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The effector protein Yersinia outer protein M (YopM) of Yersinia enterocolitica has previously been identified and

characterized as the first bacterial cell-penetrating protein (CPP). We found that recombinant YopM (r'YopM) enters
different eukaryotic cell types and downregulates the expression of several pro-inflammatory cytokines (e.g., tumor
necrosis factor-a [TNF-a]) after autonomous translocation. After infection with Y. enterocolitica or transfection of host
cells, YopM interacts with isoforms of the two kinases ribosomal S6 protein kinase (RSK) and protein kinase C-related
kinase (PRK). This interaction caused sustained RSK activation due to interference with dephosphorylation.

Here we demonstrate by co-immunoprecipitation that rYopM interacts with RSK and PRK following cell-penetration.
We show that autonomously translocated rYopM forms a trimeric complex with different RSK and PRK isoforms.
Furthermore, we constructed a series of truncated versions of rYopM to map the domain required for the formation of the
complex. The C-terminus of rYopM was identified to be essential for the interaction with RSK1, whereas any deletion in
rYopM'’s leucin-rich repeat domains abrogated PRK2 binding. Moreover, we found that the interaction of cell-penetrating
rYopM with RSK led to enhanced autophosphorylation of this kinase at serine 380. Finally, we investigated whether
downstream signaling of the trimeric rYopM-RSK/PRK complex modulates the expression of pro-inflammatory TNF-a.

Here, we could exclude that interaction with RSK1 and PRK2 is essential for the anti-inflammatory effects of rYopM.

Introduction

The genus Yersinia of gram-negative bacteria comprises 11 dif-
ferent species. In addition to Y. pestis, which is infamous for being
the causative agent of plague, both Y. pseudotuberculosis and Y.
enterocolitica are human pathogens. Infections with the two spe-
cies usually occur through ingestion of contaminated food or
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water that typically results in inflammation of glands and lymph
nodes partially associated with inflammation of the terminal
ileum. Furthermore, infections with Y. enterocolitica are often
accompanied with acute enteritis or enterocolitis.! The pathoge-
nicity of all human pathogenic Yersinia species is mediated by a
virulence plasmid, which encodes for both, the type III secre-
tion system (T3SS) and several secreted effector proteins. Among
these, a set of so-called Yersinia outer proteins (Yops), namely
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Figure 1. Schematic overview of YopM's functional domains. YopM consists of two N-terminal a-helices (indicated in green) and 12-20 leucine rich
repeats (LRRs; orange). The N-terminal amino acids (aa) encode a secretion signal (aa 1-40) and a translocation signal (aa 41-100). Furthermore, each
a-helix harbors a protein transduction domain (PTD) for autonomous translocation of YopM into target cells. Two nuclear localization signals (NLSs)
are encoded by LRRs 1-3 and the 32 C-terminal amino acid residues. Interactions with the serum proteins a1-thrombin and al-antitrypsin depend on
conserved regions within the LRRs. YopM proteins from Y. pestis and the Y. pseudotuberculosis YPIIl can bind to caspase-1 via a 4 aa loop within its LRR
domain. Additionally, it was shown that YopM from Y. pseudotuberculosis interacts with RSK1 via a domain comprising LRRs 12-C and PRK2 via LRRs 6-15
to form a novel trimeric complex. This figure summarizes the literature described in the introduction.

YopO, YopH, YopM, Yop], and YopE, was identified. These
effector proteins are directly inserted by the Yersinia T3SS dur-
ing infection into the host cell cytoplasm where they modulate
multiple signaling responses. Thereby numerous key immune
defensive mechanisms are subverted. For instance, several Yops
antagonize phagocytic uptake of Yersinia or the production of
pro-inflammatory chemokines and cytokines during infection.?

According to the current model of Yersinia infection, YopM
is translocated via the T3SS into the host cell cytoplasm.? It was
shown that YopM is essential for full virulence as AyopM mutant
strains of Y. enterocolitica revealed a reduced ability to replicate
within the infected host.> Moreover, this mutant was unable to
establish a systemic infection in mice.* Interestingly, a YopM-
dependent depletion of NK cells and a significant reduction of
pro-inflammatory cytokines in isolated macrophages have been
observed in murine models of Y. pestis infection.” However, thus
far it is not known by which mechanism a locally translocated
effector protein might be responsible for systemic effects on
innate immunity. Interestingly, interactions between YopM and
the abundant serum proteins a-thrombin and o -anti-trypsin
have been described suggesting an additional extracellular role of
the effector protein (Fig. 1).¢7

YopM is composed of two N-terminal helices followed by
variable numbers of an approximately 20 amino acids-contain-
ing leucine-rich repeat (LRR) motif (12-21 LRRs in YopM of
different Yersinia strains), thus forming horseshoe-shaped pro-
teins of 42 kDa to 57 kDa (Fig. 1).5'° A putative significance of
these variations for pathogenicity has not been addressed. Fur-
thermore, a short C-terminal tail with unknown conformation
is highly conserved among all YopM isoforms."" In contrast to
other Yops, YopM is the only effector protein of Yersinia that
apparently does not harbor any known enzymatic activity and
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whose mode of molecular action is still unknown.! It has been
shown that after translocation into the host cell cytoplasm by
the T3SS, YopM traffics to the nucleus via a vesicle-associated
pathway.'? Accordingly, two putative nuclear localization signals
(NLSs) have been identified within the YopM sequence compris-
ing LRR 1-3 and the 32 C-terminal amino acid (aa) residues.
However, they do not resemble any known NLSs (Fig. 1)."* The
role of the nuclear localization of this effector protein is still
unclear.

Since the discovery of YopM the molecular mechanisms of the
effector protein have been studied extensively, and recent studies
indicate that YopM proteins of Y. pestis and Y. pseudotuberculo-
sis (YPIII strain) inhibit caspase-1 to promote Yersinia survival."®
The YopM protein of these strains binds to caspase-1 via a 4 aa
loop within its LRR domain (Fig. 1) thereby avoiding the activa-
tion of the enzyme." Moreover, an interaction of YopM with the
ribosomal S6 protein kinase 1 (RSK1) and the protein kinase
C-related kinase 2 (PRK2) could be identified in several stud-
ies.!"141¢ Additionally, it was shown that YopM can also interact
with the isoforms RSK2—4 and PRK1/3.5 YopM serves as a scaf-
folding protein which promotes the autophosphorylation of RSK
by blocking the dephosphorylation of its activatory phosphoryla-
tion site.” The sustained activation of RSK subsequently leads
to the phosphorylation of PRK." Interestingly, an interaction of
the two kinases under normal cellular conditions has not been
described. Nearly ten years after the discovery of YopM-RSK/
PRK-trimers, the substrates of the newly formed kinase complex
still remain enigmatic. Moreover, several endogenous substrates
of the kinases such as protein kinase B (PKB, also known as Akt)
of PRK or BAD, Jun, and CREB of RSK could be excluded.!*?
Thus, it can be assumed that YopM causes a change in the sub-
strate specificity of the kinases. Nevertheless, the interaction of
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YopM with RSK and PRK appears to be important for Yersinia
to promote pathogenesis, tissue colonization, and full virulence.'®
Further evidence is provided by the finding that Y. pseudotubercu-
losis strains expressing YopM mutants, which are unable to inter-
act with either RSK1 (YopM A12-C) or PRK2 (YopM A6-15),
were defective in virulence after intravenous infection of mice."
The virulence attenuation of the YopM mutants was linked to
reduced levels of interleukin-18 (IL-18) and IL-10 in the serum of
infected mice compared with those that had been infected with
the wild-type strain, suggesting an alteration of the balance of
these key cytokines by YopM.!"" Although these two kinases are
involved in many cellular processes, a link to the observed down-
regulation of pro-inflammatory cytokines by YopM has not yet
been established.

Interestingly, it was shown that recombinant YopM (rYopM)
has the capacity to translocate into host cells independently of the
T3SS. However, during bacterial infection the major transloca-
tion route of YopM is the injection via the T3SS system.””! Using
truncated versions of YopM, the protein transduction domain
(PTD) was identified within the a-helices of the protein (Fig. 1).
Although one o-helix is sufficient for membrane transduction,
both a-helices together promote more efficient uptake. In addi-
tion, this domain was shown to deliver heterologous cargo into
host cells as well."” Recent analyses suggest that the cell-penetrat-
ing ability of rYopM is predominantly attributed to escape of the
protein from endosomes after initial induction of endocytosis,
whereas direct membrane penetration appears to play a minor
role.””'® Once inside the host cell, rYopM is functional and effi-
ciently downregulates the expression of pro-inflammatory cyto-
kines such as tumor necrosis factor-ac (TNF-a) and interleukins
12, 15, and 18." This feature indicates that autonomously trans-
located rYopM retains its effect of repressing pro-inflammatory
cytokines as it was also observed during Y. pestis infection.” Since
the PTD of rYopM alone was not able to exert such effects, the
LRR domains appear to be crucial for the immunomodulatory
properties of rYopM."

In order to explain the controversial effects of YopM on the
host cell kinases RSK1 and PRK2 as well as on regulating the
expression levels of pro-inflammatory cytokines, we investi-
gated the correlation of the different findings and in particular
sought to unravel the involvement of YopM’s LRR domains. In
this regard, we were interested to assess whether the interaction
of rYopM with RSK1 and PRK2 directly affects the YopM-
mediated downregulation of pro-inflammatory cytokines.>'""
For this purpose, we initially showed that rYopM derived from
Y. enterocolitica (pYV8081) also forms a complex with RSKI
and PRK2 after penetration of target cells. It was necessary to
provide this evidence, because the intracellular route of the iso-
lated recombinant effector protein after cell-penetration might
differ from YopM injected via the T3SS. After confirmation of
the interaction with the two kinases, we constructed a series of
LRR-truncated versions of rYopM and analyzed their ability to
interact and activate RSK1 and PRK2. Furthermore, the impact
of these constructs on expression of pro-inflammatory TNF-a
was evaluated.

www.landesbioscience.com

Results

Cell-penetrating rYopM interacts with RSK and PRK host
cell kinases

Previously it was reported that YopM derived from different
pathogenic Yersinia spp. interacts with the host kinase families
RSK and PRK after transfection of a plasmid carrying the yopM
gene or following infection with the pathogen."'*> Recently, we
described the ability of the effector protein to enter eukaryotic
cells independently of Yersinia’s T3SS."”'® Thus, the central ques-
tion of this study was whether recombinant YopM (rYopM) inter-
acts with RSK and PRK following autonomous penetration into
the cytosol. To verify this property, HeLa cells were incubated
with rYopM (Y. enterocolitica [pYV8081]), and the protein was
precipitated using a YopM-specific polyclonal antibody. Western
blot analysis showed that the full-length rYopM co-precipitated
with RSK1 as well as with PRK2 (Fig. 2A). This finding con-
firms the formation of the trimeric YopM-RSK1/PRK2 complex
after autonomous translocation of r'YopM, whereas no association
of RSK1 and PRK2 was found in the absence of rYopM (Fig. 2A).
In addition, autonomously translocated rYopM interacts with the
isoforms RSK2 and PRK1 (Fig. 2C). Using the fusion protein
r2aH-GFP for co-immunoprecipitation demonstrated that the
N-terminal a-helices of rYopM, which mediate the transloca-
tion," are not contributing to the complex formation with RSK1
and PRK2 since both kinases were not precipitated together with
the fusion construct (Fig. 2B).

The C-terminal tail of rYopM is mediating the interaction
with RSK1

The individual LRR motifs of YopM from Y. enterocolitica,
Y. pseudotuberculosis, and Y. pestis show a high sequence identity,
particularly in the N- and C-terminal region (Fig. 3A; Fig. S1;
95% and 90% identity).?* The size of YopM differs between dif-
ferent strains and serotypes due to a variable number and com-
position of the LRRs. The central domain of the 20-22-residue
long LRR motif (yellow boxes) exhibits additional LRRs in Y.
pestis (409 aa) and Y. pseudotuberculosis (529 aa; orange and blue
boxes) and deletions in Y. enterocolitica (367 aa; Fig. 3A).

Although the sequences of the various YopM isoforms
of human pathogenic Yersinia strains are quite homologous
(Fig. S1), contradictory data were published concerning the
interactions of YopM from different species with the eukaryotic
kinases RSK and PRK. McPhee et al. showed that YopM from Y.
pseudotuberculosis interacts with RSK1 via a domain from LRR
12 to the C-terminus and, moreover, that the interaction with
PRK2 is mediated by LRRs 6-15." In contrast, McCoy et al.
showed that YopM from Y. pseudotuberculosis (YPIIIpIB1) did
not interact with PRK2 following infection of RAW 264.7 cells
and that only the last 6 aa of the C-terminus from YopM of Y.
pseudotuberculosis were essential for the interaction with RSK1."°

In order to identify and analyze the domains of rYopM from
Y. enterocolitica (pY V8081) that are essential for the interactions
with RSK and PRK, we constructed a series of truncated pro-
teins (rYopMALRR1—3’ rYopMALRR4—6’ rYoPMALRRL‘)’ rYopMALRRIO—B’
rYopM, ., and rYopM [Fig. 3B]). Along with already
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Figure 2. After cell-penetration rYopM interacts with RSK1 and PRK2. (A) Immunoprecipitation (IP) of
RSK1, PRK2, and rYopM. Hela cells were incubated with 25 pwg/mL rYopM for 1 h at 37 °C. rYopM, RSK1
and PRK2 were precipitated using specific antibodies. Specificity of the IP was monitored using isotype
controls (rabbit IgG and goat IgG) as well as protein A/G agarose without IgG. rYopM, RSK1 and PRK2 were
co-precipitated in a complex. In absence of rYopM PRK2 was not co-precipitated with RSK1. Different
western blots are separated by dashed lines. *heavy chain rabbit IgG. (B) RSK1 and PRK2 are not co-pre-
cipitated with r2aH-GFP. Hela cells were incubated with 25 pwg/mL r2aH-GFP for 1 h at 37 °C. GFP was
precipitated using a specific antibody. Different western blots are separated by dashed lines. IP,immuno-
precipitation; SN, supernatant. (C) rYopM interacts with RSK and PRK isoforms. HeLa and A549 cells were
incubated with 25 p.g/mL rYopM for 1 h at 37 °C. rYopM was precipitated using a specific antibody. PRK1
and RSK2 are co-precipitated with rYopM. Different western blots are separated by dashed lines. *heavy

1YOpM, vrio.1p Which lacks  four
LRRs proximal to the C-terminus,
exhibits a reduced binding to RSK1
suggesting that these LRRs con-
tribute to some extent to RSKI-
interaction. However, deletion of
the 32 C-terminal amino acids of
rYopM (rYopMAC, YopM 00
and rYopM,, ) prevents binding
to RSK1 entirely (Fig. 3D). This
indicates that the C-terminal tail is
essential for the interaction of r'YopM
with RSKI. Surprisingly, all trun-
cated versions of rYopM appeared to
lose their ability for interaction with
PRK2 (Fig. 3D), possibly due to a
(slightly) altered conformation that
apparently influences PRK2- but
not RSK1-binding.

rYopM enhances autophosphor-
ylation of RSK after autonomous
translocation

The family of RSKs is involved
in various cellular processes such as
translation, apoptosis, and phagocy-
tosis, and regulates cell proliferation,

21,22

growth, and motility.?** Following

activation by the extracellular sig-

chain rabbit IgG. IP,immunoprecipitation; SN, supernatant.

nal regulated kinase 1/2 (ERK1/2)
signaling cascade, they, among oth-

described constructs (rYopM, rYopM, .., 'YopM,, ., and r2aH-
GFP)Y the new truncated proteins were tested for their inter-
action with RSK and PRK after autonomous cell-penetration.
As all new constructs harbor the N-terminal PTDs of YopM,
they are expected to enter target cells independently of the T3SS.
To confirm their translocation into the cytosol, HeLa cells were
incubated with the recombinant proteins and subsequently frac-
tionated. As shown in Figure 3C, all new truncated rYopM pro-
teins lacking LRRs 1-3, LRRs 46, LRRs 7-9, or LRRs 1013,
respectively, were detected in the cytosolic fraction (CF) but not
in the membrane fraction (MF) following incubation of Hela
cells for 30 min. Interestingly, rYopM variants with a deletion of
either one of the two NLSs (Fig. 3B; r'YopM ., , and r'YopM, )
penetrate the host cell membrane (Fig. 3C) and are still able to
translocate to the nucleus after 3 h incubation (Fig. S2). This
indicates that both NLSs function independently of each other
in enabling rYopM to enter the nucleus, whereas the deletion of
both NLSs in combination (rYopM ,.,) abolishes the nuclear
localization of the effector protein (Fig. S2).

After confirming the cell-penetrating abilities, the different
truncated versions of 'YopM were analyzed for co-immunoprecip-
itation with RSK and PRK. In this regard, RSK1 was found to be
co-precipitated with rYopM .o, 55 tYOpM 1o tYopM 1o o,
and rYopM,; .., indicating that the LRR domain is not
required for interaction with RSK1 (Fig. 3D). Interestingly,
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ers, phosphorylate transcription fac-
tors such as cAMP response element binding protein (CREB)
and serum response factor (SRF).?? YopM has been described to
induce hyperactivation of RSK by inhibiting the dephosphory-
lation of serine 380 (S380). However, since in this particular
study a YopM isoform with 20 LRRs was introduced into the
cells via transfection, the effect on RSK-phosphorylation of
a shorter YopM isoform with only 13 LRRs after autonomous
translocation remains unclear. In order to confirm the enhanced
phosphorylation, we determined the phosphorylation status of
RSK at S380 which correlates with kinase activity in the presence
or absence of rYopM.* To this end, HeLa cells were incubated
with rYopM under serum starvation conditions to minimize
basal ERK1/2 activation, and RSK was precipitated from cell
lysates using a specific antibody. For inhibition of the ERK1/2
signaling cascade, the MAPK inhibitor U0126 was added to
the cells. In cells that were stimulated with fetal bovine serum
(FBS), less phosphorylation of S380 of RSK was detected when
U0126 was present, indicating that the inhibitor efficiently
reduced basal ERK1/2 activation (Fig. 4A). Strikingly, we found
that rYopM enhances phosphorylation of RSK at S380 indepen-
dently of a Yersinia infection (** in Fig. 4A). Furthermore, we
conclude that rYopM’s impact on RSK is independent of the
upstream kinases MEK and ERK since RSK-phosphorylation
was enhanced by rYopM even in the presence of the MAPK
inhibitor (*! in Fig. 4A). So far, altered activation of downstream
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Figure 3. Analysis of domains involved A
in the interaction of YopM with RSK1
and PRK2. (A) Schematic comparison of
YopM from Y. pseudotuberculosis PB1/+,
Y. pestis KIM 10+, and Y. enterocolitica
8081. The yellow boxes represent the
LRR domains. The central LRR domain
has additional LRRs in Y. pestis and
Y. pseudotuberculosis. The N-terminal
a-helical region (green boxes) and the
C-terminal region (red box) flanking

Y. pestis KIM10+

Y. pseudotuberculosis PB1/+

Y. enterocolitica 8081
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across eukaryotic cell membranes. (B) YOpM87-C

Schematic overview of different trun-
cated YopM versions used in this study.
Dark green, a-helices; yellow, LRRs; red,
C-terminus; light green, GFP. (C) Cell
fractionation and detection of truncated
YopM YOpMALRR476’ YOpMALRRm'
YopMALRR'IO—lS' YOpMAc' and rYOpMANstz
by cellular fractionation of Hela cells
after 30 min incubation with the respec-
tive recombinant protein. Note that
cell fractionations of YopM, YopM
YopM,, ., and 2aH-GFP have been per-
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for 1 h at 37 °C. Recombinant proteins
were precipitated using specific anti-
bodies. rYopM deletion proteins miss-

[H2HeHHsHeH7HeHo o2
[*H2HH4HsHe H7He)

20H-GFP —{HEHIGE-

YOpMALRR4-6 EH@ —> l:l
YOPM i eers [zl EHeHsHe ot —> [& ]
N-239" YopMALRR10'13 E E 9 -

(1H2H3HaHsHeH7He s oo —>

e e EE= C

HelLa cells
CF MF

(R EERAER- — [ ]

[HsHeh7He ooz ides —>

ing the C-terminus do not interact with
RSK1. Any deletion in rYopM abrogates D
interaction with PRK2. Different western
blots are separated by dashed lines.

targets of RSK in response to YopM YopM

binding has not been reported. To

investigate whether downstream sig-

naling of RSK is influenced by the RSK1

interaction with rYopM we deter-
PRK2

mined in a first step the amount of
phosphoinositide-dependent  kinase

1 (PDK1), bound to phosphory-
lated S380 of RSK, in the presence
or absence of rYopM. However, the amount of PDK1 was not
influenced by rYopM (Fig. S3A). This suggests that the physi-
ological downstream signaling of RSK is probably not altered.
However, other non-physiological targets might be affected by
the YopM-RSK/PRK-trimer.

In addition, we analyzed the impact of rYopM on cell migra-
tion and proliferation, two processes that are mediated by RSK
and PRK.?#*% For this purpose, HeLa cells were incubated
in the presence or absence of rYopM and the RSK-interaction-
deficient construct rYopM , , respectively. The cells did not show
a significantly altered proliferation, when incubated either with
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rYopM or with rYopM, . (Fig. $3B). In addition, cell migration
within the cell-free “window” was not influenced by the presence
of rYopM inside the cells (Fig. S3C and D). Taken together, these
results suggest that autonomously translocated rYopM from Y.
enterocolitica (pYV8081) enhances autophosphorylation of RSK
independently of the ERK1/2 signaling cascade but does not
affect cell proliferation and motility mediated by RSK.

To further analyze domains of rYopM required for the
enhancing effect on RSK-phosphorylation, we investigated the
phosphorylation status of RSK at S380 after incubation of Hela
cells with truncated versions of rYopM. Incubation with the

Virulence 765

Do not distribute.

I0Science.

©2014 Landes B



A YopM + + - - - -
uo126 + - + - 4+ -
DMSO - + = + -+
FBS - - -~ * * " ypa
2
P-S380-RSK | oiie e mpmomae - 98
RSK1 -PEEE\- —98 IP
YOPM | s e S 50
p-T202/ : =
Y204-ERK1/2 T £
50 |SN
ERKIZ| S R o= e =
ISR A
B S v\?é ¢ 6\"6\
.kOQ *\OQ ~\0Q ~\QQ _\OQ 6\Oc" 6\0
kDa
RSKA1 .’ﬁ---—-_75 IP
— —48
YRV | 0 S o ¥ e -
— —48
YopM N ey = . LS
C *0<0.05
*
% 71
Z ¢
gss'
94
L3
2 2
o
7] 14
o
& 0 v
NP 2 A2 A
&5 o K3 o _\OQQ & &Q&o

full-length rYopM led to significantly enhanced phosphorylation
of RSK at S380 compared with the medium and mock controls
as well as to the incubation with the interaction-deficient trun-
cated rYopM . protein (Fig. 4B and C). Furthermore, interac-
tion of r'YopM, .., , with RSK induced its phosphorylation to
a similar extent (Fig. 4B and C), indicating that the LRRs 1-3
are not crucial for RSK-interaction (Fig. 3D) and for enhanced
RSK-phosphorylation. In contrast, incubation of cells with trun-
cated versions lacking either LRRs 4—6 or LRRs 7-9 reduced the
enhancing effect on the phosphorylation of RSK (Fig. 4B and
C). These results suggest that LRRs 4-9 are essential for rYopM’s
effect on sustained RSK-activation. In summary, we could show
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Figure 4. rYopM induces autophosphorylation of RSK. (A) Hela cells
were starved and incubated with 25 pg/mL rYopM for 16 h at 37 °C.
For inhibition of ERK1/2 signaling, cells were pre-incubated for 1 h with
U0126 or DMSO as control. For stimulation of ERK1/2 signaling, cells were
incubated with 20% FBS for 10 min. RSK1 was immunoprecipitated by a
specific antibody. Phosphorylation of RSK and ERK1/2 was analyzed by
western blotting. rYopM induces phosphorylation of RSK1 at S380 (*?),
independent of ERK1/2 (*'). IP, immunoprecipitation; SN, supernatant.
(B) LRRs 1-3 of rYopM are not essential for induction of RSK autophos-
phorylation. Hela cells were starved and incubated with 25 pg/mL of
the indicated recombinant proteins for 16 h at 37 °C. RSK1 was immu-
noprecipitated by a specific antibody. Phosphorylation of RSK was
analyzed by western blotting. rYopM and rYopM, ... . but not rYopM,
induce autophosphorylation of RSK1 at S380. IP, immunoprecipitation;
LS, lysate. (C) Densitometric quantification of RSK phosphorylation.
rYopM and rYopM, ... , induce a 4-fold increase in phosphorylation of
RSK. n =3 independent experiments. The asterisk (¥) indicates significant
differences (P < 0.05) in the phosphorylation status of RSK normalized to
untreated cells.

that LRRs 4-9, but not LRRs 1-3, contribute to the effect of
rYopM on enhanced RSK-phosphorylation.

The anti-inflammatory effect of rYopM on expression of
TNEF-«a is independent of its interaction with host cell kinases
RSK1 and PRK2

To investigate whether downstream signaling of the trimeric
YopM-RSK/PRK complex modulates the expression of pro-
inflammatory TNF-a, the truncated versions of rYopM were
applied on HL-60-derived macrophages for 3 h. The expression
of the cytokine was measured by qRT-PCR. Except for the non-
cell-penetrating control protein rYopM, ., only those versions of
rYopM were used, which are still able to penetrate host cell mem-
branes (Fig. 3B and C), as the cell-penetration ability is required
for immunomodulation.” While the control protein YopM_ .,
which does not penetrate cells, did not reduce transcription of
TNF-a, the cell-penetrating versions rYopM, .., 'YOPM ;o o>
1YOpM, vir o TYOPM, 1iio15» and tYopM, . (Fig. 3B and C)
were still able to reduce TNF-a transcription (Fig. 5A). The
fact that only the protein rYopM, .., , lacking the first NLS
was no longer able to reduce transcription of TNF-a (Fig. 5A)
indicates that this domain of rYopM is involved in the regula-
tion of TNF-a mRNA transcription. Interestingly, rYopM ALRRI
is the only construct that is cell-penetrating but not immuno-
modulatory. However, it was excluded in our previous work that
the penetration event itself mediates the downregulation of pro-
inflammatory cytokines. Hence, the cell-penetrating r2a H-GFP
fusion construct, harboring the PTD of YopM, did not influence
TNF-a transcription.”

As shown in this study, the interaction of rYopM with RSK
is mediated by its C-terminus, while the interaction with PRK
is dependent on LRR domains (Fig. 3D). Any LRR deletion
construct of rYopM unable to bind PRK, except rYopM,, ., 5
was still able to downregulate TNF-a expression. Moreover, the
C-terminal deletion construct rYopM, ., which failed to bind
both kinases, inhibited the expression of the pro-inflammatory
cytokine to the same extent as full-length rYopM. Thus, it is
evident that there is no direct correlation between the interac-
tion of rYopM with the kinases RSK and PRK and the inhibi-
tory effects of the recombinant effector protein on cytokine
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expression (Fig. 5A). This conclusion was confirmed by silenc-
ing of RSK and PRK (Fig. 5B-D). Employing siRNA-mediated
knock-down of RSK1 and PRK2, we investigated whether the
interaction of YopM with the two kinases is essential for the inhi-
bition of TNF-a transcription. For this purpose, the silencing
efficiency of specific siRNAs on RSK1 and PRK2 was exam-
ined. Hel.a cells were cultured in 6-well dishes and transfected
with 25 pmol of RSK1-siRNA and 12 pmol PRK2-siRNA per
well. The transfection efficiency was analyzed using qRT-PCR
and western blotting. Relative mRNA expression of RSK1 and
PRK2 upon transfection with the specific siRNA was reduced by
about 90% in each case (Fig. 5B). Furthermore, protein expres-
sion levels of RSK1 and PRK2 in total cell lysates confirmed
the efficient knockdown of the kinases upon transfection with
the specific siRNAs (Fig. 5C). Finally, we investigated whether
rYopM is still able to inhibit pro-inflammatory cytokine expres-
sion after silencing of RSK1 and PRK2. Therefore, the expression
of pro-inflammatory TNF-a was induced in siRNA-transfected
HeLa cells by incubation with 10 ng/mL TNF-a. Subsequently,
the cells were incubated with 25 pwg/mL rYopM. To evaluate the
effect of r'YopM on TNF-ao mRNA transcription, gRT-PCR was
performed. While TNF-a stimulation showed an induction of
TNEF-a compared with unstimulated cells, the transcription of
the pro-inflammatory cytokine was reduced to its basal level in
presence of rYopM (Fig. 5D). Taken together, these results clearly
show that interactions with RSK1 and PRK2 are not essential for
the anti-inflammatory effects of rYopM.

Discussion

Beside the well-known translocation of YopM into host cells
by the Yersinia T3SS, the isolated recombinant YopM effector
protein has the ability to enter eukaryotic cells autonomously,
without the need of the injection apparatus or any other bacte-
rial factors. Hence, YopM is a cell-penetrating peptide (protein)
or CPP. Within the target cell, the cell-penetrating rYopM of Y.
enterocolitica (pY V8081) is functional and interacts with various
RSK and PRK isoforms. It could be shown that rYopM is essential
for the formation of the RSK-PRK kinase complex, since the two
kinases do not interact in the absence of the effector protein. The
screening of domains which mediate the interaction of the effec-
tor with the two kinases revealed that any of the rYopM variants
truncated in distinct LRRs used in this study lost the ability to
interact with PRK2. This observation corresponds with the data
of McPhee et al., showing that a YopM LRR 6-15 deletion vari-
ant of Y. pseudotuberculosis was unable to interact with PRK2.!"
Presumably, the tertiary structure of the effector protein appears
to be of decisive importance for its interaction with this kinase.
In contrast, only the short 32 aa long C-terminus of rYopM is
essential for the interaction with RSK1. This is in line with previ-
ously published data on YopM from Y. pseudotuberculosis."'¢

So far, it is only known that the formation of the YopM/kinase
complex during infection with Yersinia is crucial for the viru-
lence of these human pathogenic bacteria.”'® The mechanism by
which the interaction of YopM with the two kinases contributes

www.landesbioscience.com

to virulence is still largely unclear. One possibility to explain
this phenomenon could be that the interaction with the kinases
influences the subcellular localization of YopM. For example, the
kinase PRK1 is recruited to endosomal membranes after activa-
tion by the GTPase RhoB.? Since a “piggy back” transport for
YopM has been suggested by Skryzpek et al.,'* activated PRK
isoforms might shuttle YopM from the cell periphery toward
the nucleus. However, variants of rYopM that did not inter-
act with RSK1 or PRK2 were still able to translocate into the
nucleus, indicating a kinase-independent shuttling mechanism.
This observation is in accordance with the nuclear localization
of mutant YopM constructs from Y. pseudotuberculosis that are
unable to bind RSK1, indicating that YopM is not shuttled by
RSKI to the nucleus.'® Moreover, it was shown that the transloca-
tion of RSK1 and PRK2 into the nucleus is not influenced by the
presence of rYopM (Fig. S4). Thus, translocation of the effector
into the nucleus is probably not affected by the two kinases.

Furthermore, the formation of the rYopM/kinase complex
does not seem to be directly linked to the suppression of cyto-
kine expression by the effector protein. The non-scaffolding vari-
ant rYopM, . was still able to inhibit the expression of the pro-
inflammatory cytokine TNF-a to the same extent as full-length
rYopM. Obviously, the first three LRRs of rYopM are involved in
this process. The analysis of the effects of different LRR deletion
proteins on the transcription of TNF-a in macrophages identi-
fied an essential function of the first three LRRs in regulating
the transcription of the cytokine. Whether the first three LRRs
have a direct effect on the transcription of the cytokine is still
unknown and has to be addressed in future investigations.

Finally, knock down of RSK1 and PRK2 by siRNA did not
influence the immunomodulatory effect of rYopM on TNF-a
transcription, further suggesting that there is no relevance of the
rYopM/kinase complex for the modulation of pro-inflammatory
cytokines by the effector protein. In this context, McCoy et al.
did not publish results regarding a correlation between complex
formation and cytokine expression.'”® McPhee et al. showed that
the interaction of YopM from Y. pseudotuberculosis with RSK
and PRK led to an increased expression of the anti-inflamma-
tory cytokine IL-10 in vivo."! However, these are controversial
data, as in several independent studies no evidence was found for
increased IL-10 expression in vitro and in vivo.>'"#"%

Taken together, our data strongly suggest that YopM may have
multiple functions on host cell signaling. It modulates innate
immune responses regardless of its ability to interact with RSK1
and PRK2. YopM might interact with other so far unknown
cellular components during its trafficking resulting in potential
pathogenic consequences.

Materials and Methods

Cell culture

HeLa cells were grown in DMEM, low glucose (1 g/L) with
L-glutamine (Sigma-Aldrich, D6046) supplemented with 10%
fetal bovine serum (FBS), 5% non-essential amino acids, and
penicillin/streptomycin. Lung epithelial A549 cells were grown
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Figure 5. Characterization of domains involved in the immunomodulatory activity of rYopM. (A) HL-60 cells were differentiated into macrophages and
incubated with rYopM and its truncated versions for 3 h. After total RNA extraction and cDNA synthesis, qRT-PCR analysis of TNF-ao mRNA was per-
formed. The asterisk (*) indicates significant differences (P < 0.05). (B) Knockdown of RSK1 and PRK2 by siRNA. HeLa cells were transfected with siRNA
against RSK1 and PRK2. Control cells were treated with Lipofectamine 2000 without addition of siRNA. qRT-PCR analysis of the relative mRNA expression
of RSK1 and PRK2 72 h after siRNA transfection revealed that the expression of both genes was reduced by the siRNA by approximately ten times. (C)
Western blot analysis of the protein expression of RSK1 and PRK2 after 72 h siRNA transfection. a-tubulin was used as loading control. The knockdown
resulted in a greatly reduced protein expression of RSK1 and PRK2. (D) Anti-inflammatory effects of rYopM are independent of its interaction with the
two kinases. After knock-down of RSK1 and PRK2 by siRNA, cells were pre-incubated with rYopM for 3 h before stimulation with 10 ng/mL TNF-a for 16 h.
Representative results are shown. The asterisk (*) indicates that rYopM reduces TNF-a expression significantly after TNF-« stimulation in comparison to
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Table 1. Primer pairs used in this study

Primer Sequence (5'— 3') Description
F-yopM, caa s CGGGGTACCC AGTGAAGGAG GTAAATCGGA “Forward primer”for yopM,, ... . from Y. enterocolitica pYV8081 with Kpnl-linker
R-yopM, cea s CGGGGTACCA CTGAGATTCA TGCTGATAAC “Reverse primer”for yopM, ... . from Y. enterocolitica pYV8081 with Kpnl-linker
F-yopM, cer o CGGGGTACCT ATTATCTCGAT GCATCCAGC “Forward primer”for yopM, ... ,aus Y. enterocolitica pYV8081 mit Kpnl-linker
R-yopM, e 6 CGGGGTACCC AAGAATGGCA AGTTTTGTAA “Reverse primer”for yopM, ..., from Y. enterocolitica pYV8081 with Kpnl-linker
F-yopM, car0.15 CGGGGTACCG AAGATCTTCG GATGGACTCT “Forward primer”for yopM, .. . .. from Y. enterocolitica pYV8081 with Kpnl-linker
R-yoPM, o1 CGGGGTACCC AAGTTTGGTG GCAATTCCGA “Reverse primer” for yopM, ... .- from Y. enterocolitica pYV8081 with Kpnl-linker
F-yopM <142 CGGGGTACCG AATTTCTTGC TGCTGGTAAT “Forward primer” of yopM, ... ... from pET: yopM, - with Kpnl-linker
R-yopM, 51,5 GGGGTACCGGC TTGTCGCTCC AGGCAATG “Reverse primer” of yopM, ... .- from pET: yopM, with Kpnl-linker

in DMEM/Ham’s F12 with r-glutamine (PAA, E15-813) sup-
plemented with 10% FBS, and penicillin/streptomycin. HL-60
cells were grown in RPMI 1640 with r-glutamine (PAA, now GE
Healthcare, E15-840) supplemented with 10% FBS, 5% non-
essential amino acids, and penicillin/streptomycin. All cell lines
were maintained at 37 °C in a 5% CO, atmosphere. The growth
medium was replaced every 2-3 d.

Antibodies

The following antibodies were used in the experiments
described: B-actin (Sigma-Aldrich, A2228), p-S380-RSK (Cell
Signaling Technology, 9335), RSK1 (Santa Cruz Biotechnol-
ogy, sc-231-G), RSK2 (Cell Signaling Technology, 9340), PRK1
(BD Transduction Laboratories, 610687), PRK2 (Cell Signaling
Technology, 2612), LSD1 (Cell Signaling Technology, 2139),
a-tubulin (Sigma-Aldrich, T8203), PDK1 (Cell Signaling Tech-
nology, 3062), ERK1/2 (Cell Signaling Technology, 4696),
p-T202/Y204-ERK1/2 (Cell Signaling Technology, 9101),
YopM-specific polyclonal rabbit antibody, YopM-specific mono-
clonal rabbit antibody,? goat IgG, rabbit IgG, Cy2-labeled goat
anti-rabbit (Dianova), HRP-labeled goat anti-rabbit (Dianova,
111-035-003), HRP-labeled goat anti-mouse (Dianova, 115-035-
003), HRP-labeled donkey anti-goat (Santa Cruz Biotechnology,
5c-2020).

Plasmid construction and protein purification
The generation of YopM,,  from Y. enterocolitica 8081 strain
(serotype O:8, biotype 1B, virulence plasmid pYVe8081), its
truncated versions YopM, .., YopM ., YopM o, 5 YopM .,
and the 2aH-GFP fusion protein has been described previ-
ously.*'”* The deletion constructs YopM, crs o YOPM, ii oo
and YopM, ..., with a C-terminal 6xHis tag were con-
structed by deleting the DNA sequence coding for indicated
LRRs by inverse PCR of the plasmid pET-yopM using primer
pairs F-yopM, ... . and R-yopM F-yopM, 1v,, and
R'YOPMALRR7-9’ and F 'yOPMALRRm-ls and R'YOPMALRRlo-la
(Table 1), respectively.®® For the expression and purification of
YopM, .., With a C-terminal 6xHis tag primers F-yopM ¢ ,
and R-yopM ¢, , were used to delete the DNA sequence coding
for the LRR domain 1-3 (NLSI) amino acids by inverse PCR of
the plasmid pET-yopM, . (NLS2). Expression and purification
of the recombinant proteins were performed as described.® Affin-

ALRR4-6

ity-purified proteins were dialyzed against PBS and concentrated
using Centricon centrifugal filters (Merck Millipore).

www.landesbioscience.com

Immunoprecipitation

HeLa or A549 cells were plated in 145-mm cell culture dishes
and grown for 2-3 d to reach confluence. For co-immunoprecip-
itation studies, cells were incubated with the different proteins
(25 pg/mL) for 1 h at 37 °C. For analysis of RSK auto-phosphor-
ylation, cells were serum starved, and incubated with different
recombinant proteins (25 wg/mL) for 16 h at 37 °C. Prior to
harvest, cells were pre-incubated for 1 h with U0126 (10 uM,
Cell Signaling Technology) for inhibition of ERK1/2 signaling
or for 10 min with 20% FBS for stimulation of ERK1/2 signal-
ing. Cells were washed 3 times in ice-cold PBS and lysed in lysis
buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 2 mM EDTA, 1%
[v/v] Triton X-100, HALT protease and phosphatase inhibitor
cocktail [Thermo Scientific, 78441]) followed by sonication (3
x 20 s) and incubation for 30 min at 15 rpm and 4 °C. After
centrifugation at 20000 x g for 30 min at 4 °C, lysates were incu-
bated with 5 g of antibody and 30 pL of Protein A/G PLUS-
Agarose (Santa Cruz, sc-2003) for 16—18 h at 15 rpm and 4 °C.
Beads were washed three times with lysis buffer, and precipitated
proteins were analyzed by immunoblot analysis using specific
antibodies. Experiments were repeated at least three times. Data
are expressed as means + s.d. For significance analysis, a Student
¢ test was performed applying the unpaired two-sided test using
Excel (Microsoft) to calculate P values.

Fractionation of eukaryotic cells

HeLa cells were plated in 100-mm cell culture dishes and
grown until confluence was reached. For cytosolic and mem-
brane protein extraction, cells were washed with PBS and incu-
bated with recombinant proteins (25 pwg/mL) in fresh medium
for 30 min at 37 °C. After incubation, cells were washed two
times in PBS, followed by an acid buffer (0.2 M glycine, pH 2)
wash and PBS wash. Fractionation of the cells was performed as
described,” and protein extracts were analyzed by immunoblot
analysis. In order to assess the purity of the fractions, both were
analyzed using a specific antibody against cytosolic 3-actin. The
presence of rYopM in the cytosolic and membrane fractions was
determined using a YopM-specific polyclonal rabbit antibody.
Immunoblots were analyzed using Lumi-Imager T1 and Lumi
Analyst software (Roche Diagnostics).

For cytoplasmic and nuclear protein extraction, cells were
washed with PBS and incubated with recombinant protein
(25 wg/mlL) for 1 h, 3 h, or overnight at 37 °C in fresh medium.
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Prior to fractionation, cells were washed twice with PBS and pro-
tein extracts were prepared using NE-PER Nuclear and Cyto-
plasmic Extraction Reagents (Thermo Fisher Scientific) and
analyzed by immunoblot analysis. As internal controls for the
purity of the fractions, all extracts were analyzed using antibodies
for cytosolic a-tubulin and nuclear lysine-specific demethylase
1 (LSD-1). Analysis of the presence of rYopM in the fractions
and immunoblot analysis was performed in the same manner as
described for cytosolic and membrane fractionation.

Transfection of HeLa cells with siRNA

Transfection with siRNA was performed using Lipofectamine
2000 according to manufacturer’s instructions (Invitrogen,
11668027). Briefly, HeLa cells were cultured in 6-well plates
to a confluence of about 50%. The evening before transfection,
the culture medium was removed and cells were incubated over-
night with the transfection medium Opti-MEM 1. For trans-
fection, 25 pmol of RSKI siRNA or 12 pmol of PRK2 siRNA
(RSK1-siRNA ACGGCUACGU GGUAAAGGA; PRK2
GGAUCUUCAA AGGAUCGGA) per batch were separately
incubated with 5 nL Lipofectamine 2000 transfection reagent
and 250 pL Opti-MEM 1 for 5 min at RT. Subsequently, the
two solutions were combined and incubated for another 20 min
at RT. The cells were incubated with 2 mL Opti-MEM I mixed
with 500 WL of transfection solution. After 6 h at 37 °C and
5% CO,, the transfection medium was replaced with culture
medium and cells were incubated for 72 h before additional
experiments were performed.

Cytokine expression analysis by qRT-PCR

For identification of the immune modulatory domain of
rYopM, 5 x 10° HL-60 cells were plated into 100-mm cell culture
dishes and differentiated into macrophages by incubation with
1 wM TPA (Sigma-Aldrich, P1585) for 24 h. Following a PBS
wash, cells were incubated with the different recombinant pro-
teins (25 pg/mL) in fresh medium for 6 h at 37 °C. For induction
of TNF-a expression, HL-60 derived macrophages were stimu-
lated with 1 pg/mL LPS from E. coli O111:B4 (Sigma-Aldrich,
L3012) for 16 h at 37 °C. Subsequently, cells were washed twice
with PBS and total RNA was extracted using the High Pure
RNA Isolation Kit (Roche Applied Science, 11828665001) fol-
lowing the manufacturer’s instructions and transcribed into
cDNA. Changes in TNF-a expression levels were determined
by qRT-PCR with specific primers for human TNF-a using
the Universal ProbeLibrary (UPL, Roche Applied Science). As
reference the HPRT1 (hypoxanthine-guanine phosphoribosyl-
transferase 1) housekeeping gene was used. PCR was performed
using the LightCycler amplification and detection system (Roche
Diagnostics) in a Lightcycler 1.5 (Roche Applied Science). Data
were analyzed with the Roche quantification program software
(version 3.5, Roche Applied Science) and expressed as means
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+ s.d. For significance analysis, a Student # test was performed
applying the unpaired two-sided test using Excel (Microsoft) to
calculate P values.

Cell migration assay

For studying cell migration the cell-free “window” assay was
performed as described.?? Briefly, 1 x 10° HeLa cells were seeded
in each well of a 48-well plate coated with extracellular matrix
(ECM) (Tebu-bio) and containing a I-mm steel plate to produce
the cell-free “window”. Following 3 h incubation at 37 °C, the
steel plate was removed and cells were washed once with PBS and
incubated for 24 or 48 h at 37 °C in presence or absence of rYopM
(25 pg/mL). Prior to analysis, cells were washed three times with
PBS and stained with Wright staining solution (0.3% Wright
stain in methanol) for 3 min. Subsequently, the staining solution
was diluted 1:3 by adding water followed by additional incuba-
tion for 7 min. Cells were washed three times with water and
analyzed using an inverse microscope (Axiovert 100, Carl Zeiss).

Cell proliferation assay

Cell proliferation was analyzed using the Cell Proliferation
ELISA, BrdU (colorimetric) (Roche Applied Science, version
16, 11647229001), following the manufacturer’s instructions.
Briefly, 4 x 10> HeLa cells were seeded in each well of a 96-well
plate and incubated for 48 h with the indicated recombinant pro-
teins (25 pg/mL and 50 pg/mL, respectively), performing each
condition in triplicate. Cells were incubated with BrdU, anti-
BrdU-POD antibody and substrate solution and the reaction
product was quantified by measuring the absorbance at 370 nm
using a scanning multiwell spectrophotometer (SpectraMax M2,
Molecular Devices). Values were correlated with cells grown in
absence of recombinant protein and expressed as mean percent-
age of proliferating cells + s.d. For significance analysis, a Student
¢ test was performed applying the unpaired two-sided test using
Excel (Microsoft) to calculate P values.
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