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Many	bacterial	pathogens	inject	into	host	cells	effector	proteins	that	are	substrates	for	host	tyrosine	kinases	
such	as	Src	and	Abl	family	kinases.	Phosphorylated	effectors	eventually	subvert	host	cell	signaling,	aiding	
disease	development.	In	the	case	of	the	gastric	pathogen	Helicobacter pylori,	which	is	a	major	risk	factor	for	
the	development	of	gastric	cancer,	the	only	known	effector	protein	injected	into	host	cells	is	the	oncopro-
tein	CagA.	Here,	we	followed	the	hierarchic	tyrosine	phosphorylation	of	H. pylori	CagA	as	a	model	system	to	
study	early	effector	phosphorylation	processes.	Translocated	CagA	is	phosphorylated	on	Glu-Pro-Ile-Tyr-Ala	
(EPIYA)	motifs	EPIYA-A,	EPIYA-B,	and	EPIYA-C	in	Western	strains	of	H. pylori	and	EPIYA-A,	EPIYA-B,	and	
EPIYA-D	in	East	Asian	strains.	We	found	that	c-Src	only	phosphorylated	EPIYA-C	and	EPIYA-D,	whereas	c-Abl	
phosphorylated	EPIYA-A,	EPIYA-B,	EPIYA-C,	and	EPIYA-D.	Further	analysis	revealed	that	CagA	molecules	
were	phosphorylated	on	1	or	2	EPIYA	motifs,	but	never	simultaneously	on	3	motifs.	Furthermore,	none	of	
the	phosphorylated	EPIYA	motifs	alone	was	sufficient	for	inducing	AGS	cell	scattering	and	elongation.	The	
preferred	combination	of	phosphorylated	EPIYA	motifs	in	Western	strains	was	EPIYA-A	and	EPIYA-C,	either	
across	2	CagA	molecules	or	simultaneously	on	1.	Our	study	thus	identifies	a	tightly	regulated	hierarchic	phos-
phorylation	model	for	CagA	starting	at	EPIYA-C/D,	followed	by	phosphorylation	of	EPIYA-A	or	EPIYA-B.	
These	results	provide	insight	for	clinical	H. pylori	typing	and	clarify	the	role	of	phosphorylated	bacterial	effec-
tor	proteins	in	pathogenesis.

Introduction
Tyrosine phosphorylation of proteins and their interaction with 
cognate, Src homology (SH2) domain–containing ligands play 
key roles in mammalian signal transduction (1). Many bacterial 
pathogens use type III and type IV secretion systems (T3SS and 
T4SS) to inject effector proteins into the cytoplasm of host tar-
get cells where they are phosphorylated by host tyrosine kinases 
(2–4). Phosphorylated effectors target various components of 
signal transduction pathways, subverting host cell functions for 
the benefit of the pathogen. Intriguingly, 6 bacterial pathogens, 
including enteropathogenic E. coli, Helicobacter pylori, Chlamydia 
trachomatis,  Bartonella henselae,  Anaplasma phagocytophilum,  and 
Ehrlichia chaffeensis, share this infection strategy (5–9). The tyrosine 
phosphorylation sites of H. pylori CagA and several other bacterial 
effector proteins such as BepD-F (B. henseleae), Tir (enteropatho-
genic E. coli), Tarp (C. trachomatis), or AnkA (A. phagocytophilum and 
E. chaffeensis) resemble classical substrates of eukaryotic cytosolic 
tyrosine kinases. The phosphorylation sites share some homology, 

although the corresponding effector proteins are not evolution-
arily related to one another (4, 8, 9). Many of these effectors are 
targeted by kinases of the Src and Abl families (10–14). As Src is 
evolutionarily old and ubiquitously expressed, these motifs may 
have evolved as phosphorylation substrates in a wide range of 
host organisms and tissues. Once phosphorylated, effector pro-
teins usually recruit cellular binding partners with SH2 domains 
to perturb downstream signaling cascades and host cell functions 
for bacterial benefit, and are also involved in disease development 
(9, 14). Many host cell interaction partners have been identified so 
far, but little is known regarding regulation of these early phos-
phorylation events. Thus, it is unclear if Src and Abl kinases target 
the same or different phosphorylation sites within the effectors. 
It is also unknown if certain kinases are preferentially activated as 
these proteins enter a target cell.

H. pylori is a valuable model system to study effector protein 
functions. This Gram-negative bacterium is a highly successful 
pathogen, colonizing the mucus layer of the stomach in about half 
of the global population (15–18). Research in the last 2 decades 
has indicated that the disease-associated cag pathogenicity island  
(cagPAI) encodes functional components of a T4SS (19, 20), a 
syringe-like pilus protruding from the bacterial surface. Upon con-
tact with target cells, the T4SS injects virulence molecules such as 
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CagA (4, 19, 21). CagA’s central role in H. pylori infection has been 
demonstrated in Mongolian gerbils and mice as well as in cultured 
gastric epithelial cells in vitro (18, 19, 22–24). A hallmark of H. pylori– 
infected AGS cells is the “hummingbird” or “elongation” pheno-
type, which is fully dependent on the presence of phosphorylated 
CagA (CagAPY) (11, 25). This phenotype may impact pathogenesis 
by influencing immune responses, wound healing, metastasis, or 
invasive growth of cancer cells in vivo (26, 27). Numerous cellular 
binding partners of CagA that highjack host signal transduction 
events have been identified, including tyrosine phosphatase SHP-2,  
C-terminal Src kinase (Csk), PI3K, and others (4, 14, 28, 29).

Glu-Pro-Ile-Tyr-Ala (EPIYA) motifs in the C-terminal region of 
CagA protein have been identified as phosphorylation sites using 
site-directed mutagenesis of injected and/or transfected CagA and 
mass spectrometry (11, 25, 28, 30). 3 distinct EPIYA motifs are 
found in Western isolates (EPIYA-A, EPIYA-B, and EPIYA-C). In 
East Asian strains, EPIYA-C motifs are replaced by EPIYA-D motifs, 
each of which is conserved in its surrounding sequence (22, 31).  
While the majority of reported strains have 3 EPIYA motifs per 
CagA molecule (EPIYA-ABC or EPIYA-ABD), the number and con-
figuration of motifs per molecule may vary from 2 to 8 (4). Interest-
ingly, oncogenic tyrosine kinases of the Src (10, 11) and Abl (12, 13)  
families have been shown to phosphorylate CagA in vitro and 
during infection in vivo. Mutagenesis of Y-972 in the EPIYA-C of 

CagA from the TIGR strain 26695 has shown that this motif is a 
major phosphorylation site (25). However, the majority of CagA 
phosphorylation studies to date used phosphorylation-deficient 
mutants  in which all  tyrosines were mutated in Western-type 
EPIYA-A, EPIYA-B, and EPIYA-C; these were investigated using  
1-dimensional protein electrophoresis (1-DE) and panphosphoty-
rosine antibodies (12, 13, 28).

The EPIYA motifs are widely used to type H. pylori strains in 
clinical  studies and are  significant determinants of virulence 
(15–18, 31). However, it is unknown whether all EPIYA motifs 
are phosphorylated simultaneously or in a specific sequence, or 
if only 1 or 2 motifs are phosphorylated per CagA molecule. Also 
unknown is whether differentially phosphorylated CagA popula-
tions exist in the cell, whether a regulatory mechanism controls 
multiple phosphorylation events during infection, and whether 
Src and Abl kinases phosphorylate all EPIYA sites equally or only 
specific EPIYAs. Here, we used 2-dimensional protein electro-
phoresis (2-DE) and site-directed mutagenesis to study the time 
course of CagA phosphorylation during infection. We showed that 
1 or 2 EPIYA motifs can be phosphorylated per CagA molecule 
in H. pylori TIGR strain 26695 (EPIYA-ABC) and strain TN2-GF4 
(EPIYA-ABD) (32, 33), and that Src and Abl kinases phosphory-
lates different phosphorylation sites. We also created a series of 
phosphorylation-deficient and phosphorylation-mimetic H. pylori 

Figure 1
Analysis of CagAPY protein species during infection with H. pylori by 1-DE and 2-DE. (A) CagA proteins vary in the C-terminal EPIYA phos-
phorylation sites depending on geographical origin. Western CagA proteins (e.g., strain 26695) contain the EPIYA-A, EPIYA-B, and EPIYA-C 
segments, while East Asian strains contain the EPIYA-A, EPIYA-B, and EPIYA-D segments (e.g., strain TN2-GF4). These motifs are tyrosine 
phosphorylation sites that can be phosphorylated by Abl and Src tyrosine kinases (10–13). (B) AGS cells were infected for the indicated times 
with strain 26695. The resulting protein lysates were separated by 1-DE, and phosphorylation of injected CagA was examined using α–PY-99 
and α-CagA antibodies (arrows). (C) Separation of CagA protein species from B by 2-DE. Depending on the time of infection, full-length CagAPY 
appeared as 1 spot (spot 1, red arrows, pI = 7.0) or 2 spots (spots 1 and 2; spot 2, green arrows, pI = 6.5) as indicated. The α-CagA antibody 
probe revealed a third spot (spot 3, blue arrows, pI = 7.5). Overlay of both exposures yielded 2 or 3 spots as shown. Strain TN2-GF4 exhibited 
the same pattern as 26695 (bottom). (D) Inhibition of Src with PP2 (10 μM) or Abl with SKI-DV2-43 (1 μM) revealed significant changes in spot 
intensity depending on the time of infection.



research article

	 The	Journal	of	Clinical	Investigation      http://www.jci.org      Volume 122      Number 4      April 2012  1555

strain 26695 CagA mutants in all possible combinations. Study 
of CagA phosphorylation and of AGS cell elongation induced by 
these H. pylori mutants allowed deduction of the minimum set of 
EPIYA motifs necessary and sufficient for phenotypical outcome.

Results
Analysis of CagAPY protein species by 2-DE. The H. pylori TIGR strain 
26695 (32) cagA gene encodes 1 copy each of the Western-type 
motifs EPIYA-A, EPIYA-B, and EPIYA-C (Figure 1A). AGS gastric 
epithelial cells were infected with H. pylori for 30, 90, or 180 min-
utes. As reported previously (10, 25), 130-kDa phosphorylated 
CagA (CagAPY) signal  intensity, detected by an α-phosphoty-
rosine antibody on 1-dimensional SDS-PAGE gels,  increased 
time dependently (Figure 1B) and was strictly correlated with 
the H. pylori–induced elongation phenotype (Supplemental Fig-
ure 1; supplemental material available online with this article; 
doi:10.1172/JCI61143DS1). Similar results were observed with 
EPIYA-ABD of East Asian H. pylori strain TN2-GF4 (Figure 1A 

and data not shown). Increased CagAPY signal intensity could 
result from increased amounts of injected CagA molecules under-
going phosphorylation at a specific site and/or by  increased 
phosphorylation of multiple sites per CagA molecule. To answer 
this question, infected AGS cell lysates were analyzed by 2-DE to 
separate phosphorylated and nonphosphorylated H. pylori strain 
26695 CagA protein species as described (34). After 30 minutes 
infection, α-phosphotyrosine immunoblotting revealed a single 
130-kDa CagAPY spot (spot 1) with an isoelectric point (pI) of 
approximately 7.0 (Figure 1C). After 90 minutes infection, the 
CagAPY spot 1 increased in intensity, and a second, fainter CagAPY 
spot appeared with pI of 6.5 (spot 2). After 180 minutes infec-
tion, spot 2  increased  in  intensity. No additional spots were 
observed after 240 minutes or longer infections, but both CagAPY 
spots continued to increase in intensity (data not shown). The 
blots were then reprobed with a monoclonal α-CagA antibody 
that binds exclusively to the nonphosphorylated form of CagA 
(25). This antibody did not label CagAPY spots 1 and 2, but in all 

Figure 2
In vitro phosphorylation of CagA mutants by c-Abl or c-Src kinases. (A) Site-directed Y>F mutagenesis of CagA EPIYA-A, EPIYA-B, and EPIYA-C  
in strain 26695. Single, double, and triple mutants were named as indicated. (B and C) Lysates of H. pylori expressing the mutated CagA EPIYA 
motifs were subjected to in vitro phosphorylation assays using recombinant c-Src kinase (B) or c-Abl kinase (C). Immunoblotting using α–PY-99 
and α-CagA antibodies (arrows) indicated that both c-Src and c-Abl phosphorylated CagA in a different fashion. (D) Schematic diagram of the 
data, showing that c-Src only phosphorylated Y-972 in EPIYA-C, while Abl can phosphorylate Y-899, Y-918, and Y-972 in EPIYA-A, EPIYA-B, 
and EPIYA-C, respectively.
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infected samples did label a full-length CagA spot with pI of 7.5 
(CagA spot 3; Figure 1C; refs. 9, 25). CagA protein species from 
H. pylori strain TN2-GF4 gave a similar pattern for each antibody 
(Figure 1C). Overlays of both the α-CagA and α-phosphotyro-
sine exposures yielded 3 distinct spots representing full-length 
CagA proteins (Figure 1C). These results were observed in both 
AGS and MKN-28 cells infected with 26695 or TN2-GF4 strains 
(Figure 1C and Supplemental Figure 2A) and are consistent with 
the more basic spot 3 representing nonphosphorylated CagA, 
and the other 2 more acidic spots representing CagAPY molecules 
phosphorylated at 1 or 2 positions.

To  test  this  hypothesis,  lysates  of  infected  cells  were  incu-
bated in the presence or absence of PTP-N1, a protein tyrosine 
phosphatase. As expected, PTP-N1 treatment significantly atten-
uated the intensity of CagAPY spots 1 and 2 and increased the 
intensity of nonphosphorylated CagA spot 3 as labeled by the  
α-CagA antibody (Supplemental Figure 2B). Mock-infected or 
cagA-deficient H. pylori isogenic mutant-infected AGS cells showed 
no 2-DE gel labeling with α-CagA or α-phosphotyrosine antibod-
ies (Supplemental Figure 2B). Also, as expected, infections with 
T4SS-deficient H. pylori strains ΔvirB5 (cagL–) and ΔvirB10 (cagY–), 
which express but do not inject CagA protein (21, 35), yielded no 
CagAPY spots (Supplemental Figure 2B).

Src and Abl kinases are activated differentially and have distinct effects on 
CagAPY spots. Next, we assessed the role of Src and Abl kinases in the 
CagAPY patterns described above using activation-specific phos-
phoantibodies. Supplemental Figure 3 shows that c-Src was tran-
siently activated between 30 and 90 minutes after infection, where-
as Abl was constitutively activated with very high activities between 
90 and 180 minutes after infection. Using the potent and relatively 
specific Src kinase inhibitor PP2 (36) and Abl kinase inhibitor  
SKI-DV2-43 (37), we studied the role of both kinases in produc-
ing the observed CagAPY spots. Having confirmed specific inhibi-
tion of c-Src or c-Abl tyrosine kinase activities and phenotypical 
outcome by the inhibitors (Supplemental Figure 4), we pretreated 
AGS cells with PP2 or SKI-DV2-43 for 30 minutes, infected them 
with H. pylori for 30 minutes, and analyzed cell lysates on 2-DE 
gels. Treatment with SKI-DV2-43 had no effect on CagAPY spot 1, 
but PP2 eliminated this signal completely (Figure 1D), suggesting 
that c-Src but not c-Abl phosphorylates CagA early in infection. 
Conversely, after 180 minutes of infection, PP2 moderately attenu-
ated CagAPY spots 1 and 2, while SKI-DV2-43 eliminated both sig-
nals completely (Figure 1D). This suggests that c-Abl but not c-Src 
predominantly phosphorylates CagA at later time points, giving 
rise to the 2 CagAPY spots. The significant attenuation of CagAPY  
was not due  to a bactericidal effect of  the  inhibitors because  

Figure 3
Modeling of phosphorylated CagA pro-
tein species detected in Figures 1 and 2.  
(A) Representative 2-DE pictures of 
CagA protein species produced after 30 
and 180 minutes of H. pylori infection. 
(B) Different possible phosphorylated 
CagA protein species induced during 
infection and their time-dependent 
sensitivity to pharmacological inhibition 
of Src and Abl kinases. Colors indicate 
the confirmed or proposed phosphory-
lation status of CagA motifs in each  
2-DE spot. +++, strong effect; + 
moderate effect; –, no effect. Aster-
isks indicate that the slight inhibitory 
effect of PP2 on CagA protein spe-
cies phosphorylated by c-Abl (>90 
minutes) may be due to c-Src being 
an upstream component of the signal 
cascade leading to full c-Abl activation 
during infection.
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H. pylori viability was unaffected (data not shown). Interestingly, 
PP2 also had some effect on c-Abl activity after 180 minutes (Sup-
plemental Figure 4), suggesting that c-Src may participate in the 
early signal cascade that triggers c-Abl activation.

c-Src and c-Abl kinases phosphorylate different tyrosines in CagA EPIYA 
motifs. To determine whether c-Src and c-Abl phosphorylate all or 
only selected CagA EPIYA motifs, we generated single, double, and 
triple Tyr-to-Phe (Y>F) point mutations of all 3 strain 26695 EPIYA 
motifs in all possible combinations. These CagAs were expressed 
from the shuttle plasmid pSB19 and were named as shown in  
Figure 2A. In vitro phosphorylation analyses using recombinant c-Src  
or c-Abl kinases showed that c-Src failed to phosphorylate any 
CagAs carrying a mutation in the third EPIYA motif, suggesting 
that c-Src phosphorylates CagA at this site, which corresponds to 
EPIYA-C, but not at EPIYA-A or EPIYA-B (Figure 2B). In contrast, 
c-Abl phosphorylated WT CagA and all single or double mutants, 
but not the triple EPIYA-ABCY>F mutant (Figure 2C). This shows 
that  c-Abl  can  phosphorylate  all  3  EPIYA  motifs,  EPIYA-A,  
EPIYA-B,  and  EPIYA-C  (Figure  2D).  In  addition,  EPIYA-D  in 
strain TN2-GF4, which is related to EPIYA-C (Figure 1A), was also 
phosphorylated by c-Src and c-Abl (Supplemental Figure 5). These 
results are consistent with the inhibitor data described above and 
suggest that c-Src and c-Abl phosphorylate a specific set of EPIYA 
motifs in a time-dependent fashion as summarized in Figure 3.

Role of EPIYA motifs in CagA phosphorylation and AGS cell elongation.  
To determine which EPIYA motifs are important for CagA phos-
phorylation and phenotypic outcome during infection, we trans-
formed  nonpolar  H. pylori ΔcagA  deletion  mutants  (25)  with 
pSB19 plasmids expressing the different strain 26695 WT and 

CagA mutants. Expression of equal amounts of CagA variants 
was confirmed by immunoblotting (Figure 4A). AGS cells were 
infected with these strains, and CagAPY levels were determined 
(Figure 4A). Supplemental Figure 6B shows that WT CagA and 
the EPIYA-AY>F mutant infections induced CagAPY signals of equal 
intensity, while the EPIYA-BY>F mutant induced a slightly more 
intense CagAPY signal. In agreement with previous reports (25), the 
EPIYA-CY>F mutant induced very faint CagAPY signals. Interesting-
ly, CagA variants carrying 2 mutated motifs such as EPIYA-ACY>F 
and EPIYA-BCY>F also induced very faint CagAPY signals, while 
the EPIYA-ABY>F mutant induced slightly attenuated CagAPY sig-
nals compared with WT infection (Supplemental Figure 6B). The 
CagA triple mutant EPIYA-ABCY>F induced no CagAPY signal, as 
expected. These data show that CagA mutants with a phosphory-
latable tyrosine in EPIYA-C (AY>F, BY>F, and ABY>F) produced the 
strongest CagAPY signals, indicating that EPIYA-C has a central 
role in CagA phosphorylation and that EPIYA-A and EPIYA-B can 
also be phosphorylated during infection.

These phosphorylation data were correlated with the elonga-
tion phenotype by quantitating the number of elongated AGS 
cells in the same experiments. Interestingly, all constructs induc-
ing strong CagAPY signals (WT CagA, EPIYA-AY>F, and EPIYA-BY>F)  
exhibited a strong elongation phenotype in more than 60% of 
cells, with only 1 exception. The EPIYA-ABY>F mutant induced 
strong CagAPY signals, but the elongation phenotype was signifi-
cantly suppressed (Figure 4, B and C), suggesting that EPIYA-C 
phosphorylation is necessary but not sufficient for triggering the 
phenotypical outcome. All other CagA constructs (EPIYA-CY>F, 
EPIYA-ACY>F, EPIYA-BCY>F, and EPIYA-ABCY>F) were unable to 

Figure 4
Role of EPIYA motifs in CagA phosphorylation and AGS cell elongation during H. pylori infection. (A) AGS cells were infected for 4 hours with 
CagA-expressing H. pylori strains as indicated. Phosphorylation of CagA was examined using α–PY-99 and α-CagA antibodies (arrows). (B) 
The number of elongated cells in each experiment was quantitated in triplicate in 10 different 0.25-mm2 fields. (C) Phase-contrast micrographs 
of AGS cells infected with the different strains as indicated. **P ≤ 0.001.



research article

1558	 The	Journal	of	Clinical	Investigation      http://www.jci.org      Volume 122      Number 4      April 2012

induce the elongation phenotype. Taken together, these data sug-
gest that none of the 3 EPIYA motifs alone can induce the elonga-
tion phenotype, which appears to require CagA phosphorylation 
of at least 2 different EPIYA motifs.

Interaction of phosphomimetic CagA mutants with host signaling factors. 
To determine the minimum number of phosphorylated EPIYA 
motifs needed for phenotypic outcome during infection, we gen-
erated phosphorylation-mimetic strain 26695 CagA mutants with 
EPIYA tyrosines replaced by aspartic acid (Y>D), which serves as 
a phosphorylation substrate in other proteins (38, 39). To avoid 
additional phosphorylation of the constructs by c-Src or c-Abl, 
all nontargeted tyrosines in adjacent EPIYA motifs were replaced 
by phenylalanines. The resulting constructs were transferred into 

the ΔcagA deletion mutant and named as shown in Figure 5A.  
Comparable expression of each CagA mutant was verified by immu-
noblotting, and infection of AGS cells confirmed that none of the 
CagA mutants induced a tyrosine phosphorylation signal (Figure 5B).  
To ensure that each construct was injected and functional, pro-
tein  lysates  of  infected  AGS  cells  were  subjected  to α-CagA  
immunoprecipitation  and  immunoblotting  using  antibodies 
against previously reported host interaction partners of CagA 
phosphorylated at EPIYA-A (Csk), EPIYA-B (PI3K), or EPIYA-C 
(SHP-2) (4, 14, 28, 29). Figure 5, C–E, and Supplemental Figure 7,  
A–C, show that each of these factors indeed formed a complex 
with the respective phosphomimetic CagA EPIYAY>D mutant. As 
control, immunoprecipitation of the nonphosphorylatable triple 

Figure 5
Generation of phosphomimetic CagA mutants and their interaction with host signaling factors during H. pylori infection. (A) Site-directed Y>D 
mutagenesis of CagA EPIYA-A, EPIYA-B, and EPIYA-C to generate phosphomimetic mutants. Nontargeted tyrosines in adjacent EPIYA motifs 
were replaced by phenylalanines to avoid additional phosphorylation events per molecule. The resulting single, double, and triple mutants were 
named as indicated. (B) AGS cells were infected for 4 hours with CagA-expressing H. pylori strains as indicated. CagA phosphorylation was 
examined using α–PY-99 and α-CagA antibodies (arrows). All strains expressed similar amounts of CagA, but only H. pylori expressing WT 
CagA revealed a phosphorylation signal. The asterisk in the lower panel indicates antibody cross-reactivity with an unknown phosphorylated host 
cell protein. (C–E) AGS cells were infected for 4 hours with CagA-expressing H. pylori strains as indicated, and cell lysates were subjected to 
IP with α-CagA antibodies. Western blotting using α-Csk (C), α-PI3K (D), or α–SHP-2 (E) indicated that each of these factors formed a complex 
with the respective phosphomimetic CagA EPIYAY>D mutant, but not with the nonphosphorylatable triple EPIYA-ABCY>F mutant as control.
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EPIYA-ABCY>F mutant revealed no signal for any of the above fac-
tors (Figure 5, C–E). In addition, we observed that Csk also bound 
to EPIYA-BY>D but only very poorly to EPIYA-CY>D, PI3K bound 
weakly to EPIYA-AY>D or EPIYA-CY>D, while SHP-2 also bound to 
EPIYA-BY>D but only weakly to EPIYA-AY>D (Supplemental Figure 7,  
A–C). These data  indicate  that phosphomimetic mutants are 
injected into AGS cells where they bind functionally to known 
host interaction partners of CagAPY.

Phosphomimetic CagA mutants induce the AGS cell elongation phenotype. 
We next assessed the extent of AGS cell elongation following infection 
with phosphomimetic Y>D mutants. Interestingly, infection with a 
CagA EPIYA-ACY>D mutant expressing the phosphomimetic residues 
for 2 EPIYA motifs (EPIYA-A and EPIYA-C) induced an elongation 
phenotype indistinguishable from WT CagA infection (Figure 6,  
A and B). Another double phosphomimetic mutant, EPIYA-BCY>D, 
also induced high numbers of elongated AGS cells compared with 
WT or ACY>D strains, while a ABY>D mutant induced intermediate 
levels (Figure 6, A and B). Furthermore, infection with a AY>D mutant 
expressing a single phosphomimetic EPIYA motif induced intermedi-
ate elongation data, as did a triple phosphomimetic ABCY>D mutant, 
while infection with BY>D or CY>D mutants significantly suppressed 
the number of elongated cells (Figure 6, A and B). These data are con-
sistent with the results obtained by 2-DE, suggesting that 2 (but not 
3) phosphorylated EPIYA motifs per CagA molecule induce signaling 
that leads to profound AGS cell elongation and that EPIYA-A and 
EPIYA-C (ACY>D) and EPIYA-B and EPIYA-C (BCY>D) are preferred 
over EPIYA-A and EPIYA-B (ABY>D) in this context.

Western H. pylori clinical strains expressing CagA EPIYA-AC, but 
not EPIYA-AB or EPIYA-BC, induce profound AGS cell elongation. We 
sought to confirm the foregoing CagA mutagenesis data by infect-

ing AGS cells with Western H. pylori clinical strains expressing com-
binations of 2 EPIYA motifs, specifically EPIYA-AB, EPIYA-BC,  
or EPIYA-AC (Table 1). The respective EPIYA motifs and flank-
ing sequences are shown in Supplemental Figure 8. AGS cells were 
infected with these strains or, as a control, with 2 isolates expressing 
3 EPIYA repeats (EPIYA-ABC). AGS cell infection with EPIYA-AB,  
EPIYA-BC, or EPIYA-AC expressed similar amounts of CagA, but 
the intensity of CagAPY signals varied significantly (Figure 7A).  
While  the clinical  strains HP51 and USA2964 expressing  the 
EPIYA-AC induced CagAPY levels comparable to strain 26695 or 
2003-370 EPIYA-ABC, CagAPY levels induced by AB or BC strains 
(NCTC11638, HP77, J99, and P344) were significantly reduced by 
about 40%–60% (Figure 7, A and B). Quantitation of the induced 
elongation phenotypes revealed that strains expressing EPIYA-AC  
induced profound AGS cell elongation, but strains expressing 
EPIYA-AB or EPIYA-BC did not (Figure 7C).

East Asian H. pylori clinical strains expressing CagA EPIYA-AD or 
EPIYA-BD, but not EPIYA-AB, induce moderate AGS cell elongation. AGS 
cells were also infected with clinical East Asian H. pylori strains 
expressing combinations of 2 EPIYA motifs, specifically EPIYA-AB,  
EPIYA-BD, or EPIYA-AD (Table 1), or, as controls, with strain TN2-GF4  
or 35A clinical isolates expressing 3 motifs (EPIYA-ABD). AGS cells 
infected with strains carrying EPIYA-AB, EPIYA-BD, or EPIYA-AD 
expressed comparable amounts of CagA (with slightly reduced 
CagA in the case of EPIYA-BD strain Ca19), but the intensity of 
CagAPY signals varied significantly (Supplemental Figure 9A). 
While the ABD strains TN2-GF4 and 35A induced CagAPY levels 
comparable to their ABC strain counterparts (26695 or 2003-370), 
CagAPY levels of strains Oki105 and Oki149 (expressing EPIYA-AB),  
strains  Ca19  and  3461  (EPIYA-BD),  and  strains  Oki326  and 

Figure 6
H. pylori expressing phosphomimetic CagA mutants induce AGS cell elongation during infection. (A) AGS cells were infected for 4 hours with 
CagA-expressing H. pylori strains as indicated. The number of elongated cells in each experiment was quantitated in triplicate in 10 different 
0.25-mm2 fields. (B) Representative phase-contrast micrographs of infected AGS cells as indicated. *P ≤ 0.01; **P ≤ 0.001.
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Oki388 (EPIYA-AD) were significantly reduced by about 40%–60% 
(Supplemental Figure 9, A and B). Quantitation of the induced 
elongation phenotypes revealed that compared with EPIYA-ABD, 
EPIYA-BD induced strong AGS cell elongation, whereas induction 
by EPIYA-AD was moderate and by EPIYA-AB very weak (Supple-
mental Figure 9C). Thus, while similar weak activities were seen 
for EPIYA-AB of both Western and East Asian strains, the activi-
ties of EPIYA-BC/BD and EPIYA-AC/AD varied with geographical 
origin, suggesting that even small sequence variations observed 
in the EPIYA flanking region may impact phenotypical outcome 
(Supplemental Figure 8).

Dual infection with strains expressing different single phosphorylatable or 
phosphomimetic EPIYA motifs also induces AGS cell elongation. The above 
results showed that Western H. pylori strains expressing CagA with 
only 1 phosphorylatable or phosphomimetic EPIYA motif failed to 
induce the AGS cell elongation phenotype, while strains with 2 spe-
cific phosphorylatable or phosphomimetic EPIYA motifs efficiently 
induced elongation. However, 2-DE data had revealed that popula-
tions of CagAPY proteins expressing either 1 or 2 phosphorylated 
EPIYA motifs were generated during infection (Figure 1). According-
ly, using a dual infection approach, we sought to determine whether 
a mixed population of CagA proteins expressing 1 phosphorylated 
tyrosine residue (at different positions) may also induce elonga-
tion. AGS cells were coinfected with 2 strains expressing mutations 
allowing phosphorylation of only 1 EPIYA motif each, either EPIYA-
A+B, EPIYA-B+C, or EPIYA-A+C (Figure 8A and Supplemental Fig-
ure 10A). Cell infection with any 1 of these strains alone failed to 
induce the elongation phenotype (Figure 4), but coinfection with 1 
of these strains enhanced elongation (Figure 8A). Notably, coinfec-
tion with strains expressing CagA EPIYA-BCY>F and EPIYA-ABY>F 
(representing the single phosphorylatable EPIYA-A+C) efficiently 
induced cell elongation that was almost indistinguishable from an 
infection with WT strain 26695 expressing EPIYA-ABC (Figure 8A).  
In addition, coinfection with strains expressing single phosphory-
latable EPIYA-A+B or EPIYA-B+C slightly enhanced induction of 
AGS cell elongation, but did not reach WT CagA levels.

We also sought to determine if AGS cell 
elongation could be induced in coinfec-
tions with H. pylori strains expressing only 
1 phosphomimetic EPIYA motif. AGS cells 
were coinfected with 2 strains expressing 
either AY>D, BY>D, or CY>D CagA proteins in 
all possible combinations (Figure 8B and 
Supplemental Figure 10B). The elongation 
results confirmed data shown in Figure 8A, 
and indicated that 2 different CagA proteins 
expressing either phosphomimetic EPIYA-A  
or  EPIYA-C  efficiently  induce  AGS  cell 
elongation.  Coinfection  with  2  strains, 
one expressing phosphomimetic EPIYA-A 
and the other expressing phosphomimetic 
EPIYA-B,  induced  AGS  cell  elongation 
more efficiently than the corresponding 
Y>F mutants, while the phosphomimetic 
B and C mutants failed to induce AGS cell 
elongation. We conclude that the cell elon-
gation phenotype in Western strains can 
be induced by single CagA proteins with 
2 phosphorylatable EPIYA motifs, or by a 
combination of 2 different CagA proteins 

each with a single phosphorylatable EPIYA motif or by the corre-
sponding phosphomimetic variants.

Different roles for c-Src and c-Abl kinases in CagA-induced AGS cell elon-
gation. Having shown that c-Src and c-Abl phosphorylated differ-
ent EPIYA sites and that inhibiting either kinase abrogated AGS 
cell elongation (Figure 3 and Supplemental Figure 4), we asked if 
inhibited AGS cell elongation is due to impaired CagA phosphory-
lation and/or kinase-impaired downstream signaling. We infected 
AGS cells with the phosphomimetic EPIYA-BCY>D or EPIYA-ACY>D 
mutants in the presence of PP2 or SKI-DV2-43, respectively. Fig-
ure 8C shows that while both inhibitors suppressed the elonga-
tion phenotype in the WT ABD control, c-Abl or c-Src inhibition 
had different effects during infection by phosphomimetic EPIYA 
mutants. SKI-DV2-43 inhibition of c-Abl downregulated the phe-
notype induced by EPIYA-BCY>D or EPIYA-ACY>D, and PP2 inhi-
bition of c-Src was unable to block AGS cell elongation by these 
mutants (Figure 8C). This suggests that the role of c-Src in pheno-
typical outcome is restricted to initial CagA phosphorylation and 
that c-Abl also promotes other downstream signaling functions.

Discussion
Posttranslational phosphorylation is the most common mechanism 
by which protein functions can be significantly altered and plays 
a key role in regulating intracellular signaling cascades (40–42).  
During their lifetime in the cell, about one-third of all eukary-
otic proteins are modified by serine, threonine, or tyrosine phos-
phorylation (42). Signaling is commonly propagated by processive 
phosphorylation, whereby a protein kinase binds to a substrate 
and phosphorylates all available sites before dissociating. Multi-
site modification of such proteins is known as the “molecular bar-
code” hypothesis, in which each combination of specific protein 
modifications conveys a unique meaning in a given cell (41, 42).  
Interestingly, several bacterial pathogens, including enteropatho-
genic E. coli, C. trachomatis, B. henselae, A. phagocytophilum, E. chaffeensis,  
and H. pylori, use T3SSs and T4SSs to inject effector proteins 
that perturb host cell phosphorylation mechanisms (4–8). The 

Table 1
Characteristics of H. pylori strains used in the present study

Strain	 Diagnosis	 Geographic	 CagA	EPIYA	 VacA	 Reference	
	 	 type	 type	 genotype	
26695 Gastritis Western ABC s1m1 32
P1 Duodenal ulcer Western ABC s1m2 70
2003-370 Gastritis Western ABC s1m1 Present study
NCTC11638 Gastritis Western AB s1m1 71
HP77-2 Gastritis Western AB s1m2 72
J99 Duodenal ulcer Western BC s1m1 73
P340 Gastritis Western BC s1m2 23
USA2964 Gastric cancer Western AC s1m1 Present study
HP51 Epigastralgia Western AC s1m1 72
TN2-GF4 Gastric ulcer East Asian ABD s1m1 33
35A Duodenal ulcer East Asian ABD s1m1 Present study
Oki105 Gastritis East Asian AB s1m2 Present study
Oki149 Gastritis East Asian AB s1m2 Present study
Ca19 Gastric cancer East Asian BD s1m1 Present study
3461 Duodenal cancer East Asian BD s1m1 Present study
Oki326 Duodenal ulcer East Asian AD s1m1 Present study
Oki388 Gastritis East Asian AD s1m1 Present study
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respective Tir, Tarp, BepD-F, AnkA, and CagA effectors are tyro-
sine phosphorylated by host cell kinases and target various SH2 
domain–containing components of eukaryotic signaling path-
ways, subverting host cell functions to the pathogen’s benefit 
and promoting disease development (14). Infection studies using 
knockout cell lines, inhibitors, or in vitro phosphorylation assays 
have shown that Src and Abl family kinases phosphorylate at least 
some of these effectors (10–13). However, little is known about the 
regulation of multiple phosphorylation events per effector mol-
ecule. Here, using 2-DE and site-directed mutagenesis, we demon-
strated that only 1 or 2 H. pylori EPIYA motifs were concurrently 
phosphorylated per CagA molecule and that c-Src and c-Abl kinas-
es phosphorylated different EPIYA sites. We propose a model for 
hierarchic phosphorylation by both kinases, allowing tight control 
of effector protein phosphorylation during infection.

Previous phosphorylation studies of CagA and other bacterial 
effector proteins relied on conventional 1-DE gels, which pre-
clude quantitation of individual phosphorylation events. We sep-
arated phosphorylated and nonphosphorylated CagA proteins 
by 2-DE. Overlays of CagA and phosphotyrosine immunoblots 
consistently yielded 3 discrete full-length CagA signals at pI val-
ues of 7.5, 7.0, and 6.5. Mass spectrometry had previously con-
firmed these 3 spots to be CagA, but phosphorylated peptides 
were not observed, probably due to their low abundance (34). 
Our data identify spot 3 of pI 7.5 as nonphosphorylated CagA, 

and the other 2 spots (pI of 7.0 and 6.5) as CagAPY molecules 
phosphorylated at 1 or 2 tyrosines, respectively, consistent with 
known acidic shifts of increasingly phosphorylated eukaryotic 
proteins (43, 44). Confirmatory evidence came from phosphatase 
treatment, which led to a significant attenuation of CagAPY spots 
1 and 2 and an increase of the nonphosphorylated CagA spot 3. As 
another control, infections with isogenic T4SS-defective strains 
yielded no CagAPY spots, as expected. These data suggest that 
in typical Western H. pylori strains carrying the 3 motifs EPIYA-
ABC (e.g., TIGR 26695) or East Asian strains with EPIYA-ABD  
(e.g., TN2-GF4), only 1 or 2 EPIYA sites, but not 3, can be simul-
taneously phosphorylated per CagA molecule.

The role of c-Src and c-Abl kinases in CagAPY expression dur-
ing infection was investigated using activation-specific antibod-
ies, and Figure 9 presents a model for time-dependent c-Src– and 
c-Abl–mediated CagA phosphorylation and related signaling. In 
agreement with previous reports (12, 13, 45), our data indicated 
that c-Src was transiently activated between 30 and 90 minutes, 
whereas c-Abl was constitutively highly activated between 90 and 
180 minutes. Interestingly, our inhibitor studies by 2-DE showed 
that c-Src but not c-Abl phosphorylated CagA at 1 site (spot 1) 
after 30 minutes of infection. Conversely, after 180 minutes of 
infection, inhibition of c-Abl eliminated CagAPY spots 1 and 2 
completely, while PP2 treatment had only slight effects, indicat-
ing that c-Abl but not c-Src predominantly phosphorylates CagA 
proteins on 1 or 2 sites at later time points (Figure 9). Another 
important question was whether c-Src and c-Abl phosphorylate 
all or only selected EPIYA motifs in CagA. In vitro phosphoryla-
tion assays using single, double, and triple EPIYA Y>F point muta-
tions and phosphospecific antibodies for EPIYA-C/D surpris-
ingly showed that c-Src phosphorylates only EPIYA-C/D, but not 
EPIYA-A or EPIYA-B. Thus, CagAPY spot 1 on 2-DE gels at 30 min-
utes represents EPIYA-C/D phosphorylated by c-Src. In contrast, 
c-Abl phosphorylated all 4 motifs, EPIYA-A, EPIYA-B, EPIYA-C, 
and EPIYA-D, and these data are consistent with time-dependent 
CagAPY spot development and with inhibitor experiments. Thus, 
after 90–180 minutes of infection, 2-DE gel CagAPY spots 1 and 
2 represented a mixed population of CagAPY phosphorylated by 
c-Abl on various EPIYAs (Figure 3).

In eukaryotic proteins, phosphorylation of one residue may 
affect  phosphorylation  of  other  residues.  In  several  cases  of 
multisite phosphorylation, a protein kinase activity is required 
to “prime” phosphorylation of nearby site(s) by a second kinase  
(40, 42, 46, 47). Proteins known to require priming are glycogen syn-
thase kinase (GSK3), a critical enzyme in the insulin and Wnt sig-
naling pathways (42), and vasodilator-stimulated phosphoprotein 

Figure 7
Clinical Western H. pylori strains expressing CagA EPIYA-AC, but not 
EPIYA-AB or EPIYA-BC, induce profound AGS cell elongation. (A) 
AGS cells were infected for 4 hours with strains expressing the combi-
nations EPIYA-AB, EPIYA-BC, EPIYA-AC, and EPIYA-ABC (control). 
See Supplemental Figure 8 for specific EPIYA motifs and flanking 
sequences. CagA phosphorylation was examined using α–PY-CagA 
and α-CagA antibodies (arrows). The asterisk in the lower panel indi-
cates antibody cross-reactivity with an unknown phosphorylated host 
cell protein. (B) Quantification of CagA phosphorylation signals using 
the luminescence image analyzer. (C) The number of elongated cells in 
each experiment was quantitated in triplicate in 10 different 0.25-mm2  
fields. *P ≤ 0.01; **P ≤ 0.001.
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(VASP), a regulator of actin dynamics with key roles in morphogen-
esis, axon guidance, endothelial barrier function, and cancer cell 
invasion (48). Both GSK3 and VASP are regulated by serine/threo-
nine and not tyrosine phosphorylation. In this study, we found 
that CagA mutants with a phosphorylatable tyrosine in EPIYA-C  
(AY>F, BY>F, and ABY>F) produced the strongest CagAPY signals, 
while the single CY>F mutant clearly inhibited phosphorylation of 
other EPIYAs, indicating that EPIYA-C (and probably EPIYA-D) is 
critical in initiating further CagA phosphorylation. We conclude 
that  the major phospho-CagA populations  induced by West-
ern H. pylori strain 26695 infection are EPIYA-CPY, EPIYA-ACPY,  
and EPIYA-BCPY, and those induced by the East Asian strain TN2-GF4  
are EPIYA-DPY, EPIYA-ADPY and EPIYA-BDPY.

This CagAPY scenario is reminiscent of 2 other eukaryotic sig-
naling proteins controlled by tyrosine phosphorylation. The 
focal adhesion multidomain “docking protein” 130-kDa Crk-
associated substrate (p130-Cas) contains multiple protein-pro-
tein interaction domains with numerous Tyr-X-X-Pro (YXXP) 
motifs that are major sites of tyrosine phosphorylation. Like 
CagA, p130-Cas can be phosphorylated by Src and Abl family 
kinases, creating binding sites for SH2-containing signaling 
effectors (49–51). Most notably, recruitment of Crk adaptor 
proteins has been strongly  implicated in promoting GTPase 
Rac-1 activation and cell motility, events that are also induced 
by CagAPY (13, 52, 53). Grab2-associated binder (Gab), another 
docking protein family member, is phosphorylated on 2 tyro-
sine residues by the c-Met receptor tyrosine kinase (54), creating 
Gab1 binding motifs for SHP-2, stimulating SHP-2 phosphatase, 
and activating MAP kinase cascades (55). Genetic studies have 
suggested that CagA may show Gab-like adapter protein activ-
ity in Drosophila (56). Thus, CagAPY has striking functional simi-

larities to p130-Cas and Gab adapter proteins, in terms of both 
tyrosine phosphorylation and recruitment of SH2 factors that 
induce downstream signaling cascades.

This study also provided several insights into which EPIYA motifs 
are important for the H. pylori–induced cell elongation phenotype. 
First, we confirmed using a triple CagA EPIYA-ABCY>F mutant that 
CagA phosphorylation was necessary for phenotypical outcome, 
as reported previously (11, 13, 28). Second, using single and dou-
ble CagAY>F mutants, we showed that AGS cell elongation could 
not be induced by any single phosphorylated EPIYA motif. Third, 
phosphorylation of EPIYA-C was necessary but not sufficient for 
inducing elongation. Lastly, at least 2 phosphorylated EPIYAs 
were necessary for the elongation phenotype. These findings are 
in good agreement with results of infections with clinical West-
ern and East Asian H. pylori strains encoding only 2 EPIYA motifs. 
Quantitation of the induced elongation phenotypes revealed that 
strains expressing EPIYA-AC or EPIYA-BD induced profound AGS 
cell elongation, while EPIYA-AB, EPIYA-BC, or EPIYA-AD strains 
were significantly impaired in this respect.

Additional insights were gained by creation of phosphoryla-
tion-mimetic CagA EPIYAY>D mutants with aspartic acids replac-
ing  tyrosines,  as  described  previously  for  several  eukaryotic 
signaling molecules (38, 39). Although lacking tyrosine phos-
phorylation (Figure 5B), these constructs were functional because 
immunoprecipitation of CagA identified known host interaction 
partners of EPIYA-A (Csk), EPIYA-B (PI3K), and EPIYA-C (SHP-2) 
(4, 14, 28, 29) for the corresponding phosphomimetic EPIYAY>D 
motifs. The injected CagAY>D mutant proteins allowed further 
study of the requirements of the elongation phenotype. Interest-
ingly, infection with an EPIYA-ACY>D mutant induced an elonga-
tion phenotype indistinguishable from WT H. pylori infection, in 

Figure 8
Dual infection of H. pylori strains expressing different single phosphorylatable or phosphomimetic EPIYA motifs induces AGS cell elongation. AGS 
cells were infected for 4 hours with CagA EPIYAY>F (A) or EPIYAY>D (B) mutant strains as indicated. The available single phosphorylatable or phos-
phomimetic EPIYA motifs for each double infection are indicated. The number of elongated cells in each experiment was quantitated in triplicate 
in 10 different 0.25-mm2 fields, and CagA phosphorylation was examined using α–PY-99 and α-CagA antibodies (arrows). (C) AGS infection for  
4 hours with the indicated CagA-expressing strains in the presence or absence of c-Src inhibitor PP2 (10 μM) or c-Abl inhibitor SKI-DV2-43 (1 μM)  
revealed significant changes in AGS cell elongation as quantitated in triplicate in 10 different 0.25-mm2 fields. *P ≤ 0.01; **P ≤ 0.001.
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good agreement with foregoing results. All other phosphomimetic 
EPIYAY>D mutants, including the triple EPIYA-ABCY>D mutant 
strain, induced marginal or intermediate cell elongation. A pro-
vocative finding was that single EPIYA-AY>F and double phospho-
mimetic EPIYA-BCY>D mutants  induced many elongated AGS 
cells, as did East Asian clinical strains expressing phosphorylat-
able EPIYA-BD, while some EPIYA-BC strains did not. The reason 
for this discrepancy is as yet unclear. We propose that the elonga-
tion phenotype is primarily induced by simultaneous phosphory-
lation of EPIYA-AC or EPIYA-BD motifs, when present, and that 
the arrangement of specific amino acids surrounding the EPIYA 
motifs may significantly influence phenotypical outcome.

As noted above, H. pylori  strains expressing CagA with only 
1 phosphorylatable or phosphomimetic EPIYA motif failed to 
induce the elongation phenotype, while strains with 2 phosphor-
ylatable or phosphomimetic EPIYA motifs efficiently induced 
elongation in single infections. Interestingly, AGS cell coinfection 
with 2 strains expressing mutations allowing phosphorylation 
of 1 EPIYA motif each, or the corresponding phosphomimetic 
mutants for EPIYA-AC and, to a lesser extent, EPIYA-AB (but not 
EPIYA-BC), efficiently restored the elongation phenotype. This 
phenotype can therefore be induced by a single CagA protein with 
2 phosphorylatable EPIYA motifs (preferably EPIYA-AC), or by 2 
CagA proteins, each with a single phosphorylatable EPIYA motif, 
which may form dimers to trigger this response. In this context, 
recent studies have identified a CagA multimerization sequence 
(CM) that interacts with the Par1 kinase independently of CagA 
tyrosine phosphorylation (57). Mutation of the CM sequence also 
caused reduced SHP-2 binding activity and attenuated induction 
of the AGS cell elongation phenotype (57).

EPIYA-ABC and EPIYA-ABD are the predominant combination 
of CagA phosphorylation sites in Western and East Asian H. pylori 
strains, respectively (15–18, 31). Thus, the present study carries 
important clinical implications. East Asian H. pylori strains express-
ing EPIYA-D show higher binding affinities for SHP-2, induce a 
more pronounced cell elongation phenotype, and provoke more 
gastric epithelial cell IL-8 secretion than Western H. pylori strains 
expressing EPIYA-ABC (58–61). Mutated SHP-2 is associated with 
human malignancies, and mouse studies have shown that perturba-
tions of SHP-2 signaling promote development of gastric adenocar-
cinoma (62, 63). The in vitro cell elongation phenotype reflects the 
infection-induced pathophysiological contraction of epithelial cells 
that compromises the integrity of the epithelial barrier, providing 
bacterial access to subepithelial compartments and facilitating cell 
migration and metastasis. Lastly, higher levels of H. pylori–induced 
IL-8 secretion provoke greater recruitment of infiltrating phagocyt-
ic cells that potentially exacerbate inflammation-related epithelial 
damage, promoting eventual mucosal progression to dysplasia and 
carcinoma. Thus, to the extent that H. pylori EPIYA motif strain dif-
ferences contribute to clinical virulence, understanding the mecha-
nistic basis of EPIYA motif–driven cellular pathophysiology may 
inform genomic typing of clinical H. pylori strains as an important 
factor in therapeutic decision making.

In summary, this study defined a hierarchic CagA tyrosine phos-
phorylation process in which c-Src phosphorylated EPIYA-C/D  
early in infection (but not EPIYA-A or EPIYA-B), while c-Abl 
phosphorylated EPIYA-A, EPIYA-B, EPIYA-C, and EPIYA-D later 
in infection. Importantly, CagA phosphorylation was tightly reg-
ulated over the entire course of infection. We showed that CagA 
was phosphorylated on 1 or 2, but never simultaneously on 3, 

Figure 9
Model showing successive CagA phosphorylation, produc-
tion of specific CagAPY protein species during infection, and 
requirements of CagA phosphorylation–dependent signaling 
leading to AGS cell elongation. H. pylori injects CagA by a 
T4SS-dependent process. Early in infection (1–2 hours), c-Src  
is activated by Y-418 phosphorylation, resulting in rapid phos-
phorylation of EPIYA-C or EPIYA-D in translocated CagA. 
CagAPY then inactivates c-Src in a negative feedback loop 
whereby direct binding of CagAPY to c-Src and Csk phos-
phorylates the negative regulatory site Y-527 and dephos-
phorylates Y-418 in c-Src. The c-Abl kinase is also activated 
by H. pylori initially involving c-Src. In contrast to c-Src, c-Abl  
kinase is continuously activated at later times of infec-
tion (2–4 hours). Activated c-Abl (phosphorylated at Y-412) 
continues phosphorylating CagA at the indicated EPIYAs  
when c-Src is inactive. We propose that the indicated 
phosphorylated forms of CagA, SHP-2, Csk, PI3K, cortac-
tin, vinculin, and Rac1 create discrete protein complexes to 
activate downstream signaling that leads to cytoskeletal rear-
rangements and AGS cell elongation.
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EPIYA motifs per CagA in 26695 or TN2-GF4 strains. EPIYA-C/D  
was the first motif to be phosphorylated, and coexisted later 
with  phosphorylated  EPIYA-A  or  EPIYA-B.  This  study  also 
showed that none of the phosphorylated EPIYA motifs alone 
was sufficient to induce AGS cell elongation. The preferred com-
bination of phosphorylated EPIYA motifs in Western strains 
was EPIYA-A and EPIYA-C, induced either as individual phos-
phorylation of 2 CagA proteins or simultaneously of 1 CagA  
protein. These data were verified using phosphomimetic CagA 
variants  in  H. pylori.  Future  studies  will  investigate  strains 
expressing different EPIYA motif combinations or strains in 
which EPIYA-C or EPIYA-D are amplified up to 6 times (4). 
Finally,  since  CagA  phosphorylation  sites  show  significant 
homology with bacterial effector proteins in other pathogens 
(4, 64), further study of other bacterial tyrosine-phosphorylated 
effector proteins will undoubtedly augment our understanding 
of molecular mimicry and elucidate mechanisms underlying 
infection-associated pathophysiology.

Methods
H. pylori isolates. WT strains were virulent type I isolates, with a functional 
T4SS encoded by the cagPAI (Table 1). The cagA deletion mutant in strain 
P1 was recently described (13, 65). H. pylori was grown in thin layers on 
horse serum GC agar plates supplemented with vancomycin (10 μg/ml), 
nystatin (1 μg/ml), and trimethoprim (5 μg/ml) as described previously 
(66–68). Antibiotics were obtained from Sigma-Aldrich. Bacteria were 
grown at 37°C for 2 days in an anaerobic jar containing a Campygen gas 
mix of 5% O2, 10% CO2, and 85% N2 (Oxoid).

Cloning, complementation, and site-directed mutagenesis of CagA. To analyze 
the EPIYA motifs  in different CagA proteins, cagA gene subfragments 
from H. pylori strains were amplified by PCR cloned into the pCR2.1 vector 
(Invitrogen) and sequenced (25). For construction of a complementation 
vector, cagA containing its own promoter was amplified from strain 26695 
(accession no. AAD07614) and cloned in the E. coli/H. pylori shuttle vector 
pHel3 containing the oriT of RP4 and a kanamycin resistance gene cassette 
(Aph-A3) as a selectable marker (69), resulting in vector pSB19. Site-directed 
mutagenesis of tyrosines Y-899, Y-918, and Y-972 in the CagA sequence was 
done using the Sculptor mutagenesis kit as directed (Amersham Pharmacia 
Biotech). All resulting plasmids were transformed into H. pylori (69).

Eukaryotic cell culture, inhibitors, infection, and elongation phenotype quan-
titation assays. MKN-28 or AGS cells were grown in 6-well plates con-
taining RPMI 1640 medium (Invitrogen) supplemented with 25 mM 
HEPES buffer and 10% heat-inactivated FBS (Biochrom) for 2 days to 
approximately 70% confluence. Cells were serum-deprived overnight and 
infected at a MOI of 50 for the indicated times per experiment (see fig-
ure legends). The c-Abl tyrosine kinase inhibitor SKI-DV2-43 (37) and 
c-Src inhibitor PP2 (Calbiochem) were dissolved in Me2SO and added 
to the cells 30 minutes before infection. After infection, the cells were 
harvested in ice-cold PBS containing 1 mmol/l Na3VO4 (Sigma-Aldrich). 
Elongated AGS cells in each experiment were quantitated in 10 differ-
ent 0.25-mm2 fields using an Olympus IX50 phase contrast microscope. 
All experiments were performed in triplicate and subjected to statistical 
analysis as described below.

Protein tyrosine phosphatase treatment of protein lysates. Pellets of 2 × 106 infect-
ed and noninfected AGS cells were collected in PBS and washed twice (600 g,  
room temperature) in 100 μl 1× phosphatase reaction buffer (Biorbyt).  
The final pellet was resuspended in 50 μl 1× reaction buffer containing 
0.1% Triton X-100 for mild cell lysis. The phosphatase reactions were initi-
ated by adding 10 U protein tyrosine phosphatase PTP-N1 (Biorbyt). Reac-
tions continued for 3 hours at 37°C.

In vitro phosphorylation of CagA with recombinant c-Src or c-Abl. 1010 H. pylori 
cells expressing either WT CagAs or phosphorylation-deficient CagAs were 
harvested in 1 ml of kinase buffer as described previously (10). A total of 
5 U of recombinant human c-Src (Upstate) or c-Abl (NEB) and 1 μmol/l  
of ATP were mixed with 30 μl of the H. pylori lysate and incubated for  
30 minutes at 30°C as described previously (13).

2-DE. AGS cells with attached bacteria were harvested and washed by 
centrifugation as described above to ensure that only intracellular pro-
teins were analyzed, and then dissolved in 9 M urea, 70 mM DTT, and 
2% Triton X-100. Fully denatured and reduced cellular proteins were 
analyzed using a 2-DE gel system (23 cm × 30 cm × 0.75 mm) with a 
resolving power of about 5,000 protein species (9). Proteins (150 μg) 
were loaded to the anodic side of the IEF gel (1 mm diameter). Resolved 
proteins in the second-dimension gel were detected by Coomassie Blue 
staining and immunoblot analysis and identified by mass spectrometry 
as described previously (34).

Conventional SDS-PAGE and immunoblot analysis. Cell pellets with attached 
bacteria were mixed with equal amounts of 2× SDS-PAGE buffer and 
boiled for 5 minutes. Proteins were separated by SDS-PAGE on 6%–12% 
polyacrylamide gels and blotted onto PVDF membranes (Immobilon-P; 
Millipore). Membranes were blocked in TBS-T (140 mM NaCl; 25 mM 
Tris-HCl, pH 7.4; 0.1% Tween-20) with 3% BSA or 5% skim milk for 1 hour 
at room temperature. Membranes were incubated with mouse monoclo-
nal α-phosphotyrosine antibody PY-99 (Santa Cruz) or monoclonal anti-
CagA antibody (Austral Biologicals). Monoclonal antibodies recognizing 
SHP-2, c-Src, c-Abl, Csk, and PI3K were purchased from Santa Cruz. Acti-
vation-specific anti–c-Abl–PY-412 and anti–c-Src–PY-418 antibodies were 
purchased from NEB. We also produced a phosphospecific rabbit α–PY–
EPIYA-C/D antibody using a peptide-based antigen (H-VGLSASPEPIpYAT;  
Jerini), as described previously (21), which recognizes both phosphorylated 
EPIYA-C and EPIYA-D. Phosphorylated and nonphosphorylated CagA 
proteins were detected using horseradish peroxidase–conjugated anti-
mouse  or  anti-rabbit  polyvalent  sheep  immunoglobulin  secondary 
antibodies  in the ECL Plus chemoluminescence Western Blot system 
(Amersham Pharmacia Biotech). Band intensities were quantitated with 
the Lumi-Imager F1 (Roche Diagnostics).

Statistics. All data were evaluated using 1-tailed Student’s t test with  
SigmaStat statistical software (version 2.0). A P value of 0.01 or less was 
considered significant. Data are presented as mean ± SD.
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