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The Yersinia protein kinase A (YpkA) and outer protein J
(Yop]) are co-expressed from a single transcript and are injected
directly into eukaryotic cells by the plague bacterium Yersinia
pestis. When overexpressed in vertebrate or yeast cells, YpkA
disrupts the actin-based cytoskeletal system by an unknown
mechanism, whereas YopJ obstructs inductive chemokine
expression by inhibiting MAPK and NF-kB signaling. Previ-
ously, we showed that the fission yeast Schizosaccharomyces
pombe was sensitive to the kinase activity of YpkA. Here, we
screened yeast for cellular processes important for YpkA activity
and found that the eIF2« kinases mollify the toxicity imparted
by the kinase activity of YpkA. Specifically, strains lacking the
elF2« kinase Hri2 were particularly sensitive to YpkA. Unex-
pectedly, the activity of Yop]J, which conferred a phenotype con-
sistent with its inhibitory effect on MAPK signaling, was also
found to be dependent on Hri2. When expressed in S. pombe,
Yop] sensitized cells to osmotic and oxidative stresses through a
Hri2-dependent mechanism. However, when co-expressed with
YpkA, Yop] protected cells from YpkA-mediated toxicity, and
this protection was entirely dependent on Hri2. In contrast,
YopJ did not confer protection against the toxic effects of the
Yersinia virulence factor YopE. These findings are the first to
functionally link YpkA and Yop]J and suggest that eIF2a kinases,
which are critically important in antiviral defenses and protec-
tion against environmental stresses, also play a role in bacterial
virulence.

The plague bacterium Yersinia pestis, as well as the closely
related enteric pathogens Yersinia pseudotuberculosis and
Yersinia enterocolitica, are relatively resistant to the antimicro-
bial killing systems of innate immune cells. This property is
largely dependent on a membrane-bound type 3 secretion sys-
tem (T3SS)? that injects proteins (here referred to as “effec-
tors”) directly into the eukaryotic cell (1, 2). This study is
focused on two such effectors: YpkA and Yop] (YopO and YopP
in Y. enterocolitica). Although they are encoded by a single
transcription unit on the 70-kb extrachromosomal virulence
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plasmid of Yersinia, these two effectors shape the bacterial host
relationship in very different ways. YpkA and its associated
kinase activity is necessary for the immediate survival of
Yersinia following attachment to host cells; this was suggested
by animal infection experiments and confirmed at the cellular
level in a function-based “infectivity” assay that measures both
survival and growth of macrophage-associated Yersinia (3, 4).
In contrast, there are no discernible differences in the infectiv-
ity assay between the wild-type and Ayop/ mutant strains (5).
However, Yop] very efficiently blocks MAPK- and NF-«B-me-
diated signaling pathways and the resulting inductive expres-
sion of proinflammatory chemokines; the consequences of
Yop] activity during an actual infection is a reduction in the
local inflammatory response (6 —10). Therefore, unlike YpkA,
which is important for the immediate survival of Yersinia dur-
ing its encounter with macrophages, Yop] acts to modulate the
immune response at the systems level.

These effectors also differ as to how they have been studied.
The enzymatic activity of YpkA was immediately recognized
based on its striking similarity (residues 136 —408) to eukary-
otic Ser/Thr protein kinases (11). YpkA also contains a
GTPase-binding domain (residues ~442-721) that was inde-
pendently identified bioinformatically and by yeast two-hybrid
screening (12, 13). Potential cellular substrates have been iden-
tified for YpkA using in vitro phosphorylation and transfection
systems (14, 15), but it is currently unknown whether these
cellular factors are targeted during infection at normal YpkA
expression levels. YpkA has been widely characterized as a
“cytoskeletal disruptor” based, again, on either transfection sys-
tems or infection studies in which YpkA is overexpressed in
trans in the absence of the other 5 Yops; predictably this activity
is primarily dependent on the GTPase-binding domain, and, to
a much lesser degree, on its kinase activity (12, 13, 16). Simi-
larly, there has been considerable uncertainty concerning YopJs
mechanism despite the fact that it has very potent activities in
cell culture models. Using transfection models, several different
cellular activities have been attributed to Yop], including deu-
biquination of IkBa and tumor necrosis factor receptor-associ-
ated factors, and most recently, acetylation of MKKs (17-21).
Whether any of these activities (which are not mutually exclu-
sive) occur when Yop] is introduced into cells via the T3SS
following infection is unknown. Therefore, like YpkA, precisely
how Yop] exerts its activity during infection is presently
unclear.

We believe that progress in understanding the cellular activ-
ities of T3SS effectors expressed by animal pathogens has been
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limited by a lack of discovery-based models. Cell culture-based
models have been successfully developed for the discovery of
bacterial virulence genes. However, there has been little success
in developing screens to identify critical host factors and/or
processes in such cell culture-based infection systems. This is in
sharp contrast to studies of T3SS effectors expressed by plant
pathogens in which enormous strides have been made due to
the fact that these studies are founded on genetic systems dat-
ing back to the 1950s (22). In the past several years, it has been
shown that a number of T3SS effectors expressed by animal
pathogens are active in yeast cells (4, 23-26); however, to the
best of our knowledge, there has only been a single report of
using yeast to identify previously unknown host factors impor-
tant for T3SS effector activity (27). Here, we used the fission
yeast Schizosaccharomyces pombe to screen for host factors
important for YpkA activity and unexpectedly identified a cel-
lular process in which YpkA and Yop] activities intersect.

EXPERIMENTAL PROCEDURES

Yeast Strains—Yeast strains are listed in the order of their
presentation: 574W, h' ade6-M216 leul-32 ura4-DI18
pJK148 nmtil-eGEP-ypkA pUR19; 589W, h™ mut-222 ade6-
M216 leul-32 ura4-D18 pJK148 nmtl-eGFP-ypkA pUR19;
598W, h™ mut-222 ade6-M216 leul-32 ura4-D18 pJK148
nmtl-eGFP-ypkA pUR19 207; 1000W, h™ mut-222 ade6-
M216 leul-32 ura4-D18 pJK148 nmtl-eGFP-ypkA pUR19
207(—tRNA); 428W, h~ ade6-M210 leul-32 wura4-DI18
pRep3X eGFP-ypkA; 781W, h~ Agcen2:ura4™ wura4-DI8
leul-32 pRep3x eGFP-ypkA; 35W, h~ ade6-704 leul-32
ura4-D18 pRepdlX eGFP-ypkA; 702W, h~ ade6-M210
leul-32 ura4-D18 eIF2c(S52A):ura4™ pRep41X eGFP-ypkA;
710W, h~ ade6-M210 leul-32 ura4-D18 elF2a(S52A ):ura4™
pRep41X eGFP-ypkA(D270A); 707W, h~ ade6-M210
leul-32 ura4-D18 eIF2a(S52A):ura4™ pRep3X eGFP-ypkA;
739W, Ahri2:ura4™ ura4-D18 leul-32 ade6—704 pRep3X
eGFP-ypkA; 670W, h~ ade6-M210 leul-32 wura4-D18
pRep3X eGFP; 672W, h~ ade6-M210 leul-32 ura4-D18
pRep3X eGFP-yopJ; 639W, h™ leul-32 ura4-D18 ade6-M210
his7-366 styl—6HisHA:ura4™ pRep3X eGEP-yop]; 674W, h™
ade6-M210 leul-32 ura4-D18 pRep3X eGFP-yop](C172A);
677W, h~ ade6-M210 leul-32 ura4-DI18 pRep3X eGFP-
yopJ(58S); 685W, ™ ade6-M210 leul-32 ura4-D18 pRep3X
eGFP-yop](231S); 772W, h™ Astyl:ura4™ eEF2-3HA:kan
ura4-D18 leu1-32;745W, h™ Ahril:ura4™ ura4-D18 leul-32
ade6-M210 pRep3X eGFP-yopJ; 753W, h™ Ahri2:ura4™
ura4-D18 leul-32 pRep3X eGFP-yopJ; 790W, h™ Agcen2:
ura4”’ ura4-DI18 leul-32 pRep3X eGFP-yop]; 755W, h~
ade6-704 ura4-D18 leul-32 int.pRep6X eGFP-ypkA pRep3X
eGFP-yopJ; 759W, h~ ade6-704 wura4-DI18 leul-32
int.pRep6X eGFP-ypkA pRep3X eGFP-yop](C172A); 806W,
h™ Ahri2:ura4™ ura4-D18 leul-32 ade6-704 int.pRep6X
eGFP-ypkA pRep3X eGFP-yopJ; 883W, h~ Agen2:ura4™
ura4-D18 leul-32 ade6-704 int.pRep6X eGFP-ypkA pRep3X
eGFP-yopJ; 891W, h~ wura4-DI18 leul-32 ade6-704
int.pRep6X eGFP-yopE pRep3X eGEP-yop]; and 893W, h~
ura4-D18 leul-32 ade6-704 int.pRep6X eGFP-yopE
pRep3X eGFP-yopJ(C172A).
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FIGURE 1. YpkA sensitivity in S. pombe wild-type, 511W, and gcn2A cells.
A, strain 511W was originally isolated in a mutagenesis screen for S. pombe
variants possessing a YpkA-resistance (YpkA®) phenotype. Wild-type (wt) and
511W strains, each with an integrated gfp-ypkA gene, were transformed with
eitheran “empty” control plasmid (strains 574W and 589W, see “Experimental
Procedures”) or a plasmid, p207 (strain 598W), which contains a tRNA"¢!-
encoding genomic fragment. Strains were plated on media that were either
noninductive (Off) or inductive (On) for GFP-YpkA expression. B, actively
growing cultures (Aso5 between 0.1-0.4) of 511W transformed with either the
empty control plasmid (589W), p207 (598W), or a p207 derivative lacking the
tRNA™“-encoding sequence (1000W) were shifted to GFP-YpkA-expressing
conditions and at the indicated time points thereafter, cells were removed
from the culture and mixed with SDS, and the number of lysed cells (ghosts)
was determined microscopically. Shown is a representative experiment in
which >500 cells were examined per sampling point. Parallel cultures grow-
ing in nonexpressing GFP-YpkA conditions contained <0.4% ghosts (not
shown). C, the wild-type and gcn2A strains (428W and 781W, respectively),
each transformed with GFP-YpkA-expressing plasmid driven by high-
strength promoter, were assayed for YpkA toxicity as described in B. *, p <
0.05 using a two-sample test to compare proportions in two independent
samples.

Plasmids—The pRep3X GFP, pRep3X GFP-ypkA, pRep3X
GFP-ypkA(D270A), pRep41X GEP-ypkA, and pRep4lX GEP-
ypkA(D270A) yeast expression plasmids have been described
previously (4). Strains possessing an integrated gfp-ypkA were
constructed using pJK148 mmtl-GFP-ypkA, pRep6X GFP-
ypkA, and pRep6X GFP-ypkA(D270A) (28). The genomic
library pURSP1 was purchased from ATCC and used for YpkA
hypersensitivity screening. The isolated pUR19 207 clone con-
tained genomic sequences 3589023 to 3592371 of chromosome
1, and the pUR19 207 (-tRNA) derivative was generated by
deleting the 474-bp Sacl fragment from the right end of pUR19
207. To generate pRep3X GFP-yop], the yop] gene was ampli-
fied from the Y. pseudotuberculosis YPIII pIB102 strain, and the
resulting fragment was cloned into pRep3X as described previ-
ously for pRep3X GFP-ypkA (4). The pRep3X GFP-
yopJ(C172A) derivative was generated using QuikChange
mutagenesis (Stratagene) and verified by sequencing. Using a
transposon-based mutagenesis system (Finnzymes MCS), the
gfp-yopJ plasmid was mutated in vitro such that 5-codon non-
polar “scars” were inserted randomly into the plasmid; plasmid
was then prepared from 150,000 independent pooled bacterial
transformants and used for the Yop] activity screen. The Yop]J-
HA-encoding Yersinia expression plasmids (and derivatives)
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FIGURE 2. YpkA sensitivity in S. pombe wild-type, elF2a(S52A), and hri2A cells. A, the wild-type (wt),
elF2a(S52A), and hri2A strains transformed with plasmids expressing GFP-YpkA driven by a relatively strong
promoter (428W, 707W, and 739W, respectively) were subjected to the ghost assay as described in Fig. 1B.
B, the indicated strains were propagated and, except where noted, induced for GFP-YpkA expression as
described. Cells were collected at 13.5 h, and the resulting whole cell lysates were probed for total and phos-
phorylated elF2a by Western analysis. For presentation purposes, the lanes were rearranged. Signals were
quantified and normalized to the elF2a-P/elF2« ratio observed in the extract derived from the elF2«(S52A)
strain. G, the wild-type (35W) and elF2«(S52A) (702W and 710W) strains transformed with plasmids expressing
either GFP-YpkA or the kinase-inactive GFP-YpkA(D270A) driven by an intermediate-strength promoter were
subjected to the ghost assay. D, cells of the transformed strains were collected at the indicated time points, and
whole cell lysates were examined by Western analysis. *, p < 0.05 using a two-sample test to compare propor-

tions in two independent samples.

were constructed by first amplifying yop/ sequences from the
GFP-YopJ-encoding yeast expression plasmids isolated from
the plate-based elongation assay and then ligating the resulting
fragments downstream of the yopE promoter as previously
described (8).

Screening—To select for YpkA resistant (YpkA®) variants,
S. pombe(GFP-YpkA) was first exposed to nitrosoguanidine
sufficient to yield a ~50% kill rate and then plated out on GFP-
YpkA inducing media (i.e. lacking thiamine). Of a total of 8 X
10° viable cells, ~1,500 healthy-looking putative YpkA® colo-
nies were recovered as judged by colony size and the ability to
exclude the vital dye Phloxine B (included in the media and
serves as a general readout for metabolic activity). To eliminate
clones in which YpkA had been inactivated during the
mutagenesis (as well as those clones with a dominant pheno-
type), putative YpkA® clones were crossed with the parental
wild-type strain, and the resulting diploids were selected and
maintained by intra-allelic complementation. The diploids
were then replica-plated to media inductive for GFP-YpkA
expression. A total of five diploids displayed the wild-type-like
YpkA sensitive (YpkA®) phenotype, of which, 511W, was fur-
ther examined and appeared to have a single locus (i.e. in the
haploid parent) conferring the YpkA® phenotype. 511W was
characterized with a slow growth rate and was used as a recip-
ient for a YpkA hypersensitivity screen. Accordingly, 511W was
transformed with a S. pombe-derived genomic library pURSP1
and 18,500 transformants were screened for YpkA® by replica
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S. pombe transformed with the
pooled transposon mutant library
described above were plated on
media containing 400 mm KCl and
of the primary colonies (~19,000)
microscopically inspected, 298 dis-
played a phenotype suggestive that
Yop]J was inactive (shortened cells),
and of these, 133 maintained this
phenotype upon restreaking as well
as scoring positive for GFP expression. By examining the recov-
ered plasmids, ~80% contained the scar within the Yop]J-en-
coding sequence.

YpkA and Yop] Activity Assays—For the “ghost” assay meas-
uring YpKA activity, cells were grown exponentially (A5y; <
0.4) for at least eight generations. Cells were then washed to
remove thiamine and allowed to grow under inducing GFP-
YpkA expressing conditions (without thiamine) for 11.5 h, and
then diluted to A5y of 0.1. At various times, a sample of the
culture was removed and concentrated by centrifugation, and
the cells were resuspended in 1% SDS. Greater than 500 cells
were examined as to whether they were intact or had lysed (i.e.
formed ghosts). Cultures were never allowed to exceed an A
of 0.4 during either the preinduction or induction phases of the
assay. For the elongation assay measuring Yop] activity, cells
were propagated and induced as described for the ghost assay
except that after 16 h of induction cultures were diluted to A5,
of 0.1 in media containing 1 M KCl. Cultures were not allowed to
exceed an Ay of 0.4, and at the indicated time points, 9 ml of
culture was removed, and then the cells were fixed with form-
aldehyde and stained with calcofluor (4). Pictures of the stained
cells were recorded with a fluorescent microscope, and the
lengths of the septum-positive cells were quantified using
Image] (available from NIH). For the H,O, sensitivity assay,
cells were propagated as described above, and after 16 h of
induction for GFP-Yop] expression cells were diluted to an A ;o
of 0.1 in the presence of 1 mm H,O, (0.003%). After either 30 or
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60 mins of H,O, exposure, cells were collected and analyzed for
either protein content or by microscopy (Fig. 5, A and B, respec-
tively). For intracellular staining, infected cells were prepared
using the Cytofix/Cytoperm kit and stained with rat anti-
mouse tumor necrosis factor « Alexa Fluor 647 (Pharmingen).

Protein Methods—For detection of GFP hybrids and eIF2c,
cells were lysed in H buffer (25 mm MOPS, pH 7.2, 80 mMm
B-glycerophosphate, 15 mm p-nitrophenylphosphate, 15 mm
MgCl,, 15 mm EGTA, 1 mm dithiothreitol, 0.1 M sodium vana-
date, 1% Triton X-100, 1 mm phenylmethylsulfonyl fluoride,
and additional protease inhibitors Sigma (P8215)) supple-
mented with 2% SDS using a FastPrep FP120 bead beater (MP
Biomedicals), and the resulting extracts were boiled, clarified,
and quantified before fractionation by SDS-PAGE and analysis
by Western blotting using either anti-GFP (Chemicon), anti-
elF2a (Invitrogen), or phospho-specific anti-elF2a (Invitro-
gen). For determination of phospho-elF2a/elF2a ratios, signals
were quantified using Image]J (rsb.info.nih.gov/ij). For Styl-HA
purification, cells were lysed in H buffer (without SDS) as
described, and anti-HA antibody (Covance) was then added to
the clarified lysate. After 1 h at 4 °C, protein G magnetic resin
(New England Biolabs) was added, and following an additional
30 min of incubation, the resin was washed several times with H
buffer, and the bound proteins were then eluted with SDS-load-
ing buffer. The resulting Western blots were probed with
anti-HA and anti-phosphotyrosine antibodies (Covance and
Zymed Laboratories Inc., respectively).

RESULTS

YpkA Activity and elF2a—Previously, we showed that
S. pombe is extremely sensitive to YpkA (4). To identify host
genes responsive to YpkA, we mutagenized S. pombe and
selected for YpkA resistant (YpkA®) variants (see “Experimen-
tal Procedures” for details of the screen and analysis of the
YpkAR isolates). One resulting YpkA® isolate, 511W, was sub-
sequently transformed with a genomic library to identify
sequences that restored the parent-like YpkA-sensitive
(YpkA®) phenotype. Two unique YpkAS-conferring plasmids
were recovered in several independent transformants; one of
which, designated as p207, forms the basis of this report.

The 3.3-kb genomic insert in p207 conferred complete res-
toration of the YpkA® phenotype to 511W (Fig. 14). The pres-
ence of p207 had no observable effect on the wild-type or 511W
strains when propagated in non-YpkA-expressing conditions,
indicating that this sequence was not generally toxic when pres-
ent at multiple copies. By deletion analysis, it was found that the
YpkAS-conferring activity of p207 was entirely dependent on
sequences encoding a tRNA™" and its associated promoter
(Fig. 1B). Because enhanced tRNA levels naturally occur follow-
ing nutritional stress and directly activate the elF2« kinase
Gcen2 (29, 30), we tested whether the deletion of gen2 affected
YpkA sensitivity. Compared with wild-type gcn2™ cells, gcn2A
cells were more resistant to YpkA (Fig. 1C). Collectively, these
findings suggest that Gen2 can modulate YpkA activity; rela-
tively normal Gen2 activity (wild-type and likely 511W/p207
cells) sensitizes cells to YpkA, whereas reduced Gen2 activity
(gen2A and probably 511W cells) enables cells to better resist
YpkA toxicity.
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FIGURE 3. YopJ expression in S. pombe. A, fluorescence of live wild-type
cells transformed with either GFP- or GFP-YopJ-encoding plasmids (strains
670W and 672W, respectively). B, the S. pombe (Sty1-HA) strain transformed
with the GFP-YopJ-encoding plasmid (639W) was either left uninduced (Off)
or induced (On) for GFP-YopJ expression for 12 h and then either left unex-
posed (-S) or exposed (+S5) to osmotic stress (1 m KCI) for 20 min. Cells were
then collected and lysed, and Sty1-HA was immunopurified. Immunoprecipi-
tates were analyzed by Western analysis using the indicated antisera. pY, anti-
phosphotyrosine. C, transformed strains (circles, 670W; boxes, 672W) were
either left uninduced (Off, open symbols) or induced (On, closed symbols) for
GFP or GFP-YopJ expression for 12 h and then exposed to osmotic stress (1 m
KCl) for 0-25 h. At the indicated time points, cells were removed, stained with
calcofluor, and examined by microscopy. Cells staining positive for a septum
(as shownin the inset), indicative of the G,/M phase of the cell cycle when cells
are at their maximal length, were measured using a molecular ruler (9.8 pix-
els/micron). Solid bars, population medium. *, p < 0.05.

In addition to functioning as an elF2« kinase, in S. pombe,
Gcen?2 also negatively regulates MAPK signaling (31). As has
been shown by others (using MAPK mutant strains) as well as in
our YopJ-related findings described below, abrogation of
MAPK signaling results in enhanced levels of phosphorylated
elF2a (32), thus confounding the relationship between Gcn2
and elF2a.

Therefore, to directly determine whether sensitivity to YpkA
is modulated by elF2«, we expressed YpkA in an S. pombe
strain expressing a non-phosphorylatable elF2«a (eIF2a(S52A);
equivalent to elF2a(S51A) in vertebrates). We found that
elF2a(S52A) cells were particularly sensitive to YpkA (Fig. 24).
The relative sensitivity in wild-type and elF2a(S52A) cells was
observed at both medium and high GFP-YpkA expression lev-
els (medium expression experiment shown in Fig. 2A).
S. pombe possess, in addition to Gen2, two other elF2« kinases,
Hril and Hri2 (33). We expressed GFP-YpKA in strains deleted
for either of these kinases and found that YpkA sensitivity in
hrilA cells was comparable with wild-type cells (data not
shown), whereas #hri2A cells were, like cells expressing
elF2a(S52A), especially sensitive to YpkA (Fig. 24). The
S. pombe Hri2 kinase has previously been shown to be specifi-
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cally activated by oxidative, heavy metal, and heat-shock
stresses (34). Similarly, we found that whereas YpkA expression
is associated with heightened levels of phosphorylated elF2« in
extracts prepared from wild-type cultures, there was relatively
less YpkA-induced phosphorylation of elF2« in extracts pre-
pared from the /ri2A strain (Fig. 2B). In contrast to the /ri2A
strain, extracts prepared from the YpkA-expressing gcn2A
strain had even higher levels of phosphorylated elF2« as com-
pared with the wild-type strain (data not shown), thus further
strengthening the relationship between phosphorylated elF2«a
levels and YpKA sensitivity at the cellular level. Taken together,
our findings indicate that the detrimental effects of YpkA are
counteracted by Hri2-mediated signaling through elF2a.

The enhanced toxicity of YpkA in a elF2a(S52A) background
was almost entirely dependent on the kinase activity of YpkA
(Fig. 2C), indicating that the increased sensitivity of
elF2a(S52A) cells is not simply due to trans gene overexpres-
sion. One explanation for these results is that e[F2« may affect
the expression levels of YpkA such that increased “sensitivity” is
due to enhanced YpkA expression levels. However, by both flu-
orescence microscopy and Western analysis, we found no
detectable differences in either inductive or steady-state GFP-
YpkA levels between wild-type and elF2a(S52A) cells (Fig. 2D;
fluorescence data not shown). These data indicate that the
kinase activity of YpkA generates a Hri2-mediated stress-like
condition in yeast cells; this is further supported by the exper-
iments described below.

Yop] Activity and elF2a—Because translational regulation
mediated by e[F2a has been linked to MAPK signaling pathways in
anumber of experimental models including, as mentioned above,
S. pombe (32), we examined whether Yop]J, which is expressed
from the same transcriptional unit as YpkA, is in any way
dependent on elF2« and its kinases. We therefore expressed
GFP-Yop] in S. pombe and found that the hybrid protein was
localized in very concentrated clusters in contrast to cells
expressing GFP and GFP-YpkA, in which fluorescence is either
evenly distributed throughout the cytoplasm or localized to the
plasma membrane, respectively (Fig. 3A and Ref. 4).

We then tested whether Yop] affected signaling through the
Styl/Spcl MAPK pathway, equivalent to the HOG- and p38-
mediated kinase pathways of Saccharomyces cerevisiae and ver-
tebrate cells, respectively. Exposure to osmotic stress normally
results in a transitory tyrosine phosphorylation of Styl; how-
ever, in YopJ-expressing S. pombe, phosphorylation of Styl was
not observed (Fig. 3B). Additionally, exposure to osmotic stress
causes a cell-shortening phenotype that is dependent on Styl;
styIA cells become significantly elongated in response to
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osmotic stress due to a block in the G,/M transition (35). We
found that in response to osmotic stress, YopJ-expressing
S. pombe cells become elongated (Fig. 3C), resembling the phe-
notype of styIA cells. This elongated phenotype was not
observed in S.pombe cells expressing a Yop] variant
(YopJ(C172A); Fig. 4B) that has previously been shown to be
inactive in both S. cerevisiae and vertebrate cells (19, 26).

To further verify that the cell elongation phenotype in
S. pombe is an accurate indicator for Yop] activity in macro-
phages, we isolated a number of randomly generated Yop] vari-
ants that were inactive in S. pombe (see “Experimental Proce-
dures” for details). These inactive Yop] variants contained
mutations in one of four regions: region 1 between residues 44
and 63; region 2 encompassing the catalytic triad residues
His'%, Cys'”?, and Glu'®®; region 3 tightly clustered between
residues 227 and 233; and region 4 being located at the carboxyl
terminus (Fig. 44). As expected, no inactive variants were
recovered with mutations in the amino terminus, the site of the
type 3 secretion signal sequence. All inactive Yop] variants
were found to be stably expressed and cell length measure-
ments of liquid grown cells showed that these variants were
as inactive as YopJ(C172A) (Fig. 4B, left). To test whether the
region 1 and 3 variants were active in macrophages, we
expressed a representative variant from each of these regions in
Yersinia (designated as YopJ(58S) and YopJ(231S), respectively)
and tested the resulting bacterial strains in an infection assay.
Neither the inactivating mutations nor the HA epitope tag
used in the Yersinia expression plasmid affected the expres-
sion levels or export by the type 3 secretion system (data not
shown). Macrophages infected with Yersinia expressing
wild-type Yop] had notably lower levels of tumor necrosis
factor a than macrophages infected with Yersinia expressing
YopJ(C172A) (Fig. 4B, right). In this assay, the activity of
YopJ(58S) and YopJ(231S) resembled that of YopJ(C172A),
thus showing that the YopJ-mediated disruption of the osmotic
stress response in S. pombe can serve as a convenient proxy for
inductive chemokine expression in macrophages.

In S. pombe, genetic disruptions of the Styl-mediated MAPK
signaling pathway is associated with relatively higher levels of
phosphorylated elF2a following osmotic and oxidative stresses
(32). As would be predicted, we found that S. pombe strains
expressing active GFP-Yop] had notably higher levels of phos-
phorylated elF2a following oxidative stress, similar to that
observed in the styIA strain, compared with strains expressing
GFP-Yop]J(C172A) (Fig. 5A). In the absence of oxidative stress,
Yop] expression did not visibly affect elF2a phosphorylation
levels (data not shown).

FIGURE 4. YopJ activity in S. pombe and infected macrophages. A, S. pombe transformed with a randomly generated library of GFP-YopJ variants containing
5-codon nonpolar inserts (scars) were plated on media that differentiated between transformants expressing active and inactive YopJ (elongated and short
cells, respectively; see “Experimental Procedures” for details). Plasmids from transformants displaying the short cell phenotype were recovered, and the scar
locations of 40 such YopJ variants are shown. (Indicated are the YopJ residues that are immediately followed by the scar sequence.) Both nonidentical and
identical clones were recovered for three locations (residues 52, 124, and 275), whereas other locations were represented either singly (e.g. 44), by identical
clones (e.g. 58 and 169), or by nonidentical clones (e.g. 63, 276). B, left panel, liquid-grown S. pombe transformed with plasmids encoding either GFP (670W),
GFP-YopJ (672W), GFP-YopJ(C172A) (674W), or two variants recovered in the plate-based screen, GFP-YopJ(58S) and GFP-YopJ(231S) (677W and 685W,
respectively), were evaluated following osmotic stress (1 m KCl for 20 h) in the cell elongation assay described in Fig. 3C. Right panel, sequences encoding the
indicated YoplJ variant were cloned into a Yersinia expression plasmid and transformed into the Y. pseudotuberculosis AyopJ strain (3). The transformed
strains were added to cultured RAW 267 mouse macrophages, and 2 h later, cells were collected and intracellularly stained for tumor necrosis factor a
and analyzed by flow cytometry. Shown within each histogram are the mean fluorescence intensity as well as the percentage of cells falling within the
indicated gate.
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FIGURE 5. YopJ activity in S. pombe following oxidative and osmotic stress. A, actively growing cul-
tures of the wild-type (wt) strain transformed with plasmids encoding either GFP-YopJ (672W), GFP-
YopJ(C172A) (674W), or the untransformed sty 1A strain (772W) were exposed to 1 mm H,0, for 30 min. The
resulting whole cell extracts were fractionated by SDS-PAGE, and the levels of total and phosphorylated
elF2a were determined by Western analysis. Signals were quantified and normalized to the elF2a-P/elF2a
ratio observed in the extract derived from the GFP-YopJ(C172A) strain. B, live cells of the same strains were
imagined following a 60-min exposure to 1 mm H,0,. C, cell elongation assay of the indicated strain (c/osed
boxes, 672W; open boxes, 674W; open circles, 745W, 753W, and 790W) was performed as described in
Fig. 3C.
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FIGURE 6. Assaying YopJ activity in S. pombe co-expressing YpkA and YopJ. A, actively growing cul-
tures of strains possessing an integrated gfp-ypkA gene and plasmid-encoded gfp-yopJ (either wild-type
(wt) or inactive: boxes, 755W; circles, 759W, respectively) were shifted to GFP-YpkA/GFP-YopJ expressing
conditions and either immediately or 13 h later, cells (open and closed symbols, respectively) were
removed from the culture and analyzed as described for Fig. 3C. Note that in this experiment no environ-
mental stress was added to the cultures. Plotted are lengths of septum-positive cells. B, similar assay with
strains used in A in addition to hri2A and gcn2A strains possessing an integrated gfp-ypkA gene and
plasmid-encoded gfp-yopJ (806 and 883). Shown is the length measurements of septum-positive cells
drawn from cultures that had been shifted to GFP-YpkA/GFP-YopJ expressing conditions 12 h previously
(9.8 pixels/micron).
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At the cellular level, oxidative
stress results in membrane pitting,
creating an irregular surface; Yop]J-
expressing cells, as well as styIA
cells, display a greatly enhanced
level of damage following oxidative
stress (Fig. 5B). The YopJ-depend-
ent cell elongation phenotype dur-
ing osmotic stress was completely
abolished in both elF2a(S52A) cells
(data not shown) as well as hri2A
cells (Fig. 5C). In contrast, Yop]
expression in wild-type, hrilA, and
gen2A - cells were phenotypically
indistinguishable in their osmotic
and oxidative stress responses (Fig.
5C; data for oxidative stress not
shown). Collectively, these data
indicate that Yop] blocks the ability
of S. pombe to appropriately res-
pond to externally applied environ-
mental stresses and that this pheno-
type is dependent on Hri2.

Co-expression of YpkA and Yop]
in S.pombe—The findings de-
scribed above indicate that when
expressed individually, YpkA in-
duces a stress-like response,
whereas Yop] obstructs stress
responses, and that both phenom-
ena involve the elF2« kinase Hri2.
We therefore engineered S. pombe
strains that co-express these two
virulence factors to determine
whether their respective activities
are functionally intertwined. Co-ex-
pression affected neither the unique
localization pattern of GFP-Yop]
and GFP-YpkA nor their respective
expression levels. Unexpectedly,
in the absence of an externally
applied environmental stress,
YpkA/Yop] co-expressing cells
elongated (Fig. 6A). Under these
conditions, elongation was de-
pendent on the enzymatic activity
of YpkA (data not shown). In con-
trast, cells expressing YpkA and
inactive  Yop] (YopJ(C172A))
became shortened, reminiscent of
the response to high salt condi-
tions (compare Figs. 3C and 6A).
These data indicate that YpkA
activity mimics an externally
applied stress in YopJ-expressing
cells. Additionally, and as would
be expected based on the single-
expression studies, the elongation
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elongated cells; however, when
these cells were treated with deter-
gent, lysed cells (ghosts) were exclu-
sively short, whereas the relatively
longer cells remained intact (Fig.
7A; quantified in Fig. 7B). In con-
trast, even though cultures of the
YpkA/Yop](C172A) co-expressing
strain contained a larger fraction of
detergent-sensitive cells (~30%
compared with ~14%), detergent-
sensitive cells were more evenly dis-
tributed between the “short” and
“long” cell length bins (Fig. 7C).
These findings indicate that Yop]
activity shields cells from the toxic
effects of YpkA. This outcome is
entirely consistent with what was
found in the single-expression stud-
ies in which Yop] activity was asso-
ciated with increased levels of phos-
phorylated elF2« that, in turn, is

== short bin
= ong bin
=3 % ghost in short bin
£==x3 % ghost in long bin

YpkA+
YopJ

50+

Intact Ghosts
(86%) (14%)
YpkA+
YopJ

Intact Ghosts
(70%) (30%)
YpkA+
YopJ(C172A)

FIGURE 7. Assaying YpkA activity in S. pombe co-expressing YpkA and YoplJ. A, actively growing cultures of
strains possessing an integrated gfp-ypkA gene and either plasmid-encoded gfp-yopJ or gfp-yopJ(C172A)
(755W and 759W, respectively) were shifted to GFP-YpkA/GFP-YopJ-expressing conditions. Cells were then
periodically removed from the culture, mixed with SDS, and examined microscopically. Shown are images of
unfixed intact and detergent-lysed cells after 16 h in expressing conditions. Representative lysed cells (ghosts)
are indicated by arrows. B, length measurements of unfixed cells (boxes, 755W; circles, 759W) were made and
are plotted either as intact (filled symbols) or lysed (open symbols) cells (*, p < 0.001; not significant (ns), p = 0.70
using a two-sample test to compare proportions in two independent samples). C, drawn from the data shown
in B, cells of the GFP-YpkA/GFP-YopJ and GFP-YpkA/GFP-YopJ(C172A) cultures were assigned to either a short
or long bin depending on whether their length fell below or above the population median for each culture
(solid gray or black bars, respectively). The stippled bars represent the distribution of the detergent-sensitive

cells (ghosts) between the short and long cell length bins.

did not occur in hri2A cells co-expressing YpkA/Yop] (Fig.
6B). Interestingly, gcn2A cells co-expressing YpkA/Yop] not
only displayed a wild-type-like elongation phenotype (Fig.
6B) but also exhibited much less visible signs of YpkA toxic-
ity (compared with the wild-type strain), which would be
expected from the single expression experiment shown in
Fig. 1C.

Yop] expression in S. pombe is associated with a heighten
sensitivity to osmotic and oxidative stresses (Figs. 3 and 5). To
determine whether Yop]J-expressing S. pombe similarly affected
the sensitivity to YpkA-induced stress (see Fig. 2A4), we meas-
ured YpkA-mediated toxicity in cells co-expressing either Yop]
or YopJ(C172A). Cells co-expressing YpkA/Yop] were rela-
tively more resistant to lysis compared with cells co-expressing
YpkA/Yop](C172A) (data not shown), indicating that Yop]J can
at least partially reduce YpkA toxicity. Cultures of the YpkA/
Yop] co-expressing strain contained a mixture of short and
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associated with a mitigation of
YpkA toxicity.

We were interested in examin-
ing whether the Yop] elongation
phenotype triggered by either
osmotic stress or YpkA could also
be elicited by other Yersinia viru-
lence proteins. The T3SS effector
YopE, a GTPase activating protein
of RhoA, is highly toxic in yeast (23,
24). Using conditions similar to
what is shown for YpKA in Fig. 24,
YopE-expressing S. pombe cells dis-
play an extensive amount of internal
damage yet, unlike YpkA-express-
ing cells, do not lyse when chal-
lenged with detergent. We therefore
constructed S. pombe strains (891W
and 893W) that possessed an inte-
grated yopE gene and plasmids encoding either wild-type yop]
or yopJ(C172A). Following the induction of YopE and Yop] (or
YopJ(C172A)) expression in an experiment similar to the one
shown in Fig. 64, we could detect no visible differences between
these two strains in terms of YopE toxicity (data not shown).
Significantly, the YopE/Yop] strain did not elongate indicating
that YopE-mediated toxicity did not generate a Yop]J-respon-
sive stress. These data underscore the specificity of the YpkA-
Yop] co-dependence on the elF2« kinase Hri2.

DISCUSSION

We found by genetic screening in S. pombe that the elF2a
kinases play a modulatory role in the cellular response to the
bacterial virulence factor YpkA. Specifically, the elF2« kinase
Hri2 was shown to serve a protective function against YpkA
toxicity at the cellular level. At the biochemical level, YpkA
expression resulted in enhanced elF2a phosphorylation that
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was largely dependent on the presence of Hri2. Whereas Hri2
was found to be important for resistance to YpkA, reduced
activity of Gen2, an elF2« kinase that is primarily responsive to
nutritional-based stresses, actually enhanced the level of resist-
ance to YpkA. Although at first glance, this latter result appears
counterintuitive, in S. pombe reduced Gcen2 activity is associ-
ated with areduction in MAPK activity that in turn is associated
with enhanced levels of phosphorylated eIlF2a following stress
(31, 32). The proposition that heightened phosphorylated
elF2a levels are protective against YpkA toxicity was strength-
ened by our subsequent finding that expression of the bacterial
virulence factor Yop] encoded on the same transcript as YpkA
and in S. pombe confers a phenotype that is consistent with its
previously described activity of abrogating MAPK signaling,
results in higher levels of phosphorylated elF2¢, and counter-
acts YpkA-induced cell lysis. Strikingly, both the MAPK-block-
ing and YpkA-protecting activities of Yop] are absolutely
dependent on the presence of Hri2. Interestingly, in contrast
to playing a protective role against YpkA-induced stress,
Yop] activity heightens the sensitivity of cells to oxidative
stress suggesting that the pathogenic Yersinia shapes a cel-
lular stress response for its own benefit. In summary, our
findings support a model in which Yop] activity further
amplifies a cellular process (in this case involving Hri2) that
acts to mollify YpkA toxicity.

The findings described here raise a number of questions. To
begin with, are YpkA and Yop] linked to Hri2 in the same way as
other types of stresses are linked to this elF2a kinase? The
mammalian homolog, HRI, was originally discovered in eryth-
roid cells in which it functions to match globin synthesis to the
availability of heme (36) and was subsequently found to play a
role in a variety of stress responses in nucleated cells (37-39).
Most pertinent to this study were the findings that HRI is nec-
essary for macrophage maturation and function and contrib-
utes ~50% of the total eIF2« kinase activity in cultured macro-
phages following stimulation with lipopolysaccharide (40). HRI
activity itself is controlled by multiple autophosphorylation
sites that are responsive to heme levels (41-43). It will be of
great interest to determine whether S. pombe YpkA and/or
Yop] cause Hri2 to be phosphorylated at its normal sites or
subjects it to novel modifications. Second, can the effect of Yop]
on elF2a phosphorylation levels (and the consequential protec-
tion from YpkA toxicity) be entirely explained by it blocking
MAPK signaling? There have been a number of reports in a
variety of experimental systems linking stress-activated protein
kinase (SAPK) pathways and elF2a-mediated translational
control (31, 32, 44—46). And finally, it remains to be deter-
mined whether the functional readouts for YpkA and Yop]
activities in macrophages (infectivity and the blockage of induc-
tive chemokine expression, respectively) are dependent on
elF2a kinases.
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