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In brief

Shigella effectors are involved in its
escape from the bacterial-containing
vacuole. Mellouk et al. show that upon
Shigella entry, IcsB post-translationally
modifies Rab35 by fatty acylating lysins in
its polybasic region. This entraps Rab35
at the vacuole membrane and favors
release of Shigella into the cytosol.
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e The effector IcsB non-canonically entraps Rab35 at the
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vacuolar disassembly
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SUMMARY

Escape from the bacterial-containing vacuole (BCV) is a key step of Shigella host cell invasion. Rab GTPases
subverted to in situ-formed macropinosomes in the vicinity of the BCV have been shown to promote its
rupture. The involvement of the BCV itself has remained unclear. We demonstrate that Rab35 is non-canon-
ically entrapped at the BCV. Stimulated emission depletion imaging localizes Rab35 directly on the BCV
membranes before vacuolar rupture. The bacterial effector IcsB, a lysine N°-fatty acylase, is a key regulator
of Rab35-BCV recruitment, and we show post-translational acylation of Rab35 by IcsB in its polybasic region.
While Rab35 and IcsB are dispensable for the first step of BCV breakage, they are needed for the unwrapping
of damaged BCV remnants from Shigella. This provides a framework for understanding Shigella invasion
implicating re-localization of a Rab GTPase via its bacteria-dependent post-translational modification to sup-

port the mechanical unpeeling of the BCV.

INTRODUCTION

Shigella flexneri (referred to as Shigella here) is a major human in-
testinal pathogen that forces its uptake into non-phagocytic
epithelial cells of the colon to form a bacteria-containing vacuole
(BCV). For this purpose, it uses a type 3 secretion system (T3SS)
to inject ~25 effector proteins into targeted host cells, which
leads to the reprogramming of cellular functions." A key step of
the invasion process is Shigella-BCV rupture.”® It takes place
within a few minutes upon uptake, failure to escape the BCV pre-
vents intra- and intercellular spread of the bacterium, and it fa-
vors the targeting of the immobile BCV-entrapped pathogen by
autophagy and septin pathways.**°

While entering, Shigella also induces the formation of infec-
tion-associated macropinosomes (IAMs) through its T3SS
effector IpgD in the vicinity of the entry site.° IAMs and the
BCV are two distinct compartments; both need to come together
to promote BCV damage.’ Absence of IAM formation prevents
the efficient release of the bacterium into the cytosol because
the pathogen remains entrapped within damaged BCVs that
tightly wrap around Shigella.®” The identity of IAMs around the
BCV has been investigated in some detail, showing host protein
recruitment, including Rab guanosine triphosphatases
(GTPases) Rab5 and Rab11.° Purification of IAMs also identified
the presence of the exocyst complex that is subverted to cluster

IAMs in proximity to the BCV.%® As it emerges that interactions
between the BCV and the surrounding IAMs are key for vacuolar
damage and the subsequent unwrapping of the damaged BCV
membranes, it is important to understand better how host pro-
teins are subverted at the BCV during this process.

IcsB is a key T3SS effector of the Shigella invasion process. It
is strongly involved in the clustering of signaling proteins and
actin regulators at the BCV membrane, and it has been sug-
gested to be involved in the cytosolic access of the bacte-
rium.>*® Originally, IcsB was thought to be involved in the
rupture of secondary BCVs forming in cells that become infected
with Shigella through actin-based cell-to-cell spread from the
first infected cells.” Only later was it recognized to play a role
during the early steps of Shigella invasion.® IcsB has been linked
with Shigella escape from autophagy in primarily invaded cells®
and in the formation of actin cages around the BCV, as well as
septin entrapment.’®'®> A Rho GTPase-inactivating domain has
been found in IcsB, suggesting its possible interaction with
host Rho GTPases, which are involved in actin cytoskeleton re-
modeling.®'® An important study by Liu et al. discovered that
IcsB triggers post-translational modifications (PTMs) on up to
60 host proteins involving Rho and Rab GTPases or SNAREs. "
Detailed in vitro biochemical characterization has identified
these PTMs as N°-fatty acylation by IcsB on host protein lysins. "
However, the roles of IcsB N°-fatty acylation and substrate
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specificity during the Shigella invasion process have remained
rather unclear.

Rab GTPases are part of a large family of small GTPases that
contain up to 60 members in humans.®'® They ensure proper co-
ordination of eukaryotic vesicle trafficking by regulating mem-
brane identity, vesicle budding, fission and uncoating, motility,
and fusion through the recruitment of multiple effectors.’® One
of the most important features of a Rab GTPase is its localization,
which is tightly linked with its function. The hypervariable C-ter-
minal domain plays a major role in the control of Rab GTPase
localization.'” This region allows lipidation at specific cysteines
at the very C terminus that participate in the membrane associ-
ation of the protein. Rab GTPases are frequently hijacked by
intracellular pathogens, such as Salmonella enterica, Listeria
monocytogenes, or Shigella, to induce internalization, escape
of the host autophagy pathways, or better access to nutri-
ents.®'® Their subversion typically occurs through interactions
with bacterial effectors acting as GTPase-activating proteins
(GAPs), guanine nucleotide exchange factors (GEFs), or guano-
sine nucleotide dissociation inhibitors (GDls) or by their direct
subversion introducing PTMs.'®'® Several Rab GTPases have
been found to be hijacked by Shigella during its invasion of
epithelial cells, such as Rab11, Rab5, or Rab8.%*°

Rab35 is a Rab GTPase localized at the plasma membrane
and on endosomes, which controls fast endocytic cargo recy-
cling and actin dynamics in key cellular functions, such as cyto-
kinesis, formation of the phagocytic cup, neurite outgrowth, cell
migration, and tumorigenesis.'®" As for other Rab GTPases,
the C-terminal polybasic region (PBR) of Rab35 is essential for
plasma membrane targeting. Nevertheless, it has unique fea-
tures due to the presence of a stretch of lysins upstream of the
terminal cysteines that cannot be found in other Rab GTPases.?
Typically, Rab35 is recruited to endosomal membranes only
for short periods in the range of minutes.”® Activated Rab35
has been shown to interact with several host effectors, such
as OCRL, Fascin, MICAL-L1, MICAL1, Podocalyxin, and
ACAP2.7>?8 It is frequently targeted by intravacuolar pathogens,
for example, via ampylation or phosphocholination to re-route
proteins and membranes to their vacuole, which is crucial for
their survival and replication.”®-*°

So far, Rab35 subversion has not been studied during Shigella
invasion. We identified Rab35 as major target of the T3SS
effector IcsB, leading to its immobilization at the BCV via its
enzymatic acylation activity. We further demonstrated that this
subversion is needed to allow unwrapping of broken BCV mem-
branes around the entering bacteria. We suggest that our newly
identified molecular cascade is crucial for Shigella to avoid
detection by the cellular immune surveillance machinery.

RESULTS

Rab35 is recruited to Shigella BCV membranes in
epithelial cells in a non-canonical way

We analyzed the localization of an array of Rab GTPases to the
entry site of Shigella during challenge of epithelial cells by fluo-
rescence microscopy (Figure S1A). Rab35 was among those to
become highly enriched in the regions where the bacteria
entered the host cells. To assess the dynamics of Rab35 subver-
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sion during the successive steps of the Shigella invasion process
in more detail, we performed time-lapse video-microscopy ex-
periments of Hel a cells transfected with GFP-Rab35 or cotrans-
fected with GFP-Rab35 and galectin-3-mOrange as marker for
BCV rupture. Strikingly, GFP-Rab35 was strongly recruited to
the Shigella-BCV prior to its rupture, in addition to some weaker
recruitment to the surrounding IAMs (Figure 1A; Videos S1 and
S2). Rab35 remained localized at the BCV until the end of our
time-lapse series or until disassembly of the BCV membrane
remnants. Importantly, this behavior was also observed in
Hela cells expressing endogenously GFP-tagged Rab35 (Fig-
ure 1B). We then tested physiologically relevant cellular models
for Shigella invasion, namely Caco-2 TC7 and HCT-116 cells,
where GFP-Rab35 was found likewise to be enriched at the
BCV (Figure 1C; Video S3).

We wanted to image the localization of Rab35 around the BCV
with higher precision because the BCV is surrounded with a thick
actin cocoon that spans >200 nm.'° Because of this, we needed
to assess whether Rab35 localized directly at the BCV mem-
brane or more distally at the location of the actin cocoon. We ad-
dressed this with stimulated emission depletion (STED) superre-
solution microscopy, a technique that allows protein localization
measurements within cells below the diffraction limit in the range
of tens of nanometers. With STED, we observed and character-
ized the localization of Rab35 down to 30 nm around the Shigella
entering Caco-2 TC7 cells. Performing dual-color STED with the
galectin-3 marker as reference for the precise localization of the
membranes around entering Shigella, we found Rab35 localized
directly at the BCV membrane (Figure 1D). The Rab35 signal
partly overlapped with the galectin-3 staining (Figure 1D, left).
We performed a quantitative analysis of the spatial distribution
of Rab35 and galectin-3 all around the BCV through in silico un-
folding of the BCV membranes (Figure 1D, upper right; see also
STAR Methods). This clearly revealed that Rab35 never ap-
peared more distal from the labeled BCV membranes in relation
to the englobed bacteria (Figure 1D, lower right; see also STAR
Methods). Together, this analysis confirmed that Rab35 is
indeed recruited directly at the BCV membrane, and it provided
fine details of these structures.

The long-lasting Rab35 presence at the Shigella-BCV was un-
expected because we anticipated its rapid replacement by Rab5
within 5-15 min, known from phagosomal maturation.”*"
Furthermore, we could not detect the recruitment of the Rab35
GAP EPI64B/TBC1D10B to BCVs covered with the Rab, despite
its presence on the surrounding Rab35" membrane ruffles and
IAMs (Figure S1B). Therefore, we investigated whether Rab35
recruitment to the BCV membrane occurs in a canonical way
compared to phagosomes. The internalization of Escherichia
coli expressing an invasin A (InvA) was used as a model for ca-
nonical phagocytosis. Caco-2 cells were cotransfected with
RFP-Rab35 and GFP-Rab5 and subsequently infected with
either E. coli InvA or Shigella wild type (WT). The bacterial inva-
sion of host cells was then monitored by time-lapse fluorescence
microscopy for 90 min (Figures 2A and 2C; Videos S4 and S5).
Analysis of the obtained time-lapse image sequences confirmed
the canonical sequential recruitment of Rab35 followed by Rab5
on phagosomal membranes for E. coli InvA (Figure 2A). We
quantified the data from our time-lapse series normalizing the
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Figure 1. Rab35 is recruited to the Shigella-BCV in epithelial cells
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Infection assays of epithelial cells transfected with GFP-Rab35, GFP-Rab35/galectin-3-mOrange and infected with Shigella WT or Shigella WT dsRed.
(A and C) Representative images of infection assay time lapses: HeLa (A) or Caco-2 TC7 and HCT-116 (C). Pictures taken from the beginning of the infection focus
every 1 min, and merged (red: S. flexneri dsRed or galectin-3-mOrange, green: GFP-Rab35). White arrowheads: internalized bacteria. Blue arrowhead: I1AM.

White star: ruptured BCV. Scale bars, 5 um.

(B) Representative image of infection assay time lapses showing the recruitment of endogenous GFP-Rab35: HelLa GFP-Rab35°"9°9°m°Us infected with Shigella

WT. Scale bars, 5 um.

(D) Representative STED fluorescence images of fixed infection assays: Caco-2 cells transfected with GFP-Rab35 and infected with Shigella WT, followed by
immunostaining of GFP-Rab35 (Rb anti-GFP/Gt anti-Rb StarOrange) and galectin-3 (Rt anti-galectin-3/Gt anti-Rt Atto647N). Fluorescence profiles of Rab35
across the membrane have been aligned and taken as a reference to estimate the distance between the average profiles (curves in black) of Rab35 and galectin-3,
as well as for estimating the average of the distances between single pairs of profiles along the unfolded membrane.

fluorescence of the phagosomes (Figure 2B), BCVs, and IAMs
(Figure 2D) in the red and green channels at each time point, tak-
ing the preinvasion background fluorescence as reference. The
fluorescence intensities around the E. coli phagosome showed

slightly increased early Rab35 levels and strong enrichment of
Rab5 from 15 min onward, with a decrease in Rab35 (Figure 2B).
In contrast, Shigella-BCVs exhibited an early, strong, and persis-
tent enrichment of RFP-Rab35 at their membranes, with virtually
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Figure 2. Canonical versus non-canonical recruitment of Rab5 and Rab35 at the BCV membrane of E. coli invA and Shigella WT

Infection assays of Caco-2 cells cotransfected with GFP-Rab5 and RFP-Rab35 and infected with Shigella WT or E. coli-expressing InvA.

(A and C) Representative images of infection assay time lapses: E. coli InvA (A) or Shigella WT (C). Pictures were taken from the beginning of the infection focus
every 1 min in 2 separate channels (red: RFP-Rab35, green: GFP-Rab5) and merged. White arrowheads: internalized bacteria. Blue arrowheads: IAMs. Scale
bars, 5 um.

(B and D) Relative fluorescence at the phagosome (during E. coli InvA invasion) (B) and at the BCV and IAM membrane (during Shigella WT invasion) (D) compared
to background fluorescence intensities in the 2 separate channels.

(E) Mean fluorescence intensities of n > 8 plots per compartment, in both channels, analyzed from 3 independent experiments; error bars: SEM.

no GFP-Rab5 recruitment (Figure 2D). However, IAMs showed = somes, and macropinosomes was confirmed by quantifying the
continuous enrichment in Rab5 at their membrane, whereas fluorescence intensity at ~10 replicates for each compartment
Rab35 levels remained very low, with a very transient Rab35 (Figure 2E). This analysis showed that RFP-Rab35 was con-
enrichment (~5 min post-invasion) (Figure 2D). The robustness  tinuously and permanently accumulated at Shigella-BCVs
of the distinct behavior of Rab5 and Rab35 at the BCVs, phago-  with higher intensities than on phagosomal membranes.
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Figure 3. The bacterial N°-fatty acylase IcsB entraps Rab35 at the BCV

(A-C) Representative time lapses of infection assays of Caco-2 cells cotransfected with GFP-Rab35 and galectin-3-mOrange, and infected with Shigella WT (A),
the AicsB (B), or the complemented AicsB/icsB (C). Pictures were taken from the beginning of the infection focus every 1 min in 2 separate channels (green: GFP-
Rab35, red: galectin-3-mOrange) and merged. White arrowheads: internalized bacteria. White stars: ruptured BCVs. Scale bars, 5 um.

(D) Relative mean fluorescence intensities at the BCV just before rupture or the time point when the BCV exhibit the most intense fluorescence normalized to the
average plasma membrane fluorescence intensity in the green channel (GFP-Rab35). Red bars: median (n = 20 per condition, analyzed from 3 independent
experiments). Statistical significance: Kruskal-Wallis test, ***p < 0.0001, ns, not significant.

Furthermore, a few BCVs displayed a very transient and early
GFP-Rab5 recruitment, which was not observed on pha-
gosomes or IAMs. Similar results were also observed in HeLa
cells, showing the impairment of the sequential recruitment of
Rab35 and Rab5 at the BCV during Shigella invasion (Fig-
ures S2A-S2C).

Overall, these data show that Rab35 is recruited to Shigella-
BCVs in a non-canonical way, suggesting that the internalization
of this pathogen does not follow classic phagosomal maturation.
This is also in line with our previous results that actively entering
Shigella invades epithelial cells through a process that is distinct
from macropinocytosis.”"'°

The T3SS effector IcsB targets Rab35 at the BCV

We hypothesized that Rab35 entrapment at the BCV membrane
is a result of post-translational modification by a bacterial
effector. IcsB has been shown recently to act as an N*-fatty acy-

lase interacting with up to 60 host proteins, among which Rab35
was identified as a potential target.'" Consequently, acylation of
Rab35 by IcsB could promote the tethering of this Rab GTPase
to the BCV. We assessed the dynamic localization of Rab35 us-
ing a AicsB mutant strain for cell invasion in comparison to infec-
tions with Shigella WT, or the complemented AicsB/icsB strains.
Caco-2 cells were cotransfected with GFP-Rab35 and galectin-
3-mOrange and infected with the three strains. Then, we moni-
tored the recruitment of Rab35 to the bacterial entry site by
time-lapse fluorescence microscopy for 90 min, as in Figure 1
(Figures 3A-3C; Videos S6 and S7). This revealed the complete
absence of any prolonged Rab35 accumulation around entering
bacteria upon infection with the AicsB mutant. However, Rab35
was still slightly visible at the forming IAMs in proximity to the
entering bacteria (Figure 3B). In addition, the complemented
AicsBlicsB strain rescued the recruitment of GFP-Rab35 at the
BCV (Figure 3C). To assess the robustness of these phenotypes,
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Figure 4. IcsB fatty acylates the lysines of the
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Q;i"h",@&o-&“’v Q.'?bx\":_x\‘? fatty acylation of small GTPases, such as
Q_;,o""’\o& qu?};i“ RhoA, relies on the targeting of one or
vq,‘:x & several specific lysine residues, at least
® invitro."" As previously noted, in silico anal-

we proceeded with quantifications of the fluorescent signals of
Rab35 around the entering bacteria. Rab35 has been shown to
localize at both phagosomal compartments and the plasma
membrane,”® so the quantification of GFP fluorescence intensity
was performed by normalizing the average fluorescence of the
BCV at the time of its rupture to the average fluorescence of
the plasma membrane at the same time point. This provided pre-
cise information on the differential Rab amounts at the BCV and
the host plasma membrane, which is a proxy for the distribution
of GFP-Rab35 between these two membranes (Figure 3D). For
the BCVs that did not rupture during the measured time lapses,
their fluorescence intensity was measured at the time point when
the compartment was considered to be the most fluorescent in
the green channel (GFP-Rab35). In addition, we performed
time-lapse imaging of Caco-2 cells cotransfected with GFP-
Rab5 and RFP-Rab35 and infected with Shigella AicsB. In
contrast to the continuous and permanent accumulation of
RFP-Rab35 at Shigella WT-BCVs (Figure 2), RFP-Rab35 did
not appear around the AicsB-BCVs (Figures S2D and S2E).
Our data strongly indicate an involvement of IcsB in Rab35
entrapment at the BCV.

IcsB N-fatty acylates the lysines of Rab35 PBR at the
BCV

To demonstrate that Rab35 is indeed a target of IcsB, we trans-
fected HEK293T cells with WT or mutated versions of IcsB and
Rab35-WT-FLAG and performed click chemistry-based labeling
of acylated proteins. Subsequently, we did immunoprecipitation
and in-gel fluorescence assays following previously published
protocols.''*?%% Using these methods, we were able to demon-
strate that Rab35-WT-FLAG is indeed fatty acylated by IcsB (Fig-
ure 4). The use of IcsB C306A (catalytically inactive) as a control
further validated our results, because the acylation levels of
Rab35 reverted to the same level as if no IcsB was expressed
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ysis of the C terminus of the unconventional

PBR of Rab35 highlighted the presence of a
stretch of lysines (Figures 5, lower left, and S3A).? Because IcsB
has previously been shown to fatty acylate lysines in the PBR of
small GTPases, the cluster of lysines in Rab35 PBR appeared as
a possible target of IcsB. To assess this, we generated a Rab35
mutant (Rab35-3KR) with the three lysines of its PBR replaced by
arginines (K195R, K197R, and K198R), which is also a positively
charged amino acid but cannot be enzymatically modified by
IcsB. We then transfected Rab35-3KR-FLAG in HEK293T cells
and repeated the same assays (Figures 4D-4F). Our results
showed that these lysines are preferential targets of IcsB for fatty
acylation of Rab35. To consolidate our results, we incubated cell
lysates with hydroxylamine (HA) to remove background cysteine
acylations and obtained similar results (Figure S4).

Together, these experiments demonstrated the requirement of
the N°-fatty acylase IcsB for the unusual recruitment of GFP-
Rab35 to the BCV prior to BCV rupture as well as for the pro-
longed localization at the BCV membranes upon vacuolar
rupture.

The Rab35 PBR is targeted by IcsB for its recruitment to
the BCV

The Rab35-3KR was then investigated as to whether it was re-
cruited to the BCV by time-lapse fluorescence microscopy of
Caco-2 cells (Figures 5A and 5C; Video S8). More precisely, mul-
tiple conditions were tested similar to those presented in Fig-
ure 1, with cells being transfected either with GFP-Rab35 WT
or the 3KR mutant (Figures 5A and 5B) or co-transfected with
GFP-Rab35 (WT or 3KR) and galectin-3-mOrange (Figures 5C
and 5D). Cells were then infected with Shigella WT dsRed
(Figures 5A and 5B) or Shigella WT (Figures 5C and 5D), respec-
tively. At first glance, the videos reveal a very faint recruitment of
GFP-Rab35-3KR to the BCV membrane compared to the WT
(Figures 5A and 5C; Video S8). In addition, we could still detect
the accumulation of Rab35-3KR to the forming IAMs around
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Figure 5. IcsB targets the K195 of the Rab35 PBR for BCV entrapment

The sequence of the Rab35 PBR WT, 3KR mutant (where the lysines 195, 197, and 198 were replaced by arginines), and K195R mutant (where the lysine 195 was
replaced by arginine) is shown at lower left.

(A and C) Representative time lapses of infection assays of Caco-2 cells transfected with GFP-Rab35 only (WT or 3KR) (A) or cotransfected with galectin-3-
mOrange (C), and infected with Shigella WT expressing dsRed (A) or not (C). Pictures were taken from the beginning of the infection focus every 1 min in 2 separate
channels (green: GFP-Rabg35, red: S. flexneri dsRed in A or galectin-3-mOrange in C) and merged. White arrowheads: internalized bacteria. Blue arrowheads:
IAMs. White stars: ruptured BCVs. Scale bars, 5 um.

(B) Relative mean fluorescence intensities at the BCVs just before rupture or the time point when the BCV exhibits the most intense fluorescence normalized to the
average membrane fluorescence intensity in the green channel (GFP-Rab35) in cells infected with Shigella expressing dsRed. Black bars: median (n > 50 per
condition, analyzed from 3 independent experiments). Statistical significance: Mann-Whitney test, ***p < 0.0001.

(legend continued on next page)
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the entering bacteria, similar to Rab35 WT. These results hinted
at the prominent role of an intact PBR for targeting to the
Shigella-BCV, but not to other compartments. The fluorescent
signals of GFP-Rab35 WT or 3KR around the entering bacteria
were quantified as in Figure 3D. These quantifications demon-
strated that there is a significant difference in GFP-Rab35
recruitment upon Shigella invasion between the WT and the
3KR mutant, with the necessity of an intact PBR to target the
Shigella-BCV (Figures 5B and 5D). Furthermore, Rab35 re-local-
ization of the 3KR mutant resembled the phenotype observed
with the AicsB mutant (Figure 3B).

We continued with the aim of deciphering the importance of in-
dividual lysines of the Rab35 PBR to provide further insights on
the mechanism of action of IcsB. To investigate this, we made
mutants in which one or several lysines were replaced by argi-
nines (Rab35-2KR and Rab35-K195R, where the lysines 197
and 198 or the lysine 195 were replaced by arginines, respec-
tively). Then, time lapses were performed in Caco-2 cells cotrans-
fected with GFP-Rab35 (WT, and the mutated proteins) and
galectin-3-mOrange after infection with Shigella WT. This identi-
fied that the GFP-Rab35-K195R mutant shows strong inhibition
of its recruitment at the BCV compared to the WT (Figures 5E
and 5F; Video S9). In contrast, the GFP-Rab35-2KR mutant
showed recruitment similar to that of WT (Figures S3B and
S3C). To distinguish between the wrapping and the unwrapping
of ruptured BCVs, we performed time-lapse confocal imaging
of Caco-2 cells cotransfected with GFP-Rab35 and galectin-3-
mOrange and infected with Shigella WT BFP (Figure S5).

Our combined data suggest that the lysine 195 of GFP-Rab35 is
crucial for lcsB-mediated subversion of Rab35 at the Shigella-
BCV, and a synergistic effect of additional PBR lysines may occur.

Rab35 recruitment to the BCV promotes Shigella
vacuolar membrane unpeeling within primary infected
cells

We then asked, what is the role of Rab35 subversion at the BCV
for the course of Shigella infection? Because Rab35 is recruited
before vacuolar rupture, we hypothesized that it could be involved
during the early events of Shigella intracellular niche formation.
Vacuolar rupture involves a sequence of steps. It starts with initial
membrane destabilization and BCV damage, eventually leading to
the complete unwrapping of the enclosed bacteria to allow their
efficient intra- and intercellular spread. Taking full advantage of
the galectin-3-GFP reporter, we are able to pinpoint both the initial
step of membrane damage and the fate of the damaged mem-
branes. To monitor this, we first generated HeLa CRISPR Rab35
knockout (KO) cells and characterized them. The level of Rab35
expression in HeLa CRISPR Rab35 WT or KO cells was measured
by western blot, showing the absence of the protein in the KO cells
(Figure S6A). Upon transfection of the Rab35 KO cells with galec-
tin-3-GFP, we infected them with Shigella WT dsRed. Inspecting
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the time-lapse videos, we noticed a striking difference for both
conditions, with Shigella remaining entrapped within damaged
BCVs, in the case of the Rab35 KO, whereas the BCV membranes
unwrapped rapidly in WT conditions, with membrane pieces mov-
ing away several micrometers within a few minutes (Figure 6A;
Video S10). Quantifying these events corroborated that bacterial
entry foci formation was slightly delayed in the Rab35 KO cells
(Figure S6B), whereas the onset of vacuolar rupture upon foci for-
mation (Figure 6C) was unchanged. However, the time span of
BCV disassembly was dramatically delayed in the Rab35 KO cells,
indicating that the efficient unwrapping of the damaged BCV
membranes (Figure 6D) could not take place, leading to delayed
intracellular bacterial motility (Figure 6E). The expression of
GFP-Rab35 WT or Rab35-FLAG but not GFP-Rab35-3KR mutant
restored the efficient unwrapping of the ruptured BCV in Rab35
KO cells (Figures 6A, S7A, and S7B), suggesting that the IcsB tar-
geting of Rab35 to the BCV membrane plays a role in the cytosolic
escape of Shigella within primary infected cells. We performed in-
direct immunofluorescence labeling of Rab35-FLAG to control
that all galectin-3-GFP-expressing cells also expressed Rab35
(Figure S7C). In HeLa cells expressing Rab35, Shigella AicsB re-
mained entrapped within BCVs compared to invasions with
Shigella WT (Figure 6B), resembling Shigella WT invasions in
Rab35 KO cells (Figure 6A). This phenotype is in agreement with
what has been previously described by Kiihn et al.’®

After the rupture of the initial vacuole, Shigella replicates rapidly
within the host cytosol and it spreads from cell to cell. To achieve
this, it propels itself from a first infected cell into neighboring cells,
forming actin comet tails. In the neighboring infected cells,
Shigella then escapes so-called secondary vacuoles. This step
does not involve the formation of IAMs that need to interact with
the BCV crucial for BCV damage and unwrapping in the first in-
fected cell.>” To measure whether these later steps of infection
were affected through the IcsB-Rab35 axis, we measured the for-
mation of infection focus in fully confluent Caco-2 cells upon infec-
tion with S. flexneri WT or AicsB at a very low MOI of 0.05. Under
these settings, an infection focus is formed upon cell invasion with
only one bacterium. The area of each cell infection focus was
measured, and we observed that compared to the WT strain,
the AicsB mutant presents smaller plaques, indicating a restricted
cell-to-cell spread (Figures 6F and 6G).

Altogether, our results suggest that the reprogramming of
Rab35 at the BCV via the IcsB-induced acylation contributes
to the efficient unwrapping of Shigella from the damaged vacu-
ole. Moreover, the absence of IcsB decreases the efficiency of
cell-to-cell spread.

DISCUSSION

The paradigm how Shigella forms its intracellular niche in epithe-
lial cells has changed over the last several years.® It has become

(D) Relative mean fluorescence intensities at the BCVs just before rupture or the time point when the BCV exhibits the most intense fluorescence normalized to the
average membrane fluorescence intensity in the green channel (GFP-Rab35) in cells co-transfected with galectin-3-mOrange and GFP-Rab35. Black bars:
median (n > 50 per condition, analyzed from 3 independent experiments). Statistical significance: Mann-Whitney test, ***p < 0.0001.

(E) Representative time lapses of infection assays of Caco-2 cells cotransfected with GFP-Rab35-K195R and galectin-3-mOrange, and infected with Shigella WT.
Pictures were taken from the beginning of the infection focus every 1 min in 2 separate channels (green: GFP-Rab35, red: galectin-3-mOrange) and merged.

White star: ruptured BCV. Scale bars, 5 um.

(F) Relative mean fluorescence intensities at the BCVs just before rupture or the time point when the BCV is the most fluorescent, normalized to the average
membrane fluorescence intensity in the green channel (GFP-Rab35). Black bars: median (n > 90 per condition, analyzed from 3 independent experiments).
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Figure 6. Rab35 entrapment at the BCV is required for Shigella vacuolar membrane unpeeling and cell-to-cell spread

(A and B) Representative time lapses of infection assays of HeLa CRISPR Rab35 WT or Rab35 KO cells transfected with galectin-3-GFP only or cotransfected
with Rab35-WT-FLAG and infected with Shigella WT dsRed (A) or Shigella AicsB dsRed (B). Pictures were taken from the beginning of the infection focus every
1 min in 2 separate channels (green: galectin-3-GFP, red: S. flexneri dsRed) and merged. White circle: time of Shigella vacuolar membrane unpeeling. White
cross: Shigella remaining entrapped within damaged BCV. Scale bars, 5 um.

(legend continued on next page)
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clear that the pathogen does not enter actively through macropi-
nocytosis; however, two events take place simultaneously—
bacterial entry within a thus far poorly characterized phagosome
or BCV and the formation of IAMs that make contact with the
phagosome to promote vacuolar rupture.>®” 1AM reprogram-
ming and recruitment to the BCV before its damage have already
been characterized in some detail.>” Here, we show the massive
subversion of Rab35 to the Shigella-BCV, making Rab35 a
robust marker for this compartment (Figure 1). The strong and
permanent recruitment of Rab35 to the BCV membrane while
Rab5 is virtually absent pointed toward a non-canonical target-
ing pathway (Figure 2). Mechanistically, the addition of fatty acyl-
ation on the lysines of the Rab35 PBR by the bacterial effector
IcsB could explain this massive and atypical entrapment of
Rab35 at the BCV (Figures 3, 4, and 5). In case Rab35 is absent,
the onset of BCV rupture is not altered; however, the broken
membrane remnants cannot be peeled away from the entering
bacteria (Figure 6). This phenotype is the same when IAM forma-
tion is abrogated (by depleting the T3SS effector IpgD), or similar
to infections with the AicsB mutant (Figure 6).°'° It underscores
a functional link between the BCV and the surrounding IAMs for
the unwrapping of the entering bacteria. Therefore, it is tempting
to speculate that Rab35 acts as an anchor making membrane
contacts with the forming IAMs. Rab35 effectors or interactors,
such as the MICAL-L1 proteins, could play a role in the formation
of stable complexes between both compartments, which should
be tested in future studies. Furthermore, it needs to be investi-
gated how such complexes can convey the mechanical forces
driving the broken BCV membranes away several micrometers
from the entering bacteria. It is likely that motor proteins present
on the IAMs play a role in this process.”

Rab35 is modified differently by several other pathogens to pro-
mote bacterial intracellular survival or replication. For instance, Le-
gionella pneumophila induces Rab35 AMPylation and phospho-
cholination, ultimately leading to its depletion by reducing
Rab35 binding to its GEF DENND1A.** The subversion of Rab35
by Legionella effectors redirects the exocytosis pathway to con-
trol the transport and the formation of the membrane-bound
compartment in which the bacterium resides. On the other
hand, uropathogenic E. coli (UPEC) enhances the expression of
Rab35 to escape lysosomal degradation and enhances iron up-
take into the BCV. Indeed, Rab35 is involved in transferrin receptor
recycling, which is responsible for transferrin-mediated cellular
iron uptake, and its subversion by UPEC promotes its survival.*®
Here, our work identifies a key role of Rab35 acylation for the un-
wrapping of the BCV membrane remnants during Shigella inva-
sion. This step appears crucial to render the bacteria naked within
the cytosol for actin-based motility. Together, it highlights the role
of Rab35 as a major trafficking regulator being relevant for
different infection processes.
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PTM modification of host factors is a common theme during
the intracellular niche formation of Shigella.*® Exemplarily, this
can either perturb the stability of host proteins through ubiquiti-
nation via the IpaH family®” or affect the innate immune signaling
events through OspF or OspC3.°%° Furthermore, Shigella effec-
tors also act as proteases (IpaJ), glutamine deamidases (Ospl),
or methylases (OspZ) to modify host responses.’®™** Recently,
Liu et al. found that numerous host proteins become N°-fatty
acylated by IcsB on lysines.'" IcsB was found to interact with
up to 60 host proteins, including Rab35, and it was shown that
its 18-carbon acyltransferase activity catalyzes fatty acylation
on the C terminus of RhoA in vitro."" It remains to be elucidated
how substrate specificity of IcsB is achieved. Our results reveal
the importance of IcsB-dependent N°-fatty acylation of the traf-
ficking regulator Rab35 during bacterial invasion (Figures 3, 4,
and 5). Our data using the AicsB mutant and the Rab35 lysine
mutants in click-chemistry assays demonstrates the subversion
of this GTPase through lysine N°-fatty acylation.

Weddle and Agaisse previously reported that IcsB is required
for efficient cell-to-cell spread in HT-29 cells. They further
showed that this phenotype was unrelated to the counteracting
of LC3 recruitment on secondary BCVs, but their study did not
further characterize the mechanistic links between IcsB, BCV
escape, and cell-to-cell spread.44 Here, we show that Rab35
and lcsB both promote efficient bacterial access to the host
cytosol (Figure 6), and our plaque assay results suggest the
same link between IcsB and efficient cell-to-cell spread. Howev-
er, we could not fully resolve the mechanistic link between IcsB
and intercellular motility because our attempts to complement
our AicsB mutant in the plaque assays did not recover the plaque
size to WT levels. Importantly, these strains showed full comple-
mentation of the Rab35 recruitment phenotype (Figure 3). We
suggest that this is due to dysregulated icsB expression, result-
ing in fitness defects during long-time plaque formation assays.

In summary, the rapid disassembly of the Shigella-BCV is a
distinct feature of this pathogen, different from cytosolic Salmo-
nella that remains closely connected with their BCV rem-
nants.*>*“® The cytosol can be highly detrimental for the bacteria
due to their targeting by host pathways, such as the autophagy
machinery.”” Furthermore, septins can target non-motile intra-
cellular Shigella."® Because the BCV membrane remnants are
capable of bringing cellular complexes with antibacterial func-
tion into proximity to the entering bacteria, we suggest that the
separation of both of them promotes the propagation of the
pathogen.”® Our study sheds light on the IcsB-mediated
Rab35 subversion during Shigella invasion of colonic epithelial
cells. Ultimately, a better understanding of host protein subver-
sion during bacterial invasion can lead to the development of
novel and more efficient therapeutic strategies against an array
of deadly intracellular pathogens.

(C-E) Live-cell image analysis to simultaneously monitor the onset time of vacuolar rupture by measuring the time interval between entry foci formation and
galectin-3 recruitment (C), the time of vacuolar disassembly (D), and the onset of bacterial motility (E). Although vacuolar damage is not perturbed in Rab35 KO
cells, BCV-membrane disassembly is delayed. Red bars: median (n > 30 per condition, analyzed from 4 independent experiments). Statistical significance:
multiple comparisons ANOVA tests. *p < 0.05, *p < 0.01, **p < 0.001, ***p < 0.0001.

(F and G) Cell-to-cell spread of Shigella WT and Shigella AicsB mutant in a confluent epithelial monolayer. (F) An infection focus assay to measure cell-to-cell
spread. Caco-2 cells were infected with Shigella WT dsRed or AicsB dsRed mutant. Staining nuclei with DRAQ5 (purple) and anti-Shigella LPS (green). Images are
representative of 4 independent experiments. Scale bar, 100 um. (G) Area of infection focus was quantified using Fiji. Red bars: median (n > 90 per condition,
analyzed from 3 independent experiments). Statistical significance: Mann-Whitney test, ****p < 0.0001.
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Limitations of the study

It is important to note that our study has a number of limitations.
The reprogramming of Rab35 by IcsB could be analyzed in vitro
and at the cellular level during the early steps of Shigella invasion;
however, assays that take into account a multicellular context
and bacterial cell-to-cell spread are more difficult to interpret.
Indeed, the Shigella icsB mutant used in such assays may
show different fitness and may affect multiple host pathways
that have not been the focus of our experiments. To fully recapit-
ulate the pathophysiological context of the role of Rab35 reprog-
ramming during Shigella infection, further in vivo experiments are
necessary. Because we observed slight phenotypic differences
in terms of timing or intensity of host protein recruitment at
Shigella BCVs in different cellular models, it is possible that
such differences have an impact on the infection outcome
in vivo.
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Excel
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Other

Perkin Elmer UltraView spinning disk Perkin Elmer N/A
confocal microscope equipped

with the followings:

60 x /1.3 oil objective Nikon N/A

PSU C910-50 camera Hamamatsu N/A
Inverted widefield microscope equipped Nikon N/A

with the followings:
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CoolSnap2 camera Roeper Scientific N/A
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Materials availability
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Data and code availability
o Original data are available from the lead contact on request.
® This paper does not report original code.
® Any additional information required to reanalyze the data is available from the lead contact on request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Bacterial strains, cells, cell culture and infections
Every Shigella flexneri serotype M9O0T (shortly Shigella) strain used in this work expressed the adhesin Afal to promote bacterial adhe-
sion to the host cell,>* except the Shigella WT BFP strain. Wild-type (WT) Afal dsRed (Yuen-Yan Chang), wild-type Afal, AicsB Afal
(deficient in IcsB),°® and the complemented AicsB/icsB Afal strains were grown in tryptic casein soy broth (TCSB) at 37°C or cultured
on TCSB agar containing 0.01% of Congo Red to select for clones with a functional T3SS system.*® The growth medium was sys-
tematically supplemented with ampicillin (50 pg/mL). E. coli InvA strain containing the Yersinia invasin A was grown at 37°C in
lysogeny broth (LB) media supplemented with ampicillin (100 pg/mL)."* E. coli DH5a and derivatives were grown at 37°C in LB sup-
plemented either with ampicillin (100 ng/mL) or kanamycin (50 ng/mL), depending on the resistance of the corresponding plasmid.
Human intestinal epithelial Caco-2 cells (clone TC7 from the Sansonetti lab), HCT-116 intestinal cells (ATCC), Human epithelial
HeLa cells (clone CCLX2 from ATCC), and HelLa cells expressing endogenously GFP-tagged Rab35°° were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% inactivated fetal bovine serum (FBS) at 37°C, 5% CO.. All cells of this
study were passaged when their confluence reached 80%. For generating the Rab35 HelLa knockout cells (KO), we used the
pX330-UB-Chimeric_BB-CBh-hSpCas9 plasmid (Addgene, plasmid # 42230). We chose the sequence 5’ tgctcatcatcggcgacag 3
to allow the synthesis of gRNAs targeting human Rab35 Exon 1. Out of the clones we obtained, clone No.2 was tested for absence
of Rab35 expression and taken for our studies. Furthermore, the KO cells were functionally characterized.
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For infection experiments, overnight bacterial cultures were inoculated at a 1:100 dilution in TCSB supplemented with the appro-
priate antibiotics depending on the strains (and 2 mM IPTG for complementation assays), and grown to an optical density between
0.4 and 0.6 at 600 nm (OD600). For time lapse imaging experiments, prior to infection, bacteria were washed twice with EM buffer
(120 mM NaCl, 7 mM KCl, 1.8 mM CacCl,, 0.8 mM MgCl,, 5 mM glucose, 25 mM HEPES, pH 7.3) and finally diluted in EM buffer to
reach a MOI of 20. Because Shigella WT BFP does not express Afal, it was coated with poly-L-lysine (10 ug/mL) for 10 min at 37°C
and washed twice in EM buffer prior to dilution to reach a MOI of 50. In 8 well-lIbidi chambers (clinisciences), 100 uL per well of the
diluted bacterial suspension was added to the cells.

METHOD DETAILS

Plasmids, site-directed mutagenesis and DNA extractions

The Galectin-3 mOrange/GFP," GFP-Rab35, RFP-Rab35, EPI64B-mcherry,”” GFP-Rab5 (kind gift from Bruno Goud) plasmids
have been described previously. The mutated GFP-Rab35 plasmids where one or several lysins were replaced by arginines namely
GFP-Rab35-K195R, GFP-Rab35-2KR (K197R, K198R) and GFP-Rab35-3KR (K195R, K197R, K198R) were generated using the Q5
site-directed mutagenesis kit (New Englands Biolabs, #E0554S). Mutagenesis primers were Forward_Rab35-K195R (gaagaacagtagac-
gaaagaaacg), Reverse_Rab35-K195R (gtgagcttcaccacatcg), Forward_Rab35-2KR (cagtaaacgaaggagacgctgctgct), Reverse_Rab35-
2KR (ttcttcgtgagcttcacc), Forward_Rab35-3KR (aggagacgctgctgctaagaccca), Reverse_Rab35-3KR (tcgtctactgttcticgtgagcttcac).
Following the manufacturer instructions, the elongation time of PCRs was set at 4 min, and the temperatures of annealing (Ta) were
adjusted depending on the construct: Ta Rab35-K195R 60°C; Ta Rab35-2KR 62.1°C; Ta Rab35-3KR 65°C. After PCR and digestion
of the template plasmid (using the kit products and instructions), constructs were transformed in DH5a E. coli cells, and transformants
were selected on LB agar supplemented with ampicillin (50 ng/mL). DNA plasmids were extracted using either NucleoSpin Plasmid
Transfection-grade or NucleoBond Xtra Maxi Plus kit (Macherey-Nagel). All plasmids were verified by sequencing.

pAfal-icsB was generated by introducing Xhol and Notl sites in the pBR322-Afal plasmid. Then, the icsB gene was PCR amplified using
the Phusion Plus DNA Polymerase (New Englands Biolabs) from the pUC8icsB-ipgA plasmid from Claude Parsot, using primers ipgA_
Notl (aattaaGCGGCCGCttagttcacttctgaagtgatgtitgcaatgg) and icsB_Xhol (ttaattCTCGAGtgagttagctcactcattaggcaccc). Vector and
PCR product were digested using Xhol and Notl (New Englands Biolabs) and ligated using T4 DNA Ligase (New Englands Biolabs), ac-
cording to the manufacturer instructions. Competent DH5a were transformed with the ligation product and selected in LB supplemented
with ampicillin. Colonies were selected and used for miniprep purification of the product. The insertion was corroborated by digestion of
the recombinant plasmids and one of the clones selected was used to transform S. flexneri MO0OT AicsB.

The pGG2 TagBFP plasmid was generated by replacing the dsRed cassette of pGG2 dsRed by a TagBFP fluorescent cassette. Briefly,
the tagBFP gene was PCR amplified from the pBR322 TagBFP plasmid (lab collection) using Q5 High-Fidelity DNA Polymerase (NEB
#M0491S) with: Forward_TagBFP (5aattaacatatgatgagcgag ctgattaaggag3d’) and Reverse_TagBFP (5'aattaagctagcttaattaagc
ttgtgcceccagd’) primers with an elongation time of 30 s and Ta of 70°C. pGG2 dsRed Vector and PCR products were digested with
Ndel and Nhel and the digestion products were ligated using T4 DNA ligase (NEB #M0202S) following the manufacturer’s protocol.
Competent E.coli DH5¢. were transformed with the ligation product and transformants selected on LB + ampicillin (50 um/mL) agar plates.
DNA plasmids were extracted from positive clones by miniprep and checked by gel migration before transformation into Shigella M90T.

DNA transfection

Fortime lapse microscopy experiments, Caco-2 TC7 and Hela cells were seeded into 8 well (200 pL) Ibidi chambers at a density of 10,000
cells per well 24 h prior to transfection. The cells were then transfected with the desired plasmid(s), using respectively X-tremeGENE HP or
X-tremeGENE 9 reagents (Roche) for 24 or 48 h. For Caco-2 TC7 cells, the volume of X-tremeGENE HP (ratio 4:1 to DNA amount) was
added to a mix of DNA plasmids in Opti-MEM and was then incubated at room temperature (RT) for 15 min before transfection. For
HelLa cells, DNA plasmids were directly added on a mix of X-tremeGENE 9 (ratio 3:1 to DNA amount) and Opti-MEM, before incubation
for 15 min at RT. Meanwhile, fresh culture media was provided to the cells, and 15 pL of the transfection mix was added per well.

Time lapse live-cell widefield microscopy and image analysis

Infected cells in EM buffer were imaged at 37°C using a DeltaVision Elite (GE Healthcare) widefield microscope using a 60X/1.42 NA
oil objective. Cells were imaged every minute for 90 min, on a range of 8 um, with a section spacing of 0.3 um in the Z dimension and
using a piezo control and the UltimateFocus module to keep the plane in focus. TRITC and FITC excitation and emission filters were
used. Movies were subsequently deconvolved using the integrated deconvolution software of the DeltaVision microscope. Image
analysis was systematically performed using Fiji (http://fiji.sc).>® For Rab35 recruitment at the BCV, the analysis was performed
on sum Z-projections of 5 Z slices englobing the corresponding bacterium. The fluorescence intensity in the green channel was
then measured along the BCV, at 7 points at least and separated by a distance of 0.109 um. The average intensity of the BCV
was then computed using Excel. This process was also performed on 3 different areas of the host cell plasma membrane in order
to estimate its mean fluorescence. Finally, the ratio between the mean fluorescence of GFP-Rab35 at the BCV and the mean fluo-
rescence of GFP-Rab35 at the cell plasma membrane was computed for each internalized bacterium, either at the frame preceding
the BCV rupture (Galectin-3-mOrange recruitment) or at the frame where the BCV was considered the most fluorescent. Live imaging
of Hela cells (WT or Rab35 KO) co-transfected with GFP-Rab35 and Galectin-3-mOrange and infected with Shigella WT were
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analyzed as follow: (i) bacterial entry foci formation is the time when bacteria triggers host membrane ruffles, (ii) onset of vacuolar
rupture is the time when galectin-3 appears around the BCV and (iii) time span of BCV disassembly is the time between complete
BCV membrane disassembly and first appearance of galectin-3 around the BCV.

Time lapse live-cell confocal microscopy

Infected cells in EM buffer were imaged at 37°C using a PerkinEImer Ultra-View spinning disc confocal microscope, with a 40X/1.3
N.A. oil objective. Cells were imaged every minute for 90 min, on a range of 8 um, with a section spacing of 0.3 um in the Z dimension
and using a piezo control and the Perfect Focus System (PFS) to keep the plane in focus. BFP, TRITC and FITC excitation and emis-
sion filters were used.

Super-resolution microscopy (STED)

For STED experiments, Caco-2 TC7 were seeded into 12 wells (1 mL) plates onto high precision cover glasses (Marienfeld 18mm No.
1.5H, #0117580) at a density of 30,000 cells per well 24 h prior to DNA transfection. The cells were then transfected with the GFP-
Rab35 plasmid using X-tremeGENE HP for 24 h. Once the transfected cells were 80% confluent, they were infected (following the
infection protocol described above) and incubated for 30 min at 37°C, 5% CO,. Cells were fixed with 4% PFA in DPBS for 15 min
and blocked for 1 h with 5% goat serum and 0.05% saponin in DPBS (SS-PBS) at room temperature. Subsequently, cells were incu-
bated overnight at 4°C with the primary antibodies Rabbit anti-GFP (Invitrogen, #A6455) and Rat anti-Galectin-3 (Novus biologicals,
#NBP1-43313) diluted at 1:100 in SS-PBS. Cells were washed 3 times in DPBS for 5 min and then incubated for 1 h at room temper-
ature with the secondary antibodies goat anti-rabbit StarOrange (Abberior, #STORANGE-1002) and goat anti-rat Atto647N (Rock-
land, #612-156-120) diluted at 1:200 in SS-PBS. Cells were then washed 3 times in DPBS for 5 min and mounted with Mowiol con-
taining DABCO medium on glass slides. Cells were imaged with a Stimulated Emission Depletion (STED) fluorescence microscope
(expert line - Abberior Instruments) using an Olympus 100X/1.4 NA oil objective lens and a 775nm STED Laser line. STED Images
were analyzed using Fiji.°® The region of interest along the membrane was first straighten. Then, Gaussian fits of all the fluorescence
intensity profiles of Rab35 across the membrane were independently shifted in order to be centered on the exact same transverse
position. Gaussian fits of the fluorescence intensity profiles of Galectin-3 were subsequently shifted by the same amount as for the
alignment of the Rab35 fits. Relevant profiles of Galectin-3 were selected by imposing a lower threshold on the maxima of the
Gaussian fits and an upper threshold on their widths. From the selected Galectin-3 profiles and Rab35 profiles, average profiles
were computed to estimate the distance between the average positions. As well, the average of distances (in absolute values) be-
tween Rab35 and Galectin-3 distributions, over the selected positions along the membrane was calculated.

Western blot

Total cell lysates were collected using ice-cold Radio Immune Precipitation Assay Buffer (RIPA: 150 mM sodium chloride, 1% NP-40,
1% sodium deoxycholate, 0.1% SDS (sodium dodecyl sulfate), 25 mM Tris-HCI, pH 7.6) (ThermoFisher Scientific, #89901) supple-
mented with a cocktail of protease inhibitor (Roche, #11873580001). Upon incubation for 15 min on a rotating wheel at 4°C, cell debris
were pelleted by spinning at 16,000 g for 15 min at 4°C. Protein concentrations were determined using a BCA protein assay kit
(Pierce, #23225). Protein lysates containing 20 pg of total protein were loaded onto 4-12% Bis-Tris NUPAGE polyacrylamide gel
(ThermoFisher Scientific, #NP0335BOX). Proteins were wet-transferred to an activated PVDF membrane (Bio-Rad, #1620177) for
1h30 at 100 V. Membranes were then blocked with 5% fat-free milk in TBS-T (Tris-buffered saline: 20 mM Tris, pH 7.5, 150 mM
NaCl, 0.1% Tween 20) for 1 h at room temperature, and subsequently incubated overnight at 4°C with the primary antibodies diluted
at 1:10000 (monoclonal mouse anti-B-actin, Sigma, #A5316) or 1:1000 (polyclonal rabbit anti-Rab35, ProteinTech, #11329-2-AP) in
TBS-T supplemented with 5% fat-free milk. Membranes were washed 3 times in TBS-T for 5 min and then incubated for 1 h at room
temperature with the secondary antibodies conjugated with HRP diluted at 1:10,000 (Goat anti-mouse HRP, Bio-Rad #1706516) or at
1:5000 (Goat anti-rabbit HRP, Bio-Rad #1706515) in TBS-T supplemented with 5% fat-free milk. Membranes were then washed 3
times in TBS-T for 5 min and revealed with the SuperSignal West PicoPlus chemiluminescent substrate (Thermo Scientific,
#34577). Chemiluminescence images were acquired using a Chemidoc imager (BioRad).

Infection focus assay (Shigella cell-to-cell spread)

Caco-2 cells were plated at 10,000 cells per well in 96-well plate (Greiner bio-one, #655090). After 24 h, a fully confluent monolayer of
Caco-2 cells was infected with Shigella WT or AicsB at an MOI of 0.05 in pre-warmed DMEM medium at 37°C, 5% CO,. At 60 min
post-infection, all cells were washed three times with PBS* and cultured in DMEM medium containing 10% FBS and 50 ug mL™"
gentamicin (Wisent, #400-130-1G). At 18 h post-infection, cells were fixed with 4% PFA and counterstained with rabbit anti-Shigella
LPS (Gift from P. Sansonetti and A. Phalipon) and goat anti-rabbit Alexa Fluor 488 (Thermo scientific, #A11034) and DRAQ5 DNA dye
(Invitrogen, #65088096), and imaged on a spinning disk confocal scan head equipped with a x20 objective. The area of infection
focus was quantified using Fiji.

Immunofluorescence microscopy

Caco-2 cells were plated at 10,000 cells per well in 96-well plate (Greiner bio-one, #655090). After 24 h, the cells were then co-trans-
fected with the Galectin-3-GFP and Flag-Rab35 plasmids using X-tremeGENE HP for 48 h. Cells were fixed with 4% PFA in DPBS for
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15 min and blocked for 1 h with 10% goat serum and 0.05% saponin in DPBS (SS-PBS) at room temperature. Subsequently, cells
were incubated for 45 min at room temperature with the primary antibody Rabbit anti-flag (Proteintech, #20543-1-AP) diluted at 1:100
in SS-PBS. Cells were washed 3 times in DPBS for 5 min and then incubated for 30 min at room temperature with the secondary
antibody goat anti-rabbit Alexa 647 (Invitrogen, #A32733) diluted at 1:200 and DRAQ5 DNA dye diluted at 1:500 (Invitrogen,
#65088096) in SS-PBS. Cells were then washed 3 times in DPBS for 5 min. Cells were imaged using a spinning disk confocal
scan head equipped with a x60/1.3NA water objective on a range of 8 um, with a section spacing of 0.3 um in the Z dimension.

In-gel fluorescence and click chemistry

HEK 293T cells were seeded at 2x10° per 10cm diameter cell culture dishes (Falcon, #3530083), in 10mL DMEM +10% FBS and incu-
bated for two days at 37°C, 5%C0O2. Once reaching 70-80% confluence the cells were transfected with pENTR-Rab35-Flag,
pENTR-Rab35-3KR-Flag, pCS2-3HA-IcsB or pCS2-3HA-IcsB-C306A (both kindly gifted by Feng Shao). Transfections were per-
formed using OPTI-MEM (Gibco #31985-062) and Xtremegene9 (Sigma Aldrich, #063657790001), according to the manufacturer in-
structions using 5pg DNA per dish. Cells were incubated for 6h at 37°C, 5% CO2 and then, the media was replaced with 10mL
DMEM +10% FBS supplemented with 50uM 17-Octadecinoic acid (Cayman Chemicals, #90270) diluted in DMSO. The control
dishes received DMEM +10% FBS supplemented with the same concentration of DMSO as the other conditions. Cells were then
incubated at 37°C, 5% CO2. 18h after the metabolic labeling, the plates were washed once with ice-cold PBS and the cells were
lysed with 500uL lysis buffer per condition (0.1% SDS (Sigma, #05030), 1% Triton X-100 (Sigma, #23,472-9), diluted in PBS, supple-
mented with a cocktail of protease inhibitor (Roche, #11873580001)). The obtained lysates were incubated on a rotating wheel for
30 min at 4°C and clarified by centrifugation at 15000rpm and recovery of the supernatant. This fraction was processed with a Chro-
motek flag-trap kit (#ffa) following the protocol of the manufacturer. Briefly, beads were equilibrated in 1000uL ice-cold Dilution buffer
(10 mM Tris/Cl pH 7.5, 150 mM NaCl, 0.5 mM EDTA) and sedimented by centrifugation at 2500g for 5 min at 4°C. The supernatant was
discarded, and the beads resuspended in the clarified lysate obtained previously. The samples were then incubated at 4°C for thina
rotating wheel and subsequently centrifuged at 25009 for 5 min at 4°C and resuspended in 1000uL ice-cold wash buffer (20 mM Tris/
Cl pH 7.5, 150 mM NaCl), and sedimented again with the same parameters. In total beads were washed three times, and the super-
natant was saved after each wash. After the last washing step of the flag-trap kit, beads were resuspended in 100uL PBS and the bio-
orthogonal tag functionalization was performed directly on the beads. For this, 6L click mix (1uL 10mM azide fluor 545 (Sigma Al-
drich, #760757), 2uL 50mM CuSQy,, 2uL 50mM TCEP (Calbiochem, #51805-45-9) and 1uL 10mM TBTA (Cayman chemicals,
#18816)) was added and the sample incubated for 1h at room temperature, on a vortex spinner (700rpm). The reaction was stopped
by adding EDTA at a final concentration of 5mM. Samples were finally resuspended in Laemmli buffer (Bio-Rad, #1610737) with beta
mercaptoethanol (Bio-Rad, #1610710), denatured at 95°C for 10min, loaded in a NUPAGE 10% Bis-Tris gel (#N0316BOX) and run at
120V for 1h30. The gel was then washed in water and imaged in a Typhoon FLA 9000, at a 100um resolution, TAMRA filters. The gel
was then transferred to a PVDF membrane (Bio-Rad, #1620177) and processed for western-blotting, using a Rabbit anti-flag (Pro-
teintech, #20543-1-AP) primary antibody at a 1/2000 dilution and an HRP Goat anti-Rabbit (BioRad, #1706515) secondary antibody,
Supersignal West Pico chemiluminescence substrate (Thermoscientific, #34080) was used for detection.

QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical analyses were performed in GraphPad Prism v9. Statistical significance was determined using a two-tailed Student’s t test

(Mann-Whitney) or a one-way ANOVA (Kruskal-Wallis) followed by Dunnett’s multiple comparisons test. (ns) not significant, p < 0.05
was considered as significant: *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001.
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