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The virulence plasmid-borne genes encoding Yersinia adhesin A (YadA) and several Yersinia secreted
proteins (Yops) are involved in the inhibition of phagocytosis and killing of Yersinia enterocolitica by human
granulocytes. One of these Yops, YopH, dephosphorylates multiple tyrosine-phosphorylated proteins in eu-
karyotic cells and is involved in the inhibition of phagocytosis of Y. enterocolitica by human granulocytes. We
investigated whether antibody- and complement-opsonized plasmid-bearing (pYV1) Y. enterocolitica inhibits
O2

2 production by human granulocytes in response to various stimuli and whether YopH is involved. Gran-
ulocytes were preincubated with mutant strains unable to express YadA or to secrete Yops or YopH. O2

2

production by granulocytes during stimulation was assessed by measuring the reduction of ferricytochrome c.
PYV1 Y. enterocolitica inhibited O2

2 production by granulocytes incubated with opsonized Y. enterocolitica or
N-formyl-Met-Leu-Phe (f-MLP). This inhibitory effect mediated by pYV did not affect receptor-independent
O2

2 production by granulocytes in response to phorbol myristate acetate, indicating that NADPH activity
remained unaffected after activation of protein kinase C. The inhibition of f-MLP-induced O2

2 production by
granulocytes depends on the secretion of Yops and not on the expression of YadA. Insertional inactivation of
the yopH gene abrogated the inhibition of phagocytosis of antibody- and complement-opsonized Y. enterocolitica
by human granulocytes but not of the f-MLP-induced O2

2 production by granulocytes or tyrosine phosphor-
ylation of granulocyte proteins. These findings suggest that the specific targets for YopH are not present in
f-MLP receptor-linked signal transduction and that other Yop-mediated mechanisms are involved.

Human granulocytes are able to kill microorganisms by ox-
ygen-independent and oxygen-dependent mechanisms. Oxy-
gen-independent mechanisms include acidification of the
phagosome, deprivation of nutrients, and killing by antimicro-
bial polypeptides (20). Oxygen-dependent killing involves the
production of superoxide anion (O2

2) and the subsequent
formation of bactericidal reactive oxygen intermediates. The
formation of O2

2 is catalyzed by NADPH oxidase, a mem-
brane-bound enzymatic complex which converts O2 into O2

2

(14). NADPH oxidase can be activated by receptor-mediated
mechanisms, such as opsonized bacteria, C5a, the tripeptide
N-formyl-Met-Leu-Phe (f-MLP), and immune complexes, and
by receptor-independent mechanisms, including long-chain
unsaturated fatty acids and phorbol 12-myristate 13-acetate
(PMA). Activation of NADPH oxidase in human granulocytes
by receptor-dependent stimuli is accompanied by protein ty-
rosine phosphorylation (8), suggesting that NADPH oxidase
can be switched on by tyrosine kinases. Furthermore, there are
indications that tyrosine phosphatases play a role in regulating
the magnitude and duration of O2

2 production by switching off
the NADPH oxidase (7).

Virulent strains of Yersinia enterocolitica, a common cause of
enterocolitis and mesenteric lymphadenitis in humans, harbor
a 70-kb virulence plasmid, called pYV. pYV bears genes that
code for the production of the outer membrane protein Yer-
sinia adhesin A (YadA) (12) and several secreted proteins,
called Yops (35, 47). YadA and several Yops are involved in
the inhibition of phagocytosis and killing of Y. enterocolitica by
human granulocytes (15, 33, 42, 50). Yops are synthesized at
37°C and translocated into mammalian cells upon contact (40,

45, 46). One of these Yops, a 51-kDa protein called YopH,
dephosphorylates multiple tyrosine-phosphorylated proteins in
eukaryotic cells (10, 26) and is involved in the inhibition of
uptake of Yersinia by cultured murine macrophages (21, 39)
and epithelial cells (38). In preliminary experiments we found
that insertional inactivation of the yopH gene by transposon
mutagenesis abrogated the inhibition of the phagocytosis of
preopsonized Y. enterocolitica by granulocytes. The tyrosine
phosphatase activity of YopH may also interfere with the re-
ceptor-mediated activation of NADPH oxidase of human gran-
ulocytes.

The aim of this study was to determine whether opsonized
plasmid-bearing Y. enterocolitica is able to inhibit the activation
of the NADPH oxidase of human granulocytes and to deter-
mine whether the phosphotyrosine phosphatase activity of the
product of plasmid-borne yopH is involved.

MATERIALS AND METHODS

Media. The medium to lyse erythrocytes consisted of 0.18 M NH4Cl, 9.99 mM
KHCO3, and 8.76 mM EDTA in distilled H2O, adjusted to pH 7.36. Phosphate-
buffered saline (PBS) was supplemented with 0.9 M CaCl2z2H2O, 0.5 M
MgCl2z6H2O, and 0.55 M glucose (PBS-Ca21-Mg21-glucose). Ca21 medium
contained 138 mM NaCl, 6 mM KCl, 1.1 mM CaCl2 z H2O, 1 mM MgSO4 z 7H2O,
1 mM NaH2PO4 z H2O, 5.5 mM glucose, 0.1 mM EGTA, 20 mM HEPES, and
0.1% (vol/vol) bovine serum albumin (BSA). Hanks’ balanced salt solution was
supplemented with 0.1% (wt/vol) gelatin and 10 mM HEPES. Lipopolysaccha-
ride-free RPMI 1640 medium containing 25 mM HEPES and 2.05 mM L-
glutamine (Gibco BRL, Life Technologies Ltd., Paisley, Scotland) was divided
into aliquots of 50 ml and stored at 4°C until use.

Granulocytes. Granulocytes were isolated from heparinized buffy coats (Red
Cross Blood Bank, Leiden, The Netherlands) from adult healthy donors by
Ficoll-amidotrizoate (r 5 1.077 g/ml) gradient centrifugation (13). Erythrocytes
present in the granulocyte-rich pellet were removed by NH4Cl lysis for 10 min at
4°C, followed by centrifugation and three washes with PBS containing 0.5 U of
heparin per ml. A cell suspension of 107 granulocytes per ml was prepared in
PBS-Ca21-Mg21-glucose and maintained in this medium at room temperature
until use. The viability of the granulocytes, as determined by trypan blue dye
exclusion, before and after each experiment, exceeded 95%.
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Microorganisms. Studies were carried out with the virulent (pYV1) strain, the
isogenic plasmid-cured avirulent (pYV2) strain, and various mutant strains of Y.
enterocolitica W22703 (kindly provided by G. Cornelis, Microbial Pathogenesis
Unit, Universtité Catholique de Louvain, Brussels, Belgium), summarized in
Table 1. Bacteria were prepared as described previously (50). The expression of
the Yop regulon was induced by incubating bacteria in brain heart infusion broth
(Oxoid Ltd., Basingstoke, United Kingdom) supplemented with 20 mM sodium
oxalate with shaking for 180 min at 37°C (31). The microorganisms were har-
vested by centrifugation, washed twice with PBS, and resuspended in PBS-Ca21-
Mg21-glucose at various concentrations, as estimated by measuring the optical
density at 600 nm by spectrophotometry. The actual numbers of viable bacteria
were determined by plating serial dilutions of the suspension onto blood agar,
which was incubated for 18 h at 25°C.

Analysis of YadA expression and YopH secretion. Bacteria were prepared as
described above. The presence of YadA on the outer membranes of bacteria of
the various strains was checked by immunofluorescence microscopy (50). The
bacterial suspension was first incubated with rabbit anti-YadA antiserum (kindly
provided by J. Heesemann, Institut für Max von Pettenkoffer-Institut für Hy-
giene und Medizinische Mikrobiologie, Munich, Germany) (30, 43) and next
with fluorescein isothiocyanate (FITC)-labelled anti-rabbit immunoglobulin G
(IgG) (Nordic Immunological Laboratories, Tilburg, The Netherlands).

The presence of YopH in culture supernatants and lysates of pYV2 or pYV1

Y. enterocolitica or Y. enterocolitica W22703(pGC1152) was analyzed by sodium
dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis and immunoblotting.
Proteins were isolated from equal numbers of bacteria as described previously
(23) and suspended in SDS sample buffer (10% [wt/vol] SDS, 0.1 M dithioeryth-
reitol, 10% [vol/vol] 2-mercaptoethanol, 20% [vol/vol] glycerol, 8 mM EDTA,
and 0.01% [wt/vol] bromophenol blue in 20 mM Tris buffer [pH 6.8]). Samples
(10 ml) were electrophoresed at a constant current of 30 mA with a 0.75-mm-
thick slab gel of 10% acrylamide as the running gel and 3.5% acrylamide as the
stacking gel. YopH obtained from Y. enterocolitica (1.25 mg; Biomol Research
Laboratories, Plymouth Meeting, Pa.) was used as the positive control. The
protein bands were transferred to nitrocellulose paper (Whatmann International
Ltd., Maidstone, United Kingdom) for immunoblotting. The presence of YopH
was detected by enhanced chemiluminescence immunodetection (ECL Western
blotting; Amersham International plc, Little Chalfont, Buckinghamshire, United
Kingdom) with rabbit anti-YopH antibodies (final dilution of 1:1,000, kindly
provided by J. Heesemann) and horseradish peroxidase (HRP)-labelled swine
anti-rabbit antibodies (final dilution of 1:10,000; DAKO, Glostrup, Denmark).
The light emission resulting from the HRP-hydrogen peroxide-catalyzed oxida-
tion of luminol was detected by autoradiography (Fuji medical X-ray film). The
detection limit of this assay was 1 ng of YopH.

Preopsonization of Y. enterocolitica. Preopsonization with Yersinia antibodies
and complement was performed by incubating Y. enterocolitica with 10% (vol/
vol) fresh rabbit immune serum (50) with rotation (4 rpm) for 30 min at 37°C,
followed by centrifugation at 1,200 3 g for 10 min. The bacteria were washed
twice with PBS and suspended in PBS-Ca21-Mg21-glucose. Rabbit immune
serum is not bactericidal to the Yersinia strains used in this study and promotes
opsonization of Y. enterocolitica in human granulocytes.

Measurement of O2
2 production. The activity of the NADPH oxidase of

granulocytes was assessed by measuring O2
2 production with the superoxide

dismutase-inhibitable reduction of ferricytochrome c (type IV, horse heart;
Sigma Chemical Co., St. Louis, Mo.) as described previously (2). In short, 106

granulocytes and 1 mmol of ferricytochrome c were incubated together in 1 ml
of PBS-Ca21-Mg21-glucose in the presence of various numbers of pYV2 or
pYV1 Y. enterocolitica organisms in polypropylene tubes under rotation (4 rpm)
at 37°C. After 30 min of incubation, the reaction was stopped by placing the tubes
into crushed ice, and the amount of reduced ferricytochrome c in the supernatant
was determined by measuring the extinction at 550 nm with a spectrophotometer.
Results are expressed as nanomoles of O2

2 per 106 granulocytes per milliliter per
30 min.

To study the effect of Y. enterocolitica on receptor-dependent or receptor-
independent activation of NADPH oxidase, granulocytes were preincubated with
preopsonized bacteria of the various strains of Y. enterocolitica at a ratio of 10
bacteria to 1 granulocyte in PBS-Ca21-Mg21-glucose under rotation (4 rpm) for
30 min at 37°C. After the nonadherent bacteria were removed by differential
centrifugation and two washes, the pellet was resuspended in PBS-Ca21-Mg21-

glucose supplemented with 10 mg of cytochalasin E (Sigma Chemical Co.) per ml.
Cytochalasin E did not affect the viability of granulocytes, as determined by
trypan blue dye exclusion, or the viability of bacteria, as determined by a micro-
biological assay (50).

f-MLP (100 nM; Sigma Chemical Co.) was used as a receptor-dependent
stimulus for NADPH oxidase. For optimal stimulation of O2

2 production, gran-
ulocytes were incubated with 10 mg of cytochalasin E per ml for 5 min at 37°C
prior to the addition of f-MLP (32, 52); 25 ng of PMA (Consolidated Midlands,
Brewster, N.J.) per ml was used as a receptor-independent stimulus for NADPH
oxidase (50).

Determination of binding of N-formyl peptides to their receptors on granu-
locytes. To investigate whether Y. enterocolitica affected the binding of N-formyl
peptides to their receptors on the surface of a granulocyte, the binding of a
fluoresceinated N-formyl hexapeptide, N-formyl-Nle-Leu-Phe-Nle-Tyr-Lys-
FITC (f-NLPNYK-FITC, Molecular Probes Inc., Eugene, Oreg.), to human
granulocytes was analyzed by flow cytometry (44). In short, granulocytes were
preincubated with preopsonized bacteria of the various strains of Y. enterocolitica
at a ratio of 10 bacteria to 1 granulocyte in PBS-Ca21-Mg21-glucose under
rotation (4 rpm) for 30 min at 37°C. After the nonadherent bacteria were
removed by differential centrifugation and two washes, the pellet was resus-
pended in PBS supplemented with 1% (vol/vol) BSA. Next, granulocytes were
incubated with 10 nM f-NLPNYK-FITC at 4°C (44). Internalization of the
ligand-receptor complex does not occur at 4°C (44). After 60 min of incubation,
granulocytes were fixed by adding an equal volume of 2% (vol/vol) paraformal-
dehyde in saline for 15 min at 4°C. After one wash, granulocytes were resus-
pended in PBS supplemented with 1% (vol/vol) BSA. The specificity of the
binding of f-NLPNYK-FITC to the N-formyl peptide receptor was determined
by measuring the residual binding of f-NLPNYK-FITC after preincubation of
the granulocytes with 10 mM f-MLP for 5 min at 4°C. In each sample 104 cells
were analyzed by flow cytometry on a FACStar (Becton Dickinson, Mountain
View, Calif.) equipped with an argon-ion laser (excitation wavelength, 488 nm;
laser power, 300 mW) and a 530-nm-long band pass filter (width, 20 nm). Results
are expressed as the means of the values determined for fluorescence intensity.

Assessment of tyrosine-specific protein phosphorylation. Tyrosine phosphor-
ylation of proteins in granulocytes during stimulation with f-MLP was detected
according to the method of Connelly et al. (17) with modifications. Granulocytes
were preincubated with preopsonized Y. enterocolitica (ratio of 20 bacteria to 1
granulocyte) in RPMI 1640 under rotation (4 rpm) for 90 min at 37°C. The
nonadherent bacteria were removed by differential centrifugation and two
washes. Next, the bacterium- and granulocyte-rich pellet (108 per ml) was resus-
pended in RPMI 1640 and stimulated with 1 mM f-MLP for 30 s at 37°C. The
reaction was stopped by mixing 55 ml of the cell suspension with 50 ml of SDS
sample buffer at 95°C, followed by heating at 95°C for 5 min. Samples (10 ml) of
the cell lysates were electrophoresed at a constant current of 60 mA with a
0.75-mm-thick slab gel of 7.5% acrylamide as the running gel and 3.5% acryl-
amide as the stacking gel for 90 min at 20°C. The protein bands were electro-
phoretically transferred to nitrocellulose paper (Whatmann International Ltd.)
for immunoblotting. Tyrosine-phosphorylated proteins were detected by en-
hanced chemiluminescence immunodetection (ECL Western blotting; Amer-
sham International plc) according to the instructions of the manufacturer with 1
mg of antiphosphotyrosine monoclonal antibody 4G10 (IgG2bk; Upstate Biotech-
nology Inc., Lake Placid, N.Y.) per ml of PBS supplemented with 0.1% (vol/vol)
Tween 20, 1% (wt/vol) milk powder, and HRP-labelled rabbit anti-mouse anti-
bodies (final dilution of 1:10,000; DAKO).

F-actin content. The content of filamentous actin (F-actin) of granulocytes
during stimulation with f-MLP was analyzed by staining with bodipy-phallacidin
as described previously (5, 6). In short, granulocytes were preincubated with
preopsonized Y. enterocolitica (ratio of 10 bacteria to 1 granulocyte) in PBS-
Ca21-Mg21-glucose under rotation (4 rpm) at 37°C. After 30 min of incubation,
nonadherent bacteria were removed and the pellet (107 bacteria per ml) was
resuspended in Ca21 medium and stimulated with 100 nM f-MLP for the time
intervals indicated in the figures at 37°C. The reaction was stopped by mixing 100
ml of the bacterium-cell suspension with 250 ml of 3.2% (vol/vol) paraformalde-
hyde, followed by incubation for 30 min at 4°C. After two washes, granulocytes
were permeabilized with 75 mg of L-a-lysophosphatidylcholine (Sigma) per ml,
and stained with 0.3 mg of bodipy-phallacidin (Bodipy FL phallacidin; Molecular
Probes Inc.) per ml of Ca21 medium at 4°C. After 30 min of incubation, the
suspension was washed and resuspended in Ca21 medium for flow cytometry. In
each sample 104 cells were analyzed as described in a previous paragraph.
Results are expressed as the means of the values determined for fluorescence
intensity.

Statistical analysis. All data are means 6 standard errors of results from at
least three independent experiments. Statistical analysis was performed with the
Student t test and the Systat software package for the comparison of mean values.

RESULTS

Production of O2
2 during incubation of human granulo-

cytes with preopsonized Y. enterocolitica. O2
2 production dur-

ing incubation of granulocytes with preopsonized Y. enteroco-
litica at various bacteria-to-cell ratios showed a clear dose-

TABLE 1. Y. enterocolitica W22703 mutants used

Plasmid
carried

by strain

Characteristic of strain
or plasmid

Phenotype Refer-
enceYadA Yops YopH

None Plasmid-cured strain 2 2 2
pYV227 Virulence plasmid 1 1 1 18
pBC7 pYV227 yadA::pBC9 2 1 1 16
pSW2276 pYV227 yscND169-177 1 2 2 53
pGC1152 pGB63 yopH-GC1152::

miniMudlac
1 1 2 19
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response relationship between the numbers of pYV2 Y.
enterocolitica organisms and the amount of O2

2 produced (Fig.
1). Incubation of granulocytes with increasing numbers of
pYV1 Y. enterocolitica organisms resulted in only a slight in-
crease in O2

2 production. Cytospin preparation of the bacte-
rium-granulocyte suspension did not show evident agglutina-
tion of pYV1 Y. enterocolitica that could account for the
observed differences between pYV2 and pYV1 Y. enteroco-
litica (data not shown).

Production of O2
2 in response to receptor-dependent or

receptor-independent stimulation. To determine whether Y.
enterocolitica inhibits receptor-dependent O2

2 production,
granulocytes were preincubated with preopsonized Y. entero-
colitica and next stimulated with f-MLP or preopsonized Y.
enterocolitica. PYV1 Y. enterocolitica-preincubated granulo-
cytes produced less O2

2 during stimulation with f-MLP than
granulocytes preincubated with the pYV2 strain (Table 2).
Control experiments showed that the binding of N-formyl pep-

tides to their receptors on granulocytes was not inhibited by
preincubation with pYV1 Y. enterocolitica (Fig. 2). Granulo-
cytes that were preincubated with preopsonized pYV1 Y. en-
terocolitica and next stimulated with preopsonized Y. enteroco-
litica (ratio of 50 bacteria to 1 granulocyte) produced less O2

2

than granulocytes preincubated with the pYV2 strain (Table
2). Preincubation of granulocytes with either strain did not
inhibit receptor-independent O2

2 production during stimula-
tion with PMA (Table 2). Together, these results indicate that
preopsonized pYV1 Y. enterocolitica inhibits receptor-depen-
dent, but not receptor-independent, O2

2 production by human
granulocytes.

Role of YadA and Yops in inhibition of f-MLP-receptor
dependent O2

2 production by human granulocytes. To inves-
tigate which plasmid-borne factors are involved in the inhibi-
tion of f-MLP-receptor-dependent O2

2 production by granu-
locytes, the O2

2 production by granulocytes preincubated with
various mutant strains of Y. enterocolitica and stimulated with
f-MLP was determined. Preincubation of granulocytes with Y.

FIG. 1. O2
2 production by human granulocytes during incubation with Y.

enterocolitica. Granulocytes were incubated together with various numbers of
pYV2 Y. enterocolitica (E) or pYV1 Y. enterocolitica (■) organisms for 30 min.
O2

2 production was determined by measuring the superoxide dismutase-inhib-
itable reduction of ferricytochrome c. The mean (6 standard error) O2

2 pro-
duction by granulocytes in the absence of bacteria amounted to 3.64 (60.28)
nmol of O2

2 per 106 granulocytes per ml per 30 min and is indicated by the
dashed line.

FIG. 2. Binding of fluorescein N-formyl hexapeptides to their receptors on
granulocytes preincubated with various strains of preopsonized Y. enterocolitica.
Granulocytes were preincubated with medium only, pVY2 or pYV1 Y. entero-
colitica, or Y. enterocolitica W22703(pGC1152) YadA1 YopH2 for 30 min. After
removal of nonadherent bacteria, the pellet was incubated with N-formyl-Nle-
Leu-Phe-Nle-Tyr-Lys-FITC at 4°C and analyzed by flow cytometry (gray bars).
The specificity of the binding of this fluorescein hexapeptide to granulocytes was
determined by measuring the residual binding of N-formyl-Nle-Leu-Phe-Nle-
Tyr-Lys-FITC after preincubation of the granulocytes with 10 mM f-MLP for 5
min at 4°C (black bars). Values for controls are represented by the open bars.
Results are expressed as the means of the values determined for fluorescence
intensity. Data are representative of results from two independent experiments.
A.U., arbitrary units.

TABLE 2. Effects of various mutant strains of Y. enterocolitica on O2
2 production by granulocytes in response to different stimulia

Preincubation substance
O2

2 production by granulocytes during stimulation with:

Medium PMA f-MLP pYV2 pYV1

Medium 1.53 6 0.42 19.13 6 1.46 19.98 6 1.58 18.48 6 0.8 9.48 6 0.96
pYV2 1.73 6 0.42 14.19 6 2.17 11.24 6 1.25 5.91 6 1.04 3.46 6 0.63
pYV1 1.50 6 0.85 12.04 6 2.23 1.89 6 1.26b 1.44 6 0.34b 0.94 6 0.17b

pBC7 YadA2 Yops1 1.34 6 0.59 11.94 6 1.76 2.63 6 1.63b NDc ND
pSW2276 YadA1 Yops2 2.42 6 0.47 13.39 6 1.46 12.48 6 0.85 ND ND
pGC1152 YadA1 YopH2 2.49 6 1.19 20.07 6 6.03 3.61 6 1.84b ND ND

a Granulocytes were preincubated with medium or a Y. enterocolitica strain (ratio of 10 bacteria to 1 granulocyte) for 30 min. After removal of nonadherent bacteria,
O2

2 production by granulocytes during stimulation was assessed by measuring the reduction of the level of ferricytochrome c. Stimulation with pYV2 or pYV1 Y.
enterocolitica was performed at a ratio of 50 bacteria to 1 granulocyte. Results are expressed in nanomoles per 106 cells per 30 min (means 6 standard errors of results
from at least three independent experiments).

b Significantly different (P , 0.05) from values found for granulocytes preincubated with pVY2 Y. enterocolitica in response to the same stimulus, according to
Student’s paired two-tailed t test.

c ND, not done.
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enterocolitica 22703(pSW2276) YadA1 Yops2 did not inhibit
O2

2 production, whereas preopsonized Y. enterocolitica
W22703(pBC7) YadA2 Yops1 inhibited O2

2 production dur-
ing stimulation with f-MLP to the same extent as Y. enteroco-
litica preincubated with pYV1 (Table 2). Immunofluorescence
microscopy confirmed that YadA was not expressed by the
pYV2 strain and by Y. enterocolitica W22703(pBC7) but that it
was expressed by all other strains (data not shown). Preincu-
bation with Y. enterocolitica W22703(pGC1152) YadA1

YopH2 also inhibited the O2
2 production almost completely

during stimulation with f-MLP. Control experiments showed
that YopH was not detectable in culture supernatant or bac-
terial lysate of the pYV2 or YopH2 strain but that it was
detectable in culture supernatant and bacterial lysate of pYV1

Y. enterocolitica (Fig. 3). Preincubation of granulocytes with
various mutant Y. enterocolitica strains did not inhibit O2

2

production during stimulation with PMA. Together, these re-
sults indicate that the inhibition of f-MLP-receptor-mediated
O2

2 production does not involve YadA or YopH but that it
involves other Yop-mediated mechanisms.

Tyrosine-specific protein phosphorylation in human granu-
locytes during stimulation with f-MLP. To investigate the ef-
fect of Y. enterocolitica on tyrosine kinase activity in response
to f-MLP, granulocytes were preincubated with various strains
of preopsonized Y. enterocolitica and the pattern of tyrosine-
phosphorylated proteins in granulocyte lysates during stimula-
tion with f-MLP was determined. When granulocytes were
preincubated in medium without Y. enterocolitica, tyrosine
phosphorylation of proteins with apparent molecular masses of
112, 60, and 50 kDa occurred during f-MLP stimulation (Fig.
4). When granulocytes were preincubated with pYV2 Y. en-
terocolitica, phosphorylation of proteins with similar apparent
molecular masses occurred without f-MLP stimulation and
increased upon stimulation (Fig. 4). When granulocytes were
preincubated with the pYV1 or the YopH2 strain, tyrosine
phosphorylation of these proteins did not occur without or
during stimulation with f-MLP (Fig. 4), even when stimulation
with f-MLP was prolonged to 5 min (data not shown).

An additional phosphotyrosine-containing protein with an
apparent molecular mass of 200 kDa was observed in lysates of
granulocytes preincubated with the pYV2 or the YopH2

strain but not in lysates of control granulocytes or granulocytes
preincubated with the pYV1 strain. Phosphorylation of this
protein did not increase upon stimulation with f-MLP.

These results indicate that the inhibition of f-MLP receptor-
induced tyrosine phosphorylation of granulocyte proteins does
not involve YopH but that it does involve other Yop-mediated
mechanisms.

Effect of Y. enterocolitica on cytoplasmic F-actin content
during stimulation with f-MLP. f-MLP induced a rapid and
transient increase in the cytoplasmic F-actin contents of gran-
ulocytes preincubated with medium without bacteria or prein-
cubated with pYV2 Y. enterocolitica (Fig. 5). Preincubation of
granulocytes with pYV1 Y. enterocolitica or the YopH2 strain
resulted in an initially low cellular F-actin content, which did
not increase upon stimulation with f-MLP.

DISCUSSION

The main conclusion of this study is that preopsonized plas-
mid-bearing (pYV1) Y. enterocolitica inhibits O2

2 production
by human granulocytes in response to different receptor-me-
diated stimuli, including opsonized Y. enterocolitica and
f-MLP, through a plasmid-borne mechanism. The inhibition of
f-MLP-induced O2

2 production by granulocytes is dependent
on Yops other than YopH and not on the expression of YadA.

Granulocytes incubated with pYV1 Y. enterocolitica, preop-
sonized with antibody and complement, produced less O2

2

than cells incubated with the preopsonized pYV2 strain. This
inhibitory effect of pYV1 Y. enterocolitica was also observed
after removal of nonadherent bacteria followed by stimulation
with the preopsonized pYV2 strain or f-MLP. Since pYV1

and pYV2 Y. enterocolitica differ only in the presence of pYV,
it is most likely that plasmid-borne factors are involved in the
inhibition of O2

2 production. A similar inhibition, mediated by
pYV, has been observed in the luminol-enhanced chemilumi-
nescence response by granulocytes upon incubation with com-
plement-opsonized Y. enterocolitica (15, 34, 42, 49) or comple-
ment-opsonized zymosan (42). Together, these results indicate

FIG. 3. Analysis by immunoblotting of YopH expression by various Y. en-
terocolitica strains. Proteins isolated from culture supernatants and lysates of
equal numbers of bacteria of pYV2 Y. enterocolitica, pYV1 Y. enterocolitica, or
Y. enterocolitica W22703(pGC1152) YadA1 YopH2 were dissolved in SDS sam-
ple buffer, subjected to polyacrylamide gel electrophoresis, and transferred to
nitrocellulose. YopH was detected by enhanced chemiluminescence immunode-
tection. Lines indicate positions of molecular mass markers (in kilodaltons). The
major band of 45 kDa detected in the culture supernatant and lysate of pYV1 Y.
enterocolitica corresponds to YopH. YopH was not detected in the culture super-
natant and lysate of pYV2 Y. enterocolitica or Y. enterocolitica W22703(pGC1152)
YadA1 YopH2. Recombinant YopH was used as a positive control. Data are
representative of results from two independent experiments.

FIG. 4. Protein tyrosine phosphorylation of granulocytes preincubated with
various strains of preopsonized Y. enterocolitica and stimulated with f-MLP.
Granulocytes were preincubated with medium only (control), pYV2 or pYV1 Y.
enterocolitica or Y. enterocolitica W22703(pGC1152) YadA1 YopH2 for 90 min.
After removal of nonadherent bacteria, the pellet was stimulated with 1 mM
f-MLP. After Western blotting, tyrosine-phosphorylated proteins were detected
by enhanced chemiluminescence immunodetection. Data are representative of
results from three independent experiments. Lines indicate positions of molec-
ular mass markers (in kilodaltons).
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that pYV1 Y. enterocolitica is able to inhibit receptor-mediated
O2

2 production by granulocytes triggered through different
classes of receptors, namely, Fcg receptors, complement re-
ceptors (b2 integrin), and f-MLP receptors.

The inhibition of f-MLP-induced O2
2 production by gran-

ulocytes depends on the secretion of Yops and not on the
expression of YadA. Studies using the chemiluminescence re-
sponse by human granulocytes incubated with complement-
opsonized Y. enterocolitica and stimulated with complement-
opsonized zymosan confirmed the inhibitory role mediated by
Yops (42) but found that YadA was also involved (34, 42). This
inhibition, mediated by YadA, is probably related to the use of
normal human serum for opsonization of Y. enterocolitica.
YadA confers resistance to the bactericidal activity of human
serum (4) and interferes with complement opsonization (16,
49). Both properties of YadA may affect the chemilumines-
cence response of granulocytes.

We found that insertional inactivation of the yopH gene by
transposon mutagenesis abrogated the inhibition of phagocy-
tosis of this antibody- and complement-opsonized Y. enteroco-
litica strain by human granulocytes (data not shown) but not of
f-MLP-induced O2

2 production by granulocytes or tyrosine
phosphorylation of granulocyte proteins. However, others have
reported that YopH is involved in the inhibition of the chemi-
luminescence response of granulocytes stimulated by comple-
ment-opsonized zymosan (42) and of murine macrophages
stimulated by IgG2a-opsonized Yersinia bacteria (9) but not
those stimulated by unopsonized zymosan (29).

Recently, it was demonstrated that YopH dephosphorylates
focal adhesion kinase (FAK) and p130Cas, which leads to dis-
ruption of peripheral focal complexes and inhibits b1-integrin-
mediated uptake of Y. pseudotuberculosis by HeLa cells (36).
FAK and p130Cas are also phosphorylated upon stimulation of
Fc receptors in platelets or b2 integrin receptors in lympho-
cytes (27, 37). It can be hypothesized that YopH-induced de-
phosphorylation of FAK or p130Cas may be involved in the

inhibition of the complement receptor or the Fc receptor-
induced chemiluminescence response of granulocytes to Y. en-
terocolitica. The absence of such an inhibitory role of YopH in
f-MLP-induced O2

2 production by granulocytes may be ex-
plained by the fact that specific targets for YopH are not
present in the f-MLP receptor-linked signal transduction path-
ways (22) and that other Yop-mediated mechanisms are in-
volved.

The Yop-mediated inhibition of O2
2 production by granu-

locytes occurs early in the signal transduction pathways of the
NADPH oxidase, i.e., before activation of protein kinase C,
since PMA-stimulated O2

2 production by granulocytes was not
inhibited by pYV1 Y. enterocolitica. Signal transduction path-
ways activated by the G protein-linked f-MLP receptor involve
phosphorylation of regulatory proteins, including the Ras/Raf/
microtubule-associated protein kinase (MAPK) pathway (1,
54). Inhibitors of the MAPK pathway inhibit f-MLP-induced
O2

2 production by granulocytes (1, 54). Recently, it has been
demonstrated that YopP is involved in the deactivation of
MAPKs, resulting in the suppression of tumor necrosis factor
alpha release by mouse monocyte/macrophage cell lines upon
stimulation with lipopolysaccharide (41) or Y. enterocolitica
(11). Possibly, YopP is also involved in the inhibition of f-
MLP-induced O2

2 production by granulocytes by blocking the
MAPK pathway.

An alternative hypothesis explaining the observed inhibition
of O2

2 production, of tyrosine phosphorylation of granulocyte
proteins, and of F-actin formation in granulocytes in response
to f-MLP is that a Yop protein of Y. enterocolitica uncouples
the receptor-G protein interaction by phosphorylating serine
and/or threonine residues in the cytoplasmic domain of the
f-MLP receptor (3, 24, 48). A possible candidate is YopO (or
YpkA), an 84-kDa virulence protein, which is translocated to
the inner surfaces of the plasma membranes in HeLa cells (28)
and which has homology to eukaryotic Ser/Thr protein kinases
(25). The determination of which Yop is involved in the inhi-
bition of f-MLP-induced O2

2 production by granulocytes and
at which level of the signal transduction pathway of the f-MLP
receptor this inhibition occurs requires further study.

Products of plasmid-borne Yop genes play central roles in
the inhibition of phagocytosis of Y. enterocolitica by human
granulocytes (42, 50). In addition, the outer membrane protein
YadA, whose gene is plasmid borne, contributes to the re-
duced susceptibility of Y. enterocolitica to complement (4) and
to antimicrobial polypeptides present in the granules of gran-
ulocytes (51). The Yop-mediated ability to inhibit O2

2 produc-
tion by granulocytes triggered by different classes of receptors
is another mechanism that enables virulent Y. enterocolitica to
obstruct antimicrobial functions of granulocytes and to survive
within the host.
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