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Abstract

Effector proteins are key virulence factors of pathogenic bacteria that target and subvert the functions of essential host
defense mechanisms. Typically, these proteins are delivered into infected host cells via the type III secretion system (T3SS).
Recently, however, several effector proteins have been found to enter host cells in a T3SS-independent manner thereby wid-
ening the potential range of these virulence factors. Prototypes of such bacteria-derived cell-penetrating effectors (CPEs)
are the Yersinia enterocolitica-derived YopM as well as the Salmonella typhimurium effector SspH1. Here, we investigated
specifically the group of bacterial LPX effector proteins comprising the Shigella IpaH proteins, which constitute a subtype of
the leucine-rich repeat protein family and share significant homologies in sequence and structure. With particular emphasis
on the Shigella-effector IpaH9.8, uptake into eukaryotic cell lines was shown. Recombinant IpaH9.8 (rIpaH9.8) is internal-
ized via endocytic mechanisms and follows the endo-lysosomal pathway before escaping into the cytosol. The N-terminal
alpha-helical domain of IpaH9.8 was identified as the protein transduction domain required for its CPE ability as well as for
being able to deliver other proteinaceous cargo. rIpaH9.8 is functional as an ubiquitin E3 ligase and targets NEMO for poly-
ubiquitination upon cell penetration. Strikingly, we could also detect other recombinant LPX effector proteins from Shigella
and Salmonella intracellularly when applied to eukaryotic cells. In this study, we provide further evidence for the general
concept of T3SS-independent translocation by identifying novel cell-penetrating features of these LPX effectors revealing
an abundant species-spanning family of CPE.

Keywords Bacterial cell-penetrating effector proteins - E3 ubiquitin ligase - IpaH - Endocytosis - Endosomal escape - LPX
effector protein family

Introduction

Microbial pathogens have evolved numerous sophisticated
strategies to control and modulate host cell functions for
their own benefit and survival. A key virulence feature of
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pathogenic Gram-negative bacteria is their ability to inject
effector proteins directly into targeted host cells via the type
IIT secretion system (T3SS). Once inside the host cell, bacte-
rial effector proteins shape the different stages of infection
and particularly manipulate inflammatory signaling path-
ways, thereby enabling bacteria to evade the host immune
system. Hence, full virulence of many bacterial pathogens
often depends on the T3SS and secreted effectors [12, 31].
However, in recent years, we and others have identified
several virulence factors with the capacity to translocate
autonomously into mammalian and plant eukaryotic host
cells without a requirement for additional bacterial factors
such as the T3SS. These examples include Tir (translocated
intimin receptor) from enteropathogenic Escherichia coli
(EPEC) [11, 34], Yersinia enterocolitica-derived YopM
(Yersinia outer protein M) [42], TcpC (Toll/interleukin-1
receptor domain containing-protein C) from uropathogenic
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E. coli (UPEC) [58], Salmonella enterica serovar typhimu-
rium-derived SspH1 (Salmonella secreted protein H1) [30],
the EPEC effector protein NleC (non-LEE encoded effector
C) [49], and quite recently also the plant T3SS effector pro-
tein AvrBs3 from Xanthomonas campestris pv. vesicatoria
[46]. These proteins share features of cell-penetrating pep-
tides (CPP) and can translocate across eukaryotic cell mem-
branes either alone or in association with (non-)covalently
conjugated cargo [19, 27, 43]. Accordingly, these effector
proteins have been termed cell-penetrating effector proteins
(CPE). The mode of uptake of CPPs is still a focus of cur-
rent research but is considered to mainly rely on endocytic
processes followed by an endosomal escape. Furthermore,
uptake mechanisms appear to depend on the targeted cell
type, on the CPP’s concentration, and on the associated
cargo [16, 48].

The discovery of YopM from Yersinia enterocolitica and
SspH1 from Salmonella enterica serovar Typhimurium as
CPEs added a new class to the heterogeneous group of CPPs
[30, 42]. The prototype CPE, recombinant YopM (rYopM),
enters eukaryotic cells predominantly via the initial induction
of endocytic mechanisms followed by escape from endosomes.
Autonomously translocated rYopM was found to be function-
ally active in retaining its capacity to efficiently downregulate
the expression of several pro-inflammatory cytokines [42, 45].
Moreover, two host kinases RSK (ribosomal S6 kinase) and
PRK (protein kinase C-related kinase) were identified as inter-
action partners of YopM both upon T3SS-dependent delivery
during Yersinia infection as well as following cell-penetration
of rYopM [20, 22]. Lately, also the Salmonella effector protein
SspH1 was reported to exhibit properties of a CPE exerting
anti-inflammatory effects upon T3SS-independent translo-
cation [30]. Both YopM and SspH1 belong to the family of
LPX effector proteins, a subgroup of the leucine-rich repeat
(LRR) motif-containing proteins. Further representatives are
the Salmonella proteins SspH2 (Salmonella secreted protein
H2) and SIrP (Salmonella leucine-rich repeat protein), as well
as IpaH (Invasion plasmid antigen H) proteins expressed by
Shigella [33]. These LPX family members share an N-termi-
nal a-helical domain followed by a variable number of LRRs,
which mediate binding and substrate specificity. The Salmo-
nella- and Shigella-derived LPX effector proteins encode a
conserved C-terminally located E3 ubiquitin ligase domain
[41]. Crystal structure analyses revealed that the catalytic
domain of this subset of T3SS-effector proteins is distinct
from eukaryotic E3 enzymes [40, 61], hence constituting a
novel class of E3 ubiquitin ligases (NEL). In contrast, YopM
does not harbor this conserved NEL domain in the C-termi-
nus, however, surprisingly a recent study suggested that due
to a conserved Cys-Leu-Asp (CLD) amino acid motif in its
N terminus YopM is an E3 ubiquitin ligase, too [57]. Even
though bacteria lack a ubiquitin system, many pathogens
hijack the host ubiquitin machinery to subvert eukaryotic
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defense strategies. Recent studies have uncovered the role of
some NEL-encoding effector proteins in manipulating the
host immune response by disabling specific target proteins in
the host cell [3]. Among the Shigella-derived LPX effectors,
IpaHO.8 is the best characterized until now. IpaH9.8 inter-
acts with NEMO (NF-xB essential modulator, also known as
IKKY), which is critically involved in downstream activation of
the NF-xB signaling cascade. IpaH9.8 promotes NEMO poly-
ubiquitination of NEMO, which subsequently undergoes pro-
teasomal degradation, thereby dampening NF-xB activation
[4]. In addition, during Shigella infection, IpaH9.8 is trans-
ported to the nucleus where it binds the human splicing factor
U2AF35 (U2 auxiliary cactor 35 kDa subunit) and inhibits
its activity by ubiquitination, resulting in decreased U2AF35-
dependent pro-inflammatory gene expression [37, 47, 52].
Several other LPX effector proteins expressed by Salmonella
and Shigella also interfere with the activation of inflammatory
pathways, mostly by targeting distinct target proteins for poly-
ubiquitination leading to subsequent proteasomal degradation
[3,5,7,8,13,25,50,55, 60].

Although bacterial pathogens including the species of
Yersinia, Salmonella, and Shigella have developed distinct
infection strategies mediated by delivery of effector proteins
exhibiting numerous biochemical activities, the LPX family
represents a highly conserved subset of T3SS-translocated
virulence factors. As previous studies identified two members
of the LPX family, YopM and SspH]I, to constitute a novel
class of CPEs, the observation of significant homologies in
sequence and structure raised the hypothesis of a general con-
cept of T3SS-independent uptake of this group of bacterial
effector proteins. Here, we demonstrate that, indeed, several
additional members of the LPX family such as the Shigella-
effector IpaH9.8 reveal cell-penetrating properties. Cellular
internalization occurs via endocytosis and subsequent escape
from the endo-lysosomal compartment. The N-terminal
a-helices of IpaH9.8 were identified to mediate T3SS-inde-
pendent uptake into eukaryotic cells, acting as a protein trans-
duction domain (PTD), which can deliver also unrelated pro-
teins. Upon cell-penetration, recombinant IpaH9.8 (rIpaH9.8)
is enzymatically functional as an E3 ubiquitin ligase and poly-
ubiquitinates NEMO. As further effectors of the LPX subtype
including SIrP as well as other IpaH proteins were identified
inside eukaryotic cells, our study implies the abundance of a
species-spanning group of bacterial cell-penetrating effector
proteins and, moreover, provides insights into novel bacterial
infection strategies.
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Materials and methods
Computational analyses

The 3D structures of YopM derived from Yersinia pestis
and of the C-terminal NEL domain of IpaH9.8 derived
from Shigella flexneri were visualized based on the crystal
structure of PDB entries 1JL5 and 3L3P, respectively [15,
47]. The 3D structures of YopM,_;; derived from Yersinia
enterocolitica and IpaH9.8,_s¢ derived from Shigella flexneri
were predicted using the PHYRE2 Protein Fold Recognition
server and modeled using PyYMOL [24]. Secondary structure
predictions of the sequence of YopM,_; and IpaH9.8, 5
were obtained with the PSIPRED Protein Sequence Analysis
Workbench server [32]. Simulations of the a-helical N ter-
mini of YopM and IpaH9.8 interacting with the membrane
were performed using the MCPep server and PyMOL [18].
The alignment of YopM,_53, and IpaH9.8, _,5, was obtained
with MUSCLE with default settings and visualized using
JalView before manual modification [14, 56].

Antibodies

Anti-FLAG M2 (Sigma-Aldrich, St. Louis, MO, USA), anti-
GAPDH (FL-335; Santa Cruz, Dallas, TX, USA), anti-Rab5
(C8B1; Cell Signaling Technology, Danvers, MA, USA),
anti-Rab7 (D95F2; Cell Signaling Technology), anti-CD63
(H5C6; Developmental Studies Hybridoma Bank, Iowa
City, IA, USA), anti-HA (6E2; Cell Signaling Technology),
anti-NEMO (FL-419; Santa Cruz,), anti-Ubiquitin (P4D1;
Santa Cruz,), anti-a-tubulin (Sigma-Aldrich), HRP-labeled
goat anti-mouse IgG (Dianova, Hamburg, Germany), HRP-
labeled goat anti-rabbit IgG (Dianova), Cy2-labeled goat
anti-mouse IgG (Dianova), Cy2-labeled goat anti-rabbit IgG
(Dianova), and rabbit IgG anti-mouse IgG + IgM (Dianova)
antibodies were obtained commercially.

Plasmids

Plasmids for the subsequent overexpression of the recom-
binant proteins IpaH1.4-3xFLAG, IpaH2.5-3xFLAG,
IpaH4.5-3xFLAG, IpaH7.8-3xFLAG, IpaH9.8-3xFLAG,
SIrP-3xFLAG, YopM-3xFLAG, 2aHy,y9 s-GFP-3xFLAG,
and NEMO were cloned based on the pET-24b(+)-3xFLAG
[30] or the pET-24b(+) vector, respectively. Based on the
pEGFP-C1 vector, a plasmid for exogenous overexpression
of human NEMO in eukaryotic cell lines was cloned. All
above-named plasmids were generated via a restriction-free
cloning approach [10, 53]. For detailed information, see sup-
plemental material. The plasmid for the overexpression of
recombinant GFP-3xFLAG has been constructed previously

[30, 42]. Plasmid for the overexpression of IpaH9.8 , (lack-
ing amino acids 1-56) and IpaH9.8 ,- (lacking amino acids
339-500) were constructed by deleting the DNA sequence
coding for the indicated amino acids by inverse PCR. The
plasmid pcDNA3-HA-NEMO (plasmid #13512; Addgene,
Cambridge, MA, USA) was obtained commercially.

Expression, purification, and fluorescent labeling
of recombinant proteins

Escherichia coli Clear Coli® BL21 (Lucigen, Middleton,
WI, USA) harboring the corresponding plasmids were cul-
tured in lysogeny broth medium supplemented with kana-
mycin (50 pg/mL) at 37 °C (ODg,, = 0.7). Expression was
induced by adding 1 mM of IPTG and incubation for 4 h at
37 °C. After harvesting the bacteria by centrifugation, bac-
terial cells were disrupted by sonication on ice four times
30 s followed by 15 s breaks, (Branson Sonifier 250, level
4, 50% cycle; Branson, Danbury, CT, USA). Isolation and
purification of 6xHis-tag fusion proteins were performed
by affinity chromatography using nickel-nitrilotriacetic
acid (Ni-NTA) agarose beads (Macherey—Nagel, Diiren,
Germany) as described previously [49]. Purified proteins
were dialyzed against PBS and concentrated using Centricon
centrifugal filters (Merck Millipore, Billerica, MA, USA).

Recombinant proteins were conjugated with fluorescent
dyes using the Cy3 antibody labeling kit (GE Healthcare,
Chicago, I, USA), the Alexa Fluor® 488 antibody labeling
kit (Thermo Fisher Scientific, Waltham, MA, USA), the
FluoReporter™ FITC protein labeling kit (Thermo Fisher
Scientific), or 5-(and 6-) carboxynaphthofluorescein suc-
cinimidyl ester mixed isomers (naphthofluorescein, NF)
(Thermo Fisher Scientific) according to the manufacturer’s
instructions.

Cell culture

HeLa cells were grown in DMEM low glucose (1 g/L)
(Sigma-Aldrich) supplemented with 10% fetal calf serum
(FCS), 5% non-essential amino acids, and penicillin/strep-
tomycin. HEK293T cells were grown in DMEM high glu-
cose (4.5 g/L) medium (Sigma-Aldrich) supplemented with
10% FCS, 5% non-essential amino acids, and penicillin/
streptomycin. THP-1 and RAW 264.7 cells were grown in
RPMI-1640 (Sigma-Aldrich) supplemented with 10% FCS,
and penicillin/streptomycin. All cell lines were maintained
at 37 °Cin a 5% CO, atmosphere. The growth medium was
replaced every 2-3 days.

Confocal laser scanning microscopy (CLSM)

Cells were grown in 24-well plates until 70% confluency;
adherent cell lines (HeLa, HEK293T, RAW 264.7) were
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directly seeded on glass coverslips, suspension cell lines
(THP-1) were attached to poly-L-lysine pre-coated coverslips
prior to fixation. Fluorescently labeled proteins were added
to the cells. Cells were then washed three times with PBS
and, to remove any residual surface bound proteins, cells
were treated with acid buffer (0.2% w/v glycine in PBS, pH
2.0) for 5 min, followed again by three washes with PBS.
Subsequently, the cells were fixed using 4% w/v paraform-
aldehyde in PBS and permeabilized using 0.2% w/v Triton
X-100. Where indicated, filamentous actin was stained with
tetramethyl rhodamine (TRITC)- or fluorescein isothio-
cyanate isomer I (FITC)-conjugated phalloidin in a 1:500
dilution in PBS for 30 min. DNA was stained with DRAQ5
in a 1:500 dilution in PBS for 30 min. Additional cellular
structures were visualized using specific primary antibodies
against Rab5 (early endosomes) in a 1:100 dilution in PBS,
Rab7 (late endosomes) in a 1:50 dilution in PBS, and CD63
(Iysosomes) in a 1:600 dilution in PBS after blocking with
5% viv goat serum in PBS for 1 h. For detection, appropri-
ate Cy2-labeled secondary antibodies in a 1:100 dilution in
PBS were used. Cells were washed three times with PBS
after each step. The preparations were embedded in DAKO
fluorescent mounting medium and analyzed with a Zeiss
LSM 510 Meta confocal laser scanning microscope using
appropriate filters.

Cryo-electron microscopy

HeLa cells were plated in 60 mm cell culture dishes and
grown for 2 days until 70% confluency. Following incuba-
tion with 50 pg/mL of rIpaH9.8-3xFLAG for 3 h, cells
were fixed using 4% (w/v) paraformaldehyde in phosphate
buffer (0.1 M PBS, pH 7.4) in an equal volume of cul-
ture medium for 2 min prior to fixation using 2% (w/v)
paraformaldehyde and 0.25% (v/v) glutaraldehyde in
phosphate buffer for additional 4 h. Afterwards, cells were
washed five times with phosphate buffer, carefully scraped
into 2% (w/v) gelatine in phosphate buffer and centrifuged
(600xg, 2 min, 22 °C). Resuspension and embedding were
carried out in 1.5 mL of 12% (w/v) gelatine for 5 min
at 37 °C. After centrifugation (600xg, 2 min, 22 °C),
the pellet was solidified at 4 °C and cut into small cubes
which were then immersed in 2.3 M sucrose. Storage was
carried out in liquid N,. Cutting of ultrathin sections of
50 nm was performed at — 110 °C in a cryo-chamber of
a Leica UC6 ultra-cryomicrotome (Leica, Vienna, Aus-
tria). For immunogold-labeling of recombinant proteins,
the ultrathin sections were incubated with anti-FLAG M2
antibodies in a 1:2 dilution as primary and with rabbit
anti-mouse IgG in a 1:20 dilution as secondary antibodies.
Protein A-gold (15 nm) (Cell Microscopy Center-CMC,
Utrecht, The Netherlands) was used to detect bound anti-
bodies. Samples were analyzed at 80 kV with a Fei Tecnai
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12-biotwin transmission electron microscope and selected
areas were photographed with a Veleta side-mounted four
megapixel CCD camera.

Flow cytometry

Uptake kinetics of internalized proteins were monitored
using flow cytometry (FACScan flow cytometer; BD Bio-
sciences, San Jose, CA, USA) Cellular translocation was
studied by continuous time-lapse quenched uptake assays as
described previously [30, 49]. Briefly, Alexa Fluor® 488-/
FITC-labeled proteins in the indicated concentrations were
added to trypsinized cells for continuous incubation. Upon
measurement, the extracellular fluorescence was quenched
using trypan blue (final concentration 0.2%). To assess the
effect of different endocytic inhibitors, HeLa cells were
grown in 6-well plates until 80% confluency. After pre-incu-
bation with inhibitors (200 uM of cytochalasin D (Sigma-
Aldrich), 19 mM of amiloride (Sigma-Aldrich), 30 mM of
dynasore (Enzo Life Sciences, Farmingdale, NY, USA),
3.8 mM of filipin (Sigma-Aldrich), 50 mM of methyl-p-
cycodextrin (Sigma-Aldrich) (MBCD), 16.5 mM of noco-
dazole (Sigma-Aldrich)) for 1 h, 25 pg/mL of Alexa Fluor®
488-labeled rIpaH9.8 were added to the cells for further 3 h.
Before measurement, cells were trypsinized and quenched
with trypan blue as described above. For uptake assays of
naphthofluorescein-labeled proteins, HeLa cells were grown
in 6-well plates until 80% confluency. After incubation with
proteins for the indicated time periods, cells were washed
three times with PBS and treated with acid buffer (0.2% w/v
glycine in PBS, pH 2.0) for 5 min to remove any residual
membrane-bound proteins. Unless stated otherwise, cells
were incubated at 37 °C in a 5% CO, atmosphere. For each
sample, the fluorescence intensity (GeoMean) of 10,000
cells was measured in triplicates.

In vitro ubiquitination assays

The enzymatic function of recombinant proteins as an E3
ubiquitin ligase was assessed by in vitro ubiquitination
assays. These were performed in 40 pl reaction mixtures
containing reaction buffer (25 mM of Tris—HCI at pH 7.5,
50 mM of NaCl, 5 mM of ATP, 10 mM of MgCl,, 0.1 mM
of DTT), 0.5 pg of E1, 2 png of E2 (UbcHS5b), 2.0 pug of
HA-Ubiquitin (all purchased from Boston Biochem, Cam-
bridge, MA, USA) in the presence or absence of 4 ug of the
respective protein of interest. For in vitro ubiquitination of
NEMO, reactions were performed accordingly except that
2 ug NEMO were added. Mixtures were incubated at 37 °C
for 1 h. The reactions were stopped by adding 4 X Laemmli
buffer.
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TUBEs (tandem ubiquitin binding entities)
pull-down assays

HEK293T cells were transiently transfected with HA-
NEMO-expressing plasmid (pcDNA3-HA-NEMO) using
the Effectene transfection reagent (Roche Applied Sci-
ence, Penzberg, Germany) according to the manufacturer’s
instructions. After 24 h, cells were incubated with recom-
binant proteins for 6 h in the presence of 10 uM of MG132
(Sigma-Aldrich). Afterwards, cells were washed with PBS
and lysed in 500 pl of RIPA lysis buffer [25 mM of Tris—HCl
at pH 8.0, 137 mM of NaCl, 0.1% (w/v) SDS, 0.5% (w/v)
Na-deoxycholate, 10% (v/v) glycerol, 1% (v/v) NP-40, Com-
plete protease inhibitor cocktail (Roche)]. Lysates were
cleared by centrifugation (20,000xg, 30 min, 4 °C) and
equilibrated amounts were applied to anti-ubiquitin-TUBE
agarose beads (LifeSensors, Malvern, PA, USA) for 2 h at
4 °C [21]. TUBE pull-downs were performed according
to the manufacturer’s instructions. Briefly, the beads were
washed three times with 1% Triton X-100 in TBS prior to the
elution of bound protein using the supplied elution buffer.
The sample was split into two equal parts; to one half 0.5 pug
of the USP2 enzyme (ubiquitin carboxyl-terminal hydrolase
2) was added, while the other half was supplemented with
the appropriate amount of buffer. Both samples were incu-
bated for 1 h at 37 °C before the reaction was stopped by
adding 4 x Laemmli buffer.

Results

Shigella-derived IpaH9.8 and the Yersinia effector
YopM share significant sequence and structural
homology

Previously, the Yersinia enterocolitica T3SS-effector protein
YopM was the first bacterial CPE that can enter eukaryotic
cells independently of the T3SS to be identified [42]. Sub-
sequently, SspH1, a T3SS-effector protein derived from Sal-
monella enterica serovar Typhimurium, was also identified
as a CPE [30]. Both YopM and SspH1 belong to the group
of bacterial effector proteins of the LPX subtype. Prior to
experimental analyses of further members of the LPX fam-
ily, investigations into sequence and structural similarities
to YopM, as the prototype CPE, were performed. Initially,
we focused on the Shigella-derived effector IpaH9.8, which
represents the most extensively studied member of the
LPX family. YopM (Yersinia enterocolitica serotype O8,
strain JB580v) and IpaHO9.8 (Shigella flexneri serotype Sa,
strain M90T) share several structural features including two
antiparallel a-helices at the N terminus followed by cen-
tral leucine-rich repeat (LRR) domains. These reveal LPX
consensus sequence motifs and, therefore, have also been

referred to as LPX domain (Fig. 1a, f). The number of LRRs
can differ between LPX effectors and also for a particular
effector of the same species depends on the specific strain
and its serotype. As representatively depicted for YopM, the
LPX domain consists of several parallel f-strands which are
assembled into a curved structure, giving the entire protein
a ‘horseshoe-shaped’ structure [15] (Fig. 1b). Generally, the
LPX domain is considered to mediate protein—protein inter-
actions [26]. In contrast to YopM, which has only a small
and unstructured C terminus, IpaH9.8 harbors a C-termi-
nally located, highly conserved a-helical enzymatic domain
encoding a novel class of E3 ubiquitin ligases [47] (Fig. 1c¢).
The a-helical N termini caught our attention as this domain
was previously identified as the PTD of YopM mediating
autonomous, T3SS-independent translocation of the effector
into eukaryotic cells [42]. Despite only moderate sequence
identity of 53%, the predicted 3D structures of YopM, ;4
and IpaH9.8,_ 54 almost completely overlap (Fig. 1a, d).
Furthermore, computational analysis using MCPep soft-
ware allowed predictions of the respective residues within
this domain that might interact with the membrane bilayer
(Fig S1). Based on these predictions, the orientation of the
N-terminal a-helical domains of YopM and IpaH9.8 towards
the membrane was simulated (Fig. 1e). For the YopM,_;;
peptide seven, for the IpaH9.8, s, peptide eight residues
were predicted to trigger contact to the plasma membrane,
thereby possibly triggering cellular uptake. During this
study, we confirmed the first 56 amino acids of IpaH9.8 to
be responsible for autonomous translocation into eukaryotic
cells (see also Fig. 5).

ripaH9.8 enters eukaryotic cells
in aT3SS-independent manner

First, the ability of full-length IpaH9.8, expressed and puri-
fied as a recombinant protein (in the following referred
as rIpaH9.8), to penetrate eukaryotic cell membranes in a
T3SS-independent manner was investigated using confo-
cal laser scanning microscopy. To this end, human cervi-
cal carcinoma (HeLa) cells were incubated with rIpaH9.8
(50 pg/mL) labeled with fluorescein isothiocyanate (FITC).
By means of z-stack projections, rIpaH9.8-FITC could be
detected intracellularly, predominantly in the perinuclear
region in dot-like structures suggesting a vesicular locali-
zation (Fig. 2a). Increased intracellular localization was
also observed over time, but nuclear localization was not
observed. Recombinant green fluorescent protein (rGFP)
was used as a negative control and was not detected in intra-
cellular compartments.

Kinetic aspects of rIpaH9.8 internalization were deter-
mined using flow cytometry to monitor the uptake and intra-
cellular accumulation of rIpaH9.8-FITC. In this approach,
extracellular fluorescence was efficiently quenched by the
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Fig.1 Structural comparison and sequence alignment of bacte-
rial LPX effector proteins YopM from Yersinia enterocolitica and
IpaH9.8 from Shigella flexneri. a Schematic representation of YopM
(Yersinia enterocolitica serotype O8, strain JB580v) and IpaH9.8
(Shigella flexneri serotype 5a, strain M90T). Percentage identities of
the respective domains as well as of the entire proteins are indicated.
LRR leucine-rich repeat, NEL novel E3 ubiquitin ligase. b Predicted
3D structure of YopM derived from Yersinia pestis (PDB: 1JL5) visu-
alized using PyMOL. ¢ Crystal structure of C-terminal novel E3 ubiq-
uitin (NEL) domain of IpaH9.8 derived from Shigella flexneri (PDB:
3L3P) visualized using PyMOL. d Overlay of predicted 3D structures
of the N-terminal o-helical domains of YopM (spanning amino acids

addition of trypan blue allowing the measurement of only
the fluorescence signals arising from intracellular FITC-
labeled proteins. The mean fluorescence of HeLa cells
displayed a high and linear uptake rate of rIpaH9.8, with a
similar pattern as rYopM, which as a prototype CPE served
as a positive control (Fig. 2b). Again, rGFP uptake was neg-
ligible. As depicted in Fig. 2c, incubation of HeLa cells with
higher concentrations of rIpaH9.8-FITC (25-100 pg/mL) led
to increased intracellular fluorescence in a dose-dependent
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1-73) and IpaH9.8 (spanning amino acids 1-56) using PyMOL. e 3D
structure simulation of the orientation of the N-terminal a-helical
domains of YopM and IpaH9.8 towards the membrane bilayer. The
respective residues predicted to interact with the membrane are
shown as sticks. The model was generated based on predictions
obtained with the MCPep server and was visualized using PyMOL.
f Alignment of YopM,_33, and IpaH9.8,_,5,. N-terminal domains are
colored in blue and red, respectively, the LPX domains are colored
in gray. The localization of the a-helices in the N-terminal domains
as well as the LRRs in the LPX domain is indicated with horizontal
lines. The alignment was obtained with MUSCLE with default set-
tings and visualized using JalView

manner over time. Similar conclusions were reached by
studying further cell lines such as human embryonic kid-
ney (HEK293T), human monocytic (THP-1), and murine
macrophage (RAW 264.7) cells. Data obtained from flow
cytometry-based analyses as well as confocal laser scan-
ning microscopy (CLSM) analysis concordantly revealed a
time-dependent cellular internalization of rIpaH9.8 into all
cell lines tested (Fig S2). Differences in the mean cellular
fluorescence among cell lines are attributed to the different
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Fig.2 T3SS-independent uptake of rIpaH9.8 into HeLa cells. a
CLSM analysis of HeLa cells incubated with 50 ug/mL of FITC-
labeled rIpaH9.8 or rGFP for 3 and 6 h, respectively. Green, FITC-
labeled protein; red, actin; blue, nuclei; scale bars represent 10 pm.
All images were merged and confocal z-stack projections are depicted
at upper/right sides. Crosshairs indicate the position of the x—y and
y—z planes. b Flow cytometry-based analysis of HeLa cells incubated
with 25 pg/mL FITC-labeled rIpaH9.8, rYopM, or rGFP for up to

sizes of the different cells with HeLa cells being the larg-
est followed by HEK293T, THP-1, and RAW 264.7 cells.
Overall, these data show that rIpaH9.8 can autonomously
enter eukaryotic cells.

Endocytic uptake of rlpaH9.8 is mainly mediated
by macropinocytosis and lipid-raft-dependent
processes

Although CPP uptake mechanisms are still not fully
understood, it is commonly accepted that endocytic pro-
cesses are primarily involved, whereas direct penetration
of the cytoplasmic membrane was observed only in some
cases [35, 51]. Comparison of uptake efficiencies at 37
and 4 °C showed that T3SS-independent translocation of
rIpaH9.8 was almost completely abolished at low tempera-
ture (Fig. 3a) indicating that energy-dependent endocytic
mechanisms are likely responsible. This hypothesis was
followed up by co-localization analysis of internalized
rIpaH9.8 with endosomal compartments. As shown in
Fig. 3b, rIpaH9.8-Cy3 partially co-localized with Rab5, a
marker for early endosomes, after 1 h incubation of HeLa
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6 h. Data are means + standard deviations from at least three inde-
pendent experiments; ns non significant, *p < 0.05, ****p < 0.0001
compared to medium control cells (two-way ANOVA followed by
Bonferroni’s multiple comparisons test). AU arbitrary unit. ¢ Flow
cytometry-based analysis of HeLa cells incubated with increasing
concentrations (25-100 ug/mL) of FITC-labeled rIpaH9.8 for up to
6 h. Data are means + standard deviations from at least three inde-
pendent experiments. AU arbitrary unit

cells. Co-localization with late endosomes (Rab7) as well as
with lysosomes (CD63) was detected at later time points of
3 and 6 h, respectively (Fig. 3b).

To dissect further which endocytic pathway(s) specifically
mediate(s) cellular internalization of rlpaH9.8, the effect of
different inhibitors was evaluated (Fig. 3c). Pre-treatment
of HeLa cells with cytochalasin D, an inhibitor of F-actin
polymerization, decreased uptake of fluorescently labeled
rIpaH9.8 more than 70%. A highly significant reduction of
uptake of approximately 70% was also observed after inhibit-
ing macropinocytosis using amiloride. In contrast, dynasore,
an inhibitor of dynamin- and clathrin-dependent processes,
only slightly altered rIpaH9.8 uptake by about 10%. The
role of lipid-raft-mediated endocytosis was assessed using
the inhibitors filipin and methyl-p-cyclodextrin. Both led to
a significant reduction of rIpaH9.8 uptake by 50 and 75%,
respectively. Microtubule dynamics, which are involved both
in the formation and transport of vesicles, seem to play a
role in the cellular uptake of rIpaH9.8 as nocodazole showed
an inhibitory effect. Taken together, these results suggest
that endocytosis, especially macropinocytosis and lipid-raft-
dependent processes, mediate rlpaH9.8 internalization. To a
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smaller extent, also clathrin-dependent endocytosis appears
to be involved. This was further confirmed by co-localization
analyses with fluorescently conjugated endocytic tracers. A
significantly higher proportion of rIpaH9.8-Cy3 co-localized
with the FITC-conjugated cholera toxin B-subunit which
is internalized by caveolae-dependent mechanisms at lipid
rafts, compared to Alexa Fluor®488-conjugated transferrin,
a tracer for clathrin-mediated processes (Fig. 3d). This cor-
roborates our earlier results, showing that rIpaH9.8 enters
eukaryotic host cells via synergistic activities of different
endocytic pathways, mainly by macropinocytosis and lipid-
raft-dependent processes and less via clathrin-dependent
endocytosis.

Additionally, intracellular localization was analyzed using
transmission electron microscopy (Fig. 3e). FLAG-tagged
rIpaH9.8 detected with Protein A-gold-conjugated-a-FLAG
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LYS

antibodies was found inside macropinosomes and endoso-
mal compartments comprising early and late endosomes as
well as lysosomes. In summary, these observations confirm
endocytosis-dependent uptake of rIpaH9.8, which, at least
partially, follows the endosomal pathways. Importantly,
rIpaH9.8 was also found free in the cytosol by transmission
electron microscopy. This finding is indicative of endosomal
escape, which is addressed further below.

Internalized rlpaH9.8 escapes from endosomes
and reaches the cytosol

Thus far, we showed an efficient cellular uptake of the LPX
effector IpaH9.8 into eukaryotic cells, which is mediated
by endocytic processes. However, the internalized protein
needs to escape from the endo-lysosomal pathways to exert
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«Fig.3 Endocytic uptake of rIpaH9.8. a Flow cytometry-based analy-
sis of HeLa cells incubated with 25 pg/mL Alexa Fluor®488-labeled
rlpaH9.8 for up to 3 h at 37 and 4 °C, respectively. Data are
means =+ standard deviations from at least three independent experi-
ments; ns non significant, **p < 0.01, ****p < 0.0001 compari-
son of cells incubated at 37 and 4 °C (two-way ANOVA followed
by Bonferroni’s multiple comparisons test). AU arbitrary unit. b
CLSM analysis of HeLa cells incubated with 25 ng/mL Cy3-labeled
rIpaH9.8 for 1, 3 and 6 h, respectively. Merged images are shown
in the left panels and single fluorescence channels are shown in the
right panels. All images consist of one optical section of a z-series
with a pinhole of 1 airy unit. Green, compartment-specific marker
proteins for early endosomes (EE), late endosomes (LE) and lys-
osomes (Lys); red, Cy3-labeled rIpaH9.8; blue, nuclei; scale bars
represent 10 pm. ¢ Flow cytometry-based analysis of HeLa cells
pre-treated with the indicated inhibitors for 1 h [200 uM cytocha-
lasin D, 19 mM amiloride, 30 mM dynasore, 3.8 mM filipin,
50 mM methyl-p-cycodextrin (MBCD), 16.5 mM nocodazole] and
subsequently incubated with 25 pg/mL Alexa Fluor®488-labeled
rIpaH9.8 for 3 h. Data are means + standard deviations from at
least three independent experiments; ns, non significant, *p < 0.05,
*#%¥p < 0.0001 compared to rIpaH9.8-incubated cells without inhib-
itor (one-way ANOVA followed by Bonferroni’s multiple compari-
sons test). d Quantification of co-localization of rIpaH9.8-Cy3 with
FITC-conjugated cholera toxin B-subunit (CTB-FITC) and Alexa
Fluor®488-conjugated transferrin (Tf-Alexa Fluor®488), respec-
tively, in HeLa cells co-incubated with either 20 pg/mL CTB-FITC
or 20 ug/mL Tf-Alexa Fluor®488 and with 25 pg/mL Cy3-labeled
rIpaH9.8 for 30 min. The percentages of co-localization of CTB-
FITC/Tf-Alexa Fluor®488 with Cy3-labeled rIpaH9.8 were calculated
using BiolmageXD software. Data are means =+ standard deviations
after evaluating co-localization from six microscopic images; sig-
nificance was calculated using the Student 7 test, ***p < 0.001 (left
panel). Exemplary CLSM analysis of HeLa cells co-incubated with
rIpaH9.8-Cy3 and CTB-FITC/Tf-Alexa Fluor®488. Merged images
are shown in the left panels and single fluorescence channels are
shown in the right panels. All images consist of one optical section
of a z-series with a pinhole of 1 airy unit. Green, indicated fluores-
cently-labeled endocytic tracer; red, Cy3-labeled rIpaH9.8; blue,
DNA; scale bars represent 10 um (right panel). e Electron micros-
copy of cryosections of HeLa cells incubated with 50 pg/mL FLAG-
tagged rlpaH9.8 for 3 h. Sections were stained with mouse-a-FLAG
antibody, rabbit-a-mouse IgG antibody and Protein A Gold (PAG)
(15 nm). PM plasma membrane, C cytosol, EE early endosome, N
nucleus, Lys lysosome, M mitochondrion; scale bars represent 100 nm

its function in the host cell instead of undergoing lysosomal
degradation.

Immunogold electron microscopy had demonstrated that
after uptake rlpaH9.8 was partially located in the cytosol
(Fig. 3e). As this clearly suggested the endosomal escape of
internalized rIpaH9.8, this was investigated in further detail.
To this end, we employed the pH-sensitive fluorescent probe
naphthofluorescein (NF) used to monitor the endosomal
escape and cytosolic entry of CPPs and CPEs [39, 49]. NF is
well suited to monitor processes of endosomal escape as its
fluorescence is quenched inside the acidic endo-lysosomal
compartment, whereas in a neutral environment, such as the
cytosol, it emits a fluorescent signal. This allows to easily
monitor the endosomal escape of internalized NF-labeled
proteins (Fig. 4a). In contrast, the previously described flow

cytometry-based assay using FITC-labeled proteins solely
measures total intracellular localization but does not distin-
guish between cytosolic or any other localization inside the
cell. As depicted in Fig. 4b, incubation of HeLa cells with
NF-labeled rIpaH9.8 (25 pg/mL) resulted in an increased
intracellular fluorescence as measured using flow cytometry.
As endosomal escape had already been confirmed for the
CPE YopM, NF-labeled rYopM was included in our experi-
ments as a positive control [45]. As expected, the addition of
rYopM-NF (25 pg/mL) to HeLa cells resulted in increasing
intracellular fluorescence over time, with values comparable
to those measured for ripaH9.8-NF. Bovine serum albumin
(BSA) is known to follow the endo-lysosomal pathways
without entering the cytosol and, thus, was used as a nega-
tive control [23]. Consequently, only background fluores-
cence was measurable when cells were incubated with NF-
labeled BSA (25 pg/mL).

Experiments that included chloroquine, a compound that
leads to endosomal swelling and rupture, and therefore, can
be used to release internalized material from endosomes,
indeed confirmed that BSA resides inside endosomal com-
partments. As shown in Fig. 4c, the addition of 150 pM
chloroquine led to only moderate cytosolic delivery of BSA,
whereas upon addition of 300 uM chloroquine an increase
of almost 2.5-fold was observed. In contrast, for rIpaH9.8-
NF, the increase in fluorescence upon addition of high con-
centrations of chloroquine was only minimal indicating that
most of the rIpaH9.8-NF protein had already escaped from
the endo-lysosomal compartment. Taken together, these
results clearly demonstrate that rlpaH9.8 is delivered from
endosomes into the cytosol after endocytosis-dependent cel-
lular internalization.

The N-terminal a-helical domain of IpaH9.8
mediates cellular uptake and can deliver GFP
as cargo

Cellular uptake of CPEs relies on PTDs, which can act as
CPPs and thereby facilitate the delivery of further cargo
molecules. To identify the domain(s) of IpaH9.8 responsi-
ble for cell-penetration, protein truncations were constructed
and their T3SS-independent translocation was analyzed
(Fig. 5a). The recombinant IpaH9.8 5 protein which lacks
amino acids 339-500 in the C-terminally encoded NEL
domain entered eukaryotic HeLa cells almost to the same
extent as full-length rIpaH9.8 (Fig. 5b). However, deletion
of the N-terminal a-helical domain comprising the amino
acids 1-56 resulted in drastically reduced uptake rates indi-
cating that this domain plays an important role in mediating
cellular uptake of rIpaH9.8. To exclude that protein deg-
radation during the extended incubation times (up to 8 h
incubation at 37 °C) might be responsible for the observed
reduced uptake, protein stability of rIpaH9.8, rIpaH9.8 (.,
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Fig.4 Endosomal escape of internalized rlpaH9.8. a Schematic
representation of an assay to monitor the endosomal escape of cell-
penetrating effector proteins (CPE) labeled with the pH-sensitive
fluorophore naphthofluorescein (NF). NF only emits fluorescence in
pH neutral cytosol. b Flow cytometry-based analysis of HeLa cells
incubated with 25 ug/mL NF-labeled rIpaH9.8, rYopM or BSA for
up to 12 h. Data are means + standard deviations from at least three
independent experiments; ns non significant, *p < 0.05, **p < 0.01,
*kp < 0.001, ****p < 0.0001 compared to BSA-NF-incubated
cells (two-way ANOVA followed by Bonferroni’s multiple com-
parisons test). AU arbitrary unit. ¢ Flow cytometry-based analysis of
artificially induced endosomal escape of BSA and rIpaH9.8 in HeLa
cells co-incubated with 25 pg/mL NF-labeled rIpaH9.8 or BSA and
increasing concentrations (150/300 uM) of chloroquine for up to 12 h.
Data are means + standard deviations from at least three independent
experiments; ns, non significant, ***p < 0.001 compared to respec-
tive control cells incubated without chloroquine (one-way ANOVA
followed by Bonferroni’s multiple comparisons test). AU arbitrary
unit

and rIpaH9.8 5\ under these conditions was confirmed using
immunoblotting (Fig S3). Interestingly, the N-terminal two
a-helices of YopM were found previously to be necessary
and sufficient for uptake into eukaryotic host cells [42] and,
moreover, capable of delivering cargo into target cells [19].
As illustrated in Fig. 1a, c, the N-terminal domains of YopM
and IpaH9.8 display partial sequence and extended structural
similarities in forming an a-helix-loop-a-helix N-terminal
domain, which might be indicative of a common PTD of
these two effector proteins.

Next, the ability of the N-terminal 56 amino acids of
IpaH9.8 to mediate the delivery of cargo proteins was
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investigated. To this end, a construct consisting of the
N-terminal two a-helices of IpaH9.8 fused to the N ter-
minus of GFP was generated (Fig. 5¢) and cellular uptake
was assessed using flow cytometry. GFP was chosen as
a model cargo protein as it is unable to enter eukaryotic
host cells on its own and displays a rather rigid structure.
Indeed, uptake rates of the 2aH,,,y9 s-GFP fusion protein
were almost as high as those of full-length rIpaH9.8 and
even slightly higher than those of the 2aHy,,\;-GFP fusion
protein, which was used as a positive control. In contrast,
HeLa cells did not internalize unconjugated rGFP (Fig. 5d).
These findings were confirmed by performing CLSM anal-
yses (Fig. 5e). HeLa cells incubated with 2aH;,y9 s-GFP
(50 pg/mL) displayed intracellular fluorescence, which was
evenly distributed all over the cytoplasm. A dose-depend-
ency in GFP delivery mediated by the N-terminal a-helical
domain of IpaH9.8 was also observed (Fig. 5f). Altogether,
the IpaH9.8-derived N-terminal a-helical domain acts as the
PTD of this effector, also enabling the delivery of cargo
proteins such as GFP into eukaryotic cells.

ripaH9.8 harbors an E3 ubiquitin ligase activity
and targets NEMO for poly-ubiquitination

The Shigella-derived LPX effector IpaH9.8 has a C-ter-
minally encoded novel E3 ubiquitin ligase domain that is
highly conserved among the entire IpaH-SspH-SIrP fam-
ily [61]. In the three-enzyme cascade of ubiquitination, E3
ligases mediate the transfer of ubiquitin to a specific target
protein, thereby altering the fate of the modified substrate.

To determine whether recombinant Shigella flexneri
(serotype Sa, strain M90T)-derived IpaH9.8 functions as
an E3 ubiquitin ligase, in vitro ubiquitination assays were
performed. Immunoblotting experiments showed a ladder
of ubiquitin chains only in those reactions performed in the
presence of either rlpaH9.8 or rIpaH9.8 , (Fig. 6a). Con-
trol reactions lacking either E1 ubiquitin-activating or E2
ubiquitin-conjugating enzymes did not result in poly-ubig-
uitination. These results demonstrate that rIpaH9.8 acts as
E3 ubiquitin ligase. As expected, this activity was abrogated
in the rIpaH9.8 - mutant that lacks the C-terminal domain
harboring the novel E3 ligase domain. In contrast, deletion
of the N-terminal a-helical domain (amino acids 1-56) did
not affect the enzymatic function (Fig. 6a).

NEMO was previously identified as a target of IpaH9.8
during Shigella infection [4]. Interaction of rIpaH9.8 with
recombinant NEMO protein ({fNEMO) was confirmed
using pull-down assays (Fig S4A). Ubiquitination analy-
sis of NEMO was carried out as described above using an
in vitro assay that additionally contained INEMO. Indeed,
rNEMO was poly-ubiquitinated in a rIpaH9.8-dependent
manner, as indicated by an additional protein species
detected by anti-NEMO antibody at a size of > 48 kDa
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Fig.5 The N-terminal a-helices of IpaH9.8 mediate cellular uptake
and can deliver GFP as a cargo protein. a Schematic representation
of full-length IpaH9.8 and its deletion variants IpaH9.8,. lacking
amino acids 339-500 and IpaH9.8,y lacking amino acid 1-56. NEL
novel E3 ubiquitin ligase. b Flow cytometry-based analysis of HeLa
cells incubated with 0.4 uM rlpaH9.8 (= 25 ug/mL), rIpaH9.8 . and
rIpaH9.8 , for up to 8 h. Data are means + standard deviations from
at least three independent experiments; ns, non significant, *p < 0.05,
**p < 0.01, #*p < 0.001, ****p < 0.0001 compared to medium
control cells (two-way ANOVA followed by Bonferroni’s multiple
comparison test). AU arbitrary unit. ¢ Schematic representation of
fusion proteins consisting of GFP fused to either the N-terminal two
a-helices of IpaH9.8 (2aH,,,9 §GFP) or to the N-terminal 73 amino
acids of YopM (2aHy,,,,;GFP). Non-fused GFP was used as a control.
d Flow cytometry-based analysis of HeLa cells incubated with 25 pg/
mL r20Hy,,149 sGFP, r20Hy,,,GFP and rGFP for up to 8 h. Data are

(Fig S4B). Upon cell-penetration, rIpaH9.8-mediated
ubiquitination of NEMO was analyzed using TUBEs
(tandem ubiquitin binding entities) pull-down assays.
TUBE moieties directly coupled to agarose beads serve
as high-affinity ubiquitin traps and allow to efficiently
purify poly-ubiquitinated proteins from cell extracts for
downstream analysis [21]. To confirm and also compare
the levels of target protein poly-ubiquitination, the pull-
down procedures have been combined with digestion by
the broad-spectrum de-ubiquitinating enzyme USP2 prior
to the ensuing analysis by Western blotting. An increased

Intracellular Fluorescence [AU]

Intracellular Fluorescence [AU]

120
100
80

7 L,©o-ripaH9.8

60 -ripaH9.8,
40 ~<-ripaH9.8,,
20 —medium
0 ok
0 4 8
Time [h]
100
80
60 -o-r2oH,,,,, ,GFP
0 X -o-r2oH, , GFP
-&rGFP
20 —medium
0
4
Time [h]
160 N
120
O 25 ug/mL
80 Hg
O 50 ug/mL

W 100 ug/mL

H
o

o

Intracellular Fluorescence [AU]

r2aH

GFP  rGFP

IpaH9.8

means + standard deviations from at least three independent experi-
ments; ns non significant, **p < 0.01, ****p < 0.0001 compared to
rGFP-FITC-incubated cells (two-way ANOVA followed by Bonfer-
roni’s multiple comparison test). AU arbitrary unit. ¢ CLSM analysis
of HeLa cells incubated with 50 ug/mL FITC-labeled r2aHy,po sGFP
and rGFP for 6 h. Green, indicated FITC-labeled protein; red, actin;
blue, nuclei; scale bars represent 10 pm. All images were merged and
confocal z-stack projections are depicted at upper/right sides. Cross-
hairs indicate the position of the x—y and y—z planes. f Flow cytom-
etry-based analysis of HeLa cells incubated with increasing concen-
trations (25-100 pug/mL) of FITC-labeled r2aHy,,p sGFP and rGFP
for 6 h. Data are means + standard deviations from at least three
independent experiments; significance was calculated using one-way
ANOVA followed by Bonferroni’s multiple comparison test, ns, non
significant, *p < 0.05, **p < 0.01. AU arbitrary unit

signal for the protein of interest is indicative of previous
poly-ubiquitination (Fig. 6b).

To assess the levels of NEMO poly-ubiquitination,
HEK293T cells over-expressing HA-tagged NEMO were
incubated with increasing concentrations of rIpaH9.8
(25-100 pg/mL). We detected increased levels of HA-
NEMO, as a function of rIpaH9.8 concentrations, suggest-
ing that NEMO indeed undergoes poly-ubiquitination in a
rIpaH9.8-dose-dependent manner (Fig. 6¢). Only basal lev-
els of poly-ubiquitinated HA-NEMO were observed upon
incubation with the catalytically inactive rlpaH9.8 . or
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Fig.6 rIlpaH9.8 is an E3 ubiquitin ligase that poly-ubiquitinates
NEMO. a Immunoblot detection of in vitro ubiquitination assays
performed with a mixture containing E1, E2 (UbcHS5b), HA-ubig-
uitin (HA-Ub), and either FLAG-tagged rlpaH9.8, rIpaH9.8,, or
IrpaH9.8 ,5. Detection of poly-ubiquitin chains using a-HA antibody;
detection of indicated rIpaH9.8-3xFLAG construct using a-FLAG
antibody. b Schematic representation of TUBEs pull-down work-
flow to purify and analyze poly-ubiquitinated proteins. ¢ Immunoblot
detection of TUBEs pull-down assay in HEK293T cells expressing
HA-tagged NEMO upon 6 h incubation with rIpaH9.8-3xFLAG (25—
100 pg/mL). Detection of poly-ubiquitinated HA-NEMO using o-HA

with the non-penetrating rIpaH9.8 ,\ protein (each 100 pg/
mL) (Fig. 6d). We conclude that cell-penetrating and enzy-
matically functional rIpaH9.8 mediates poly-ubiquitination
of its target host protein NEMO not only in vitro but also
intracellularly following T3SS-independent translocation.
How this affects the fate of NEMO is still unclear. Protea-
somal degradation of ubiquitinated NEMO is currently a
controversial issue and was not observed upon rlpaH9.8-
mediated ubiquitination (data not shown) [4, 13].
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antibody; detection of total level of ubiquitinated proteins (loading
control) using a-ubiquitin antibody (a-Ub). Immunoblot detection of
corresponding whole cell lysates is shown in Figure S4C upper panel.
d Immunoblot detection of TUBEs pull-down assay in HEK293T
cells expressing HA-NEMO upon 6 h incubation with 100 ug/mL of
full-length rIpaH9.8-3xFLAG, rIpaH9.8 AC-3xFLAG or IrpaH9.8 -
3xFLAG. Detection of poly-ubiquitinated HA-NEMO using a-HA
antibody; detection of total level of ubiquitinated proteins (loading
control) using a-ubiquitin antibody (a-Ub). Immunoblot detection of
corresponding whole cell lysates is shown in Figure S4C lower panel

T3SS-independent translocation: a common feature
of LPX effector proteins

YopM and SspHI1 belong to the LPX family of bacterial
effector proteins, which further comprises the Salmonella
proteins SspH2 and SIrP, as well as different Shigella IpaH
proteins. Since effector proteins of the LPX family share
significant homology in sequence and structure [33] the abil-
ity of other family members to autonomously translocate
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through the plasma membrane of eukaryotic cells in a T3SS-
independent manner was investigated. We recombinantly
expressed and purified IpaH1.4, IpaH2.5, IpaH4.5, IpaH7.8,
and SIrP and analyzed their cell-penetrating properties.
Figure 7 summarizes the results of flow cytometry-based
analyses of HeLa cells upon incubation with the different
fluorescently labeled LPX proteins (each 25 pg/mL). In all
cases, increasing intracellular fluorescence intensities were
measured indicating efficient internalization (Fig. 7a—e, left
panel). Confocal fluorescence microscopy of HeLa cells
incubated with Cy3-labeled rIpaH1.4, rlpaH2.5, rlpaH4.5,
rIpaH7.8, and rSIrP (each 25 pg/mL) revealed that all recom-
binant LPX effector proteins entered the cells. The proteins
were found in slightly different amounts and predominantly
localized in the perinuclear region both after 1 and 3 h
similar to rIpaH9.8. Nuclear localization was not observed
(Fig. 7a—e, right panel).

In summary, this study provides convincing experimental
evidence for the functional characterization of rIpaH9.8 as
an autonomously cell-entering effector protein or CPE. In
addition, these findings further support the general concept
of T3SS-independent translocation of bacterial effector pro-
teins of the LPX subtype.

Discussion

In the present study, we have characterized the cell-pen-
etrating abilities of bacterial effector proteins of the LPX
subtype. Focusing on the Shigella-derived effector protein
IpaH9.8, we observed T3SS-independent internalization via
macropinocytosis and lipid raft-dependent endocytosis, fol-
lowed by endosomal escape.

Although we observed striking sequence and structural
homologies between IpaH9.8 and the N-terminal a-helical
PTD of YopM (Fig. 1), no obvious similarities to other PTDs
of known CPPs could be identified. Employing different
experimental approaches, we demonstrated the ability of
rIpaH9.8 to enter eukaryotic cells autonomously in a time-
and dose-dependent manner (Fig. 2). This appears to be an
intrinsic property as it could be observed in different eukary-
otic cell lines (Fig S2). rlpaH9.8 uptake was impaired at low
temperature compared to physiological 37 °C suggesting the
involvement of energy-dependent uptake processes (Fig. 3a).
Microscopic analyses that revealed endo-lysosomal localiza-
tion of internalized rIpaH9.8 support a model for endocytic
uptake. However, we cannot completely exclude an addi-
tional contribution of direct penetration as this mechanism
might also be affected by the diminished fluidity of the cyto-
plasmic membrane at lower temperatures.

rIpaH9.8 uptake was highly reduced by blocking actin
polymerization, which is involved in vesicle formation and
transport. The fact that inhibiting microtubules, which are

essential for intracellular trafficking, also influenced uptake
dynamics suggests that rIpaH9.8 utilizes endocytic vesicle
formation and subsequent intracellular trafficking to gain
access into eukaryotic host cells (Fig. 3c). Nowadays, the
majority of CPPs is described to follow the endocytic uptake
route [48], which has also been shown previously for the
cell-penetrating LPX effectors YopM and SspH1 [30, 42].
Computational predictions uncovered several amino acids
in the N-terminal a-helical domain of rIpaH9.8 that might
potentially interact with the plasma membrane (Fig. 1d and
Fig S1). This initial contact could trigger the subsequent
cellular internalization of the effector protein thereby sup-
porting a receptor-independent endocytic mode of uptake.
This is consistent with our findings that macropinocytosis
and lipid-raft-dependent processes were especially important
in mediating cellular internalization of rIpaH9.8 (Fig. 3c, d).
Indeed, IpaH9.8’s domain spanning the first 56 amino acids
not only exhibits high similarity to the N-terminal part of
YopM but also, in this study, was confirmed experimentally
to mediate T3SS-independent translocation. Furthermore,
this domain functioned as a PTD and delivered GFP into
eukaryotic cells (Fig. 5). Hence, the identification of the
N-terminal a-helical domain of IpaH9.8 as a novel PTD
opens the possibility to deliver heterologous cargos. In this
context, in combination with, e.g., homing peptides, novel
combinatorial strategies for targeted therapeutic approaches
might be developed. Based on these findings, IpaH9.8 meets
the criteria to be considered as a CPP/CPE because of (1)
its autonomous translocation into eukaryotic cells, (2) its
uptake mediated by a distinct PTD and (3) its ability to trans-
port heterologous cargo into eukaryotic cells.

Internalized rIpaH9.8 seems to, at least partially, follow
the endo-lysosomal pathway. Especially at later time points,
lysosomal localization was observed (Fig. 3b). Nonetheless,
we can demonstrate that internalized rIpaH9.8 is able to
avoid complete degradation inside lysosomes by escaping
into the cytosol. Initial indications for endosomal escape
were provided by electron microscopy analysis revealing
internalized rIpaH9.8 to be localized partially free in the
cytosol (Fig. 3e). These observations were substantiated
by flow cytometry-based measurements using naphthoflu-
orescein-labeled rIpaH9.8 (Fig. 4). The pH-sensitive dye
naphthofluorescein allows to exclusively measure fluores-
cence arising from cytosolic proteins since it only emits
fluorescence in a neutral environment such as in the cyto-
sol. Extracellular fluorescence is quenched by an acid buffer.
The slight increase in fluorescence with BSA-NF-incubated
cells is most probably due to residual fluorescence arising
from early endosomes which are not fully acidified. In com-
parison to BSA-NF distinct increases for both rIpaH9.8 and
rYopM in NF-dependent fluorescence already found after
short incubation time clearly point to a cytosolic localization
of both proteins.
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Fig.7 Several bacterial LPX effector proteins enter HeLa cells in a
T3SS-independent manner. Flow cytometry-based analysis of HeLa
cells incubated with 25 pg/mL Alexa Fluor®488-labeled a rIpaH1.4,
b rIpaH2.5, ¢ rIpaH4.5, d rIpaH7.8, or e rSItP for up to 6 h. Data
are means =+ standard deviations from three independent experiments
(left panels). CLSM analysis of HeLa cells incubated with 25 pg/
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mL of Cy3-labeled a rIpaH1.4, b rIpaH2.5, ¢ rIpaH4.5, d rIpaH7.8,
or e rSIrP for 1 and 3 h, respectively. Red, Cy3-labeled rIpaH9.8;
green, actin; blue, nuclei; scale bars represent 10 um. All images
were merged and confocal z-stack projections are depicted at upper/
right sides. Crosshairs indicate the position of the x—y and y—z planes
(right panels)
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Ubiquitination of NEMO in a rIpaH9.8-dependent man-
ner can be taken as additional evidence for the effector’s
ability to reach the cytosol where it functions as an E3 ubiq-
uitin ligase (Fig. 6). This resembles the infection scenario
in which NEMO was first identified as a target of IpaH9.8
[4]. This implies that intracellular activity and protein inter-
actions of autonomously translocated and T3SS-injected
IpaH9.8 are at least partially overlapping.

For now, it remains elusive how rIpaH9.8 escapes into the
cytosol of HeLa cells. In general, there are different models
describing endosomal escape mechanisms of internalized
proteins. These models include escape from endosomes by
retrograde trafficking via the Golgi network to the endo-
plasmic reticulum, from where proteins are released into
the cytosol, penetration of endosomal membranes upon
pH-induced conformational changes of internalized pro-
teins, or the induction of transient pores into the vesicular
membrane [9, 17, 54]. Measurements of potential altera-
tions in the protein’s three-dimensional structure that were
obtained using the fluorophore 6,P-toluidinyl-naphthalene-
2-sulfonate (TNS) [2] as a hydrophobicity marker showed
that rIpaH9.8 indeed undergoes a pH-dependent conforma-
tional shift (Fig S5 A-B). Furthermore, the inhibition of
endosomal acidification by Bafilomycin A1, an inhibitor of
vacuolar HT-ATPases, resulted in an impaired intracellular
functionality of rIpaH9.8 as detected by diminished levels
of poly-ubiquitinated HA-NEMO (Fig S5 C). Together,
these data suggest the endosomal acidification is needed to
induce conformational alterations in the rIpaH9.8 protein
which then in turn facilitates endosomal escape of the cell-
penetrating LPX effector protein.

Generally, the identification of cell-penetrating bacterial
effector proteins opens the possibilities to study its intra-
cellular functionality in the absence of other, potentially
interfering bacterial components. Whether during Shigella
infection-secreted (‘recombinant’) IpaH9.8 might play a sub-
stantial role in virulence cannot be assessed from the current
data and needs to be addressed in future investigations. This
is also true for the other LPX family members where in most
cases it is not known whether these effector proteins might
be secreted into the extracellular environment during infec-
tion. However, the increasing number of effector proteins
that overcome eukaryotic membranes autonomously might
point towards a biological role during bacterial infections.
This notion is further supported by our identification of the
LPX effector proteins, a species-spanning group of viru-
lence factors, which not only share similarities in sequence
and structure but also apparently their ability to translocate
into eukaryotic cells in a T3SS-independent manner (Fig. 7).
From an evolutionary point of view, autonomous translo-
cation of effector proteins might be considered as a relic
from times prior to the evolution of highly efficient bacte-
rial secretion machineries, when cell-penetrating abilities of

secreted virulence proteins might have been advantageous.
The bacterial flagellum, the ancestor of the T3SS machin-
ery, is able to secrete proteins, including bacterial effectors,
under certain environmental conditions [1, 28, 59]. However,
over millions of years bacteria have evolved the T3SS appa-
ratus which allows direct cellular injection and targeting of
host cell functions in a more specialized and efficient manner
as compared to flagellar secretion. Directly injected effector
proteins enjoy the further advantage of being protected from
the immune system. Therefore, CPEs might be considered as
an evolutionary artifact from antecedent bacterial infections.

On the other hand, autonomous, T3SS-independent trans-
location might also still be relevant and might provide an
additional advantage to a sole T3SS-mediated injection of
effector proteins. In contrast to T3SS-delivery, autonomous
mechanisms do not require direct bacterial attachment to
the host cells and, therefore, might affect also ‘by-stander’
cells of the specific tissue, thereby facilitating further dis-
semination and extended bacterial infections. In this regard,
flagellar export of bacterial effector proteins could also be
involved as it has been reported for different species pre-
viously [28, 59]. Moreover, it is not yet known whether
T3SS-dependent secretion of LPX effector proteins can be
induced exclusively by contact with intact cells or also by
contact with cell fragments (e.g., exosomes) or other tissue
components. After all, it was shown that secretion of effec-
tor proteins can be stimulated artificially by several inducer
molecules including Congo Red [6, 29]. Interestingly, exog-
enously added YopM is able to partially restore the impaired
virulence of a AyopM strain [36]. In a previous study, the
EPEC effector protein NleC was found to display character-
istics of bacterial A-B toxins, underlining the hypothesis that
bacterial effector proteins have multiple ways to enter host
cells [49]. Undeniably, T3SS-mediated injection constitutes
the major delivery route of bacterial effectors, but, autono-
mously translocated CPEs might synergize with and extend
this pathogenicity module.

The cell-penetrating abilities and enzymatic activities of
rIpaH9.8 and other bacterial effector proteins make these
proteins highly interesting in terms of therapeutic appli-
cations. Whether ubiquitination of NEMO or of other (so
far unknown) targets upon autonomous translocation of
rIpaH9.8 has an impact on the transcriptional profile of pro-
inflammatory cytokines remains to be investigated. Here, we
provide evidence that autonomously translocated rIpaH9.8
is able to target and interfere with the host ubiquitin sys-
tem. Although bacteria lack a ubiquitin system of their own,
quite a few have apparently developed hijacking tools for
the host’s ubiquitin machinery to modulate essential host
cell functions for their own benefit. Hence, several studies
on bacterial effector proteins that manipulate specific post-
translational modification pathways such as ubiquitination
aim to identify new targets for the development of effective
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anti-microbial drugs. Apart from that, a better understanding
of the ‘microbial knowledge’ might also uncover an exten-
sive toolkit of natural modulators of many essential host pro-
cesses. This change of paradigm was previously proposed as
the ‘drugs from bugs concept’ [43, 44]. As alterations in the
ubiquitin system contribute to the development of distinct
diseases [38], cell-penetrating effector proteins with ubiqui-
tin E3 ligase activities such as the LPX proteins might be of
therapeutic interest. The present study provides an encourag-
ing basis to follow this up in the future.
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