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Type-III or type-IV secretion sys-
tems of many Gram-negative bac-

terial pathogens inject effector proteins 
into host cells that modulate cellular 
functions in their favour. A preferred 
target of these effectors is the actin-
cytoskeleton as shown by studies using 
the gastric pathogens Helicobacter 
pylori (H. pylori) and enteropathogenic 
Escherichia coli (EPEC). We recently 
developed a co-infection approach to 
study effector protein function and 
molecular mechanisms by which they 
highjack cellular signalling cascades. 
This is exemplified by our observa-
tion that EPEC profoundly blocks H. 
pylori-induced epithelial cell scattering 
and elongation, a disease-related event 
requiring the activity of small Rho 
GTPase Rac1. While this suppressive 
effect is dependent on the effector pro-
tein Tir and the outer-membrane pro-
tein Intimin, it unexpectedly revealed 
evidence for Tir-signalling independent 
of phosphorylation of Tir at tyrosine 
residues 454 and 474. Instead, our stud-
ies revealed a previously unidentified 
function for protein kinase A (PKA)-
mediated phosphorylation of Tir at 
serine residues 434 and 463. We dem-
onstrated that EPEC infection activates 
PKA for Tir phosphorylation. Activated 
PKA then phosphorylates Rac1 at its ser-
ine residue 71 associated with reduced 
GTP-load and inhibited cell elongation. 
Phosphorylation of Rho GTPases such 
as Rac1 might be an interesting novel 
strategy in microbial pathogenesis.

Many signal transduction pathways in 
both eukaryotes and prokaryotes involve 
post-translational modification of proteins 
by phosphorylation.1-3 Protein phospho-
rylation was originally described in the 
mid-1950s and is now considered a major 
regulatory mechanism which profoundly 
changes the biochemical characteristics of 
a given protein having a significant role in 
numerous cellular processes. Using ATP 
as substrate, specific protein kinases can 
covalently attach a phosphoryl group to the 
side chains of histidine, serine, threonine 
and tyrosine residues, while protein phos-
phatases catalyse the removal of the phos-
phoryl group in a reversible reaction. When 
we look back at the discovery of tyrosine 
phosphorylation, however, a direct link to 
infection biology becomes apparent. One 
of the first described tyrosine-phosphory-
lated proteins was the middle T-antigen 
of polyoma virus.4 Since these early days 
most of the published work focused on the 
role of tyrosine phosphorylation in mam-
malian cells, but tyrosine kinases are also 
present in distinct bacteria.3 Interestingly, 
it was also discovered that a growing num-
ber of effector proteins of so-called type-
IV secretion systems (T4SS) and type-III 
secretion systems (T3SS) in bacterial 
pathogens including EPEC, Helicobacter, 
Bartonella, Chlamydia and others have 
adapted a mechanism for their tyrosine 
phosphorylation by eukaryotic kinases.2,5 
Previous evidence indicated that one of 
the best-characterized effector proteins 
in EPEC and EHEC, the Translocated 
Intimin receptor (Tir), may also use serine 
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cytoskeleton.38,39 First, translocated CagA 
is phosphorylated by Src and Abl kinases 
on tyrosine residues in the so-called EPIYA 
sequence repeat motifs.41 Secondly, trans-
fected and/or injected CagA can interact 
with at least 16 host signalling molecules 
[Shp-2, C-terminal Src kinase (Csk), 
the adapter proteins Grb2 and Crk, the 
kinases Src, Abl, Par1b, TAK1, PI3K and 
others] in a manner dependent or inde-
pendent of CagA phosphorylation.5,38,39 
Binding of CagA to Src inactivates the 
kinase leading to the dephosphorylation 
of the actin-binding proteins cortactin, 
ezrin and vinculin.39 Interestingly, the cell 
scattering phenotype induced by H. pylori 
also involves the activity of Rho GTPase 
family member Rac1 which is required for 
the induction of cell motility.42 As men-
tioned above, in a recent study we carried 
out co-infection experiments of H. pylori 
with EPEC.10 Here we found that EPEC 
inhibits H. pylori-induced AGS cell scat-
tering and elongation, and identified a 
consequence for PKA-mediated phospho-
rylation in Tir function. These findings 
provide new insights on how the involved 
signalling intersects with CagA-mediated 
responses as discussed below.

We originally developed the co-infec-
tion approach to dissect novel signalling 
pathways of CagA-induced rearrange-
ments in the actin-cytoskeleton using 
EPEC with its well-known effector rep-
ertoire as a tool. We indeed found that 
the presence of EPEC during infection 
efficiently inhibited the CagA-induced 
effects on actin-cytoskeleton, even at low 
multiplicity of infection of about 20 bac-
teria per cell.10 First, we excluded the pos-
sibility that this inhibitory activity was 
due to reduced cell binding of H. pylori 
or EPEC affecting the viability of H. 
pylori or changes in CagA injection levels. 
Second, we were able to demonstrate that 
the EPEC-blocking activity on the elonga-
tion phenotype was dependent on host cell 
contact of EPEC (using a transwell system 
separating EPEC from the AGS epithe-
lial cells) and a functional T3SS (using 
EPEC mutants deficient in the expression 
of the T3SS). Third, we could exclude 
the involvement of the T3SS effector pro-
teins EspF, EspH or Map, while mutants 
of Tir and Intimin abolished this effect 
and were shown to be crucial. Next, we 

regions that are located in the host cell 
cytoplasm allowing interactions with host 
proteins. Importantly, IBD-Intimin inter-
action apparently unleashes Tir signalling 
leading for the production of actin-rich 
pedestals.23 The latter proceeds in a man-
ner dependent on phosphorylation of 
tyrosine residue 474 (Y-474) in Tir by 
redundant host tyrosine kinases, namely 
the Src family member Fyn and Tec/
Abl family kinases.24-27 Phosphorylated 
Y-474 serves as a binding site for the SH2 
domain of the adaptor protein Nck to 
enable the N-WASP-Arp2/3 complex to 
polymerise actin beneath attached bacte-
ria.28,29 Interestingly, the latter signalling 
events do not require the activity of small 
Rho GTPases Rac1, Cdc42 or RhoA.30 
However, Tir also nucleates actin by Nck-
independent mechanisms in an inefficient 
manner linked to a second tyrosine phos-
phorylation site at Y-454.31 In addition, 
in vitro phosphorylation assays identified 
two serine residues in Tir (at position 
S-434 and S-463) as putative PKA sub-
strate sites.6 However, at this time it 
remained unknown whether PKA is acti-
vated by EPEC and can phosphorylate Tir 
in vivo. The entire scenario becomes even 
more complicated considering the find-
ings that a large number of additional host 
cytoskeletal proteins are also recruited 
into these actin-rich pedestals including 
vinculin, cortactin, talin and α-actinin as 
well as phosphoinositide 3-kinase (PI3K), 
tyrosine-phosphatase Shp-2, GTPase acti-
vating protein Ras-GAP, ubiquitin ligase 
Cbl and others (Fig. 1A and B) which 
were all reported to directly interact with 
Tir.5,32-37 This demonstrates that Tir sig-
nalling is highly complex and still not 
fully understood.

In contrast to EPEC which uses a 
T3SS to locally target the host actin 
cytoskeleton, H. pylori utilizes a T4SS 
to induce global actin-cytoskeletal rear-
rangements involved in cell scattering 
and elongation.38,39 This T4SS, which 
injects the CagA protein into host target 
cells in a beta1 integrin-dependent man-
ner, is encoded by the cag pathogenicity 
island.40 CagA is the only described H. 
pylori T4SS effector protein and several 
lines of evidence have recently emerged 
that provide insights into the mecha-
nisms by which CagA modulates the actin 

phosphorylation by a host cell kinase as a 
strategy to communicate with host target 
cells, but its significance for the infection 
process was widely unclear.6-9 Novel find-
ings using a co-infection approach with H. 
pylori indicated that there is a downstream 
consequence of serine-phosphorylated 
EPEC Tir which led to the discovery of 
a novel pathway regulating the small Rho 
GTPase Rac1.10 Rho GTPases are key 
regulators of many fundamental biologi-
cal functions including actin-cytoskeletal 
dynamics and cycle between their active 
and inactive state by binding GTP and 
by hydrolysis of GTP to GDP.11 In this 
addendum we discuss these new findings 
and their possible impact on host cell sig-
nal transduction cascades.

EPEC is a leading cause of infantile 
diarrhea linked to the formation of attach-
ing and effacing (A/E) lesions, which are 
characterised by intimate bacterial binding 
to intestinal epithelial cells prior to trig-
gering the loss (effacement) of absorptive 
microvilli and formation of actin-rich ped-
estal-like structures beneath the attached 
bacteria.12-17 The formation of A/E lesions 
depends on the locus of enterocyte efface-
ment (LEE) pathogenicity island in the 
EPEC chromosome that encodes genes for 
the surface protein Intimin, the T3SS as 
well as the translocated effector proteins 
EspB, EspF, EspG, EspH, EspZ, Map and 
Tir. EPEC also employs its T3SS machin-
ery to secrete and/or deliver additional non-
LEE encoded proteins into the host cells, 
and the recent completion of the EPEC 
genome sequence suggests that its effec-
tor protein repertoire consists of at least 21 
factors.18,19 However, Tir is the only effec-
tor shown to be essential for disease devel-
opment.20,21 Early work has demonstrated 
that EPEC injects Tir into target cells 
where Tir molecules insert into the host 
cell membrane and bind Intimin, thereby 
acting as a receptor for the bacteria.22 Tir 
exhibits a hairpin-like conformation with 
two predicted transmembrane domains 
(residues 234–259 and 353–382), expos-
ing a large extracellular loop (residues 
260–352). This loop contains the Intimin-
binding domain (IBD) that serves as a 
binding site for Intimin and thus intimate 
bacterial adherence.23 The IBD is flanked 
by amino-terminal (residues 1–233) and 
carboxy-terminal (residues 383–550) 
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elongation. We then confirmed in the 
AGS cell model that EPEC can induce 
all necessary signalling events that are 
required for pedestal formation, indicat-
ing that Intimin/Tir induces downstream 

function. Clearly, because mutation of 
Intimin also abolished the blocking effect, 
our results strongly suggested that bind-
ing of Tir to Intimin is important for the 
Tir-dependent blocking activity on cell 

applied several EPEC strains expressing 
deletion variants of Tir. In this way, we 
could show that removal of one or both 
transmembrane-spanning domains in 
Tir significantly reduced Tir’s inhibitory 

Figure 1. Model for host-cell signalling induced by EPEC Tir. Tir is an effector protein of EPEC, which is injected into host cells by a type-III secretion 
system (T3SS). Translocated Tir is rapidly inserted into the host cell membrane where interaction with the bacterial surface protein Intimin triggers 
signalling leading to disease-related events. Tir membrane insertion results in a hairpin-like structure of the protein and correlates with multiple 
phosphorylation events at indicated serine/tyrosine residues. While the tyrosine residues Y-454 and Y-474 can be phosphorylated by Fyn, Tec and/or 
Abl kinases, the serine residues S-434 and S-463 are phosphorylated by PKA. Injected Tir has at least 10 interacting host cell proteins as indicated. The 
induced downstream signal cascades can be classified in three categories: (A) phosphorylation-independent, (B) dependent on Tir tyrosine phospho-
rylation, and (C) dependent on Tir serine phosphorylation. For more details see text.
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motility is the Rho GTPase member 
Rac1,11,42,48,49 and Rac1 has been shown to 
be crucial for the H. pylori-induced elon-
gation phenotype.42,49 Thus, we monitored 
the activity of Rac1 during the course of 
infection. Indeed, we found that injection 
of Tir lead to a rapid decrease of Rac1-
GTP levels in an S-434/S-463-dependent 
manner, implying that EPEC inhibits the 
latter response by controlling the activity 
of Rac1 at the level of GTP-binding (Fig. 
1C). Using phospho-specific antibodies, 
we found that the GTP-load inversely cor-
related with increasing phosphorylation 
of Rac1 at serine residue S-71.10 In fact, 
Tir induced the phosphorylation of Rac1 
at S-71 by PKA which was confirmed by 
siRNA knockdown and pharmacological 
inhibition of PKA. These data indicate that 
PKA is a novel kinase of Rac1,10 and prob-
ably also Cdc42 which is also recognized 
by the phospho-antibody. Our data also 
showed that the latter response widely cor-
relates with PKA-mediated activation and 
the production of serine-phosphorylated 
Tir. Interestingly, phosphorylation of Rac1 
at S-71 by another cellular kinase, Akt, 
was shown to negatively regulate its GTP-
binding in vitro.50 This indicates that PKA 
may directly control the activity of Rac1 in 
infected AGS cells by phosphorylating S-71 
followed by inactivation of Rac1. However, 
sole treatment of cells with PKA-activating 
compounds such as forskolin or cAMP did 
not induce Rac1 phosphorylation at S-71 
(our unpublished data), indicating that 
Tir may use a highly specific mechanism 
to stimulate the PKA→Rac1 pathway and/
or parallel signal cascade to trigger Rac1 
inactivation. Importantly, the inhibitory 
response on Rac1 could be widely rescued 
either by expression of constitutive-active 
Rac1 or treatment of cells with cytotoxic 
necrotizing factor-1 (CNF-1), which has 
the ability to permanently activate Rac1 by 
glutamine-deamidation.51 Taken together, 
the latter findings highlight the fact that 
we have discovered a novel PKA-dependent 
signalling pathway and the first identified 
functional role of serine-phosphorylated 
Tir (Fig. 1C). Thus, our co-infection strat-
egy aided in the definition of pathways 
subverted by two different pathogens, 
EPEC and H. pylori, and helped defining 
signalling cascades that control the CagA-
mediated cell elongation. Both EPEC and 

on western blots and the serine sites are 
required for efficient pedestal forma-
tion.6,22,23 However, if EPEC can induce 
the kinase activity of PKA during infec-
tion and the functional importance of Tir 
phosphorylation on serine residues in vivo 
were unclear at this time. We could dem-
onstrate that serine phosphorylated Tir 
is indeed associated with elevated PKA 
kinase activity as quantitated on the basis 
of induced phosphorylation at this kinase 
on threonine residue T-197.10 Interestingly, 
activation of PKA required the Tir serine 
residues at S-434 and/or S-463 (Fig. 1C). 
Our PKA inhibitor and siRNA studies also 
confirmed that injected Tir and CagA do 
not compete for PKA itself, because PKA 
is not activated by H. pylori and inhibi-
tion of PKA by the cell-permeable drugs 
PKI and H-89 did not block the elonga-
tion phenotype but partially inhibited Tir 
activities. However, the PKA-dependent 
assembly of Tir in the host cell membrane 
during infection is still not fully elucidated. 
A possible scenario is that multimeriza-
tion of Tir is promoted by interactions in 
addition to those of its carboxy-terminal 
domain.7 This idea is consistent with the 
observed dimerization of the extracellular 
IBD bound to Intimin.47 We postulate 
that PKA-mediated phosphorylation of 
Tir during infection in vivo has a function 
in the correct insertion and/or interaction 
of Tir with the cell membrane for Intimin 
binding to further enhance the activity of 
PKA which inhibits the H. pylori-induced 
elongation phenotype. In line with this 
hypothesis, we observed that cell elonga-
tion was restored in the presence of the 
PKA inhibitors and is therefore a revers-
ible process.10

Given the observation that EPEC 
stimulates cellular PKA during infec-
tion,10 we proposed that activated PKA 
may phosphorylate and therefore alter the 
activity of downstream factors in the tar-
get cell, which then may interfere with the 
CagA-induced cell elongation phenotype. 
Interestingly, we found that infection of 
AGS cells with EPEC leads to inhibition of 
cell migration and scattering as indicated 
by signs of detachment of cells from the 
substratum and cell rounding. Such phe-
notype typically indicates that the activity 
of small Rho GTPases maybe downregu-
lated. A major driver in controlling cell 

signalling which may interfere with that of 
injected CagA.

As described above, several host cell 
proteins including tyrosine kinases and 
Nck are recruited to the EPEC attach-
ment site leading to N-WASP-dependent 
actin polymerization by the Arp2/3-
complex.28,35,43,44 Therefore, it was tempt-
ing to postulate that Tir may directly 
compete with CagA for their tyrosine 
kinases, the actin-nucleating activity 
of N-WASP, Arp2/3 or other proteins. 
However, tyrosine phosphorylation of 
CagA and Tir were not significantly 
affected during the co-infections, thereby 
ruling out the possibility that these effec-
tor proteins compete for tyrosine kinases 
of the Abl and Src family. Moreover, 
expression of Tir carrying substitutions of 
the two known tyrosine-phosphorylation 
sites (Y454F, Y474F and/or Y454/474F), 
still efficiently blocked cell elongation. 
In line with these observations, we found 
that expression of EHEC-Tir, which lacks 
the Y-474 phosphorylation site and is not 
tyrosine-phosphorylated,45 also blocked 
the H. pylori-induced phenotypes. 
Importantly, we detected essential roles 
for either of two serine residues in Tir, 
S-434 and S-463, which are the sites for 
PKA phosphorylation in vitro.6 Expression 
of Tir S434A, S463A or S434/463A sub-
stitution mutants entirely abrogated the 
ability of Tir to block H. pylori-induced 
cell scattering and elongation. Therefore, 
we provided the first example and clear 
evidence that both serine residues exhibit 
function(s) in cell signalling, and are cru-
cial in enabling Tir to block the CagA-
mediated phenotypes.

Previous work has demonstrated that 
purified EPEC Tir and its carboxy-termi-
nal domain (residues 385–550 including 
the PKA substrate sites) exist in an equi-
librium of monomers, dimers, and in the 
case of full-length Tir, higher oligomers, 
which depends on the serine residues at 
S-434 and S-463.7 It has been proposed 
that these serine sites may induce changes 
in the three-dimensional structure of Tir 
that either aid additional kinase-depen-
dent modification and/or to promote 
insertion of Tir into the host plasma mem-
brane.6-8,46 In fact, serine-phosphorylated 
Tir in vitro has been linked to shifts in 
apparent molecular mass of the protein 
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microbial infections, especially when Rac1 
is involved. Interestingly, the S-71 site is 
conserved in another member of this Rho 
family GTPases, Cdc42, which can also 
undergo phosphorylation.52 Since both of 
these GTPases are targets for a variety of 
microbial virulence factors and crucial for 
both invasive and non-invasive bacteria, 
phosphorylation of Rac1/Cdc42 at S-71 
could therefore be of general importance 
in bacterial-host interactions. Future 
studies should also examine pathogen-
induced alteration on the three groups of 
regulatory proteins in the Rho GTPase 
cycle: the guanine dissociation inhibitors 
(GDIs), the guanine nucleotide exchange 
factors (GEFs), and GTPase-activating 
proteins (GAPs). It will be also interesting 
to investigate whether EHEC Tir, which 
uses serine residues S-436 and S-437 as 
PKA phosphorylation sites in vitro,9 also 
affects GTPase phosphorylation during 
infection. Such studies will undoubt-
edly contribute to our knowledge on 
both GTPase signalling in general and in 
microbial pathogenesis.
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