-like sequence 

of CEACAM3 bypassing the requirement for any accessory adapter proteins. Such a 

kind of short-wiring might provide fast signal propagation from the receptor, however, 

it might reduce the ability to fine-tune and regulate CEACAM3-initiated phagocytosis.

Recognition sites for the Vav SH2 domain have been characterized in ZAP-70 (Y-

313),  Syk  (Y-341),  and  SLP-76  (Y-112  and  Y-128),  where  the  critical  tyrosine 

residues are embedded within a canonical YESP motif (Tuosto et al., 1996). The Vav 

SH2 domain has also been shown to bind to a YEEP sequence in the cytoplasmic 

domain of CD19 (O’Rourke et al., 1998). In addition, our data support the view that 

the Vav SH2 domain is able to associate with the YEEL sequence surrounding Y-230 

of  CEACAM3. It  is interesting to note that  the second tyrosine residue within the  

CEACAM3 cytoplasmic domain ITAM-like sequence, Y-241, corresponds to a YxxM 

motif.  Such  a  motif  has  been  found  in  other  instances  to  serve  as  high  affinity  

docking  site  for  the  SH2  domains  of  the  regulatory  p85  subunit  of  

phosphatidylinositol-3  kinase  (PI  3-kinase)  (Piccione  et  al.,  1993). Indeed,  PI  3-

kinase activity is required for CEACAM3-initiated bacterial uptake and a product of PI 

3-kinase activity, phosphatidylinositol-3,4,5-trisphosphate (PtdIns(3,4,5)P3) has been 

detected in the vicinity of bacteria-bound CEACAM3 (Booth et al., 2003). Importantly, 

PtdIns(3,4,5)P3 allows maximum activation of the Vav GEF function by binding to the 

Vav  PH  domain  (Han  et  al.,  1998). Therefore,  the  phosphorylated  ITAM-like 

sequence of CEACAM3, with its particular protein-protein interactions, might spatially 

bring together both an activator of GEF activity (PI 3-kinase) as well as the specific  

GEF itself (Vav) for a locally confined and rapid stimulation of the small GTPase Rac.

4.2.11.3. Vav  short-wires  CEACAM3  phosphorylation  with  Rac  GTP loading  for  efficient  

bacterial phagocytosis and elimination

It has to be considered that in granulocytes CEACAM3 is co-expressed with other  

CEACAM  family  members  such  as  CEACAM1  and  glycosylphosphatidyl-inositol 

(GPI)-anchored  CEACAM6  that  both  recognize  OpaCEA-expressing  Neisseriae.  In 

particular,  CEACAM1 has  been  described  to  function  as  a  negative  regulator  of 

signaling events in the context of T-cell receptor stimulation and natural killer cell 

signaling  (Markel et al., 2002; Boulton, Gray-Owen, 2002; Stern et al., 2005). This 

inhibitory function is presumably due to a functional immunoreceptor tyrosine-based 

inhibition motif (ITIM) within the cytoplasmic domain of the most common isoform of 
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CEACAM1 (Chen et al., 2001b; Chen et al., 2004). Therefore, granulocyte contact 

with the multivalent OpaCEA–expressing gonococci should engage several CEACAM 

variants  including  CEACAM1,  CEACAM3,  and  CEACAM6.  Whereas  signal 

transduction  from  GPI-anchored  CEACAM6  has  not  been  characterized  so  far, 

CEACAM-binding  pathogens  should  simultaneously  trigger  CEACAM3-initiated 

stimulation of  Src PTKs,  Vav,  and Rac as well  as CEACAM1-mediated inhibitory 

signaling events. It is interesting to speculate that the direct association of Vav with  

phosphorylated  Y-230 of  CEACAM3 and the  resulting  fast  kinetics  of  Rac GTP-

loading provide  a  molecular  rationale  for  the  fact  that  CEACAM3 functions  as  a  

highly effective phagocytic receptor in the presence of CEACAM1-initiated negative 

signaling. Furthermore, the complex formation between CEACAM3 and Vav could 

help explain previous observations that the kinase Syk, a canonical element in ITAM-

initiated signaling, is not stimulated upon gonococcal contact with human phagocytes 

and is not essential for CEACAM3-mediated phagocytosis  (Hauck et al., 1998) (S. 

Gray-Owen,  personal  communication).  Taken  together,  the  short-wiring  of  the 

CEACAM3 ITAM-like  motif  with  Rac  stimulation  via  direct  Vav recruitment  might 

represent a specific adaptation of the human innate immune system.  In this way, 

CEACAM1-initiated  negative  signaling  could  be  excluded  from  interfering  with 

CEACAM3-mediated  phagocytosis,  thereby  allowing  the  opsonin-independent 

elimination of CEACAM-binding pathogens by human granulocytes.
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4.3.1. Summary

CEACAM3 is a granulocyte receptor mediating the opsonin-independent recognition 

and  phagocytosis  of  human-restricted  CEACAM-binding  bacteria.  CEACAM3 

function depends on an intracellular immunoreceptor tyrosine-based activation motif  

(ITAM)-like sequence that  is  tyrosine  phosphorylated  by Src family kinases upon 

receptor engagement. The phosphorylated ITAM-like sequence triggers GTP-loading 

of Rac by directly associating with the guanine nucleotide exchange factor (GEF) 

Vav.  Rac stimulation  in  turn  is critical  for  actin  cytoskeleton  rearrangements  that 

generate lamellipodial protrusions and lead to bacterial uptake. In our present study 

we provide biochemical and microscopic evidence that  the adaptor proteins Nck1 

and Nck2, but not CrkL, Grb2 or SLP-76, bind to tyrosine phosphorylated CEACAM3.  

The association is phosphorylation-dependent  and requires the Nck SH2 domain. 

Overexpression of the isolated Nck SH2 domain or RNAi-mediated knock-down of  

Nck interfere with CEACAM3-mediated bacterial internalization. Nck is constitutively 

associated with WAVE2 and directs the actin nucleation promoting WAVE complex 

to  tyrosine  phosphorylated  CEACAM3.  As  dominant-negative  WAVE2  severely 

blocks  CEACAM3-mediated  internalization  of  bacteria,  our  results  provide 

mechanistic  insight  into  the  organization of  CEACAM3-initiated  actin  cytoskeleton 

rearrangements. We suggest that the CEACAM3 ITAM-like sequence is optimized to 

co-ordinate a minimal set of cellular factors needed to efficiently trigger actin-based 

cellular protrusions and rapid pathogen engulfment.

4.3.2. Introduction

Several  human-restricted  pathogens  target  surface  receptors  of  the 

carcinoembryonic  antigen-related  cell  adhesion  molecule  (CEACAM)  family  to 

contact their host  (Hauck et al., 2006). In particular, CEACAM1, CEACAM3, CEA, 

the  product  of  the  CEACAM5  gene,  and  CEACAM6  can  serve  as  microbial 

receptors.  As  CEACAM-recognition  has  evolved  independently  in  multiple  Gram-

negative bacteria including Haemophilus influenzae, Moraxella catarrhalis, Neisseria 

gonorrhoeae and N. meningitidis, as well as uropathogenic Escherichia coli, this trait 

seems to confer a selective advantage to these microbes in vivo  (Virji,  2009). All 

CEACAM-binding bacteria colonize the mucosal surface of the human nasopharynx, 
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intestine or urogenital tract, where CEACAM family members are expressed on the 

apical  membrane  of  polarized  epithelial  cells  (Hammarstrom,  1999). In  vivo 

experiments  employing  a  humanized  mouse  model  have  demonstrated  that 

CEACAM  recognition  can  strongly  promote  the  initial  establishment  of 

microorganisms on the mucosa  (Muenzner et  al.,  2010). In this context,  bacterial 

stimulation  of  CEACAMs  enhances  the  adhesiveness  of  the  infected  host  cells 

thereby suppressing the exfoliation of the superficial epithelial layer (Muenzner et al., 

2005; Muenzner et al., 2010).

On the other hand, CEACAM family members such as CEACAM1, CEACAM3, or 

CEACAM6 are found on various hematopoietic cells. A common splice variant of 

CEACAM1, which is present on mature B-cells and CD4-positive T-cells, contains 

two immunoreceptor tyrosine-based inhibition motifs (ITIMs) and has been reported 

to interfere with antibody production by B-cells  (Chen et al., 2001b; Pantelic et al., 

2005) or CD4 T-cell proliferation, respectively, upon stimulation by CEACAM-binding 

bacteria  (Boulton, Gray-Owen, 2002). Though this report has been challenged by 

recent  observations  that  both  CEACAM-binding  and  non-binding  N. gonorrhoeae 

stimulate T-cell proliferation and cytokine secretion to the same extent  (Youssef et 

al., 2009), engagement of CEACAM1 on immune cells by pathogenic microbes might 

interfere with some effector functions of hematopoietic cells and thereby provide a 

selective  advantage  (Gray-Owen,  Blumberg,  2006). Interestingly,  human 

granulocytes express a peculiar member of the CEACAM family, CEACAM3, which 

shares  a  high  degree  of  homology in  its  extracellular,  bacteria-binding  part  with 

CEACAM1, CEA, and CEACAM6  (Pils et al., 2008). In contrast to CEACAM1, the 

CEACAM3 cytoplasmatic domain encompasses a tyrosine-based sequence that is 

reminiscent of an immunoreceptor tyrosine-based activation motif (ITAM). Canonical 

ITAM  sequences  are  found  in  the  cytoplasmatic  subunits  of  T-cell  and  B-cell  

receptors as well as Fc γ receptors (FcγRs) (Abram, Lowell, 2007). ITAMs are critical 

for  transducing  stimulatory  signals  and,  in  the  case  of  phagocytes,  promote 

bactericidal  activities  of  these  effector  cells  (Greenberg,  1995). Interestingly, 

engagement  of  CEACAM3  by  bacteria  has  been  shown  to  result  in  rapid 

phagocytosis  and elimination  of  the bacteria  in an acid  intracellular compartment 

(Booth  et  al.,  2003;  Schmitter  et  al.,  2004). Therefore,  CEACAM3-mediated 

recognition and opsonin-independent phagocytosis might be a specific adaptation of  

the human innate immune system to balance the colonization of mucosal surfaces 

by  CEACAM-binding  microbes.  In  line  with  the  idea  that  CEACAM3-mediated 
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engulfment  by  granulocytes  is  to  the  disadvantage  of  the  recognized  microbes, 

several  studies  have  demonstrated  that  this  uptake  process  is  mechanistically 

distinct from CEACAM1, CEACAM6 or CEA-mediated internalisation  (Billker et al., 

2002;  McCaw et  al.,  2004;  Schmitter  et  al.,  2007b;  Muenzner  et  al.,  2008). For 

example, CEACAM3-mediated internalisation strictly depends on actin cytoskeleton 

dynamics  and  does  not  involve  cholesterol-  and  sphingolipid-rich  membrane 

microdomains  (Schmitter et al., 2007b; Muenzner et al., 2008). Moreover, whereas 

CEA  and  CEACAM6  are  glycosylphosphatidyl-inositol-anchored  proteins  and 

CEACAM1  lacking  the  cytoplasmic  domain  is  competent  for  bacterial  uptake, 

cytoskeletal  rearrangements and efficient  phagocytosis  via CEACAM3 depend on 

the integrity of the cytoplasmatic ITAM-like sequence (Billker et al., 2002; McCaw et 

al.,  2003;  Schmitter  et  al.,  2004;  Muenzner  et  al.,  2008).  Starting  with  receptor 

clustering by multivalent bacteria, several steps in the CEACAM3-initiated signalling 

pathway have been delineated in primary granulocytes and CEACAM3-transfected 

cell lines. Most importantly, tyrosine phosphorylation of the ITAM-like sequence by 

Src-family protein tyrosine kinases (PTKs) appears as the initial event, which guides 

the  assembly  of  a  transient  signalling  complex  and  which  is  blocked  by 

pharmacological inhibitors of Src family kinases  (McCaw et al., 2004; Schmitter et 

al., 2007b; Buntru et al., 2009). Upon phosphorylation of tyrosine residue Y230 within 

the  ITAM-like  sequence,  this  phospho-tyrosine  serves  as  a  docking  site  for  the 

guanine  nucleotide  exchange  factor  (GEF)  Vav  (Schmitter  et  al.,  2007a). Direct 

association of the CEACAM3 ITAM with the SH2 domain of Vav provides a short-cut  

between receptor engagement and GTP-loading of the small G-protein Rac, which is 

a critical regulator of actin polymerization. Accordingly, dominant-negative versions 

of  Rac,  but  not  the  closely  related  G-protein  Cdc42,  severely  reduce  opsonin-

independent  phagocytosis  of  CEACAM-binding  bacteria  by  primary  human 

granulocytes (Schmitter et al., 2004). In line with a central role of Rac in this process, 

a rapid increase in GTP-loaded Rac as well as the formation of large lamellipodial 

protrusions is observed in granulocytes infected with CEACAM-binding gonococci  

(Hauck et al., 1998; Schmitter et al., 2004). However, which Rac-dependent effectors 

contribute to actin polymerization in the vicinity of  CEACAM3-bound bacteria and 

how  these  effectors  are  recruited  to  the  sites  of  bacterial  uptake  is  currently 

unknown.

In this study, we identified the adaptor molecule Nck as a novel interacting partner of 

CEACAM3.  Biochemical  analyses  demonstrated  that  Nck,  but  not  other  adapter 
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molecules  such  as  Grb2,  CrkL,  or  SLP-76,  bound  to  the  ITAM-like  sequence  of 

CEACAM3 in a phosphorylation-dependent  manner.  In microscopic investigations, 

Nck  clustered  together  with  the  receptor  at  sites  of  bacterial  uptake  and 

overexpression of the isolated SH2-domain of Nck or siRNA-mediated knock-down 

of  Nck1 interfered  with  CEACAM3-mediated  phagocytosis.  Interestingly,  Nck was 

found in a CEACAM3-containing complex together with the Rac effector WAVE2,  

which  promoted  f-actin  polymerization  during  uptake  of  CEACAM3-associated 

bacteria.  These  results  suggest  that  CEACAM3-associated  Nck  helps  to  bring 

together Rac effector molecules such as WAVE with receptor-bound Rac activators 

such  as  the  GEF  Vav  to  promote  the  local  actin  cytoskeleton  rearrangements 

necessary for the opsonin-independent internalisation of CEACAM-binding bacteria.

Results

4.3.3. The  cytoplasmic  domain  of  CEACAM3  associates  with  the  adaptor  
protein Nck

Phosphotyrosine-based signalling complexes often involve SH2-domain containing 

adapter  molecules.  To  identify  adapter  molecules  potentially  interacting  with  the 

ITAM-like sequence of CEACAM3, we examined a panel of SH2 domains derived 

from  different  adaptor  proteins  for  their  capacity  to  interact  with  phosphorylated 

CEACAM3. In a pull-down assay, GST-fusion proteins of SH2 domains derived from 

Grb2, CrkL, Nck1, or, as a positive control, the PTK c-Src were added to cell lysates 

containing phosphorylated full-length CEACAM3. Phosphorylation of CEACAM3 was 

ensured by co-expression of v-Src, a constitutive active viral form of the cellular PTK 

c-Src,  which  phosphorylates  CEACAM3 at  tyrosine  residues  in  the  cytoplasmatic 

ITAM-like sequence (McCaw et al., 2003; Schmitter et al., 2007b) (Fig. 4.3.1A). As 

expected, the recombinant c-Src SH2 domain fused to GST precipitated CEACAM3 

from the  lysate  (Fig.  4.3.1B).  This  is  in  line  with  previous  reports  that  show co-

localization and a direct association of Src family PTK SH2 domains with tyrosine 

phosphorylated CEACAM3 (Schmitter et al., 2007b; Buntru et al., 2009). In contrast, 

GST alone or the SH2 domains of the adaptor proteins CrkL and Grb2 were not able 

to precipitate CEACAM3. Importantly, the SH2 domain of Nck1 interacted strongly 
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with CEACAM3 (Fig. 4.3.1B). To analyse if the specific binding of Nck1 involves the 

cytoplasmatic  domain  of  CEACAM3,  additional  pull-down assays  were performed 

using full-length CEACAM3 (CEACAM3 WT) and a deletion mutant of the receptor 

that lacks the complete cytoplasmatic domain (CEACAM3 ∆CT). Upon transfection of 
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Figure  4.3.1:The  SH2  domain  of  Nck1  associates  with  the  
cytoplasmatic domain of CEACAM3. (A) 293 cells were transfected  
with  a  plasmid  encoding  GFP-  and  HA-tagged  CEACAM3 
(CEACAM3-GFP) or GFP alone and co-transfected or not with v-Src.  
CEACAM3  was  immunoprecipitated  (IP)  from  lysates  and  the 
phosphorylation  status  was  assayed  by  Western  blotting  with  
monoclonal antibodies against phospho-tyrosine (pTyr)(upper panel).  
The expression of  the proteins  was verified by probing whole cell  
lysates (WCL) with antibodies against GFP, vSrc, or tubulin (lower  
panels).  (B)  The indicated GST-SH2 domains  or  GST alone were  
used  in  pulldown  assays  with  lysates  from  cells  co-expressing  

CEACAM3-GFP and vSrc as in (A). Precipitates were analysed by Western blot with monoclonal HA-
tag  antibody  to  detect  SH2  domain-bound  CEACAM3  (upper  panel).  Input  shows  CEACAM3 
expression in 1/10 of the lysate used for pulldown. Membranes were stripped and re-probed with GST  
antibodies to detect the GST fusion proteins (lower panel). (C) 293 cells were transfected with GFP-  
and HA-tagged wildtype  CEACAM3 (CEACAM3 WT),  a  CEACAM3 mutant  with  a  deletion of  the  
complete cytoplasmatic domain (CEACAM3 ΔCT), or an empty vector (pcDNA) and co-transfected  
with v-Src. Precipitates were analysed as in (B). (E) Lysates from cells co-expressing CEACAM3-GFP  
and vSrc were precipitated with GST, GST-Nck1-SH2, or a mutant of the Nck1 SH2 domain that is  
unable to bind phospho-tyrosine (GST-Nck1-R308K). Precipitates were analysed as in (B).
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293 cells and preparation of lysates, CEACAM3 WT or CEACAM3 ∆CT were present 

at similar levels (Fig. 4.3.1C). However, the Nck1 SH2 domain associated only with 

full-length,  but not with truncated CEACAM3 (Fig. 4.3.1D). Again,  the association 

was specific for the SH2 domain of Nck1 and was not observed for GST alone or the 

SH2 domain of Grb2 (Fig. 4.3.1D).

SH2-domain-mediated  interactions  require  an  intact  phospho-tyrosine  binding 

pocket. In Nck1, a crucial arginine residue is located in this binding pocket at position  

308 (R308) of the full length Nck1 protein. Accordingly, we performed site-directed 

mutagenesis and replaced R308 for  lysine.  In contrast  to  the wildtype Nck1 SH2 

domain,  the  resulting  Nck1-R308K-SH2  domain  lost  its  ability  to  associate  with 

CEACAM3 (Fig. 4.3.1E), demonstrating that the observed interaction is mediated by 

a phospho-tyrosine-directed binding of the Nck1 SH2 domain.

4.3.4. Nck1  and  Nck2  bind  to  the  phosphorylated  cytoplasmatic  domain  of  
CEACAM3

In humans, two Nck homologues, Nck1 and Nck2, are expressed in most cell types 

(Buday  et  al.,  2002). To  analyze the  ability  of  either  of  these  two  proteins  to 

associate with CEACAM3, we employed GST fusion proteins of the SH2 domains of 

either Nck1 or Nck2. Lysates were prepared from 293 cells transfected with GFP, 

CEACAM3 WT-GFP, or CEACAM3 ∆CT-GFP in the presence or absence of v-Src 

(Fig. 4.3.2A). Using these lysates in pull-down analyses, both the Nck1 as well as the 

Nck2 SH2 domain were able to bind to full-length CEACAM3, but not to CEACAM3 

∆CT (Fig. 4.3.2B). Again, binding of the Nck1 and Nck2 SH2 domains to CEACAM3 

WT was comparable to the interaction found for the c-Src SH2 domain (Fig. 4.3.2B).  

In contrast to Nck, the SH2 domains of the two adapter proteins SLP76 and Grb2, or 

GST alone did not associate with CEACAM3 (Fig. 4.3.2B). Importantly, association 

of  Nck1 and Nck2 with  CEACAM3 depended  on tyrosine  phosphorylation  of  the 

cytoplasmatic domain, as binding did not occur, if CEACAM3 was not co-expressed 

with v-Src (Fig. 4.3.2A). In all cases, GST and GST-SH2 domains were employed in 

comparable amounts  as shown by Coomassie staining of  the blotted precipitates 

(Fig. 4.3.2B, lower panels). Together, these results demonstrate that both Nck1 and 

Nck2 can specifically bind to the phosphorylated cytoplasmic domain of CEACAM3.
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4.3.5. CEACAM3 and Nck1 co-localize at sites of bacterial attachment

Upon infection with Neisseria gonorrhoeae, CEACAM3 clustering triggers recruitment 

of Src-family PTKs to the bacteria-engaged receptor (Buntru et al., 2009). To localize 

the  potential  interaction  of  Nck  with  the  bacteria-associated  receptor,  we  co-

transfected  293  cells  with  constructs  encoding the  red-fluorescent  protein  mKate 

fused to the carboxy-terminus of  wildtype CEACAM3 (CEACAM3-mKate) together 

with either GFP, the GFP-tagged Nck1 SH2 domain (Nck1-SH2) or the GFP-tagged, 

mutated  Nck1  SH2  domain  (Nck1-SH2-R308K).  All  constructs  were  successfully 

expressed  at  moderate  levels  suitable  for  analysis  by  confocal  laser  scanning 

microscopy.  As  expected,  CEACAM3-mKate  was  predominantly  found  in  cellular 

membranes  (Fig.  4.3.3A).  Following  infection  with  CEACAM-binding  gonococci, 

CEACAM3-mKate clustered at sites of bacterial engagement, but this did not result 

in re-distribution of GFP (Fig. 4.3.3A). Clearly, the GFP-fused Nck1 SH2 domain was 

strongly  recruited  to  the  contact  sites  of  CEACAM3  and  bacteria  (Fig.  4.3.3A; 

arrowheads). In contrast, the mutated Nck1 SH2 domain (Nck1-SH2-R308K), which 

did not interact with phosphorylated CEACAM3, did not accumulate in response to 

bacterial  CEACAM3 engagement  and remained evenly distributed throughout  the 

cell  (Fig.  4.3.3A).  In  line with  the selective recruitment  of  the isolated  Nck1 SH2 
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Figure 4.3.2: Nck1 and Nck2 bind to the tyrosine phosphorylated cytoplasmatic domain of CEACAM3.  
(A)  293 cells were transfected with plasmids encoding GFP- and HA-tagged CEACAM3 wild type  
(WT), CEACAM3 ΔCT, or GFP and cotransfected or not with vSrc. Whole cell lysates (WCL) were  
analysed by Western blot with monoclonal anti-GFP antibody. (B) Lysates as in (A) were precipitated  
with the indicated GST-SH2-domain fusion proteins or  GST alone. Precipitates were analysed by  
Western blotting with monoclonal GFP antibody to detect precipitated CEACAM3 (upper panels). The  
membranes were stained with Coomassie Brillliant Blue (Coomassie) to verify equal amounts of GST  
or GST-fusion proteins in the precipitates (lower panel).
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Figure 4.3.3: Association of Nck1 and CEACAM3 occurs in intact cells upon N. gonorrhoeae infection.  
(A) 293 cells were transfected with plasmids encoding mKate-tagged CEACAM3 WT (red) and co-
transfected with either GFP, GFP-Nck1-SH2, or GFP-Nck1-R308K-SH2 (green). Cells were infected  
for 30 minutes with PacificBlue-labelled OpaCEA-expressing N. gonorrhoeae (blue). Fixed samples  
were  analysed  by  confocal  laser  scanning  microscopy.  Bacteria  cluster  CEACAM3  and  induce  
recruitment of Nck1-SH2 (arrowheads), but not GFP or Nck1-R308K-SH2 (small arrows). Bars indicate  
20µm.  The  boxed regions  were enlarged (right  panels)  and line profiles  were  taken as  indicated  
representing the relative fluorescence intensity values in the three detection channels. (B) 293 cells  
were transfected with RFP-tagged CEACAM3 WT (red) and co-transfected with full-length GFP-Nck1  
(GFP-Nck1; green). Samples were infected for 30 minutes with OpaCEA-expressing N. gonorrhoeae  
(blue) and, after fixation, bacteria were stained with polyclonal antibody and Cy5-coupled secondary  
reagents. Confocal laser scanning microscopy revealed that Nck was strongly enriched at sites of  
bacterial contact with CEACAM3 (arrowhead). Bars indicate 5 µm. (C) 293 cells were transfected with  
plasmids encoding vSrc together with pcDNA or HA-tagged CEACAM3 WT. Where indicated, cell were  
co-transfected with full-length myc-tagged Nck1. After lysis, CEACAM3 WT was immunoprecipitated  
(IP)  with mAb against  the HA-epitope.  After  Western  blotting,  precipitates were probed with mAb  
against myc-Nck1 (upper panel) and, after stripping of the membrane against the immunoprecipitated  
CEACAM3 WT with mAb against the HA-tag (lower panel). The immunoglobulin heavy (Ig-H) and light  
chain (Ig-L) of the precipitating antibody are indicated.
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domain, also GFP-tagged full length Nck1 was strongly recruited to sites of bacterial  

attachment in 293 cells expressing a red fluorescent protein tagged CEACAM3 (Fig. 

4.3.3B). The formation of a complex between Nck1 and CEACAM3 in intact cells was 

verified by co-immunoprecipitation of full length Nck1 together with CEACAM3 from 

cell lysates with co-expression of v-Src (Fig. 4.3.3C). These results provide evidence 

that a CEACAM3-Nck complex is formed in intact cells upon bacterial engagement of  

CEACAM3 and suggest  that  Nck could be involved in  orchestrating the  opsonin-

independent phagocytosis of CEACAM3-bound microbes.

4.3.6. Overexpression  of  the  Nck  SH2  domain  reduces  bacterial  uptake  via  
CEACAM3

If  the observed specific recruitment of Nck1 to clustered CEACAM3 would have a 

functional  role  for  bacterial  internalization,  then  blocking  access  of  Nck  to  the 

cytoplasmatic  domain  of  the  receptor  should  interfere  with  the  uptake  process. 

Therefore,  we overexpressed the isolated Nck1 SH2 domain or the SLP-76 SH2 

domain  together  with  CEACAM3  and  monitored  bacterial  internalization  by 

gentamicin  protection  assays.  In  line  with  the  idea that  association  of  Nck1 with 

CEACAM3 is needed for efficient internalization of bacteria, overexpression of the 

Nck1,  but  not  the  SLP-76 SH2 domain  reduced  the  uptake  of  CEACAM-binding 
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Figure  4.3.4:  Nck  has  a  functional  role  in 
CEACAM3-mediated  uptake  of  bacteria.  (A)  293 
cells  were  transfected  with  constructs  encoding 
mKate  or  mKate-tagged CEACAM3 WT and co-
transfected with either GFP alone, GFP-Nck1-SH2  
or  YFP-SLP76-SH2.  Transfected  cells  were  
infected for  30 minutes with OpaCEA-expressing  
N. gonorrhoeae  and  employed  in  a  gentamicin  
protection  assay.  Bars  represent  mean values  ±  
S.E.M of  four  independent  experiments  done  in  
triplicate. Significance was tested using a paired,  
two-sided Student's t-test;  ***,  p<0.001. (B) Cells  
were  transfected  and  infected  as  in  (A)  and 
employed  in  a  bacterial  adhesion  assay.  Bars  
represent  mean  values  ±  S.E.M  of  four  
independent  experiments  done  in  triplicate.  (C)  
HeLa cells stably expressing CEACAM3 WT were  
transfected with Nck1-siRNA, an unspecific control  
siRNA,  or  left  untransfected  (w/o).  72h  after  
transfection, cells were infected for 30 minutes with  

OpaCEA-expressing N. gonorrhoeae and employed in a gentamicin protection assay. Bars represent  
mean values ± S.E.M of four independent experiments done in triplicate. Significance was tested using  
a paired, two-sided Student's t-test; **, p<0.01, *, p<0.05. Whole cell lysates (WCL) of the transfected  
cells were analysed by Western blotting with mAB against  Nck-1 (upper panel)  or against tubulin  
(lower panel).
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gonococci significantly by about 25% (Fig. 4.3.4A). In contrast, adhesion of bacteria  

to CEACAM3-expressing cells was not diminished in the presence of the Nck1 SH2 

domain  (Fig.  4.3.4B).  Though  these  results  suggest  that  Nck  is  involved  in  the 

CEACAM3-mediated uptake of  N. gonorrhoeae, the isolated SH2 domain of Nck1 

could interfere with other SH2 domain-dependent processes such as recruitment of  

Src family PTKs to the cytoplasmatic domain of the receptor. Therefore, we depleted 

endogenous Nck1 by siRNA in CEACAM3-expressing HeLa cells.  Knock-down of 

Nck1 was only partial and reduced the amount of Nck1 by about 60% (Fig. 4.3.4C). 

However, this partial reduction led to a significant decrease in CEACAM3-mediated 

uptake  of  gonococci  compared  to  untreated  or  control  siRNA-treated  cells  (Fig. 

4.3.4C). As a further control, HeLa cells, that do not express any CEACAM member 

endogenously,  did  not  internalize  gonococci  (Fig.  4.3.4C).  Together  with  the 

biochemical and microscopic analysis, these results identify a functional role for the 

adapter molecule Nck in regulating the CEACAM3-initiated uptake of bacteria.

4.3.7. CEACAM3  associates  with  a  Nck-  and  WAVE-containing  multiprotein  
complex upon bacterial engagement

CEACAM3-mediated uptake of bacteria is strictly dependent on actin polymerisation 

orchestrated by the small GTPase Rac (Schmitter et al., 2004). A well characterized 

effector  of  GTP-bound  Rac  is  the  WAVE/Scar-complex  that  promotes  f-actin 

nucleation by the Arp2/3 complex (Miki et al., 1998; Derivery, Gautreau, 2010). One 

critical  component  of  the  WAVE complex,  Nap1 (Nck-associated  protein  1),  is  a 

known binding partner of the SH3 domain of Nck. Giving this intriguing connection,  

we wondered whether Nck could help to localize the WAVE complex to CEACAM3. 

Accordingly,  293  cells  were  transfected  with  GFP,  CEACAM3  WT-GFP,  or 

CEACAM3  ∆CT-GFP  together  with  myc-tagged  WAVE2  and  then  infected  with 

CEACAM-binding  gonococci.  Confocal  microscopy  revealed  that  WAVE2  was 

distributed throughout the cytoplasm in cells expressing GFP irrespective of bacterial  

infection (Fig. 4.3.5A). However, WAVE2 was strongly recruited to sites of bacterial  

engagement of CEACAM3 in cells expressing the wildtype receptor (Fig. 4.3.5A). In 

contrast,  WAVE2  was  not  redistributed  in  cells  expressing  truncated  CEACAM3 

(CEACAM3  ∆CT-GFP),  even  though  this  receptor  was  able  to  bind  and  cluster 

together  with  the  bacteria  similar  to  the  wildtype  receptor  (Fig.  4.3.5A).  
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Figure  4.3.5:  Nck  recruits  the  WAVE2  complex  to  the  phosphorylated  cytoplasmatic  domain  of  
CEACAM3. (A) 293 cells were transfected with CEACAM3 WT-GFP, CEACAM3 ΔCT-GFP or GFP 
alone (green) and co-transfected with myc-WAVE2 (red). Samples were infected for 30 minutes with  
PacificBlue-labelled OpaCEA-expressing N. gonorrhoeae (blue), and, after fixation, myc-WAVE2 was  
detected  using  mAb  myc  and  Cy5-goat-anti-mouse  secondary  antibody.  Confocal  laser  scanning  
microscopy revealed the recruitment of WAVE2 to sites of bacteria-induced CEACAM3 WT clustering  
(arrowheads),  whereas CEACAM3 ΔCT or GFP did not induce major relocation of  WAVE2 (small  
arrows). Bars indicate 20µm. (B) 293 cells were transfected with GFP-WAVE2, myc-Nck1, and vSrc as  
indicated.  GFP-WAVE2  was  immunoprecipitated  (IP)  with  rabbit  polyclonal  GFP-antibody  and  
precipitates (upper panels) as well as WCLs (lower panels) were analysed by Western blot with mAb  
against the myc-tag or against GFP. (C) 293 cells were co-transfected with GFP-WAVE2, myc-Nck1,  
CEACAM3 WT-HA and vSrc as indicated. WCLs were analysed by Western blotting with mAb against  
GFP,  the  myc-tag,  or  the  HA-tag.  (D)  GFP-WAVE2  was  immunoprecipitated  (IP)  from  lysates  
generated in (C) and precipitates were analysed as in (C).
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Immunoprecipitation of WAVE2 from cells cotransfected or not with myc-tagged Nck 

and v-Src revealed a constitutive association of WAVE2 with Nck, which was not 

dependent on the presence of v-Src (Fig. 4.3.5B). This is in line with the idea that  

Nck binds to the WAVE complex in a phosphotyrosine-independent, SH3 domain-

dependent manner.

To test the possibility that Nck connects phosphorylated CEACAM3 with the WAVE 

complex,  we  transfected  293  cells  with  combinations  of  CEACAM3-WT-HA, 

CEACAM3  ∆CT-HA,  GFP-WAVE2,  myc-Nck1,  and  v-Src.  Expression  of  all  the 

constructs at equivalent levels was verified by Western blotting (Fig. 4.3.5C). Upon 

immunoprecipitation of GFP-WAVE2, the resulting precipitates were probed for the 

presence  of  myc-Nck  and  CEACAM3-HA  (Fig.  4.3.5D).  Again,  a  constitutive 

association of Nck with WAVE2 was detected, which did not depend on the presence 

of CEACAM3 or v-Src (Fig. 4.3.5D). However, CEACAM3 WT, but not CEACAM3 

∆CT, was only present in WAVE2 precipitates, if the cells co-expressed myc-Nck and 

v-Src demonstrating that Nck orchestrates the complex formation between tyrosine 

phosphorylated CEACAM3 and the Rac effector WAVE2 (Fig. 4.3.5D).

4.3.8. Overexpression  of  dominant-negative  WAVE2  impairs  the  phagocytic  
function of CEACAM3

Our finding of a Nck-mediated recruitment of the WAVE-complex implicates that this 

activator of actin nucleation might be involved in actin cytoskeleton rearrangements 

during CEACAM3-mediated phagocytosis. To test the functional significance of the 

WAVE complex in bacterial uptake, we used a dominant negative variant of WAVE2 

that lacks the carboxy-terminal VCA domain (WAVE2 ∆VCA). WAVE2 ∆VCA is not 

able to associate with the Arp2/3 complex and, therefore, disrupts WAVE-initiated 

actin nucleation (Miki et al., 1998). Similar to wildtype WAVE2, WAVE2 ΔVCA was 

strongly recruited  to  sites  of  bacterial  contact  with  CEACAM3 (Fig.  4.3.6A).  This 

result  suggests  that  the  Arp2/3  complex-binding  VCA  domain  of  WAVE2  is  not 

involved in the Nck-mediated localization to  phosphorylated CEACAM3. However, 

overexpression of WAVE2 ΔVCA severely impaired the CEACAM3-mediated uptake 

of  N.  gonorrhoeae without  effecting  bacterial  binding  to  the  cells  (Fig.  4.3.6B). 

Moreover,  WAVE2  ΔVCA  blocked  the  strong  accumulation  of  f-actin,  which  is 

observed in control cells at the sites of bacteria-initiated CEACAM3 clustering (Fig. 
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Figure 4.3.6: WAVE2 is critical for actin polymerization during CEACAM3 mediated uptake of bacteria.  
(A) 293 cells were co-transfected with CEACAM3WT-GFP or GFP (green) together with myc-tagged  
WAVE2 or WAVE ΔVCA (red) and infected for 30 min with PacificBlue-labelled OpaCEA-expressing N.  
gonorrhoeae (blue). After fixation, WAVE2 was stained with anti-myc antibodies and samples were  
analysed by confocal laser scanning microscopy. Recruitment of WAVE2 or WAVE ΔVCA to cell-
bound bacteria (arrowheads) in the presence of CEACAM3 was further visualised by line profiles  
representing the relative fluorescence intensity values in three detection channels (lower panels). (B)  
293 cells were transfected with pcDNA or a plasmid encoding HA-tagged CEACAM3 WT and co-
transfected with either GFP alone or GFP-WAVE2 ΔVCA. Cells were infected for 30 minutes with  
OpaCEA-expressing N. gonorrhoeae. (continued on next page)
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4.3.6C).  Together,  these  results  suggest  that  Nck  has  a  functional  role  in 

orchestrating CEACAM3-initiated signalling to the actin cytoskeleton by localizing the 

WAVE  complex.  Accordingly,  the  adapter  molecule  Nck  helps  to  convert  the 

cytoplasmatic domain of CEACAM3 into a specialized organizing center, where upon 

receptor stimulation Rac GEFs such as Vav are brought into close proximity to Rac 

effectors such as WAVE to promote efficient, opsonin-independent phagocytosis of 

CEACAM3-attached microbes.

4.3.9. Discussion

Several human specific pathogens are able to engage CEACAM family members to 

colonize mucosal surfaces  (Virji, 2009; Muenzner et al., 2010). On the other hand, 

human granulocytes are equipped with CEACAM3 to detect and eliminate CEACAM-

binding bacteria in an opsonin-independent manner  (Schmitter et al., 2004; Pils et 

al., 2008). 

Here  we demonstrate  that  the  adapter  molecule  Nck is  a  critical  element  in  the 

CEACAM3-initiated signalling cascade that helps to connect bacterial recognition via 

CEACAM3  with  rapid  actin-dependent  phagocytosis.  Nck  associates  in  a 

phosphotyrosine-dependent  manner  with  the  intracellular  ITAM-like  sequence  of 

CEACAM3 and knock-down of Nck or overexpression of the isolated SH2 domain 

impair  CEACAM3-mediated  uptake  of  N.  gonorrhoeae.  Nck  positions  the  WAVE 

complex to  the  clustered  receptor  promoting  local  actin  polymerization  and rapid 

engulfment of attached bacteria. These results suggest that the cytoplasmic domain 

of CEACAM3, by bringing together the Rac stimulator Vav as well as Rac effectors  

such as WAVE,  functions as a specialized organizing center  optimized to  trigger 

efficient, opsonin-independent phagocytosis of CEACAM-binding bacteria. 

Nck adapter proteins have been recognized as important regulators of growth factor  

receptor-  and integrin-stimulated signals that  control  the organization of  the actin 
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Parallel samples were analysed by bacterial adhesion assays (left  panel) or gentamicin protection  
assays (middle panel). Bars represent mean values ± S.E.M of three independent experiments done in  
triplicate. Significance was tested using a paired, two-sided Student's t-test; ***, p<0.001. Expression  
of constructs was verified by Western blotting of whole cell lysates (WCL) with mAb against GFP, HA-
tag, or tubulin as indicated (right panels). (C) 293 cells were co-transfected with CEACAM3 WT-GFP  
together with myc-WAVE2 ΔVCA or the empty vector (pcDNA). Cells were infected as in (A) and fixed.  
Myc-WAVE2  ΔVCA  was  detected  with  a-myc-tag  antibody  and  Cy5-goat-anti-mouse  secondary  
antibody. Phalloidin-AlexaFluor546 was used to visualize f-actin. Samples were analysed by confocal  
laser scanning microscopy. In the absence of WAVE2 ΔVCA, CEACAM3-binding bacteria induce local  
accumulation  of  f-actin  (arrowheads),  whereas  WAVE2  ΔVCA  recruited  to  bacteria-engaged 
CEACAM3 suppresses local f-actin accumulation (small arrows). Bars indicate 10 µm.
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cytoskeleton (Buday et al., 2002). Nck1 and Nck2 are co-expressed in most tissues 

and seem to mediate redundant functions, as single knock-out of either gene does 

not  impair  the  overall  function  of  the  organism,  whereas  deletion  of  both  genes 

results  in  embryonic  lethality  (Bladt  et  al.,  2003). In  line  with  their  seemingly 

overlapping function, Nck1 and Nck2 seem to interact with a similar set of proteins 

via either their SH2 or their SH3 domains  (Lettau et al.,  2009). Our studies also 

support the idea that Nck1 and Nck2 SH2 domains bind to the same target proteins,  

as both are able to precipitate tyrosine phosphorylated CEACAM3 in our assays. 

Crystallization of  the  Nck1 and Nck2 SH2 domains  together  with  phosphorylated 

target  peptides  as  well  as  biochemical  binding  studies  have  revealed  that  both 

adapters can accommodate a similar set of phospho-peptides  (Frese et al., 2006). 

The consensus motif for Nck-SH2 domain binding has revealed a preference for one 

or two acidic amino acids following carboxy-terminal to the phospho-tyrosine in the 

form of pY-D/E-D/E-V (Frese et al., 2006). Indeed, one of the two tyrosine residues 

within the ITAM-like sequence of CEACAM3 is followed by two negatively charged 

amino acids in the form of Y-E-E-L, which closely matches the characterized motif  

and  supports  the  idea  that  the  Nck  SH2  domain  directly  associates  with  the 

cytoplasmatic part of CEACAM3. 

Importantly, Nck also participates in Fcγ receptor- and T-cell receptor (TCR)-initiated 

signaling events that involve ITAM phosphorylation (Izadi et al., 1998; Lettau et al., 

2009). There, Nck associates with the activated receptors via additional, tyrosine-

phosphorylated  adapter  molecules  such as  c-Cbl  or  SLP-76,  respectively.  In  the 

context of T-cell stimulation, Nck is associated with the TCR complex via SLP-76 and 

recruits the Wiskott-Aldrich-Syndrome protein (WASP), which binds to the carboxy-

terminal  SH3  domain  of  Nck  (Rivero-Lezcano  et  al.,  1995;  Zeng  et  al.,  2003). 

Besides Nck, phosphorylated SLP-76 also binds the guanine nucleotide exchange 

factor Vav (Bubeck Wardenburg et al., 1998) Interestingly, SLP-76 bears multiple Y-

E-X-P motifs in its amino-terminal part that bind the SH2 domains of Nck and Vav, 

though they are clearly distinct from the optimal Nck SH2 (pY-D/E-D/E-V) or Vav 

SH2 (pY-M-E-P) recognition sequences as determined by phospho-peptide scanning 

(Frese et al., 2006; Songyang et al., 1994). A similar situation exists for CEACAM3, 

where the Y-E-E-L motif  surrounding Y-230 directly associates with the Vav SH2 

domain (Schmitter et al., 2007a) and might also be responsible for Nck binding. By 

the help of Nck, SLP-76 brings into proximity a stimulator (Vav) as well as an effector  

(WASP) of GTP-bound small Rho GTPases to locally organize the actin cytoskeleton 
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(Bubeck Wardenburg et al., 1998; Zeng et al., 2003). It is enticing to speculate that a 

similar role is taken over by the cytoplasmatic domain of CEACAM3 and thereby this 

receptor directly,  without  intermediary adaptor  proteins, recruits the machinery for 

rapid  actin  polymerization.  The  assembly  of  such  an  actin  regulating  signalling 

complex by the cytoplasmatic portion of CEACAM3 might also explain why the ITAM-
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Figure  4.3.7:  Current  model  of  CECAM3 signal  transduction.  Upon engagement of  CEACAM3 by  
CEACAM-binding  pathogens  (e.g.  Neisseria  gonorrhoeae  expressing  OpaCEA)  the  ITAM-like  
sequence in the cytoplasmatic domain of the receptor is phosphorylated by Src family kinases (SFKs)  
on two tyrosine residues (Y230 and Y241) that in turn serve as docking sites for several  effector  
proteins.  The  Rac-GEF  Vav  directly  binds  to  pY230  via  its  SH2  domain  and  activates  Rac  by  
facilitating GDP release.  While  Vav activates  Rac,  the adaptor  molecule  Nck  is  also  recruited to  
CEACAM3 in a phosphotyrosine-dependent manner along with the WAVE complex. Nck constitutively  
associates with the WAVE complex, presumably by an SH3 domain-mediated interaction with Nap1.  
The CEACAM3-localised WAVE-complex can now be activated by a GTP-Rac induced conformational  
change from an inactive conformation (dotted wedge) to an active complex that exposes the VCA-
domain of WAVE (solid wedge) to recruit the Arp2/3 complex. The resulting activation of the Arp2/3  
complex, which initiates nucleation of actin filaments, is critical for lamellipodia formation during the  
opsonin-independent phagocytosis of CEACAM3-binding bacteria.
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like sequence of this receptor can trigger efficient phagocytosis in the absence of 

Syk or Zap70 (Sarantis, Gray-Owen, 2007). These two tyrosine kinases are essential 

for cytoskeletal rearrangements initiated by canonical ITAM motifs  (Crowley et al., 

1997;  Greenberg,  1995).  Therefore,  inhibition  of  Syk  activity  in  macrophages 

compromises FcγR-mediated phagocytosis. In contrast, CEACAM3-mediated uptake 

of  bacteria  is  not  influenced  by Syk  inhibitors  in  primary granulocytes  or  by co-

expression of Syk in CEACAM3-transfected cell lines ((Sarantis, Gray-Owen, 2007); 

Pils and Hauck,  unpublished observations).  Together,  these findings suggest that 

CEACAM3 short wires receptor stimulation with efficient phagocytosis and, similar to 

phosphorylated SLP-76, achieves rapid reorganization of the actin cytoskeleton by 

optimizing the local environment for Rho GTPase signaling.

Despite the conceptual similarities, there is one important difference in the SLP-76-

mediated coordination of TCR-induced actin rearrangements at the immunological 

synapse  and  CEACAM3-induced  actin  polymerization  during  phagocytosis.  Upon 

TCR stimulation,  the  small  GTPase  Cdc42 is  thought  to  trigger  WASP-mediated 

actin  cytoskeleton  rearrangements  (Stowers  et  al.,  1995;  Zeng  et  al.,  2003).  In 

contrast, CEACAM stimulation in granulocytes is tightly linked to Rac GTP loading, 

and  dominant-negative  versions  of  Cdc42  do  not  interfere  with  N.  gonorrhoeae 

internalization  in  CEACAM3-transfected  human  cell  lines  or  primary  human 

granulocytes (Hauck et al., 1998; Schmitter et al., 2004). 

How the selective recruitment and stimulation of either Cdc42 or Rac is achieved is 

currently unknown, as TCR and CEACAM3-initiated signalling involve the guanine 

nucleotide exchange factor Vav (Zhang et al., 1995; Fischer et al., 1995; Schmitter et 

al.,  2007a).  Nevertheless,  our  findings  that  Nck  associates  with  phosphorylated 

CEACAM3 and recruits the WAVE2 complex shed light on the downstream events 

following  Rac  GTP  loading.  WAVE2  is  part  of  a  pentameric  complex  that  is 

intrinsically inactive  (Derivery et  al.,  2009;  Lebensohn,  Kirschner,  2009). Besides 

WAVE2,  Abi,  and Brk1,  the complex contains the  proteins Sra and Nap1,  which 

seem to  shield  the  carboxy-terminal  VCA domain  of  WAVE2,  thereby preventing 

WAVE-initiated Arp2/3 complex stimulation and actin nucleation (Derivery, Gautreau, 

2010;  Takenawa,  Suetsugu,  2007). Though  the  precise  details  are  currently 

unknown, the actin nucleation promoting activity of the WAVE complex appears to 

depend on multiple inputs including association with  GTP-loaded Rac,  binding to 

phosphoinositides,  and  phosphorylation  of  WAVE  (Lebensohn,  Kirschner,  2009; 

Danson et al., 2007; Leng et al., 2005) that all seem to alter the conformation of the 
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complex.

Interestingly, one integral component of the WAVE complex, Nap1, has been initially 

identified as an Nck binding partner in a yeast-two-hybrid screen  (Kitamura et al., 

1996;  Kitamura  et  al.,  1997). Interaction  between  Nap1 and Nck is  mediated by 

proline-rich  sequences  in  Nap1  and  Nck  SH3  domains  allowing  a  constitutive, 

phosphorylation-independent association as also detected in our analysis. Though 

direct  binding  of  the  SH3  domain  of  IRSp53,  a  BAR-domain  containing  protein 

localized at lamellipodial  membrane protrusions, has been shown to contribute to 

activation  of  the  WAVE  complex,  it  is  not  known,  if  the  SH3  domain-mediated 

association of Nck with Nap1 can result in an allosteric activation of the complex 

(Derivery,  Gautreau,  2010). However,  the  Nck-Nap1  interaction  could  clearly 

contribute to the subcellular localization of the WAVE complex, thereby directing the 

actin nucleation to clustered and tyrosine phosphorylated CEACAM3. Moreover, Nck 

could affect WAVE complex activation indirectly. In particular, Nck is known to bind 

the  cytoplasmatic  tyrosine  kinase  Abl,  that  phosphorylates  WAVE2  at  tyrosine 

residue Y150 providing an essential post-translational modification for full activation 

of the WAVE complex (Leng et al., 2005; Stuart et al., 2006). Abl directly binds to 

Abi, another constituent of the WAVE complex, but additional interactions between 

Nck SH3 domains and Abl might facilitate or stabilize this association.

Nck is also known to associate with the actin nucleation promoting factor N-WASP, 

an effector of  GTP-loaded Cdc42  (Buday et al.,  2002). Nck/N-WASP driven actin 

polymerization  is  known  to  be  critical  for  pedestal  formation  in  mammalian  cells 

infected with enteropathogenic E. coli (Gruenheid et al., 2001; Hayward et al., 2006). 

Though we can not formally rule out an involvement of WASP family members in  

CEACAM3-induced lamellipodia formation, the dependence on Rac-GTP instead of  

Cdc42-GTP and the severe reduction of f-actin in the vicinity of clustered CEACAM3 

in WAVE ΔVCA-expressing cells suggest that the Nck-mediated local enrichment of 

the  WAVE  complex  is  the  major  nucleation  promoting  activity  that  drives  actin 

rearrangements during CEACAM3-mediated phagocytosis of bacteria.

Our  work  reveals  the  unexpectedly  compact  organization  of  CEACAM3-initiated 

signalling that  connects  the  opsonin-independent  recognition  of  CEACAM-binding 

pathogens  via  the  extracellular  domain  with  rapid  phagocytosis  initiated  by  the 

cytoplasmatic domain. By recruiting in a tyrosine-phosphorylation dependent manner 

the guanine nucleotide exchange factor Vav as well as the Nck-WAVE module, the 

CEACAM3 ITAM-like  sequence elegantly  integrates  an  upstream activator  and a 
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downstream effector to provide an optimized subcellular microenvironment for Rac-

dependent  actin  rearrangements.  Indeed,  CEACAM3-mediated  uptake  by  human 

granulocytes  is  exceptionally  fast  and  results  in  a  large  number  of  internalized 

bacteria within 15 minutes after phagocyte encounter (Schmitter et al., 2004, 2007b, 

2007a). The involvement of few, but ubiquitously expressed signalling components 

not only explains why CEACAM3 can function as an efficient phagocytotic receptor in 

transfected cells, but also points to a minimal set of proteins needed for rapid and 

efficient engulfment of particles by human granulocytes.

4.3.10. Experimental procedures

Bacteria
Neisseria gonorrhoeae strain MS11 lacking pili and constitutively expressing OpaCEA 

(Opa52; strain N309) was kindly provided by Thomas Meyer (Max-Planck-Institut für  

Infektionsbiologie,  Berlin,  Germany).  Gonococci  were  cultured  as  described 

previously  (Schmitter  et  al.,  2004). For  gentamicin  protection  assays,  overnight 

grown bacteria were taken from GC-agar plates supplemented with  vitamins.  For 

microscopy, bacteria were labelled as indicated with either 0.2 µg/ml Pacific Blue-

succinimidylester,  Rhodamine-Red-succinimidylester  or  AlexaFluor647- 

succinimidylester (Invitrogen, Carlsbad, CA) as described (Schmitter et al., 2007a).

Cell culture
Human embryonic kidney epithelial 293T cells (293 cells) were cultured in DMEM 

supplemented with 10% calf serum (CS). HeLa cells stably expressing CEACAM3 

were provided by W. Zimmermann (Tumor Immunology Laboratory, LMU München, 

Germany) and cultured in DMEM  supplemented with 10% fetal  calf  serum (FCS). 

Cells were subcultured every 2-3 days. Cells were counted and assayed for viability 

(>90%) with a Casy Cell Counter (Innovatis, Bielefeld, Germany). 2.5 x 105 cells were 

seeded into each well of a gelatine-coated 48 well plate for gentamicin protection 

assays. For confocal laser scanning microscopy, 7.5 x 104  cells were seeded in 24 

well plates on glass cover slides coated with a mixture of fibronectin (4 µg/ml) and 

poly-L-lysine (10 µg/ml) in PBS.
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Recombinant DNA
Plasmids encoding CEACAM3-HA wildtype (WT) or the CEACAM3 mutant lacking 

the complete cytoplasmatic domain (CEACAM3 ΔCT) and CEACAM3 WT-RFP were 

described previously (Schmitter et al., 2004, 2007a). The HA-tagged CEACAM3 WT 

or  CEACAM3  ΔCT  were  amplified  using  primers  CEACAM3-IF-sense  5’-

GAAGTTATCAGTCGATACCATGGGGCCCCCCTCAGCC-3’  and  CEACAM3-IF-

antisense  5’-ATGGTCTAGAAAGCTTGCAGCGTAATCTGGAACGTCATATGG-3’ 

and cloned with the  InFusion cloning kit into pDNR-dual (Clontech, Mountain View, 

CA).  CEACAM3  variants  with  an  additional  carboxy-terminal  green-fluorescent 

protein (GFP), mCerulean, or mKate tag were generated by Cre/lox recombination 

from  pDNR-dual  into  pLPS3'EGFP,  pLPS3'mCerulean,  or  pLPS3'mKate  as 

described (Buntru et al., 2009). pLPS3'mCerulean-loxp and pLPS3'mKate-loxp were 

constructed  by  replacement  of  the  EGFP  coding  sequence  in  pLPS3'EGFP 

(Clontech,  Mountain  View,  CA).  mCerulean  cDNA (kindly  provided  by D.  Piston, 

Department of Molecular Physiology and Biophysics, Vanderbilt University, TN) was 

amplified  using  primers  5'-ACTACCGGTCGTGGTGAGCAAGGGCGAG-3’  and  5'-

ACTGCGGCCGCTTATTTGTACAGTTCGTCC-3’,  whereas mKate  cDNA  (kindly 

provided  by  D.  Chudakov,  Shemyakin  and  Ovchinnikov  Institute  of  Bioorganic 

Chemistry,  Moscow,  Russia) was  amplified  using  primers  5'-

ACTACCGGTCGTGTCTAAGGGCGAAGAG-3’ and  5'-ATCGCGGCCGCTTAATT 

AAGTTTGTGCCCCAG-3’. The PCR fragments were inserted into the AgeI/NotI sites 

of pLPS3'EGFP (Clontech, Mountain View, CA).

All SH2 domain containing constructs were cloned as PCR fragments into pDNR-

Dual with the InFusion cloning-Kit and subsequently transferred to pEGFP-loxp or 

pGEX4T1-loxp by Cre/lox recombination. Clones encoding human cDNAs of Nck1 

(hNck1,  IMAGp958E061170Q2),  Nck2  (hNck2,  IMAGp958A12182Q), 

hCrkL(IMAGp998N1813292Q3),  hGrb2  (IMAGp958J21133Q),  hSLP-76 

(IMAGp998E1110303Q3)  and  c-Src  (IMAGp958B161238Q2)  were  obtained  from 

Imagenes (Berlin, Germany). The SH2 domain of Nck1 (hNck1-SH2) was amplified 

using  5'-GAAGTTATCAGTCGACAAGTTTGCTGGCAATCCTTGG-3’  and  5'-

ATGGTCTAGAAAGCTTCAGCAGTATCATGATAAATGCTTGAC-3’.  Point  mutation 

for hNck1R308K-SH2 was introduced by site-directed mutagenesis using primers 5'-
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GAAGGGGATTTCCTTATAAAAGATAGTGAATCTTCGCCAAATG-3’  and  5'-CGAA 

GATTCACTATCTTTTATAAGGAAATCCCCTTCATGTCC-3’. Full length hNck1 was 

amplified  using  5'-GAAGTTATCAGTCGACATGGCAGAAGAAGTGGTGGTAG-3’ 

and  5'-ATGGTCTAGAAAGCTTCAGCAGTATCATGATAAATGCTTGAC-3’ and 

inserted  into  pDNR-Dual  for  subsequent  recombination  into  pLP-CMV-myc  (myc-

Nck1)  and  pEGFP-loxp  (GFP-Nck1).  hNck2-SH2  domain  was  amplified  using 

primers  5'-GAAGTTATCAGTCGACCCCTCGTCCAGCGG-3’  and  5'-ATGGT 

CTAGAAAGCTTACTGCAGGGCCCTGACG-3’, hGrb2-SH2 domain using primers 5'-

GAAGTTATCAGTCGACCCCAAGAACTACATAGAAATG-3’  and  5'-ATGGTCT 

AGAAAGCTTAGTATGTCGGCTGCTGTG-3’, and hCrKL-SH2 domain using primers 

5'-GAAGTTATCAGTCGACATGTCCTCCGCCAGGTTCG-3’ and  5'-ATGGTCTA 

GAAAGCTTGCAATCACTCCTTTTCATCTGGG-3’.  Cloning  of  human  c-Src  and 

SLP-76 SH2 domains was described (Schmitter et al., 2007b, 2007a)

Human  WAVE2  cDNA  was  kindly  provided  by  T.  Stradal  (Helmholtz  Centre  for 

Infection Research, Braunschweig, Germany). WAVE2 was amplified using primers 

WAVE2-IF-sense  5'-  GAAGTTATCAGTCGACATGCCGTTAGTAACGAGGAAC 

ATCG-3’  and WAVE2-IF-anti  5'-ATGGTCTAGAAAGCTTTATTGGTCGGACCAGTC 

GTCCTC-3’.  WAVE2ΔVCA was amplified  using primers WAVE-IF-sense together 

with  WAVE2ΔVCA-IF-anti  5'-ATGGTCTAGAAAGCTTTAGGCATCGCTCACGG 

CAGGC-3’.  PCR fragments  were  cloned  into  pDNR-dual  and  the  transferred  by 

Cre/lox recombination into pEGFP-loxp (GFP-WAVE2-WT, GFP-WAVE2-ΔVCA) or 

pLP-CMV-myc (myc-WAVE2-WT, myc-WAVE2-ΔVCA), respectively.

Antibodies and reagents
Monoclonal antibody (mAb) against CEACAMs (clone IH4Fc) was from Immunotools 

(Friesoythe, Germany), mAb against GFP (clone JL-8) was from Clontech (Mountain 

View, CA), mAbs against v-Src (clone EC10) and against phospho-tyrosine (4G10) 

were from Upstate Biotechnology (Lake Placid, NY), mAb against GST (clone B-14) 

was from Santa Cruz Biotechnology (Santa Cruz, CA). Monoclonal antibody against  

Nck1/2 (clone 108) was from BD Transduction Laboratories (Heidelberg, Germany). 

Polyclonal rabbit antibody against GFP was produced in the local animal facility at 

the University of Konstanz. Polyclonal antibody IG511 against pathogenic Neisseria 

has been described previously  (Schmitter et al., 2007a). MAbs against the HA-tag 

(clone 12CA5),  myc-tag (clone 9E10),  and tubulin  (clone E-7) were purified  from 
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hybridoma cell supernatants obtained from DSHB (University of Iowa, IA). GST and 

GST-fused SH2-domains used were all expressed in E. coli BL-21 and purified using 

GSTrap FF (Amersham Biosciences,  Freiburg,  Germany).  Protein  A/G sepharose 

was  obtained  from  Santa  Cruz  Biotechnology.  Streptavidin-Alexafluor647  and 

Phalloidin-Alexafluor546 were obtained from Molecular Probes/Invitrogen (Carlsbad, 

CA).  Secondary  antibodies  were  obtained  from  Jackson  Immunoresearch  (West 

Grove,  PA).  NHS-Biotin  was  obtained  from  Pierce  Biotechnology  (Rockford,  IL). 

TurbofectTM siRNA reagent was obtained form Fermentas (St. Leon-Roth, Germany).  

siRNAs against  human Nck1 (MissionTM siRNA range IDs:  SASI_Hs01_00133204 

and  SASI_Hs01_00133209  )  were  obtained  from  Sigma  Aldrich  (St.  Louis,  MO, 

USA).

Transfection of cells, cell lysis and Western blotting
293  cells  were  transfected  by  calcium  phosphate  precipitation  using  3  µg  of 

CEACAM  constructs  or  empty  vector  control.  For  co-transfection,  5  µg  of  co-

transfected constructs together with 3 µg of CEACAM constructs were used and in 

all samples total DNA was adjusted to 8 µg using the empty control vector. Cell lysis 

and  Western  blotting  were  performed  as  described  (Schmitter  et  al.,  2004). 

CEACAM3 expressing HeLa cells were transfected  two species of siRNA  directed 

against  human Nck1  at  5nM (Sigma Aldrich MissionTM predesigned siRNA,  IDs: 

SASI_Hs01_00133204  and  SASI_Hs01_00133209,  Sigma  Aldrich,St.  Louis,  MO, 

USA)  using  TurbofectTM  siRNA  transfection  reagent  (Fermentas,  St.  Leon-Rot, 

Germany)  according  to  manufacturers  protocol  and  used  for  assays  72h  after 

transfection. 

Gentamicin protection assay
Gentamicin protection assays were conducted as described (Schmitter et al., 2004). 

Cells  were  seeded in  gelatine-coated  48 well  dishes at  2.5  x 105 cells  /  well.  A 

multiplicity of infection of 20 bacteria per cell was routinely used and after 30 minutes  

of  infection,  extracellular  bacteria  were  killed  by  45  min  incubation  in  50  µg/ml 

gentamicin in DMEM. Binding of bacteria to the cells was determined after 30min of  

infection and three washes with PBS. Cells were lysed with 1% saponin in PBS for 

15 min. The samples were diluted with PBS and the number of viable bacteria was 

determined by plating suitable dilutions in duplicate on vitamin supplemented GC-
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agar.

GST-pull down and immunoprecipitation
For  GST-pull  downs,  3  µg  of  purified  GST  or  GST-fusion  protein  attached  to 

glutathione-sepharose were added to WCLs and incubated for 4 h at 4°C. After four 

washes  with  RIPA buffer,  precipitates  were  boiled  in  SDS sample  buffer,  before 

SDS-PAGE and Western blot analysis. For co-immunoprecipitations, 293 cells were 

transfected with the indicated combination of constructs and lysed after 48 h. For  

precipitation, lysates were incubated with 3 µg of polyclonal rabbit anti-GFP antibody 

over night followed by 1h incubation with protein A/G sepharose, all  at 4°C.  After 

three washes with Triton buffer, precipitates were boiled in SDS sample buffer before 

SDS-PAGE and Western blot analysis.

Immunofluorescence staining
293 cells transfected with the indicated constructs were grown on glass coverslips in 

24-well plates and infected for 30 min with PacificBlue-labelled or biotinylated (NHS-

Biotin) OpaCEA-expressing N. gonorrhoeae at an MOI of 40. Samples were fixed with 

4%  paraformaldehyde  in  PBS  and  washed  three  times  with  PBS++  (PBS  with 

additional Ca2+ and Mg2+), prior to incubation in blocking buffer (PBS++, 10% FCS) 

for five minutes.  Biotinylated bacteria were stained with streptavidin-Alexafluor647 

prior  to  permeabilization.  Epitope-tagged  constructs  were  visualized  in  a  2-step 

process  including  detection  with  specific  mAbs  (against  HA-tag  or  myc-tag)  and 

staining with Cy5-coupled secondary antibody (goat-anti-mouse-Cy5). Samples were 

rinsed  twice  with  PBS++  and  cells  permeabilized  with  blocking  buffer  containing 

0.2%  saponin  before  incubation  with  antibodies.  Visualisation  of  the  actin 

cytoskeleton  was  achieved  using  Phalloidin-Alexafluor546.  Samples  were  viewed 

with  a Leica SP5 laser  scanning confocal  microscope (Leica,  Wetzlar,  Germany) 

using a 63x, 1.3 NA Plan Neofluar oil-immersion objective. Fluorescence signals of 

multicolored  specimens  were  serially  recorded  with  appropriate  excitation  and 

emission  settings  to  avoid  bleed-through.  Images  were  digitally  processed  with 

ImageJ and merged to yield pseudo-coloured pictures. 
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4.4.1. Introduction
CEACAM3  is  a  peculiar  member  of  the  carcinoembryonic  antigen-related  cell 

adhesion molecule family. It evolved approximately 24 million years ago in a primate 

ancestor and brought together an extracellular domain, that was commonly used for 

homophilic  interactions,  and  an  intracellular  and  transmembrane  domain,  which 

confers efficient signalling to the actin cytoskeleton, enabling it to exert a completely  

different effect on extracellular ligands compared to the source of the binding domain  

(Pils et al., 2008). The role of this receptor in primates other than man is unresolved, 

as is the role of analogous CEACAMs in other mammalian species, e.g. CEACAM28 

in dogs (Kammerer et al., 2007). In humans, CEACAM3 is a custom-tailored receptor 

of  the  innate  immune  system  and  one  of  the  fastest  evolving  genes.  This  fast  

evolution is a hallmark of evolutionary pressure (Pils et al., 2008) and is probably due 

to  an  arms race between  host  and  pathogen.  Since  CEACAMs are  targeted  by 

several  species-specific  pathogens  like  Neisseria  gonorrhoeae and  Moraxella  

catarrhalis in humans, the pressure for variability applies to the extracellular domain 

only.  The  intracellular  domain  contains  a  signalling  sequence  that  resembles 

immunoreceptor tyrosine based activatory motifs (ITAMs) found in receptors of the 

immune system like Fc-receptors or their side chains as well as in B-cell receptor 

(BCR) or T-cell  receptor (TCR) side chains. This is why the CEACAM3 signalling 

pathway  was  always  studied  in  comparison  to  the  immunoreceptors  that  carry 

ITAMs.  It  was  commonly  anticipated,  that  CEACAM3  should  employ  the  same 

subset of effectors to facilitate phagocytosis as the immunoreceptors it shows such 

high similarity to. And in fact, many of the constituents of canonical ITAM signalling 

were  found  in  CEACAM3 triggered  events.  As  in  immunoreceptor  signalling,  the 

CEACAM3 tyrosine-based signalling sequence has to be phosphorylated by kinases 

of the Src-family to initiate downstream signalling  (Hauck et al., 1998; Schmitter et 

al., 2007b). Moreover, GTPase dependent reorganisation of the actin cytoskeleton 

was observed in both cases, and in both cases the guanine nucleotide exchange 

factor Vav is implicated in the signalling pathways.  Immunoreceptors also rely on 

signalling  through  Tec  kinases  for  activation  of  PLCγ,  which  in  turn  regulates 

downstream events like PKC activation or Ca2+ release. Tec kinases are well known 

in respect to their roles in calcium regulation in immune cells. Interestingly, kinase 

activity is sometimes dispensable, rendering these kinases into scaffolding proteins, 

that are needed to recruit downstream effectors for signalling to occur in a directed  

and efficient way. Current data from our lab shows that Tec kinase is involved in the 
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uptake mediated by CEACAM3. Inhibiting Tec kinase activity resulted in decreased 

bacterial uptake not only in transfected epithelial cells, but also in primary human 

neutrophils.  Tec  kinases  resemble  those  of  the  Src-family  in  regard  to  their 

submolecular make-up. Multiple domains help localise the kinase and regulate its 

activity. While the N-terminal domains (in majority PH domains) are thought to confer  

localisation to the plasma membrane upon PIP3 enrichment, phosphorylation of the 

activation loop and proper  localisation of  a conserved residue in  the  kinase-SH2 

linker is needed to fully activate the kinase. Unlike the Src kinases, the displacement  

of the surrounding domains is not sufficient to activate Tec kinases, which could be 

observed by comparison of the isolated kinase domains of both proteins. While an 

isolated Src kinase domain displays high activity, a solitary Tec kinase domain will be 

almost inactive (reviewed in (Bradshaw, 2010)). It can be assumed, that upon ligation 

of the SH2 domain phosphorylation of the activation loop may occur more easily and 

the linker may get relocated to allow interaction with the kinase domain to establish 

activation. 

Syk  kinases  are  involved  in  ITAM-mediated  signalling  in  almost  every  cell  type 

investigated  (Humphrey et  al.,  2005).  Consequently its  involvement  in  CEACAM3 

signalling  has  been  subject  to  research  from  the  beginning.  Syk-family  protein 

tyrosine kinases are important linkers of ITAMs and downstream events, such as the 

recruitment of Vav and Tec kinase activation. In canonical ITAM signalling, the Syk 

family  kinases  are  essential  to  drive  assembly  of  the  signalling-complex  and 

instalment of the initiated processes. This is the point where first dissimilarities to 

CECAM3 signalling became apparent, since CEACAM3 initiated phagocytosis does 

not require nor benefit from the presence Syk-family kinases  (Hauck et al., 1998). 

Although it was demonstrated multiple times that Syk is dispensable for uptake of  

gonococci themselves, some studies construct a need for Syk when larger particles 

are  to  be  ingested  (Sarantis,  Gray-Owen,  2007).  Although  not  relevant  for  the 

physiological  function  of  CEACAM3,  these  data  fit  previous  observations,  where 

engulfment of coated latex beads larger than approximately 2µm in an opsonisation 

dependent manner required the activity of PI3K, which is known to be activated by 

Syk  (Araki et al., 1996; Cox et al., 1999; Swanson, Hoppe, 2004). Interestingly, no 

direct  association  of  Syk  with  CEACAM3  was  demonstrated  until  today 

biochemically, despite the claim, that it should be drawn to the phosphorylated ITAM-

like sequence of  this unique receptor  as it  was observed for  other  ITAM-bearing 

receptors  before.  What  cannot  be  denied  though,  is  recruitment  of  Syk  to 
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phagosomes  created  after  CEACAM3-mediated  uptake  (Sarantis,  Gray-Owen, 

2007).  Analysing the data from previous studies and careful  examination of  data 

obtained in our laboratory suggest, that differences probably arise from the sequence 

in which proteins are recruited to CEACAM3 also in a temporal fashion. In canonical  

ITAM signals, Syk is the first protein in place and Vav is recruited only remotely over 

a  multitude  of  steps  and  adaptors  (Andreotti  et  al.,  2010;  Bradshaw,  2010). 

CEACAM3, in contrast, directly recruits Vav and instantly drives actin reorganisation 

by  activating  the  small  GTPase  Rac  (Schmitter  et  al.,  2007a,  2004).  Therefore, 

CEACAM3 employs a short cut for rapid reorganisation of the cytoskeleton, and it is 

feasible to assume it may concurrently, at least partially, reverse the order in which  

proteins are recruited to its ITAM-like signalling sequence upon activation. 

4.4.2. The Tec SH2 domain binds to phosphorylated CEACAM3

Since  Tec  kinases  are  well  known  effectors  in  immunoreceptor  signalling,  we 

investigated their involvement in CEACAM3-mediated processes. It has been shown 

previously, that Src kinases are able to interact with the phosphorylated CEACAM3 

cytoplasmic  domain  via  their  SH2  domains,  hence  we  set  out  to  analyse  the 

capability of  the  Tec-SH2 domain to  act  similarly.  In  our experimental  setup,  co-

expression of v-Src was used as a means to facilitate constitutive phosphorylation of 

the CEACAM3 cytoplasmic domain, as it has been demonstrated previously (McCaw 

et  al.,  2003;  Schmitter  et  al.,  2007b).  Whole  cell  lysates  of  transfected  human 

embryonal  kidney  293T  cells  (293  cells)  were  prepared  and  used  in  pull  down 

assays.  Our  data  show,  that  Tec's  SH2  domain  is  able  to  bind  specifically  to 

phosphorylated CEACAM3 similar to Src-SH2, while GST alone was not sufficient to 

precipitate  CEACAM3.  This  binding  depends  on  the  cytoplasmic  domain  of  

CEACAM3,  since  CEACAM3ΔCT  was  not  precipitated  in  the  same  setup  (Fig. 

4.4.1A).  Apparently,  in  this  experiment  a  considerable  amount  of  v-Src  was 

precipitated  as  well,  leaving  the  possibility  that  the  Tec-SH2  domain  may  act 

indirectly  via  v-Src.  To  exclude  this  possible  cross-reaction  we  utilised  an 

experimental  setup  devoid  of  other  cellular  components.  A  spot  membrane 

containing  peptides  encompassing  15  amino  acids  surrounding  the  ITAM-like 

sequence tyrosines of CEACAM3 was used to screen for direct interaction of the 

Tec-SH2 domain as previously done for Vav (Schmitter et al., 2007a) (Fig. 4.4.1B). 
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The  results  show  a  specific  and  direct  association  of  the  GST-fused  Tec-SH2 

domain with the phosphorylated tyrosine 230 (pY230) of CEACAM3. This interaction 

is specific, as GST alone was not detected at any of the peptides and Tec-SH2 was 

exclusively bound by the pY230 peptide, but not its unphosphorylated form or the 

pY241 peptide (Fig. 4.4.1C).

4.4.3. Tec and CEACAM3 co-localise at sites of bacterial attachment

Binding  of  extracellular  ligands  by  CEACAM3  results  in  receptor  clustering  and 

subsequent  phosphorylation  by  Src  kinases.  Via  its  phosphorylated  tyrosine 

residues, CEACAM3 recruits effector molecules to the site of bacterial attachment 

that assemble and coordinate the phagocytic machinery. The in vitro data with the 

SH2 domain alone was microscopically verified using full length Tec kinase. To that 

purpose,  we transfected 293 cells with CEACAM3 wildtype (WT)  with a carboxy-

terminally  fused  mKate  red-fluorescent  protein  (CEACAM3WT-mKate)  and  either 

GFP  alone  or  wildtype  human  Tec  kinase  with  an  n-terminal  green  fluorescent 

protein (GFP) fusion (GFP-hTecWT). The transfected constructs were expressed at 
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Figure  4.4.1: Tec can directly bind to phosphorylated Tyr-230 of CEACAM3. (A) 293 cells were co-
transfected  with  HA-tagged CEACAM3 constructs  and  v-Src  where  indicated.  Whole  cell  lysates  
(WCLs) were analysed for equal expression of CEACAM3 constructs by anti-HA antibody (WCL, upper  
panel) and phosphorylation by anti-pTyr antibody (WCL, lower panel). Lysates were subjected to a  
pull-down assay with GST-Tec-SH2 and GST-Src-SH2 and the GST fusion protein was visualised by  
Coomassie staining of the membrane (top panel). CEACAM3 variants co-precipitating with GST-Tec-
SH2 or GST-Src-SH2 were detected by anti-HA antibody (middle panel) and verified regarding their  
phosphorylation status (bottom panel).  (B)  Primary structure of  the ITAM-like sequence within the  
CEACAM3 cytoplasmic  domain  (CT).  For  comparison,  the  ITAM consensus  sequence  is  aligned  
below. (C) Peptide spot membranes harbouring synthetic 15-mer peptides surrounding the indicated  
tyrosine  residues  of  the  CEACAM3  cytoplasmic  domain  (as  indicated  in  (B))  in  either  the  
unphosphorylated (Y) or the tyrosine-phosphorylated (pY) form were probed with GST or GST-Tec-
SH2. Bound GST fusion proteins were detected with anti-GST antibody.
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moderate  levels  and  cells  subjected  to  confocal  laser  scanning microscopy after 

infection with Opa52 expressing gonococci. CEACAM3WT-mKate clearly clustered at 

sites  of  gonococcal  attachment.  While  GFP alone did  not  redistribute  to  sites  of  

bound bacteria  (Fig.  4.4.2  upper  panel),  GFP-hTecWT co-localised with  bacteria, 

which  cluster  CEACAM3 upon  binding  (Fig.  4.4.2  lower  panel).  In  line  with  our 

previous finding that Tec can bind to phosphorylated CEACAM3 in vitro via its SH2 

domain,  full  length  Tec  is  recruited  to  the  activated  receptor  after  ligation  by 

gonococci. 

4.4.4. Tec  localisation  depends  on  phosphorylation  of  the  CEACAM3  
cytoplasmic domain by Src kinases

Commonly, the PH domain of Tec kinases is held responsible to facilitate recruitment 

to  sites  of  receptor  activation  in  a  PIP3-dependent  manner.  In  canonical  ITAM 

signalling,  PI3K  is  activated  downstream  of  the  receptor,  and  phosphorylates 

PI(4,5)P2 to yield PIP3. However, recent data from our lab (Kopp 2010, submitted) 

showed, that PI3K activity does not play a role in CECAM3-mediated uptake. The 

previous results  identified  a strong interaction between the Tec-SH2 domain  and 
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Figure  4.4.2:  Full  length GFP-hTec wildtype (WT)  associates with CEACAM3 wildtype (WT) upon  
infection  with  opa52 expressing  gonococci.  293  cells  were  co-transfected  with  plasmids  encoding  
CEACAM3WT-mKate (red) and GFP or GFP-hTecWT (green) respectively. Cells were infected for 30  
minutes  with  PacificBlue-labelled  Opa52-expressing  N.  gonorrhoeae  (blue).  Fixed  samples  were  
analysed by confocal laser scanning microscopy. Bacteria cluster CEACAM3 and induce recruitment  
of GFP-hTecWT (arrowheads), but not GFP. Bars indicate 20μm.
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phosphorylated CEACAM3 in vitro, and a strong, bacteria induced co-localisation of 

GFP-hTecWT  in  transfected  293  cells.  To  examine  the  phosphorylation 

dependencies  in  intact  cells  we  again  transfected  293  cells  with  either 

CEACAM3WT-mKate  or  a  CEACAM3-construct  devoid of  its  cytoplasmic  domain 

(CEACAM3ΔCT-mKate) and GFP-hTecWT, and infected them with Opa52 expressing 

gonococci. The cells expressed all transfected constructs at moderate levels allowing 

the  detection  of  local  accumulations  in  response  to  external  stimuli.  Again, 

CEACAM3 was clustered by bound bacteria, and in untreated cells, GFP-hTecWT 

co-localised  strongly  to  sites  of  infection  (Fig.  4.4.3,  top  panel).  Using 

pharmacological  inhibitors,  we  examined  the  kinase  dependencies  of  Tec 

localisation.  As  known  from  previous  studies,  Src  kinases  facilitate  CEACAM3 
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Figure  4.4.3:  Tec localisation needs Src  kinase activity  towards the intact  CEACAM3 cytoplasmic  
domain.  293  cells  were  co-transfected  with  plasmids  encoding  CEACAM3WT-mKate  or  
CEACAM3ΔCT-mKate (red in merge) and GFP-hTecWT (green in merge). Cells were infected for 30  
minutes  with  biotinylated,  PacificBlue-labelled  Opa52-expressing  N.  gonorrhoeae  (blue  in  merge).  
Extracellular  gonococci  were  stained  in  fixed  samples  with  streptavidin-Cy5  (magenta  in  merge).  
Samples  were  analysed  by  confocal  laser  scanning  microscopy.  Bacteria  cluster  CEACAM3 and  
induce recruitment of GFP-hTecWT (arrowheads) in cells with CEACAM3WT-mkate left untreated or  
pretreated with Tec-inhibitor (LFM-A13), but not in cells pretreated with Src-kinase inhibitor (PP2) or  
transfected with CEACAM3ΔCT-mKate. Bars indicate 20μm.



Results
Kinases downstream of CEACAM3: Tec and Syk

phosphorylation upon receptor clustering by external ligands. Thus, suppressing the 

activity of Src kinases by the specific pharmacological inhibitor PP2, resulted in a 

lack of  localisation  of  Tec  kinase (Fig.  4.4.3,  2nd panel  from top)  due to  missing 

phosphorylation of CEACAM3. Tec kinases themselves are protein tyrosine kinases, 

and act  on specific  targets.  However,  inhibition of  activity of  Tec itself,  using the 

Btk/Tec inhibitor LFM-A13, did not show a major effect on its localisation (Fig. 4.4.3,  

3rd panel from top). In order to verify that it is CEACAM3, which is responsible for  

recruitment of Tec to the site of infection using the phosphotyrosines in the ITAM-like 

sequence, a mutant, lacking the cytoplasmic domain (CEACAM3ΔCT-mKate), was 

employed and found to be unable to recruit Tec to bound bacteria (Fig. 4.4.3, bottom 

panel). The fact, that localisation of the full  length kinase depends on Src kinase 

activity  strengthens  the  view,  that  in  CEACAM3 signalling the  activity of  PI3K is 

dispensable and Tec kinases can localise in a pTyr dependent manner to CEACAM3 

via their SH2 domain. 

4.4.5. Inhibition of Tec kinase activity leads to decreased CEACAM3-mediated  
phagocytosis

Tec kinases have been observed to function downstream of Syk in FcγR-initiated 

phagocytosis  in  several  steps  of  the  process  (Jongstra-Bilen  et  al.,  2008).  Our 

previous  data  show,  that  Tec  is  recruited  to  CEACAM3  upon  receptor 

phosphorylation  during  infection.  To  elucidate  the  functional  significance  of  this 

finding,  we again  employed  our  293  cell  model  and  transfected  these  cells  with 

empty control vector (pcDNA), CEACAM3WT alone or CEACAM3WT cotransfected 

with HA-hTecWT. The transfected cells were utilised in gentamicin protection assays 

and the activity of Tec kinases was inhibited by usage of 100µM LFM-A13 to assess 

the impact on phagocytic activity. Importantly, accessibility of the receptor on the cell  

surface was not altered by either the co-expression of HA-hTecWT or addition of the 

inhibitor, as can be judged from equal numbers in total cell associated bacteria (Fig.  

4.4.4A, right panel). Co-expression of HA-hTecWT results in a marked increase in 

uptake (p<=0,05),  and inhibition of  Tec kinase activity results in highly significant  

decrease in uptake in the respective settings (p<0,01,  p<0,001 respectively).  Tec 

kinases are usually found in the haematopoietic compartment, and the finding, that  

cells not expressing Tec ectopically show a decrease in phagocytic activity may be 
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due  to  an  endogenous  expression  of  BMX,  a  Tec-family  kinase  which  may  be 

expressed in epithelial and endothelial cell lines as well. 

CEACAM3 is  expressed  on  granulocytes  only,  and  these  cells  cannot  be  easily 

manipulated genetically. They are, however, easy to purify from peripheral blood and 

susceptible to pharmacological inhibitors. Therefore we extracted granulocytes from 

peripheral  blood  and  infected  them  with  Opa52 expressing  gonococci  after  pre-

treatment  and  in  presence  of  kinase  inhibitors.  The  uptake  of  CFSE-labelled 

gonococci was determined by flow cytometry after 30 minutes of infection. Inhibition 

of Tec and Src kinases by appropriate concentrations of specific inhibitors (PP2 for 

Src and LFM-A13 for Tec) resulted in a marked decrease of uptake, and the effects  

were additive, as could be demonstrated by usage of both inhibitors simultaneously 

(Fig. 4.4.4C).
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Figure 4.4.4: Inhibition of Tec kinase activity  
results in decreased phagocytosis. (A) 293 
cells  were  transfected  with  CEACAM3WT-
Cerulean  alone  or  co-transfected  with 
CEACAM3WT-Cerulean  and  HA-hTec-WT. 
The  cells  were  incubated  with  0-100µM 
LFM-A13  as  indicated  and  infected  15 
minutes  after  addition  of  the  inhibitor  with 
Opa52 expressing gonococci. Bars represent  
mean values ± S.E.M. of three independent 
experiments  done  in  triplicate.  Statistical  
significance was determined using a paired,  
two  sided  Student's  T-Test.  *  p≤0,05;  ** 
p<0,01, ***  p<0,001. B) Whole cell  lysates 
were  probed  for  expression  of  the  used  
constructs  in  western  blot  analysis.  
Polyclonal  rabbit  anti  Tec  (clone  Y398)  
antibodies  for  HA-hTecWT,  monoclonal 
mouse anti GFP (clone JL8) antibodies for  
CEACAM3WT-Cerulean  or  monoclonal  
mouse anti-tubulin (clone E7, tub) antibodies 
for  tubulin as  a loading control  were used  
prior  to  application  of  HRP coupled 2ndary 
antibodies  and  ECL  detection.  (C)  
Granulocytes  were  isolated  from  human 
peripheral  blood  and  pretreated  with  

inhibitors as indicated 15 minutes prior to infection with CFSE-labelled Opa52 expressing gonococci.  
After 30 minutes of infection, granulocytes were subjected to flow cytometric analysis to determine the  
CFSE signal of intracellular gonococci. Extracellular CFSE fluorescence was quenched by addition of  
trypan blue to a final concentration of 0.2mg/ml. Bars represent mean values ± S.E.M. of at least three 
independent experiments. Statistical significance was determined using a paired, two sided Student's  
T-Test. * p≤0,02
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4.4.6. The ITAM-like  sequence of CEACAM3 signals  different from canonical  
ITAMs

It  has  been  noted  previously,  that  the  tyrosine  motif  in  CEACAM3's  cytoplasmic 

domain  resembles  an  ITAM,  but  does  not  fit  the  strict  consensus  sequence. 

Nonetheless, CEACAM3 was commonly expected to utilise the effectors known from 

canonical ITAM signalling in a almost identical manner. One marked difference is the 

need for  Syk in canonical  ITAM signalling, that  is absent  in CEACAM3-mediated 

phagocytosis. In order to investigate the differences of canonical ITAM signalling to 

ITAM-like  signalling  of  CEACAM3,  we  constructed  a  chimera  (CEACAM3CD3ζ), 

which has the CEACAM3 ITAM-like sequence replaced with a genuine ITAM of the 

CD3ζ chain, that confers ITAM signals in TCR complexes (Fig. 4.4.5C). Previous 

studies  showed, that  obviously  all  components  needed  for  efficient  uptake  via 

CEACAM3 are present  in 293 cells.  If  CEACAM3 signalled identical  to  canonical 

ITAMs,  the  chimera  should  show  equal  phagocytic  capabilities  as  CEACAM3 

wildtype. We conducted gentamicin protection assays with CEACAM3WT and the 

CD3ζ-chimera and noticed a strong decrease in uptake via the chimera. This defect  

in phagocytosis could be rescued by co-expression of the kinase Syk, raising the 

uptake significantly in comparison to cells expressing only the chimera. Notably, no 
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Figure 4.4.5: CEACAM3CD3ζ 
chimera  but  not 
CEACAM3WT  mediated 
uptake  benefits  from  Syk 
expression (A) 293 cells were 
transfected  with 
CEACAM3WT-GFP  or 
CEACAM3CD3ζ-GFP and co-
transfected  with  human 
SykWT  or  not.  Transfected 
cells  were  infected  for  30 
minutes  with  Opa52-
expressing  N.  gonorrhoeae 
and employed in a gentamicin 
protection  assay  (left  panel)  
or  bacterial  adhesion  assay 
(right  panel).  Bars  represent  
mean values  ±  S.E.M of four 
independent  experiments 
done in triplicate. Significance 
was  tested  using  a  paired,  
two-sided Student's t-test; *** 
p<0.005, * p<0.05. (B) Whole 
cell  lysates  (WCL)  of 
transfected  cells  were 

analysed by western blotting with mAb against Syk or GFP to confirm equal expression of constructs.  
(C)  A  CEACAM3  chimera  carrying  a  CD3ζ-chain  ITAM (CEACAM3CD3ζ)  was  constructed.  The  
alignment of the cytoplasmic domains of CEACAM3WT and the chimera is depicted.
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increase in uptake was detected when Syk was co-expressed with CEACAM3WT,  

pointing out, that CEACAM3 ITAM-like signalling markedly differs from that of CD3ζ 

ITAM  signalling  (Fig.  4.4.5A  left  panel).  The  effects  were  not  due  to  altered 

accessibility  of  the  receptor  on  the  cell  surface,  since  the  amounts  of  total  cell-

associated  bacteria  differed  only  slightly  (Fig.  4.4.5A  right  panel)  and  only  for  

CEACAM3CD3ζ  ±Syk significantly. The expression levels were verified by western 

blotting (Fig. 4.4.5B), and mirrored the values found for total cell-associated bacteria 

in the adherence-assay. The inverted ratios of total cell associated bacteria versus 

internalised  bacteria  for  the  CEACAM3CD3ζ  samples  puts  further  weight  on  the 

results  obtained,  demonstrating  the  critical  involvement  of  Syk  in  CD3ζ-ITAM 

signalling. This also emphasises the unique signalling mechanism of CEACAM3 via 

its ITAM-like sequence, differing significantly from canonical ITAM-signalling.

4.4.7. The localisation of Syk differs during uptake mediated by CEACAM3 WT  
or the CEACAM3CD3ζ chimera

The  data  we  collected  in  previous  studies  already  suggested,  that  the  steps  in 

signalling via CEACAM3 are different from other ITAM signals. For example, instead 

of  being recruited to the site of  receptor activation remotely over several adapter 

proteins,  the  guanine-nucleotide  exchange  factor  Vav  directly  binds  to  the 

phosphorylated CEACAM3. The opposite seems to be the case, at least in temporal 

terms, for the protein tyrosine kinase Syk. We transfected 293 cells with GFP-fused 

constructs  of  the  wildtype  receptor  or  the  CD3ζ  chimera  and  cotransfected  with 

mKate-fused Syk (mKate-Syk). Confocal laser scanning microscopy of the infected 

and  fixed  cells  revealed,  that  Syk  accumulates  with  the  receptor  (wildtype  and 

chimera)  and  bound  bacteria  in  both  cases,  but  this  localisation  clearly  shows 

differences. While Syk localises to the plasma membrane when the CEACAM3CD3ζ 

chimera is ligated (Fig. 4.4.6, lower panel, arrows), it seems to disappear later on, as 

completely surrounded, obviously intracellular bacteria still show strong recruitment 

of the receptor, but lesser amounts of Syk (Fig. 4.4.6, lower panel, arrowheads). For 

cells expressing CEACAM3WT the situation appears to be reversed, as bacteria at 

the  cells  periphery  show  strong  recruitment  of  the  receptor,  but  low  to  no  co-

localisation of Syk (Fig. 4.4.6, upper panel, arrows). Internalised bacteria residing in 

phagosomes however show strong recruitment of the kinase (Fig. 4.4.6, upper panel, 
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arrowheads). By which interaction Syk localises to the phagosomes remains unclear.  

Nevertheless,  the  results  show,  that  Syk  does  not  function  in  uptake  itself,  but 

probably only later on in processes of  bacterial  killing,  as suggested by previous 

studies (Hauck et al., 1998; Sarantis, Gray-Owen, 2007). 

4.4.8. Conclusions

The  CEACAM3  ITAM-like  signalling  pathway  leading  to  phagocytosis  of  bound 

bacteria  encompasses  many  of  the  constituents  of  canonical  ITAM  signalling 

pathways.  However,  the  common  scheme,  that  similar  signalling  motifs  should 

display  similar  signalling  topology cannot  be  kept  up.  Despite  some  parallels  in  

dependencies  on  distinct  effectors  could  be  found,  other  mechanisms  differ 

significantly. We could show, that Tec kinases are players in CEACAM3 mediated 

uptake, since upon inhibition of these kinases the phagocytic activity decreased in 

transfected epithelial cells as well as in primary granulocytes purified from human 

peripheral  blood.  Tec  kinases  act  on  PLCγ,  probably  enabling  closure  of  the 

phagocytic cup  (Scott  et al.,  2005). Disturbing this process will  lower efficiency of 

bacterial uptake and thus elimination of bound pathogens. Since PI3K-products do 

not  play  a  role  in  CEACAM3  mediated  uptake,  the  Tec  kinase  is  probably  not 
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Figure 4.4.6: Syk localisation differs temporally between CEACAM3WT and CEACAM3CD3ζ. 293 cells  
were  transfected  with  mKate-SykWT  and  either  CEACAM3WT-GFP  or  CEACAM3CD3ζ-GFP.  
Transfected  cells  were  infected  with  PacificBlueTM  labelled,  Opa52 expressing  gonococci  for  45 
minutes. Confocal laser scanning microscopy revealed differences in temporal recruitment of Syk to  
the receptor depending on the ITAM sequence.
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targeted  to  the  membrane  by  its  PH  domain,  but  in  a  tyrosine-phosphorylation-

dependent  manner  directly  to  CEACAM3.  Previous  studies  demonstrate,  that 

CEACAM3  is  phosphorylated  by  Src  kinases  in  its  cytoplasmic  domain  upon 

clustering  by  extracellular  ligands.  Consequently,  we  found  localisation  of  Tec 

kinases to depend on Src kinase activity. Both kinases are needed to be active for 

efficient  uptake,  as can be seen from the  additive  effect  of  the  pharmacological  

inhibitors. The use of inhibitors has been useful in determining kinase dependencies 

before,  showing  that  Syk  kinases  are  dispensable  for  uptake  by  CEACAM3 

(Sarantis,  Gray-Owen,  2007).  In  the  current  study  we  provide  evidence,  that 

additional Syk over-expression will  not aid uptake by CEACAM3WT either,  but is 

needed if  a canonical  ITAM replaces the ITAM-like sequence of  CEACAM3. The 

experiments  with  the  CEACAM3CD3ζ chimera  provide additional  insights  on Syk 

localisation in the course of bacterial uptake and killing. While in cells expressing the 

chimera  Syk  localised  to  the  sites  of  uptake  at  the  membrane  and  seemed  to 

disappear  from  phagosomes  that  have  already  migrated  deeper  into  the  cell,  

CEACAM3WT showed a contrasting pattern. Here, Syk was absent from bacteria-

induced receptor clusters at  the membrane and strongly localised later on to the 

phagosomes. These data are in line with previous microscopical studies by Sarantis 

et al., adding a temporal component to the Syk co-localisation with CEACAM3WT 

that has been observed. In this study we investigated the role of two kinases that are 

commonly  used  by  ITAM  signalling  regarding  their  involvement  in  CEACAM3 

mediated uptake of gonococci. While both kinases are interconnected in canonical 

ITAM-signalling,  the  CEACAM3  ITAM-like  pathway  only  depends  on  Tec  for 

mediating uptake. The effect, that CEACAM3WT does not need nor benefit from Syk 

activity is  clearly due to  the  modifications  in  its  signal-motif,  as introduction  of  a 

canonical  ITAM into  CEACAM3WT  replacing  the  original  sequence  will  alter  the 

kinase  requirements.  The  chimera  depends  on  Syk  for  efficient  phagocytosis  of 

bound bacteria. Further studies will be needed to resolve the temporal patterns of  

kinase  recruitment  and  the  steps  required  and  responsible  for  recruitment  in  an 

ordered fashion.
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5. General Discussion

CEACAM3 is a special member of the CEACAM subgroup in the CEA-family of IgSF 

proteins. Its expression is limited to granulocytes, where it functions as an efficient  

phagocytic  receptor  to  eliminate  pathogens  that  utilize  CEACAM-recognizing 

virulence  factors  to  facilitate  the  colonisation  of  their  host.  In  humans,  the  most  

prominent pathogen in this context is N. gonorrhoeae, which is the causative agent 

of  gonorrhoea (the clap),  a venereal disease known for thousands of years. This  

pathogen is highly variable and has countermeasures in place to avoid detection and 

elimination by the adaptive immune response. CEACAM3 is a germ-line encoded 

defence  against  this  threat,  and  despite  the  rarely  lethal  course  of  gonococcal 

infection, the infertility that can arise from it puts some evolutionary pressure on this  

receptor. The pathogen will adapt to the threat of being eliminated by CEACAM3 by 

avoiding recognition through this  particular  CEACAM without  losing the beneficial 

binding to epithelial CEACAMs. The host will respond accordingly, which is reflected 

by the rapid evolution of the CEACAM3 N-terminal IgV-like domain. While the ligand 

recognizing domain  is  under  constant  change,  the  cytoplasmic  domain  seems to 

have changed only little since its acquisition and is most likely arrested in a state  

that allows phagocytosis to be triggered very efficiently.  The evolutionary roots of 

CEACAM3 as well as its current state and signalling pathway have been subject to 

investigations in the past years and some interesting aspects have been added to  

our knowledge by the studies presented here.

5.1. Evolution of CEACAM3

CEACAM3 is a granulocyte-specific member of the CEACAM-family and it is one of 

the fastest evolving genes in the human genome. CEACAM3 is also the youngest 

member of the CEACAM1-related genes and can be seen as its opposite receptor in 

a  paired  receptor  couple.  While  mice  implemented  an  evasive  strategy to  avoid  

infection with a viral pathogen (Dveksler et al., 1995), other mammals show radiation 

of the protein targeted by bacterial pathogens, CEACAM1, and a change of function 

in  some  species.  While  the  initial  prey  receptor  for  the  pathogen  supports 

colonisation, the decoy receptor will allow binding, but invert this formerly beneficial  

interaction literally into a dead end for the pathogen. CEACAM3 is especially efficient  
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in  this  regard,  as  can  be  seen  from  its  insensitivity  to  inhibitory  signalling  by 

CEACAM1, its coupled receptor with putative antagonizing function. This inertia to  

inhibitory  signalling  allows  CEACAM3  to  phagocytose  CEACAM-binding  particles 

with  high  efficiency,  despite  being  vastly  outnumbered  by  CEACAM1  on 

granulocytes. CEACAM3 shares structural similarities to CEACAM4 on exon level, 

however,  the  gene  locus  as  a  whole  differs  a  lot  (Pils  et  al.,  2008).  Sequence 

comparison  suggests  that  the  N-terminal  IgV-like  domain  was  acquired  from  an 

epithelial CEACAM targeted by pathogens, i.e. CEA, CEACAM1 or CEACAM6. The 

transmembrane and cytoplasmic parts however are derived from CEACAM4. The 

combination  of  both  yields  a  pathogen  recognizing  receptor,  that  links  to  an 

intracellular  signalling  pathway  leading  to  phagocytosis  and  elimination.  The 

appearance of CEACAM3 can be pinpointed to the division of Cercopithecidae and 

Hominoidae around 24 million years ago. In humans, CEACAM3 displays very fast 

evolutionary  change  in  its  N-terminal  domain,  which  is  most  likely  due  to  the 

challenge with  CEACAM-binding  pathogens,  especially  N. gonorrhoeae.  Although 

infection with gonococci is rarely lethal, infertility is a potential  risk after infection, 

explaining why evolutionary pressure  may act  on  an efficient  device  to  fight  this 

infection. Since we currently only have a snapshot of the ongoing arms race, it will be 

interesting  to  investigate  CEACAM3  N-terminal  domains  from  our  current  close 

relatives in the animal  kingdom.  This is even more true in respect  to  CEACAM3 

sequences of Hominini, like Homo neanderthalensis or from ancient human DNA. 

5.2. CEACAM3 is an efficient phagocytic receptor: a current model of signalling

CEACAM3 is a phagocytic receptor of  the innate immune system that is directed 

against pathogens that  exploit  a range of  epithelial  CEACAMs for  colonisation of  

their host. The phagocytic process is rapidly started upon binding of a pathogen to 

the  N-terminal  IgV-like  domain  by  phosphorylation  of  the  tyrosine  residues  in 

CEACAM3's cytoplasmatic domain, which are embedded in an ITAM-like signalling-

sequence  (McCaw  et  al.,  2003).  In  detail,  CEACAM3  signalling  is  initiated  by 

receptor clustering and occurs upon binding of a poly-valent ligand, such as cross-

linked antibodies or,  as in the natural  setting, a CEACAM-binding pathogen.  The 

clustered receptors are rapidly phosphorylated by Src-family PTKs that are recruited 

by a unknown mechanism. It is feasible to assume, that the membrane-bound Src-
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PTKs may produce a low amount  of  phosphorylation  at  any time,  but  only upon 

clustering of the receptor the on/off reactions get shifted to the on state, facilitating 

strong, permanent phosphorylation of receptors and effectors.  The phosphorylation 

by a Src-family kinase prepares the initial  platform for assembly of  the signalling 

complex.  The  dependence  on kinase  activity  also  distinguishes  CEACAM3-  from 

CEACAM6-mediated uptake, which will occur even when Src kinases are inhibited by 

addition of the specific inhibitor PP2  (Schmitter et  al.,  2007b). Also in contrast to 

CEACAM6,  CEACAM3  works  independently  of  cholesterol  rich  membrane 

microdomains  (lipid  rafts),  since  depletion  of  cholesterol  will  not  interfere  with 

CEACAM3-mediated uptake. It will however decrease uptake by CEACAM6 and also 

CEACAM1  (Schmitter  et  al.,  2007b;  Muenzner  et  al.,  2008), highlighting  the 

distinctive pathways of phagocytic activity for the different CEACAMs. 

CEACAM3 possesses two tyrosine residues that are phosphorylated by Src-family 

PTKs. The tyrosine (Y) residues Y230 and Y241 are embedded in a signalling motif 

that strongly resembles an ITAM. The main differences arise from a missing acidic  

residue  in  the  -3  position  of  the  first  tyrosine,  and  the  change  of  a  leucine  or  

isoleucine (I/L) in the +3 position of the second tyrosine to methionine (M). These 

changes, however, are sufficient to radically change the recruitment of effectors in  

comparison  to  the  canonical  ITAM.  While  in  ITAM  signalling,  the  first  effector 

recruited is a Syk family protein tyrosine kinase, the ITAM-like pathway of CEACAM3 

directly  recruits  the  guanine  nucleotide  exchange  factor  (GEF)  Vav  to  the 

phosphorylated Y230 (pY230). The same residue can facilitate direct binding of Tec,  

another  protein  tyrosine  kinases,  which  is  implicated  in  calcium  signalling. 

Interestingly, the very same residue is also important for the recruitment of Syk after 

engulfment of the pathogen (Sarantis, Gray-Owen, 2007). Despite the fact, that the 

YxxM motif around Y241 position is a predicted binding site for SH2 domains of the 

PI3K p85 regulatory subunit, the N-terminal SH2 domain of this protein exclusively 

binds pY230 of CEACAM3 but not pY241 and binding partners for this residue are  

still  elusive  (Kopp  et  al  2010  submitted).  Direct  binding  to  pY230  has  been 

demonstrated in a system free of additional cellular components using a peptide-spot 

membrane that was probed with GST-fused SH2 domains expressed in and purified 

from bacteria. Up to now, three such interactions have been demonstrated for pY230 

of CEACAM3, identifying Vav-SH2, Tec-SH2 and the N-terminal SH2-domain of the 

p85 subunit  of  PI3K as direct binding partners.  Since the phosphorylation occurs 

rapidly after binding of a pathogen, the question arises, how so many interactions are 
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coordinated at a single tyrosine-residue. Despite all screens for a protein associating 

with  pY241  of  CEACAM3  coming  up  empty,  this  tyrosine  residue  somehow 

contributes  to  phagocytosis,  as  mutation  to  phenylalanine  will  decrease  the 

phagocytic  activity almost  as much as mutation Y230 coordinating several critical 

effectors (McCaw et al., 2003). Elucidating the role of Y241 in uptake and identifying 

effectors  recruited  by  this  residue  will  be  critical  to  fully  decipher  the  signalling 

pathway for CEACAM3 triggered phagocytosis.

Although recruitment of PI3K during infection was demonstrated (Booth et al., 2003), 

its product is not needed for uptake of pathogens by CEACAM3 (Kopp et al 2010,  

submitted). In contrast, Tec and Vav are involved in uptake, as interference with their  

functions  results  in  decreased  phagocytic  activity  in  several  cell  based  systems. 

While  the  events  downstream  of  Tec  have  not  been  investigated  in  CEACAM3 

signalling yet, a function of Vav has been recognised and verified. 

The Rac guanine nucleotide exchange factor is recruited to CEACAM3 pY230 via its  

SH2 domain (Schmitter et al., 2007a), and will lead to activation of Rac. Vav carries 

a  multitude  of  protein-protein  interaction  domains  and  binding  sites,  e.g. 

phosphotyrosines,  making  it  a  candidate  scaffolding  protein.  Our  data  show 

association of the SH2 domain with pY230 of CEACAM3 and activation of the small  

GTPase  Rac  via  the  DH  domain.  If  the  two  SH3  domains  help  assembling  or 

stabilise the signalling complexes in this pathway is unknown, as is the contribution 

of the PH and CH domains. Also, the potential of the phosphotyrosines that have 

regulatory function  in Vav activation is not  examined yet.  Studies on Vav activity 

suggest,  that  the  CH  domain  and  the  adjacent  linker  containing  the  regulatory 

tyrosines act in regulation of the DH domain. While PH, CH and DH domain may 

exist in a compacted form in the inactive state, the SH3-SH2-SH3 module does not  

seem to engage in intramolecular interactions, but provide a permanent anchoring 

device, waiting to be hooked by an accessible proline- or phosphotyrosine-motif (Yu 

et al., 2010). The activation of Vav also occurs by Src-family PTKs, which can be 

easily achieved after recruitment to the pY230 of CEACAM3 by the Src kinases still 

in  place.  The  small  GTPase  Rac  is  responsible  for  initiating  the  cytoskeletal  

rearrangements (Schmitter et al., 2004) leading to engulfment of the pathogen. Rac 

is an active signalling molecule when loaded with GTP and will eventually inactivate 

itself by hydrolysing the bound GTP to GDP and free phosphate. The replacement of  

the products for the educt of this reaction and thus re-activation of Rac is achieved 

by the GEF Vav. Rac, but not its close relative, Cdc42, acts in CEACAM3-mediated 
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uptake.  This  is  also  reflected  in  the  phenotype  of  the  membrane  protrusions 

observed upon engulfment of gonococci. While Cdc42 is generally associated with 

generation of filopodia in a WASP-dependent process, Rac activity is connected to 

formation  of  lamellipodia  that  occur  by  Arp2/3  activation  by  the  WAVE-complex 

(reviewed in (Heasman, Ridley, 2008)). This pentaheteromeric complex built around 

the nucleation promoting factor WAVE is also a target of Rac activity  (Chen et al., 

2010). 

We could show, that indeed the WAVE-complex is recruited to the site of CEACAM3 

clustering.  Furthermore,  phosphorylated  CEACAM3  and  WAVE  co-immuno-

precipitate in presence of the adaptor molecule Nck, which constitutively associates 

with the WAVE-complex. This association occurs via Nap1, a core constituent of the  

WAVE-complex. In addition, an association of phosphorylated CEACAM3 and Nck 

could be demonstrated, as well as the dependence of this interaction on tyrosine-

phosphorylation of CEACAM3 and the Nck SH2 domain. It is therefore conceivable, 

that CEACAM3 can orchestrate initiation of the cytoskeletal rearrangements as well 

as recruit all necessary components to the site of infection. The interaction studies 

were performed in a artificial system using a constitutive active Src kinase (v-Src) to 

ensure  phosphorylation  of  CEACAM3.  Nck  also  showed  a  size-shift  upon  co-

expression  of  the  kinase,  suggesting  that  this  adapter  protein  also  becomes 

phosphorylated.  If  this  is  a  modification  of  a  tyrosine  by  v-Src  itself,  or  a 

phosphorylation of a serine residue by a downstream activated kinase remains to be 

established by further  studies.  Moreover,  despite  a clear  association of  Nck with 

CEACAM3, that is depending on phosphorylation of CEACAM3 and the intact Nck 

SH2 domain,  no direct  interaction  of  Nck with  either  CEACAM3 phosphotyrosine 

could be found in a cell-free system (personal communication, Kopp). Therefore, the  

question on how CEACAM3 is linked to the WAVE-complex via Nck remains to be 

answered. Considering the presence of several kinases and adaptor proteins at the 

site of infection, further studies will be needed to resolve the details of the CEACAM3 

initiated  signalling  complex  assembled  after  phosphorylation  of  the  ITAM-like 

sequence.  This  can  probably  be  achieved  by  stripping  down  the  adaptors  to  a  

minimal subset of interaction domains that still enable efficient uptake by CEACAM3. 

One minimal construct in this regards could be a Vav construct containing only SH2 

and DH domain of this protein. 

Apart  from  this  dense  network,  we  investigated  further  effectors  of  common 

immunoreceptor-signalling. Tec,  another tyrosine kinase, can bind phosphorylated 
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CEACAM3 via its SH2 domain, and will localise to the site of infection. Tec kinases 

usually act on PLCγ, generating DAG and IP3 from PI(4,5)P2,  which elevate Ca2+ 

levels and activate PKC, respectively. The exact role of these effects on uptake by 

CEACAM3  remain  to  be  elucidated.  If  CEACAM3-mediated  uptake  is  Ca2+-

dependent  or  not  has  not  been  studied.  In  FcR  signalling  Ca2+ dependence  is 

seemingly determined by multiple factors, especially if only one type of receptor is 

stimulated or multiple stimuli occur simultaneously. While in the latter case, calcium 

may be of less importance, phagocytosis solely mediated by FcγRIIA engagement 

seems to rely on calcium signals (reviewed in  (Nunes, Demaurex, 2010)). Further 

studies on the targets of Tec activity will be needed to clarify if the effects stems from 

calcium mobilisation or the lack of it when Tec is inhibited. As calcium will also be 

important in later events of phagosome maturation, it may probably be needed not  
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Figure  5.2.1:  Our  current  knowledge  of  interactions  and  processes  in  the  CEACAM3  signalling  
pathway. 1) CEACAM3 in inactive state 2) is rapidly phosphorylated on Y230 and Y241 by Src kinases  
upon clustering by a multivalent extracellular ligand, e.g. N. gonorrhoeae. This enables multiple SH2-
domain containing proteins to bind directly to CEACAM3. 3a) Tec kinase can directly bind to pY230 via  
its SH2 domain, its targets in CEACAM3 signalling have not yet been verified. 3b) The binding of the  
Rac-GEF  Vav  to  pY230  facilitates  local  activation  of  Rac  and  the  phosphorylation  dependent  
recruitment  of  Nck  co-localises  the  WAVE  complex,  which  is  responsible  for  initiation  of  actin  
polymerisation through activation of the Arp2/3-complex. 4) Actin polymerisation drives lamellipodia-
formation and engulfment of the bound pathogen. 5) The engulfed gonococci reside in a phagosome  
that shows localisation of Tec and Syk kinases. Localisation of Syk seems to rely on pY230 (Sarantis  
2007). The indirect localisation via Vav as depicted is speculative and will require further investigation.
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for uptake but killing, and Tec may have another target influencing phagocytic rates.

As  more  and  more  proteins  involved  in  the  signalling  beneath  CEACAM3  are 

identified  and sometimes  conflicting  data  arise from the  studies,  greater  effort  is 

needed to understand the spatio-temporal processes involved. A striking example for 

this may be Syk, which was always found to be dispensable for actual uptake of  

bacterial pathogens in the context of  CEACAM3, but was found to associate with 

internalised  particles.  The  role  of  Syk  kinases  in  uptake  has  been  investigated 

several times. All studies came to conclude, that for uptake gonococci Syk activity is 

not needed. Since the kinase was found to localise to internalised bacteria, a role in 

killing is assumed. The data in this work provide clues on the temporal patterns of 

kinase  activity  and  recruitment.  While  Syk  readily  associates  with  the  chimeric 

CEACAM3  carrying  a  CD3ζ-derived  ITAM  (CEACAM3CD3ζ)  in  the  process  of 

bacterial uptake, no co-localisation was observed for Syk and CEACAM3WT in the 

early stage of uptake. The inverse pattern can also be observed after uptake, where 

Syk  co-localised  with  bacteria  internalised  via  CEACAM3WT,  but  absent  from 

phagosomes formed after phagocytosis by CEACAM3CD3ζ. This suggests, that the 

changes  in  the  CEACAM3  ITAM-like  sequence  not  only  affect  the  spatial 

arrangement  of  the  signalling  complex,  but  also  influence  the  temporal  chain  of  

events. Since the association of Syk with CEACAM3 was demonstrated to depend 

on Y230, but no direct interaction has been observed in biochemical assays yet, the  

mechanism by which Syk localises to  CEACAM3WT remains unknown.  Although 

direct binding of Vav to Syk has been reported, the interaction with CEACAM3 via 

Vav as depicted is purely speculative, but supported by the presence of two potential  

ITAM-like tyrosine sequences in the acidic regulatory region of  Vav (amino acids 

139-177,  D/ExxYxxL/Vx9-13YxxV/I)  encompassing  the  regulatory  tyrosine  residues 

142 and 160 or 160 and 174 respectively. Further studies will be needed to elucidate 

the precise order of kinases and other effector molecules recruited and their role in 

uptake or killing of bacteria. 

In  summary,  the  differences  in  CEACAM3-  and  FcR-mediated  signalling  are 

functionally useful.  While in FcR signalling lots of  points where intervention could 

occur allow for fine tuning of the response to antibody mediated signals, CEACAM3, 

in contrast, serves as a rapid search and destroy vehicle that uses low resources and 

a minimal subset of proteins to efficiently eliminate pathogens and is insensitive to  

inhibitory ITIM signalling.
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5.3. Concluding remarks

CEACAM3 is one of the fastest evolving genes in the human genome, with regard to 

the changes observable in its N-terminal domain. The observation that this domain is  

also  responsible  for  the  recognition  and  thus  the  elimination  of  the  pathogenic 

Neisseria gonorrhoeae, suggests an ongoing arms race between pathogen and host. 

The appearance of CEACAM3, which combines the pathogen-binding extracellular 

domain of a targeted epithelial  CEACAM with an intracellular signalling sequence 

leading  to  phagocytosis  and  killing  of  pathogens  may  confer  an  evolutionary 

advantage to  individuals carrying this gene.  Although infections by gonococci  are 

rarely lethal,  the risk of  salpingitis with resulting infertility could exert  evolutionary 

pressure on the receptor to be effective in containing the infection. As the pathogen 

may evolve to evade recognition by the killing receptor without loosing the beneficial  

binding to epithelial CEACAMs, CEACAM3 should be under diversifying selection to 

improve and keep its ability to eliminate the threat. 

The  intracellular  domain,  that  was  most  likely  acquired  from  a  CEACAM4 

predecessor, carries an ITAM-like sequence. While in CEACAM4 this sequence is 

closer  to  the  consensus  ITAM,  the  CEACAM3  ITAM-like  deviates  a  little  more. 

Canonical ITAMs are susceptible to inhibitory signalling by ITIM containing receptors, 

that also act in regulation of ITAM induced activatory signalling. However, CEACAM3 

does  not  seem  to  respond  to  such  inhibitory  signalling,  as  co-expression  of 

CEACAM1, which contains an ITIM, on granulocytes does not interfere with rapid 

phagocytosis  of  CEACAM  binding  pathogens  by  CEACAM3.  This  insensitivity 

towards inhibition may be due to the unique architecture of the CEACAM3 signalling 

pathway, which does not take detours involving several adapter proteins, but directly 

initialises focused reorganisation of the actin cytoskeleton, leading to engulfment of  

recognised  pathogens  and  their  subsequent  killing.  Since  no  natural  ligand  for 

CEACAM4 is known yet, comparative studies on the signalling of CEACAM4 may 

involve  a  chimera  equipped  with  the  pathogen  binding  N-terminal  domain  of  

CEACAM3. It would be interesting to see, if the insensitivity to inhibitory signalling 

arose in  CEACAM3 or  was already present  in  the  CEACAM4 predecessor.  The 

collected data here demonstrate, that CEACAM3 can orchestrate a minimal subset 

of  effectors  to  facilitate  rapid  and  efficient  phagocytosis  as  well  as  killing  of  

CEACAM-exploiting pathogens.  
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8. Materials
8.1. Bacteria

8.1.1. Neisseria - strains

N302 (MS11-B1) PilEB1(S), Opa30-, opaC::cat, pTH6a, (TetR), (ErmR), (CamR)

N309 (MS11-B1) PilEB1(S),  Opa30-,  opaC::cat,  pTH6a::opa52  (pEMK62), 

(TetR), (ErmR), (CamR)

8.1.2. Escherichia coli – strains

NovaBlue endA1, hsdR17(rk12-mk12+), supE44, thi-1, recA1, gyrA96,

relA1, lac [F´proA+B+ lacIqZΔM15::Tn10(tetR)], (Novagen)

8.2. Cells

HEK293T human embryonal kidney (adherent)

MEF murine embryonal fibroblasts

8.3. Media

8.3.1. Media for bacteria

LB – liquid 10 g Bacto-Trypton, 5 g yeast-extract, 5 g NaCl, pH 7.0, 

ad 1 l with A.bidest.

LB – solid 10 g Bacto-Trypton, 5 g yeast-extract, 5 g NaCl, 

10 ml MgCl2(1M), 12 g Agar-Agar, pH 7.0, ad 1 l with A.bidest.

GC – solid 36 g GC-agar, ad 1 l with A.bidest., 10 ml Vitamin-mix

Vitamin-mix 20 g Dextrose, 2 g L-glutamine, 3.2 g L-cysteine, 

0.02 g cocarboxylase, 4 mg Fe(NO3)3, 0.6 mg thiamine-HCl,

0.05 g NAD, 0.002 g Vitamin B12, 0.03 g L-arginine, 

2.6 mg p-aminobenzoeacid, 0.22 g L-cysteine, 0.2 g adenine,

0.1 g Uracil, 6 mg guanine, pH 3.5, ad 200 ml with A. bidest.,  
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sterile filtrated. (10 ml per 1 l GC-Agar), 

Antibiotics:

Ampicillin: 100 µg/ml

Chloramphenicol: 30 µg/ml for LB-Medium, 10 µg/ml for GC-Agar

Erythromycin: 7 µg/ml

Kanamycin: 30 µg/ml

8.3.2. Media and supplements for cell culture

DMEM synthetic cell culture medium with L-Glutamine (PAA Laboratories)

FCS fetal calf serum (PAA Laboratories)

CS newborn calf serum (PAA Laboratories)

hi CS heat inactivated calf serum (30 min incubation at 56°C)

Supplements for infection assays

Gentamicin: 50 µg/ml (PAA Laboratories)

PP2 5µM (Calbiochem)

Cytochalasin D 1µg/ml (Calbiochem)

LFM-A13 100-150µM (Sigma-Aldrich)

8.4. Antibodies, Enzymes and general Proteins

8.4.1. Antibodies
primary Antibodies

specifity  type name supplier
GFP mono JL-8 mouse BD Biosciences

HA-Tag mono 12CA5 mouse hybridoma

CD66 mono D14HD11 mouse Genovac

CD66 mono gran10 mouse PeliCluster

CD66 mono IH4Fc mouse Immunotools

v-Src mono EC10 mouse Upstate

GST mono B14 mouse SantaCruz

Nck1/2 mono clone108 mouse BD Biosciences

GFP poly - rabbit TFA Konstanz

myc mono 9E10 mouse hybridoma

tubulin mono E7 mouse hybridoma
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tubulin mono AC-74 mouse Upstate

Tec poly Y398 rabbit Epitomics

Syk mono Syk-01 mouse Immunotools

Vav1 mono B2 mouse Santa Cruz

Vav2 mono H200 mouse Santa Cruz

pTyr mono 4G10 mouse Upstate

pTyr mono PY72 mouse hybridoma

Rac mono 23A8 mouse Upstate

secondary antibodies

Peroxidase-coupled rabbit-anti-mouse Jackson Immunoresearch

Peroxidase-coupled goat-anti-rabbit Jackson Immunoresearch

Cy 2-coupled goat-anti-rabbit AffiniPure (H+L) Jackson Immunoresearch

dyes and labelling chemicals

Biotin (Sulfo-NHS-LC-biotin) (Perbio Science)

FITC (5-(6)-carboxyfluorescein-succinimidylester)

Rhodamine (5-(6)-carboxytetramethylrhodamine-succinimidyl-ester)

Streptavidine Alexa Fluor 647conjugate (Molecular Probes) 

Phalloidin-Alexafluor546 (Molecular Probes) 

8.4.2. Enzymes and Proteines

Taq-DNA-Polymerase  (BioLabs),  restriction-enzyme  (BioLabs),  Trypsin  (PAA 

Laboratories),  Vent-DNA-Polymerase  (BioLabs),  Cre-Rekombinase  (BioLabs&self 

purified), In-Fusion Enzyme (BD Bioscience), 

Fibronectin  (BD  Bioscience),  Protein  A/G-Plus  Sepharose  (Santa  Cruz 

Biotechnology),

8.5. Plasmids und Oligonucleotides

8.5.1. Plasmids 
pLPS3'EGFP-loxp,  pLPS3'mCerulean-loxp,  pLPS3'mKate-loxp 

pCDNA3.1(+) Hygro, pEGFP loxP, pEGFPC1, pDNR-Dual, pRC/CMV-v-Src Schmidt-
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RuppinD,  pDSRedN1-CEACAM-3(CGMIa)WT-RFP,  pcDNA3.1-CEACAM-3 

(CGMIa)WT,  pCDNA3.1-CEACAM-3WT-HA-tag,  pCDNA3.1-CEACAM-3ΔCT-HA-

tag,  pCDNA3.1-CEACAM-3Y241F-HA-tag,  pCDNA3.1-CEACAM-3Y230F-HA-tag, 

pCDNA3.1-CEACAM-3Y241F/Y230F-HA-tag,  pDNR-Dual-CEACAM-3WT-HA-tag, 

pOTB7-Nck1,  pOTB7-Syk,  pLPS-3'EGFP,  pEGFPC1-LoxP,  pOTB7-Nck2,  pDNR-

Dual-Nck1, pDNR-Dual-CEACAM-3ΔCT-HA-tag, pDNR-Dual-CEACAM-3Y230F-HA-

tag,  pDNR-Dual-CEACAM-3Y241F-HA-tag,  pDNR-Dual-CEACAM-3Y230F/Y241F-

HA-tag,  pLPS-3'EGFP-CEACAM-3Y230F-HA-tag-GFP,pLPS-3'EGFP-CEACAM-

3WT-HA-tag-GFP,  pLPS-3'EGFP-CEACAM-3Y241F-HA-tag-GFP,  pLPS-3'EGFP-

CEACAM-3Y230/241F-HA-tag-GFP,  pLPS-3'EGFP-CEACAM-3ΔCT-HA-tag,  pLP-

CMV-myc-Nck1 (human), pOTB7-Grb2, pCMV-SPORT6-SLP-76/LCP2, pDNR-Dual-

hNck1-SH2,  pEGFPC1-LoxP-CrkII-SH2,  pEGFPC1-LoxP-CrkL-SH2,   pEGFPC1-

LoxP-hNck1-GFP,  pDNR-Dual-Grb2,  pEGFPC1-LoxP-Nck-SH2,  pLP-CMV-myc-

CrkL,  pEGFPC1-LoxP-hGrb2,  pGEX4Ti-LoxP-Fgr-SH2,  pDNR-Dual-Nck-SH2-

R308K,  pDNR-Dual-Grb2-SH2,  pEGFPC1-LoxP-Nck-SH2-R308K,  pGEX4Ti-  LoxP-

Nck-SH2-R308K,  pDNR-Dual-hVav1-SH2,  pDNR-Dual-hWAVE2WT,  pEGFPC1-

LoxP-hWAVE2ΔVCA,  pLP-CMV-myc-hWAVE2WT,  pDNR-Dual-CEACAM3-

TZRζ(1ITAM),  pLPS-3'-EGFP-CEACAM3-TZRζ(1ITAM),  pLPS-3'-Cerulean-

CEACAM3-TZRζ(1ITAM),  pLPS3'dMyc-CEACAM3-TZRζ  (1ITAM),  pLPS3'HA-

CEACAM3-TZRζ(1ITAM),  pLP-CMV-myc-hWAVE2ΔVCA,  pEGFP-hWave2ΔVCA, 

pDNR-Dual-hVav1-SH2,  pGEX4T1-loxp-hVav1-SH2,  pLPS3'  dMyc-hSyk  WT, 

pLPS3'Cerulean-CEACAM3WT,  pLPS3'Cerulean-CEACAM3  ΔCT,  pLPS3'2xMyc-

CEACAM3WT,  pLPS-3'-mKate-CEACAM3 WT,  pDNR-hTec-WT,  pLP-CMV 2xHA-

hTec-wt, pEGFPC1-LoxP-hTec-WT,

8.5.2. Oligonucleotides

CEACAM3 HA anti

GGGGACGTCATAGGGATAAGAAGCCACTTCTGCTTTGTGGTCCTCCG

CEACAM3 HA sense

GGGAAGCTTGCCATGGGGCCCCCCTCAGCCTCTCCCCAC

CEACAM3-CT-anti 

CCAGTCCTGGAAAGGAGCAGGAAACACACC
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CEACAM3-TZRzl-sense 

GCCTTCTCGATGTCCTACCAGCAGGGCCAGAACC

CEACAM3-TZRzs-sense 

GCCTTCTCGATGTCCAGTGAGATTGGGATGAAAGGC

CEACAM3ΔCT-anti 

ATGGTCTAGAAAGCTTAAGGAGCAGGAAACATACCAGTGCGGCCACCAG

CEACAM3NT-Age1-anti

ATAACCGGTCACGATGCCGGCGACGGC

CEACAM3WT-IF-anti

ATGGTCTAGAAAGCTTAGAAGCCACTTCTGCTTTGTGGTCCATCC

HA-CEACAM-IF-anti

ATGGTCTAGAAAGCTTGCAGCGTAATCTGGAACGTCATATGG

hNck1-(SH2)-IF-anti w/o stopp 

ATGGTCTAGAAAGCTTTGATAAATGCTTGACAAGATA

hNck1-IF-anti

ATGGTCTAGAAAGCTTCAGCAGTATCATGATAAATGCTTGAC

hNck1-IF-sense

GAAGTTATCAGTCGACATGGCAGAAGAAGTGGTGGTAG

hNck1-SH2-IF-sense mit start 

GAAGTTATCAGTCGACACCATGCCTTCACTCACTG

hTec WT anti

ATGGTCTAGAAAGCTTTCTTCCAAAAGTTTCTTCACATTCAAC

hTec WT sense

GAAGTTATCAGTCGACACCATGAATTTTAACACTATTTTGGAGGAG

hWAVE2-IF-sense 

GAAGTTATCAGTCGACATGCCGTTAGTAACGAGGAACATCG

hWAVE2ΔVCA-IF-anti  

ATGGTCTAGAAAGCTTTAGGCATCGCTCACGGCAGGC 

hWAVE2-IF-anti

Nck-R308K-anti

CGAAGATTCACTATCTTTTATAAGGAAATCCCCTTCATGTCC

Nck-R308K-sense

GAAGGGGATTTCCTTATAAAAGATAGTGAATCTTCGCCAAATG

nck1-11+sh2-IF-sense 

GAAGTTATCAGTCGACCCTTCACTCACTGGAAAG
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NCK1-SH2-IF-sense 

GAAGTTATCAGTCGACAGGCCTTCACTCACTGGAAAG

nck2-sh2-IF-anti 

ATGGTCTAGAAAGCTTACTGCAGGGCCCTGACG

nck2-sh2-IF-sense 

GAAGTTATCAGTCGACCCCTCGTCCAGCGG

Syk-IF-anti

ATGGTCTAGAAAGCTTCCGTTCACCACGTCATAGTAG

Syk-IF-sense

GAAGTTATCAGTCGACACCATGGCCAGCAGCGGC

TEC-SH2-IF-anti 

ATGGTCTAGAAAGCTTATCCTGCAGTGGTGGGTG

TEC-SH2-IF-sense 

GAAGTTATCAGTCGACACGGGAAAGAAATCAAAC

TZRzeta-IF-anti 

ATGGTCTAGAAAGCTTGGGGGCAGGGCCTGCATG

TZRzl-CEACAM3-anti 

CTGGCCCTGCTGGTAGGACATCGAGAAGGCAGAGC

8.6. Solutions and buffers

8.6.1. Solutions and buffers for eukaryotic cells

PBS (1x) 24 g NaCl,  0.6 g KCl,  3.45 g Na2HPO4 7H2O, 0.6 g KH2PO4,  

pH 7:4, ad 1 l with A.bidest.

PBS++ 1xPBS, 0,35 mM CaCl2, 0,25 mM MgCl2
Poly-L-Lysin 10 mg/ml

Fibronectin 4 µg/ml

Paraformaldehyde solubilize 4 g PFA in 80 ml A.bidest., titrate with 1N NaOH until 

solution  is  clear,  adjust  to  pH 7:4  with  1N HCl,  add  10 ml  

10xPBS and fill up to 100 ml with A.bidest

Saponin solution 1% saponin in 1xPBS 

CaCl2-solution 2.5 M CaCl2
2x HBS 16.4 g NaCl, 11.9 g Hepes, 0.21 g Na2HPO4, in 1 l A.bidest.,

pH 7.05; sterile filtered
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RIPA buffer 1% Triton X-100, 50 mM Hepes, 10% glycerol, 150 mM NaCl, 

1 mM EGTA, 1.5 mM MgCl2, 10 mM Na4P2O7 , 100 mM NaF,  

0.1% sodiumdodecylsulfate  (SDS),  1% deoxycholate,  1 mM  

sodiumorthovanadate, 10 µg/ml Leupeptin,

10 µg/ml  Aprotinin,  10 µg/ml  Pefabloc,  10µ g/ml  Pepstatin,  

10 µM benzamidine; ad 250 ml A. bidest.

Triton buffer 25 mM HEPES (pH 7.4),  1% Triton  X-100,  150  mM NaCl,  

20 mM MgCl2, 10 % glycerol, 10 mM sodiumphosphate, 

100 mM NaF, 1 mM Na3VO4, 10 µg/ml Leupeptin, 

10 µg/ml Aprotinin, 10µg/ml Pefabloc, 10µg/ml Pepstatin, 

ad 250 ml A.bidest.

8.6.2. Solutions and buffers for molecular biology purposes

TAE-Buffer (1x) 4.84 g Tris-Base, 1 mM EDTA, 1.14 ml 100% acetic acid, 

ad 1 l A.bidest.

TE-Buffer 10 mM Tris-HCl, 1 mM EDTA, pH 8

GEBS 50 mM EDTA, 20% (v/v) glycerol, 0.5% (w/v) sarcosyl, 

0.05% (w/v) bromphenol blue

dNTPs 1.25 mM dNTPs each, solubilised in TE-buffer pH 8 

P1-buffer 50 mM Tris-HCl, 10 mM EDTA, 100 µg/ml RNase A, 

pH 8.0, 4°C

P2-buffer 200 mM NaOH, 1% (w/v) SDS, RT

P3-buffer 3M potassium acetate, pH 4.8, RT

MassRuler 1kb DNA Ladder, Mass Ruler DNA Ladder (Fermentas)

8.6.3. Buffers  and  solutions  for  SDS-PAGE,  Coomassie  staining  and  
Western blot

2xSDS-sample buffer 125mM Tris-HCl (pH 6.8), 10% (v/v) 

β-Mercaptoethanol,  5%  (w/v)  SDS,  0.1%  (w/v)  

bromphenol blue, 20% (v/v) glycerol

4xSDS-sample buffer 250 mM Tris-HCl (pH 6.8), 20% (v/v) 

β-Mercaptoethanol,  10%  (w/v)  SDS,  0 2%  (w/v)  
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bromphenol blue, 20% (v/v) glycerol 

Acrylamide-solution 40% Acrylamide/bisacrylamide

Stacking-gel-buffer 0.5 M Tris-HCl pH 6.8

Separation-gel-buffer 1.5 M Tris-HCl pH 8.8

APS 10% ammonium persulfate

TEMED 0.1% N,N,N´,N´-Tetramethyl ethylendiamine

SDS 20% (w/v) SDS

Running buffer 25 mM Tris-HCl, 192 mM glycine, 0.1% (w/v) SDS

Staining-solution 25% (v/v) isopropanol, 10% (v/v) acetic acid, 0,03% 

(w/v) Coomassie Brillant Blue R250

destaining solution 10% (v/v) isopropanol, 10% (v/v) acetic acid

Transfer buffer 6.0 g Tris-Base, 28.8 g glycine, 430 ml methanol,

0.1% (w/v) SDS, ad 2 l with A. bidest.

TBS 25 mM Tris (pH 7.5), 125 mM NaCl

TBS/Tween 25 mM Tris (pH 7.5), 125 mM NaCl, 0.1% Tween-20

Blocking solution 2% (w/v) BSA in TBST, 0.05% (w/v) NaN3

ECL 0.225 mM p-coumaric acid, 1.25 mM luminol, 

0.1 M Tris-Base pH 8.5

H2O2-solution 35% (v/v) H2O2

stripping buffer 0.8% (w/v) SDS, 0.8% (v/v) β-mercaptoethanol,

80 mM Tris-HCl pH 6.8

8.6.4. Chemicals and Kits

acrylamide (Roth), Agar-Agar (Roth), agarose (Roth), antibiotics (Roth, AppliChem),  

APS (Roth),  BSA  (Roth),  ethanol  (AppliChem),  GC-Agar  (Difco),  glycerol  (Roth), 

glycine  (AppliChem),  urea  (Riedel-De-Haën),  yeast  extract  (Roth),  imidazole 

(Upstate),  methanol  (AppliChem),  mounting medium  (Sigma),  sodium  chloride 

(AppliChem),  nucleotides  (BioLabs),  paraformaldehyde  (AppliChem),  PP2 

(Calbiochem),  sucrose  (Roth),  saponin  (Roth),  TEMED  (Roth),  Tris-Base 

(AppliChem),  Triton-X-100  (Roth),  trypton  (Roth),  Tween-20  (Roth),  β-

mercaptoethanol (Roth), cytochalasin D (Calbiochem),

Qiaprep  Spin  Miniprep  Kit (Qiagen),  Qiaquick  Gel  Extraction  Kit (Qiagen),  In-

FusionPCR 

Cloning Kit (BD Bioscience), BD Creator DNA Cloning Kit (BD Bioscience)
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8.7. Laboratory equipment and consumables

autoclave  (Sauter),  incubators  (New  Brunswick  Scientific-Innova  Co  170  CO2  ; 

Memmert), processor (Agfa Curix60) electroblotting-apparatus (Bio Rad, Schleicher 

& Schuell), flow cytometer (Becton Dickinson LSRII), microscope (Nikon), FPLC (Bio 

Rad),  SDS-PAGE  chambers  (Bio  Rad),  gel  documentation  system  (Bio  Rad 

GelDocXR),  agarose-gel  chambers  (Bio  Rad),  glass  consumables  (Schott,  VWR 

Brand),  cover  glass  (Knittel),  heating  block  (Roth,  Grant  Boekel),  confocal  laser 

scanning microscope (Leica SP5 system),  refrigerators (Privileg),  magnetic  stirrer 

(Ika),  MasterCycler  Gradient  (Eppendorf),  microwave  oven  (Electronia),  pH-meter 

(Beckman),  micro-titer pipettes (Gilson),  plastic consumables (Eppendorf,  Greiner, 

Costar),  PVDF-membrane  (Millipore),  X-ray-film  (Retina),  Shaker  (Bühler),  power 

supplies  (BioRad),  sterile-hood  (Heraeus),  thermomixer  (Eppendorf),  vortex  (Ika), 

balances  (Kern,  Scaltec),  water  bath  (Memmert,  Julabo),  counting  chambers 

(Neubauer),  centrifuge  (Heraeus,  Sorvall),  cell  counter  Innovatis  CaSyTT), 

photometer (PeqLab NanoDrop 1000), photometer (Hach),

8.8. Software

ImageJ 1.4x Public Domain Java Image processor

http://rsb.info.nih.gov/ij/, Wayne Rasband, NIH, USA

Clone Manager for Windows V9

Scientific & Educational Software 1995-2009

OpenOffice3.2 Freeware Open Source Office Suite

http://www.openoffice.org

Zeiss LSM Image Browser

image viewer & -processor for  Zeiss LSM510

Leica LAS AF (Lite) 1.8.x 2005-2007 Leica Microsystems CMS GmbH

Facs Diva 6.x Becton Dickinson, http://www.bd.com

Cyflogic Mika Korkeamäki, http://cyflogic.com/

ClustalX http://www.clustal.org

Zotero www.zotero.org

Mozilla Firefox www.mozilla.org
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9. Methods

9.1. Handling bacteria

9.1.1. Freeze storage
One densely populated 10 cm dish of bacteria was brought into suspension in 2 ml 

containing 50% LB-Medium (1 ml) and 25% glycerol (1 ml 50% glycerol stock) and 

frozen down in two 1 ml aliquots at -80°C. 

9.1.2. Culturing E. coli
E. coli Nova Blue and BL21 DE3 were grown in LB-medium or on LB-Agar containing 

appropriate antibiotics at 37°C.

9.1.3. Culturing Neisseria gonorrhoeae 
Neisseria  gonorrhoeae strains  were  cultivated  on  GC-Agar  supplemented  with 

vitamins (vitamin-mix see Materials) and antibiotics where applicable at 37°C and 5% 

CO2 in a humid environment. Two days before usage, gonococci were taken from 

-80°C stocks,  streaked  onto  selective  agar  and  a  single  morphologically  uniform 

colony selected the day after and plated onto agar without antibiotics to obtain a 

homogeneous population with regard to Opa-protein expression.

9.1.4. Labelling of bacteria (biotinylation or fluorescent dyes)
Several options are at hand to label bacteria for subsequent detection in microscopy 

or flow cytometry.

Bacteria  were  biotinylated  to  facilitate  subsequent  labelling  with  fluorochrome-

coupled avidin. 0.2 mg of biotin were solubilised in 1 ml PBS, added in 1:1 ratio to a 

bacteria suspension and incubated for 20 minutes at 37°C under constant shaking. 

After three washings with PBS, labelled bacteria were ready for use.

For  labelling  bacteria  fluorescently  with  PacificBlue,  CFSE,  Rhodamine  or  Cy5, 

2-4 µg  of  the  respective  dye  was  used  for  1  ml  of  bacteria  suspension  (~1x10 8 

bacteria) out of a 1000x stock solution. After 20 minutes of incubation at 37°C under  

constant  shaking,  bacteria  were  washed  at  least  three  times  with  PBS  until  no 

residual dye was visible in the supernatant before being used. 
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Fluorescence-labelling can be combined with biotinylation and conducted in one step 

(FBA-staining, (Agerer et al., 2004)).

9.1.5. Transformation of E. coli
Chemically competent E. coli were thawed on ice. Appropriate amounts of ligation or 

recombination reactions or plasmids were added to 100 µl competent E. coli (5-10µl, 

0.2-1 µg DNA) and thoroughly mixed. After 30 minutes incubation on ice, bacteria  

were heat shocked at 42°C for 75 seconds and immediately chilled on ice again. 

With 1ml LB medium added to preparations, bacteria were incubated at 37°C under 

shaking to  allow expression  of  the  resistance marker  gene product  before  being 

plated  onto  selective  LB-agar  containing  the  appropriate  antibiotics  and/or 

supplements. 

9.2. Handling DNA

9.2.1. Agarose gel electrophoresis
Agarose gels were used in the range from 0.5% to 2.0% depending on the DNA-

fragment or plasmid size. An appropriate weight of agarose was solubilized in 1xTAE 

by cooking and poured into  the gel  tray carrying appropriate combs at  moderate 

temperature (<55°C). 

Samples were mixed 1:5 with GEBS and gels run in 1xTAE. Fermentas GeneRuler 

1kb or QuickLoad 100bp were used as mass rulers. Gels were subsequently stained 

in 0.3% ethidium bromide solution and DNA was visualised under UV light after short  

destaining in desalted H2O. If DNA fragments were to be used in ligations, blocks of 

agarose containing the fragment were quickly cut from the gel under UV light. DNA 

was subsequently eluted from the agarose using the QiaGen GelExtraction Kit.

9.2.2. DNA isolation from agarose gels
For isolation of DNA from agarose, „QIAquick gel extraction“-Kit was used according 

to the manufacturers protocols summarized in brief in the following lines.

Blocks of agarose from the gel were weighed and completely solubilized in three 

volumes (100mg equalling 100µl)  QG-buffer  at  50°C. For fragments  smaller than 

500bp or larger than 4kbp one block-volume equivalent of isopropanol was added to 
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increase yield. The solubilized gel was loaded onto the column (may need two runs) 

by centrifugation at ~15,000-20,000g for  1 minute.  The column was washed with 

500µl of QG-buffer to remove traces of agarose, and 750µl PE-buffer subsequently.  

At all steps, flow through was discarded. After washing with PE-buffer, the column 

was spun again for 1 minute to remove all residual buffer before elution of the DNA 

in 30-50µl Tris-buffer or ddH2O.

9.2.3. In-Fusion reaction
The  In-Fusion  Dry-Down Kit  from Becton 

Dickinson  was  used.  The  10  µl  reaction 

described  by  the  manufacturer  was  split 

into 10 reactions due to the high efficiency 

this  reaction  displays  in  everyday  use. 

DNA-fragments were used at a molar ratio 

of 1:2 (vector:insert).

The reaction was done at room temperature for 30 minutes,  stopped on ice and 

immediately transformed into E. coli. Transformants were plated onto LB containing 

100µg/ml  ampicillin,  clones  picked  the  day  after  for  subsequent  analysis  of  the  

plasmid isolated by mini-preparation on day two after the ligation.

9.2.4. Cre-mediated, loxP-specific recombination („Cre-lox-recombination“)
Vectors for expression of constructs were cloned using the  Clontech Creator DNA 

Cloning Kit. Recombination of circular DNA is catalysed by the 38kd “cre” protein 

derived from the bacteriophage P1. Recombination is site specific and needs the 

palindromic loxP sequence ATA ACT TCG TAT A NN NNN NNN T ATA CGA AGT 

TAT  with  the  inner  8  bp  conferring  directionality.  The  acceptor  vector  carries  a 

promoter for the construct of choice, along with the desired fusion peptide. Another  
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Figure 9.2.2: Schematic of InFusion cloning. PCR-
fragments  carrying  15bp sequences  homologous  
to  the  ends  of  the  linearised  target  vector  are  
ligated  into  that  vector  in  a  30  minute  reaction  
catalysed  by  the  proprietary  InFusion  enzyme 
offered  by  BectonDickinson.  Target  vectors 
available from BD allow recombination using the 
Clontech Creator DNA Cloning Kit into a variety of  
acceptor  vectors  offering  different  fusion 

proteins/peptides for expression in eucaryotic or procaryotic cells. Any linearised vector can be used  
as target if pcr-primers are designed accordingly.

Figure 9.2.1:  Formula to calculate the amount of  
DNA  to  use  easily  I=Insert,  V=  Vector  
(Backbone),  ng=nanogramms DNA, mol=moles 
(use for ratio,)  kb= kilobases size of Vector or  
Insert  respectively.  A  typical  reaction  uses  
100ng of linearised Vector

I ng=V ng⋅
I kb⋅I mol
V kb⋅V mol
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promoter on the acceptor-vector is for the chloramphenicol resistance cassette that 

is transferred from the donor vector along with the desired construct, so that only 

successful  recombination  will  yield  plasmids  conferring  resistance  to 

chloramphenicol, while donor and acceptor vector alone will not support growth of co 

transformed  bacteria  on  this  antibiotic.  Additionally,  the  donor-vectors  carry  a 

sucrose  intolerance-cassette  (SacB  from  B.  subtilis  encoding  sucrase)  inhibiting 

growth of SacB positive bacteria on sucrose supplemented media.

The reaction was carried out at 37°C for 30 minutes in a total volume of 10µl: 

100 ng donor vector

200 ng acceptor vector

1 µl cre-enzyme

1 µl 10x cre buffer 

ad 10 µl Aqua bidest.

The reaction was stopped by heating to 70°C for 10 minutes. The complete volume 

of the reaction was subsequently used for transformation of ultra-competent E. coli. 

Transfomants  were  plated  onto  LB  containing  30µg/ml  chloramphenicol  and  7% 

sucrose. Single colonies were selected the day after and re-plated onto LB medium 

containing ampicillin (100µg/ml) or kanamycin (30µg/ml) for selection for the second 

marker on the expression-vector. After this second selection, plasmids were isolated 

by  mini  preparations  according  to  (Birnboim  Doly  1979).  Plasmids  that  showed 

suitable  size  in  agarose  gels  were  analysed  by  restriction  with  enzymes  giving 

characteristic patterns for all three vectors involved. One clone carrying the plasmid 

passing those tests was frozen down at -80°C and plasmid isolated in larger scale 

(Midi-Prep) for transfection of eukaryotic cells, allowing testing for expression of the 

tagged construct by western blot (or microscopy if fluorescent).
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Figure  9.2.3: Schematic representation of cre-lox  
recombination. The cDNA Fragment encoding the 
protein of choice was ligated into pDNR-Dual and 
is  transferred  into  the  acceptor  vector  together  
with a chloramphenicol  resistance cassette.  The 
resistance can only be expressed after successful  
recombination,  since  the  promoter  sits  in  the  
acceptor vector. Successful recombination yields  
an  expression  vector,  that  confers  
chloramphenicol resistance, and in contrast to the 
acceptor-vector  does  not  facilitate  sucrose  
intolerance  as  the  donor  vector  in  this  system 
does. 
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9.2.5. PCR

9.2.5.1. Cloning PCR

Polymerase offering proof-reading (Pfu, purified in our laboratory) was used for PCR 

for cloning issues, for larger fragments Taq-polymerase (purified in our laboratory)  

was added to speed up elongation. Alternatively, PhusionTM polymerase (Fermentas) 

was used with highly satisfying results.  PCRs were set up with DNA and enzyme 

mixes separated. Enzyme-mix was added to pre-heated DNA-mix (Hot Start) 

A typical 50µl reaction was set up as follows:

DNA-mix:

H2O 30.5 µl

10xbuffer 4 µl (-MgCl2)

MgCl2, 25mM 1.5 µl

Primer1 1 µl (10pmol)

Primer2 1 µl (10pmol)

Template 1 µl (~100ng)

dNTP-Mix 1 µl

total 40 µl

enzyme-mix:

H2O 8 µl

10xbuffer 1 µl (-MgCl2)

Taq-Polymerase 0.5 µl

Pfu-Polymerase 0.5 µl

total 10 µl

If  new  primers  were  to  be  used,  a  gradient  PCR  programme  was  written,  to  

determine optimal hybridisation temperatures:

1 hot start 94°C

2 denaturation 94°C 20 sec

3 hybridisation 52-60°C 20 sec

4 elongation 72°C 60 sec per 1000bp

5 30 cycles of steps 2-4

6 elongation 72°C 5-10 Min
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7 stop 8°C

9.2.5.2. Analytical PCR

For PCR checking of ligations and plasmids Taq polymerase alone was used, since 

accuracy of replication was dispensable for analysis of length of fragments. 

A typical 20µl reaction was set up as follows:

DNA-mix:

H2O 11 µl

10xbuffer 1.5 µl (-MgCl2)

MgCl2, 25mM 1.3 µl

Primer1 0.4 µl (10pmol)

Primer2 0.4 µl (10pmol)

Template 0.2 µl (~10ng)

dNTP-Mix 0.2 µl

total 15 µl

enzyme-mix:

H2O 4.3 µl

10xbuffer 0.5 µl (-MgCl2)

Taq-polymerase 0.2 µl

total 5 µl

The PCR programme for analysis only needs one annealing temperature. Twenty 

cycles are sufficient to have enough product to be visualised by ethidium bromide 

staining.

1 hot start 94°C

2 denaturation 94°C 20 sec

3 hybridisation 55°C 20 sec

4 elongation 72°C 60 sec per 1000bp

5 20 cycles of steps 2-4

6 elongation 72°C 5-10 Min

7 stop 8°C
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9.2.6. Plasmid Preparation

9.2.6.1. Mini-Preparation (Birnboim, Doly, 1979)

Approximately one third to one half of a 10cm petri-dish of E. coli was suspended in 

300µl  P1  by  vortexing.  300µl  of  P2  were  added  and  the  suspension  mixed  by 

inverting the tube several times. After a maximum of 5 minutes of incubation at room 

temperature, 300µl P3 were added and the tube inverted several times to ensure 

thorough mixing of the solution. After 10 minutes of incubation at room temperature 

to allow complete precipitation of proteins tubes were spun at 4°C for 10 minutes at 

20,000g. 800µl of the supernatant were mixed with 560µl isopropanol in a clean tube 

and  incubated  for  one  minute  on  ice  to  precipitate  DNA.  Precipitated  DNA was 

pelleted by centrifugation at 4°C at 20,000g for 20 minutes and the pellet washed 

with  300µl  70% ethanol.  Supernatants  were aspirated  and pellets  dried at  37°C. 

Completely dry pellets were dissolved in 30-50µl TE-buffer or ddH2O. 

9.2.6.2. Midi-Preparation (NucleoBond, Clontech / Becton Dickinson)

Two days before plasmid isolation in midi-scale preparation, a dilution streak of the 

E.  coli strain  carrying  the  wanted  plasmid  was  done  on  LB agar  containing  the 

appropriate antibiotic. The next day, 1ml LB were inoculated with a single colony and 

incubated for 6 hours at 37°C shaking. An overnight culture was inoculated 1:1000  

out of the pre-culture and incubated at 37°C shaking over night. All culture medium 

contained the appropriate antibiotic. 

Bacteria  were  harvested  by  centrifugation  at  5,000g  for  5  minutes  at  4°C.  The 

supernatant  was  discarded  and  the  pellet  taken  up  in  4ml  pre-chilled  S1-buffer  

supplemented  with  RNAseA.  Lysis  was facilitated  by adding 4 ml  buffer  S2 and 

allowed  to  go  on  for  a  maximum of  5  minutes  at  room temperature.  Lysis  was 

stopped by addition of 4 ml S3 and 5 minutes incubation on ice. The lysate was 

cleared by centrifugation at 15,000g or more for 25 minutes. 

The column was equilibrated with 2.5ml buffer N2 before loading the cleared lysate 

by gravitational flow. After washing the column with 10 ml buffer N3, plasmid DNA 

was eluted into a clean vial with 5ml buffer N5 and precipitated by addition of 3.5 ml 

isopropanol. Precipitated DNA was pelleted by centrifugation for at least 45 minutes 

at 4,700g, the pellet washed with 2 ml of 70% ethanol and centrifuged again for 10 

minutes at 4,700g to secure the pellet prior to aspirating the supernatant. The dried 

pellet was dissolved in 200-500µl TE-buffer. DNA content and purity was determined 

using the Peqlab Nanodrop ND1000 photometer.
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9.2.7. Restriction endonuclease digests
By default,  cloning products were examined by restriction endonuclease digestion 

with suitable enzymes, giving characteristic DNA-fragment patterns in agarose gels. 

Controls were set up in 10 µl scale:

H20 ad 10 µl

enzyme 4 U per sample

buffer 1 µl (according to enzymes used)

DNA 1 µl (0.5-1µg)

After 2h at 37°C (or temperature required by the enzyme) 2µl GEBS buffer  were 

added and the complete reaction loaded onto an agarose gel for analysis.

9.3. Handling protein

9.3.1. Immunoprecipitation
An aliquot of whole cell lysate (WCL) was thawed on ice and an appropriate amount  

of  lysate was diluted in triton buffer  to a total  volume of  700µl  where applicable.  

Three micrograms of antibody were added and incubated with the lysate for 4h at 

4°C on a rotary mixer prior to the addition of 25 µl protein-A/G sepharose suspension  

(Santa Cruz) for  another  hour of  rotation  incubation.  The sepharose beads were 

pelleted  by  centrifugation  (short  run,  spun  up  to  10,000xg,  approx  7-10  s),  and 

washed three times with 750 µl of triton or RIPA-buffer by repeated spin-down and 

re-suspension.  The  supernatant  remaining  after  the  last  wash  (~40µl)  was 

supplemented with  15 µl  4xSDS-sample buffer,  and the complete  sample loaded 

onto a SDS polyacrylamide gel after heating to 95°C for 5 minutes.

9.3.2. SDS-PAGE  (Sodium  Dodecyl  Sulfate  Polyacrylamide  Gel 
Electrophoresis)

SDS-PAGE is used to separate proteins by their mass. Sodium dodecyl sulfate binds 

to  the  side  chains  of  amino  acids,  denatures  and  adds  negative  charge  to  the 

proteins, enabling them to migrate in a electric field. Since the negative charge of the 

SDS will  be  much  higher,  than  intrinsic  protein  charge,  the  proteins  will  migrate 

through the acrylamide mesh only slowed down by their length/mass and separate 

by size. 
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The mesh size of the separating gel was varied from 8% to 12,5% according to the 

sizes of the proteins of interest. Stacking gels were always 5%. For Separating gels, 

2, 2.5 or 3.1 ml of 40% (bis)acrylamide-solution (Roth) were mixed with 2.5 ml of 1.5  

M Tris pH8.8, filled up to 10 ml with ddH2O and 50 µl of a 20% SDS-solution were 

added. Stacking gels were prepared mixing 6.15 ml ddH2O, 2.5 ml 0.5  M Tris pH6.8, 

1.25 ml 40% (bis)acrylamide-solution and 50µl 20% SDS-solution. Polymerisation is 

catalysed  by  radicals,  and  was  started  by  addition  of  30µl  10%  APS  and  15µl  

TEMED.  Separating  gels  were  covered  with  ddH2O,  which  was  removed  after 

polymerisation to pour the stacking gel on top. An appropriate number of wells was 

formed with a plastic comb. Samples were loaded onto fully polymerised gels after 5  

min  heating  to  90°C into  rinsed  wells.  Electrophoresis  ran  for  1-3  h  at  80-120V 

before gels were stained in coomassie or proteins transferred to PVDF membranes 

for Western blotting.

9.3.3. Western Blot

9.3.3.1. Transfer

Proteins separated by SDS-PAGE were transferred onto PVDF membrane by either 

wet or semi-dry blotting. Either way,  the blot  was assembled with the membrane 

facing  the  anode  and  the  gel  facing  the  cathode.  The  sandwich  was  filled  with 

Whatman paper to either side to ensure fixation in the clamp (wet blot) or contact to  

either electrode (semi-dry). Also, bubbles of air were to be avoided in the sandwich.  

While for the wet blot, only one buffer was necessary, two buffers, one on the anode 

side, and one on the cathode side of the assembly were used. Wet blotting took 

place  either  over  night  (12-16  h)  at  30V  (constant  voltage)or  1-2h  at  150  mA 

(constant current), while semi-dry blot was carried out at constant current of 80 mA 

per gel for 1-2 h. The membrane was stained in coomassie shortly and de-stained to  

reveal distinct bands of protein, especially the size standard which was highlighted 

using a pencil or ball pen. 

9.3.3.2. Detection

The membrane was scanned for documentation purposes and incubated in blocking 

solution (“blotto”, 2%BSA in TBS-T) for at least 1h at room temperature or over night  

at 4°C. Primary antibodies were applied to the membrane for at least 1h at room 

temperature or over night at 4°C according to empirical values. Secondary, HRP-
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coupled, antibodies were applied for up to 1h at room temperature. Excess antibody 

was  washed  away  by  three,  5-10  min,  washes  with  TBS-T  before  proceeding. 

Detection was accomplished by luminescence using ECL/0,01%  H2O2.  The signal 

was recorded using X-Ray film. Suitable exposures were developed in the Curix60 

tabletop processor and digitalised using a HP Scanjet G4050. 

9.3.3.3. Stripping

When necessary, antibodies were removed from the membrane to allow a second 

round of detection of another antigen. To accomplish “stripping”, membranes were 

incubated  in  Tris  pH6.8/4%SDS/1mM  2-mercaptoethanol  for  90  s  at  75°C. 

Subsequently membranes were thoroughly rinsed with water to remove all traces of  

SDS and 2-mercaptoethanol before repeating the detection protocol.

9.4. Handling cells

9.4.1. Splitting cells 
Cells  were kept  at  80-90% confluency by subculturing them every 2-3 days.  Old 

medium was aspirated, cells washed with PBS and detached with trypsin. Trypsin  

incubation conditions and times varied from cell line to cell line. While HEK293T cells  

readily detached at  room temperature,  MEFs needed 2-5 min at  37°C to  detach 

sufficiently. 

Trypsin  was neutralised by 2-3 volumes of  growth  medium,  cells  transferred into 

clean vials and pelleted at 100xg for 3 min. The supernatant was discarded and cells 

taken up in 5 ml growth medium. The ratio how cells were split (or cell number) was 

determined empirically, since different cell lines exhibit different growth rates.

As a rule of thumb for HEK293T cells and most MEF lines, confluent dishes diluted 

1:5 acquire their initial confluence at day two after splitting.

For experimental set up, cell number was determined in contrast to sub-culturing.

9.4.2. Counting cells
Cells were counted either using Neubauer chambers or the CasyTT cell-counter.

9.4.2.1. Neubauer chamber

10µl  of  the cell  suspension were pipetted onto the Neubauer chamber,  and cells 

were counted using the microscope. 16 fields from all four quadrants of the chamber  
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were counted, and the number of cells multiplied by 10,000 to get the concentration 

of cells in cells/ml for the suspension.

9.4.2.2. CasyTT

25µl of the cell suspension were diluted in 5 ml filtered CasyTon and measured with 

the  CasyTT  using  the  appropriate  program set  up  once  for  each  cell  type.  The  

instrument determines cell number and discriminates duplexes, cells and debris and 

returns the number of viable cells per millilitre as well as the percentage of viable 

cells. 

9.4.3. FACS Analysis (Fluorescence Activated Cell Sorting)
1x106 cells were seeded into 6cm dishes and infected with CFSE-labelled bacteria 

the  next  day for  30-60 minutes  as required by experimental  set-up and problem 

posed.  The  infection  was  stopped  by  washing  with  cold  PBS  and  cells  were 

detached and made single by addition of trypsin as described in “splitting cells”. The 

cells were taken up in 1ml PBS/10% (F)CS and washed twice with PBS/10%(F)CS. 

Samples were kept on ice ant dark until analysis. Exclusively intracellular bacteria 

were  determined  by  quenching  extracellular  derived  CFSE-signal  by  addition  of  

trypan blue to a final concentration of 0.2mg/ml (Pils et al., 2006).

9.4.4. Immunostaining for FACS 
To measure expression levels of surface proteins, cells were taken into suspension 

in PBS/10%(F)CS and incubated with antibody against the protein of interest for 30 

minutes  at  4°C.  Cells  were  washed  twice  before  incubation  with  fluorescent  

secondary antibody for another 30 minutes at 4°C. Typically antibody was diluted at 

1:200. For 293T-cells, trypsin was diluted 1:5 in PBS to treat surface proteins as 

carefully as possible.

Samples were measured immediately, but could be fixed in PFA for later analysis as 

well. 

The  protocol  can also  be used for  intracellular  proteins.  In  order  to  make those 

accessible, cells needed to be fixed in PFA for 20 minutes at room temperature and 

permeabilised with 0.2% saponin before applying the staining protocol above. 
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9.4.5. Immunostaining for confocal laser scanning microscopy (CLSM)
Staining of  structures  had to  be done form outside to  inside.  If  intra- as well  as  

extracellular structures had to be stained, extracellular had to be labelled first prior to  

permeabilisation (0.2% saponin) of  the cells  to  access intracellular structures.  All  

staining steps were conducted using 20µl staining solution (i.e. blocking solution with 

antibody / biotinylated dye) for 45 minutes in a dark, humid chamber. Preparations 

were rinsed twice with PBS++ after each step. After staining was completed, cover 

glasses were placed onto mounting medium on a carrier glass slide with the cell side 

facing the carrier and sealed with nail polish to avoid evaporation of the medium. 

Preparations were stored in the dark at 4°C until use. 

9.4.6. Gentamicin protection assay
One day before the experiment, 5x105 transfected 293T-cells were seeded into each 

well of a 24-well plate for infection and 1x106 cells were seeded into 6cm dishes to 

determine  expression  of  transfected  constructs  by Western  blot  and/or  FACS.  If  

6-well plates were to be used, number of cells and volumes of reagents were halved.

Neisseria gonorrhoeae were suspended in PBS and optical density determined at 

550nm. 

1x107
 bacteria were used for infection (MOI 20), which was allowed to proceed for 

30-60 minutes as required by experimental set-up and problem posed. Thereafter,  

medium  was  exchanged  with  medium  containing  50µg/ml  gentamicin  for  the 

protection assay (viable,  invasive bacteria only),  or cells washed three times with 

medium or PBS for  determination  of  total  cell  associated  bacteria.  For  Neisseria 

gonorrhoeae 45 minutes gentamicin were sufficient to kill extracellular bacteria. After 

washing or incubation with gentamicin, cells were lysed in 1 ml of sterile 1% saponin 

solution for 15 minutes. A dilution series up to 1x10 -4 was done and 20µl plated on 

agar  in  duplicates.  The  number  of  colonies,  representing  viable  bacteria,  was 

determined the next day. Dilutions plated were selected by experience.

9.4.7. Transfecting 293T cells via calcium phosphate co-precipitation
The desired amount (1-10µg per 10 cm dish) of plasmid DNA was diluted in 500µl 

ddH2O. 500µl cold 2xHBS was added and precipitation started by addition of 50µl 

2.5M CaCl2 under shaking (vortex). The preparation was incubated for 10-15 minutes 

at room temperature to allow formation of crystals before pipetting it onto the cells in  
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growth medium with 25µM chloroquine. The cells were incubated for 6-8 hours at 

37°C before  medium was changed to  standard  growth  medium.  Expression  was 

allowed to proceed for 48 hours, with the cells being seeded into multi-well plates for  

experiments 24 hours after transfection.

9.4.8. Preparation for confocal laser scanning microscopy (CLSM)
5x104-1x105  293T cells were seeded onto coated cover glasses sitting in a 24-well-

plate and infected at MOI 20-50 the day after for 30-60 min. Bacteria were either 

labelled before infection or detected by antibodies after fixation. After infection, cells  

were  washes  once  with  PBS++ and  fixed  with  4%  PFA  for  20  min  at  room 

temperature. PFA was washed away with PBS++
 twice. Staining was conducted as 

described for bacteria or CLSM respectively.

9.4.9. Whole cell lysates
Whole cell lysates were prepared for control of expression or interaction experiments 

(immunoprecipitation, pull down). For control of expression, 1x106
 cells were seeded 

into 6 cm dishes the day before lysis in 400 µl RIPA-buffer.  Cells were scraped, 

collected in a 1.5 ml tube and genomic DNA sheared with a syringe by drawing the 

lysate up and down several times. 100 µl sepharose beads were added, and the 

crude lysate incubated for 10 min under constant inverting at 4°C. Sepharose, along 

with bound DNA was subsequently collected in a pellet by centrifugation at 14,000xg 

for  10-20  min.  200  µl  of  the  supernatant  were  transferred  into  a  clean  tube,  

supplemented with 2xSDS-buffer and frozen down at -20°C. 

Lysates  to  be  used  in  immunoprecipitation  or  pull-down  were  extracted  from 

confluent 10 cm dishes using 1 ml triton buffer by default. Depending on the protein  

complex desired, lysis conditions can be chosen differently.  Clearing of the lysate 

was done as described above and the pure lysate frozen down in aliquots at -80°C. 

One aliquot was supplemented with sample buffer and used for expression control 

via Western blot.

9.5. Other 

9.5.1. Coating of wells for gentamicin protection assay
Wells were coated with 5 µg/ml fibronectin or 4 µg/ml gelatine and incubated for at 
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least 1h at 37°C or over night at 4°C.

9.5.2. Coating coverslips for confocal laser microscopy
Cover  glasses  were  placed  into  wells  of  a  24-well  plate  and  covered  with  PBS 

containing 10µg/ml poly-L-lysine and 4µg/ml fibronectin and incubated for at least 1h 

at 37°C or over night at 4°C.

9.5.3. CLSM
Preparations were imaged using a Leica SP5 microscope equipped with a 405nm 

diode Laser, an argon laser offering laser lines at 458, 488 and 514 nm, and two  

HeNe lasers offering 561 and 633nm, respectively. Detection windows were freely 

assignable and adjusted to encompass about 30nm windows of the peak emission of  

the dyes used.
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10. Abbreviations
% percent

°C degree Celsius

Amp ampicillin

APS ammonium persulfate

bp base pairs

BSA bovine serum albumin 

Cam Chloramphenicol

CEACAM carcinoembryonic antigen-related cell adhesion molecule

CFSE carboxy-fluorescein succinimidylester

cm centimetre

CS newborn calf serum

DAG Diacyl glycerol

DMSO Dimethyl sulfoxide

DNA Desoxyribonucleic acid

EDTA ethylene diamine tetraacetate

et al. et alii; and others

FACS Fluorescence Activated Cell Sorting

FBA FITC-Biotin-Avidin

FCS fetal calf serum

Fn fibronectin

g gramm

GEF guanine-nucleotide exchange factor

GFP green fluorescent protein

h hour

HA hemagglutinine

HBS Hepes buffered saline

HMW High Molecular Weight Marker

IP3 Inositol(1,4,5)trisphosphate

ITAM immunoreceptor tyrosine-based activation motif

ITIM immunoreceptor tyrosine-based inhibitory motif

kbp kilobase pairs

kDa kilodalton

l litre
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Abbreviations

LB Luria-Bertani

LMW Low Molecular Weight Marker

M molar

mA milliampere

mg milligramms

ml millilitre

mM millimolar

OD optical density

opa opacity associated

PBS phosphate buffered saline

PBS++ phosphate buffered saline, suppl. with Ca2+ and Mg2+ (see Material)

PCR polymerase chain reaction

PFA para-formaldehyde

PI Phosphoinositol

PI(4,5)P2 Phosphinositol(4,5) bisphosphate

PIP3 Phosphoinositol(3,4,5) trisphosphate

PL Polylysine

pmol picomol

PTK protein tyrosine kinase

PVDF polyvinylidene fluoride

RT room temperature

s second

SDS Sodium dodecyl sulfate

SH2 Src-homology 2 domain

SH3 Src-homology 3 domain 

TAE Tris-acetate-EDTA

TEMED Tetramethyl ethylenediamine

rpm rounds per minute

ON over night

UV ultraviolet

V Volt

WASP Wiskott Aldrich Syndrome Protein

WAVE WASP family verprolin-homologous (Protein)

µg microgramms

µl microlitre
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