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Yersinia pseudotuberculosis mutants that overproduce the DNA adenine methylase (Dam) are highly atten-
uated, confer fully protective immune responses, and secrete several Yersinia virulence proteins (Yersinia outer
proteins [Yops]) under conditions that are nonpermissive for secretion in wild-type strains. We examined here
the effects of Dam overproduction on Yersinia virulence determinant expression and secretion, as well as the
host immune response to Yersinia antigens. Western blot analysis with convalescent antisera identified several
low-calcium-responsive antigens whose synthesis was affected by Dam overproduction. One of these antigens
was shown to be the type III secretion effector protein, YopE, a cytotoxin involved in antiphagocytosis. Dam
overproduction disrupted both the thermal and calcium regulation of YopE synthesis and relaxed the thermal
but not the calcium dependence of YopE secretion. Altered expression and/or secretion of Yersinia proteins in
Dam-overproducing strains may contribute to the decreased virulence and heightened immunity observed in
vaccinated hosts and may provide a means by which to deliver heterologous antigens and/or immune modu-

lators of the inflammatory response.

Yersinia spp. are human and animal pathogens with a clear
tropism for lymphoid tissue. Yersinia pestis is usually transmit-
ted by fleas and is the causative agent of plague, which is often
fatal (4, 5). Y. pseudotuberculosis and Y. enterocolitica are en-
teropathogens causing self-limiting infections in humans, in-
cluding gastroenteritis and mesenteric adenitis. Yersinia spp.
pathogenesis is dependent on virulence proteins called Yops
(for Yersinia outer proteins) (7, 9, 11, 30) which, upon host
contact, are injected directly into the host cell cytoplasm via
type III secretion machinery, where they act as effectors to
inhibit phagocytosis and proinflammatory cytokine release (3,
5,6, 8, 12, 25, 26, 29, 31, 35). The secretion of Yops is under
strict regulatory control by the low calcium response, whereby
Yop secretion only occurs in vitro under conditions of low
calcium (Ca®*) and high temperature (37°C [32, 33]). We
recently showed that overproduction of Dam in Y. pseudotu-
berculosis relaxed the temperature but not the low calcium
dependence of Yop secretion (18). Moreover, such Dam-over-
producing Yersinia strains were avirulent and elicited protec-
tive immune responses in vaccinated mice. Here we examined
the effects of Dam overproduction on protein expression and
secretion, as well as the humoral response to Yersinia antigens.

Yersinia spp. overproducing Dam efficiently colonize muco-
sal but not systemic tissues. To understand the mechanism by
which Dam-overproducing Yersinia spp. are attenuated for vir-
ulence yet elicit protective immune responses, the survival
rates of wild-type (Dam™) and Dam-overproducing yersiniae
were compared in mouse tissue sites after oral infection. Dam-
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overproducing yersiniae survive near wild-type levels in Peyer’s
patches of the mouse small intestine and mesenteric lymph
nodes for at least 24 h. However, at day 5, >10°-fold fewer
Dam-overproducing yersiniae were observed in the Peyer’s
patches and mesenteric lymph nodes, and 10*- to 10°-fold
fewer Dam-overproducing yersiniae were observed in the liver
and spleen, respectively, compared to Dam™ bacteria (Fig. 1).
These data suggest that Dam-overproducing yersiniae are pro-
ficient in the targeting and colonization of mucosal but not
deep systemic tissues, which may result in the elicitation of host
immune responses without acute disease manifestations.

Dam-overproducer Y. pseudotuberculosis synthesizes and se-
cretes YopE under conditions nonpermissive for the wild type.
Recently, we showed that the strict regulatory control of Yop
secretion is disrupted in Dam-overproducing Yersinia mutants
(15). These mutants secrete Yops at low Ca*" and low tem-
perature, which are nonpermissive conditions for Yop secre-
tion in wild-type Yersinia. Here we wanted to test whether the
synthesis and cellular localization of Yops was also disrupted in
Dam overproducer conditions. For these experiments, we fo-
cused our efforts on YopE, a 23-kDa Yersinia cytotoxin that is
secreted under low-calcium conditions (1, 2, 34) and is also
known to be antigenic (16, 20).

In order to characterize the expression, localization, and
secretion profiles of YopE in response to Dam overproduction,
whole-cell, membrane, and supernatant fractions of Dam™ and
Dam-overproducing cells grown under Yop-inducing and non-
inducing conditions were analyzed by immunoblotting. In con-
trast to the wild type, Dam-overproducing Yersinia strains syn-
thesized YopE under all three nonpermissive conditions (high
calcium and low temperature, high calcium and high temper-
ature, and low calcium and low temperature) (Fig. 2, whole-
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FIG. 1. Colonization of mouse tissue sites by Dam-overproducing Y. pseudotuberculosis. Six- to eight-week-old BALB/c mice were infected via
gastrointubation at a dose of ca. 2.5 X 10’ Dam™ ((J) or Dam-overproducing (M) Y. pseudotuberculosis. At 1 or 5 days postinfection, mice were
sacrificed and bacteria were recovered from the host tissues indicated. Abbreviations: PP, Peyer’s patches (the four Peyer’s patches proximal to

the ileal-cecal junction); MLN, mesenteric lymph nodes.

cell fraction). However, the localization of YopE to the mem-
brane or supernatant fractions required low calcium at either
permissive or nonpermissive temperatures (Fig. 2). Thus,
YopE is synthesized under all nonpermissive conditions in
Dam-overproducing strains, but its export from the cytoplasm
still requires a low calcium signal for secretion. These data
suggest that Dam overproduction disrupts both thermal and
calcium regulation of YopE synthesis and, in addition, relaxes
the thermal but not the calcium dependence of YopE secre-
tion. Alternatively, Dam overproduction may lead to YopE
overexpression coupled with increased YopE secretion (only at
low Ca?* and a low temperature) simply as a consequence of
an increased amount of protein in the cell. The proposed
altered expression or secretion of YopE and the possible ec-
topic expression or secretion of other bacterial antigens may
contribute to the heightened immune response in hosts vacci-
nated with Dam-overproducing Yersinia mutants.

The effect of Dam overproduction on YopE synthesis is
comparable to the phenotype of Yersinia mutants defective in
LerQ, a negative regulator of Yop synthesis (27). Wild-type
Yersinia secretes LerQ out of the bacterial cell under the per-
missive conditions of low calcium and high temperature, re-
sulting in a decreased intracellular concentration of LcrQ and
increased expression of Yops. LcrQ mutants are disrupted for
the normally strict thermal and calcium regulation of Yop
synthesis; however, low calcium is still required as a signal for
the type III secretion-dependent delivery of most Yops (28).
Similarly, Dam overproduction relaxes the temperature and
calcium regulation of YopE synthesis, but export of YopE
from the cytoplasm remains dependent on the low-calcium
secretion signal.

Analysis of the effect of Dam on expression of Y. pseudotu-
berculosis antigens. To begin to characterize the humoral re-
sponse conferred by Yersinia Dam-overproducing strains, we
examined protein expression profiles of Dam™* and Dam-over-
producing strains (Table 1). Proteins derived from Dam™ and
Dam-overproducing strains grown under laboratory conditions
(in vitro) were subjected to Western analysis with convales-
cent-phase antisera derived from mice infected with either

wild-type (Fig. 3A) or Dam-overproducing (Fig. 3B) Y. pseudo-
tuberculosis.

At least three groups of antigens were identified. Group 1
antigens were produced by wild-type and Dam-overproducing
strains in vitro and were recognized by convalescent-phase
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FIG. 2. Dam overproduction results in YopE synthesis and secre-
tion under conditions nonpermissive for the wild type. Whole-cell
(WC), membrane (Memb), and supernatant (Sup) fractions were pre-
pared from wild-type (WT) and Dam-overproducing (OP) Y. pseudo-
tuberculosis grown under the indicated conditions. For each growth
condition, total protein corresponding to 2.0 X 10° cells was subjected
to sodium dodecyl sulfate-polyacrylamide gel electrophoresis, trans-
ferred to polyvinylidene difluoride membrane, and probed with con-
valescent-phase antisera derived from BALB/c mice infected with wild-
type Y. pseudotuberculosis as a source of anti-YopE antibody. Western
analysis with YopE antibody confirmed that the 23-kDa low-calcium-
responsive protein was YopE. Numbers refer to protein sizes (in kilo-
daltons).
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TABLE 1. Bacterial strains and plasmids

Strain or plasmid

Genotype

Source or reference

Y. pseudotuberculosis

YPIIpYV Wild type

MT2294 dam::Kn + pTP166-Cm
MT2365 AyopE (in-frame deletion)
MT2366 AyopE dam::Kn + pTP166-Cm

Plasmid pTP166-Cm

E. coli dam under tac promoter control; chloramphenicol-resistant derivative of pTP166
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antisera derived from mice infected with wild type or Dam-
overproducing strains infected mice (Fig. 3, arrows labeled 1).
Group 2 antigen was produced by wild-type and Dam-overpro-
ducing strains in vitro and was preferentially recognized by
convalescent antisera derived from wild type-infected mice
(Fig. 3, arrows labeled 2). Group 3 antigens were expressed
under Yop inducing conditions (low Ca** and high temperature)
and were often preferentially expressed by either wild-type
or Dam-overproducing strains in vitro (Fig. 3, arrows labeled
3).

These data show that Dam overproduction affects the hu-
moral response but not the in vitro synthesis of the group 2
antigen. This suggests that, although the group 2 antigen was

produced at wild-type levels in Dam-overproducing cells in
vitro, it is not produced in sufficient quantity or for sufficient
duration, nor is it presented to the appropriate immune cells,
during Dam-overproducing infection. Alternatively, Dam-
overproducing cells may inhibit the humoral response to the
group 2 antigen. Such differential expression of an in vivo-
induced antigen or altered immune response to an in vivo
expressed antigen can have profound effects on the immunity
conferred by Dam-overproducing Yersinia strains.

The role of Dam in virulence and in the elicitation of pro-
tective immune responses may be attributed to its capacity as
a global regulator of gene expression (10, 13, 14, 17-19). Over-
production of Dam activity in Yersinia strains alters the expres-
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FIG. 3. Mice vaccinated with Dam-overproducing Yersinia strains show an altered humoral response compared to mice infected with wild-type
Yersinia strains. Whole-cell protein extracts from wild-type (WT) and Dam-overproducing (OP) Y. pseudotuberculosis grown under the indicated
temperature and calcium conditions served as the antigen source. Whole-cell protein extracts derived from 2.0 X 10° cells (~20 pg of protein/well)
were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis, transferred to polyvinylidene difluoride membrane (Pierce), and
probed with Dam™ (A) or Dam-overproducing (B) pooled convalescent antisera at a 1/15,000 or a 1/7500 dilution of antibody, respectively.
Peroxidase-conjugated sheep anti-mouse immunoglobulin G (Amersham Life Sciences) was used as the secondary antibody at 1/40,000 dilution,
and hybridization was detected by using Supersignal West Femto Maximum Sensitivity Substrate (Pierce). Group 1 antigens were produced by
wild-type and Dam-overproducing strains in vitro and recognized by both wild-type and Dam-overproducing convalescent-phase antisera (arrows
1). Group 2 antigen was produced by wild-type and Dam-overproducing strains in vitro and preferentially recognized by wild-type convalescent-
phase antisera (arrows 2). Group 3 antigens were expressed under Yop inducing conditions (low Ca?* and high temperature) and were
preferentially produced by either Dam™ or Dam-overproducing cells in vitro (arrows 3). Numbers refer to protein sizes in kilodaltons. To generate
the wild-type and Dam-overproducing convalescent-phase sera, 6- to 8-week-old BALB/c mice were gastrointubated with 2.5 X 107 wild-type Y.
pseudotuberculosis (the lethal dose required to kill 50% of the animals [21]) or 2.5 X 10'® Dam-overproducing Y. pseudotuberculosis bacteria. At
5 weeks postimmunization, whole blood from four to six mice was collected by cardiac puncture, and the sera were pooled and stored in 20%
glycerol at —20°C.
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sion and/or secretion of low-calcium-responsive proteins (Fig.
2 and 3) (15) and possibly other virulence functions required
for pathogenesis. Additionally, Dam overproduction may con-
tribute to the elicitation of protective responses by the elabo-
ration of an expanded repertoire of antigens and/or immune
modulators of host inflammatory activities. Although not
known to be subject to Dam regulation, LerV is a Yersinia
virulence protein responsive to low calcium that suppresses
inflammatory cytokines during infection (23, 24) and induces
high levels of protection when delivered as a subunit vaccine
(5, 22). Similarly, dysregulation of Dam activity may result in
altered expression and/or secretion of functions required for
virulence, immune modulation, and the elicitation of protec-
tion immune responses. Such a delivery strategy may also pro-
vide a means to deliver heterologous antigens and modulators
of the inflammatory response (e.g., for suppression of inflam-
matory cytokines).
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