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Salmonella SipA mimics a cognate SNARE for host
Syntaxin8 to promote fusion with early endosomes

Pawan Kishor Singh?, Anjali Kapoor!, Richa Madan Lomash?, Kamal Kumar?, Sukrut C. Kamerkar?, Thomas J. Pucadyil’®, and

Amitabha Mukhopadhyay'®

SipA is a major effector of Salmonella, which causes gastroenteritis and enteric fever. Caspase-3 cleaves SipA into two
domains: the C-terminal domain regulates actin polymerization, whereas the function of the N terminus is unknown. We
show that the cleaved SipA N terminus binds and recruits host Syntaxin8 (Syn8) to Salmonella-containing vacuoles (SCVs).
The SipA N terminus contains a SNARE motif with a conserved arginine residue like mammalian R-SNAREs. SipAR2%4Q and
SipAl-435R204Q dg not bind Syn8, demonstrating that SipA mimics a cognate R-SNARE for Syn8. Consequently, Salmonella
lacking SipA or that express the SipAl-435R2042 SNARE mutant are unable to recruit Syn8 to SCVs. Finally, we show that

SipA mimicking an R-SNARE recruits Syn8, Syn13, and Syn7 to the SCV and promotes its fusion with early endosomes to
potentially arrest its maturation. Our results reveal that SipA functionally substitutes endogenous SNAREs in order to hijack

the host trafficking pathway and promote Salmonella survival.

Introduction
Intracellular pathogens employ various strategies to modulate
host cell trafficking pathways through their effector molecules
to gain entry and subsequent survival within the host cells (Alix
etal., 2011; Asrat et al., 2014). Salmonella is also shown to modu-
late the host cell endolysosomal system (Brumell and Grinstein,
2004; Steele-Mortimer, 2008) by translocating a repertoire of
virulence effectors into host cells through two different type
III secretion systems (TTSSs) on chromosomal pathogenicity
islands I and II (SPI-1 and -2, respectively) to promote bacterial
invasion and intracellular survival (LaRock et al., 2015; Jennings
et al., 2017). Previous studies have shown that SPI-1-encoded
effector proteins like SipA, SopA, SopB, SopD, SopE, and SopE2
are shown to promote bacterial invasion into host cells (Hardt
et al., 1998; Hueck, 1998; Galdn and Collmer, 1999; Zhou et al.,
1999b; Stender et al., 2000; Raffatellu et al., 2005), whereas
SPI-2 effectors are generally required for intracellular survival
(Zaharik et al., 2002; Waterman and Holden, 2003). However,
these boundaries between SPI-1and SPI-2 have gradually dimin-
ished as several SPI-1 TTSS effectors are now found to contribute
to the intracellular survival of the bacteria (Hardt et al., 1998;
Hernandez et al., 2004; Brawn et al., 2007; Giacomodonato et al.,
2007; Patel et al., 2009).

One of the well-characterized Salmonella effector proteins
is Salmonella invasion protein A (SipA), which is a multifunc-
tional protein facilitating bacterial uptake into host cells by

promoting actin polymerization (Zhou et al., 1999a,b; Jepson et
al., 2001; Raffatellu et al., 2005) as well as inducing intestinal in-
flammation (Zhang et al., 2003; Hapfelmeier et al., 2004; Silva
etal., 2004). Subsequent studies have shown that host caspase-3
cleaves SipA at a specific recognition motif DEVD, leading to the
formation of two functional domains (SipA!#?® and SipA#26-689)
required for the pathogenesis of Salmonella (Srikanth et al.,
2010). The actin-binding activity of SipA is located in the C-ter-
minal domain (SipA*26-68%) of the protein (Zhou et al., 1999a) and
plays an important role in the entry of Salmonella into epithelial
cells (Zhou et al., 1999b). However, multiple functions are asso-
ciated with the N-terminal domain of SipA (SipA!*%%). The 1-105
residues in the N-terminal region SipA is required for its secre-
tion by binding with the chaperone InvB (Bronstein et al., 2000;
Lilic et al., 2006). In addition, amino acid residues spanning po-
sitions 294-424 of SipA make a functional domain that induces
proinflammatory responses and polymorphonuclear leukocyte
transepithelial migration in the host (Lee etal., 2000; Silva et al.,
2004; Wall et al., 2007). Moreover, deletion analysis of SipA has
shown that the central region of SipA also harbors two distinct
functional domains, F1 (SipA70-27!) and F2 (SipA28°-3%4), that are
involved in SipA focus formation and SipA-SipA interactions,
respectively (Schlumberger et al., 2007).

In this study, we have shown that the N-terminal domain
of SipA mimics as a cognate SNARE of host Syn8 and thereby
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Figure 1.  SipA specifically binds and recruits
host Syn8 on SCVs. (A) Immunofluorescence
studies examining the recruitment of Syn8,

Syn7, Syn13, Syn4, and Vtila on SCVs using spe-
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cific antibodies; cells were analyzed by confocal
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PBS - + + - Syntaxins on SCVs at indicated time points. Syn
(green) and Salmonella (red) are shown. Results
are mean + SEM of three independent prepara-
Syn13— tions. Levels of significance are indicated by P
C values in comparison with Syn8 (*). (B) To iden-
tify Syn8 binding protein from Salmonella, GST-
—_— Syn8 was immobilized on beads and incubated
with SSPs as described in Materials and methods.
Syn7. anti-SipA—> - e (C) Identification of Salmonella-interacting pro-
tein by Western blot analysis using anti-SipA anti-
. - [<—52kD body. (D) To detect the binding of Syn8 with SipA,
anti-GST— 8D GST-Syn8 was immobilized, and beads were incu-
- - le—24kD  bated with Hiss-SipA. Binding of SipA with Syn8
Syn4—| GST + - - was detected by Western blot analysis using
GST-Syng8 - + anti-SipA antibody. Free GST immobilized on the
SSPs + + o+ beads was used as a control. All results are rep-
resentative of three independent experiments.
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binds and recruits Syntaxin8 (Syn8) on SCVs. Subsequently, we
have shown that SipA functionally substitutes as an R-SNARE
and forms complexes with three host Q-SNARESs, namely Syns,
Syn13, and Syn?7, on SCVs to promote fusion with early endosomes
(EEs) and arrest SCV maturation toward lysosomes.

Results

SipA specifically binds and recruits host Syn8 on SCVs

To characterize the maturation of Salmonella in HeLa cells, we
analyzed the recruitment of different Syntaxins on SCVs by
immunofluorescence using specific antibodies during matura-
tion in HeLa cells and found that SCV:WT recruits significantly
higher amounts of Syn§ at 90 min post infection (p.i.) than Syn13
and Syn7 (Fig. 1 A). In addition, SCVs were also found to recruit
VAMP?7 and VAMPS 90 min p.i. (Fig. S1). In contrast, no signifi-
cant recruitment of Vtila was detected on SCV even after 90 min
p-i. (Fig. 1 A). However, Syn4 appears to be partially colocalized
with SCV at 30 min p.i., which is lost at 90 min p.i. (Fig. 1 A).
To identify the bacterial protein involved in the recruitment of
Syn8, GST-Syn8 was immobilized on beads and incubated with
Salmonella secretory proteins (SSPs). Pulldown results showed
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that GST-Syn8 specifically interacts with a ~74-kD Salmonella
effector protein (Fig. 1 B), which was identified as SipA by mass
spectrometry (Fig. S2 A) and confirmed by using anti-SipA an-
tibody (Fig. 1 C). Binding of SipA with Syn8 was confirmed by a
protein-protein interaction wherein immobilized GST-Syn8 was
incubated with His¢-SipA and the binding of SipA was detected
with anti-SipA antibody (Fig. 1D).

SipA mimics as a cognate R-SNARE of Syn8

Syn8 is a SNARE protein and forms a complex with Syn7, Vtilb,
and VAMPS (Antonin et al., 2000a) to promote membrane fu-
sion (Steegmaier et al., 1998). To understand the nature of
binding between SipA and Syn8, bioinformatic analyses were
performed between SipA and Syn8 along with its known cognate
SNARE partners like Syn?7, Vtilb, and VAMP8 using NCBI COBALT
(Papadopoulos and Agarwala, 2007). The alignment results
(Fig. 2 A) revealed that amino acid residues spanning between
180-232 of SipA (SipA'89-232) contain a typical heptad repeat
with hydrophobic residues in the “a” and “d” positions and a con-
served arginine residue in the center-like “0” layer of mamma-
lian R-SNAREs (Fasshauer et al., 1998). Moreover, we found that
SipA!89-232i5 3 helical structure (Fig. S2 B) and contains a SNARE
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Figure 2. SipA mimics as a cognate R-SNARE of Syn8. (A) Bioinformatics

analyses of the protein sequences of SipA, Syn8, Syn7, Syn13, and VAMP8 were

performed using NCBI COBALT to determine the presence of SMs in SipA. (B) To determine the region of SipA interacting with Syn8, GST-Syn8 was immobilized,
and beads were incubated with Hisg-SipAl-435, Hisg-SipA436-685, Hise-SipAl16%, Hisg-SipAl-242, Hisg-SipAl277, or Hise-SipA*8-277. Binding of different SipA-trun-
cated proteins with Syn8 was detected by Western blot analysis using anti-His antibody. (C) SipA'"6° and SipAl-2*2 were analyzed by nonreducing SDS-PAGE
as indicated to determine the formation of homodimers. Arrows indicate the multimers of indicated proteins. (D) To demonstrate that SipA binds with Syn8
through the SM, SipAR204Q and SipAl435R204Q \vere generated, and binding of Hisg-SipAR?04Q or Hise-SipAl435R204Q with GST-Syn8 was determined as described
in the Bioinformatics analysis section of Materials and methods. . All results are representative of three independent experiments.

motif (SM). As functional SNARE complexes are formed by the
interaction of three Q-SNAREs with one R-SNARE (Fasshauer
et al., 1998), it could be possible that SipA mimics as a cognate
R-SNARE and binds with Syn8.

To validate these observations, we made several truncated
proteins of SipA, namely SipAl-43%, SipA136-685 SipAl-16% SipAl-242,
SipAl-?”, and SipA*8-2"7, and we determined their binding with
Syn8 (Fig. 2 B). Our results showed that SipA*® specifically
binds with Syn8 like SipA:full length (FL), whereas no binding of
SipA*36-685 with Syng was detected (Fig. 2 B). Moreover, we found
that SM-deleted SipA'-'® fails to bind with Syn8, and this binding
is restored with SM containing truncated proteins like SipA!-242
and SipA!-2””. We also found that the initial 48 amino acids de-
leted SipA*8-277, which contains SM and does not bind with Syn8
(Fig. 2 B). Moreover, it has been shown that some R-SNAREs
can efficiently form homodimers in vitro through the cysteine
residues present in the SM (Flanagan et al., 2015). Remarkably,
we also found that SipA!-24? specifically forms homodimers/
multimers when the purified protein was analyzed by nonre-
ducing SDS-PAGE (Fig. 2 C). To unequivocally prove that SipA
acts as an R-SNARE, we mutated the conserved arginine residue

Singhetal.
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in the SM to glutamine. Our results showed that SipAR2%4Q and
SipAl-435R204Q do not bind with Syn8 (Fig. 2 D). Taken together,
these results demonstrated that SipA mimics as an R-SNARE to
bind with Syn8.

N-terminal domain of SipA recruits Syn8 on SCV

To determine the localization of N-terminal SipA with Syn8
within the cells, SipA:FL, SipAl-*3® or SipA*36-8° was expressed
in HeLa cells as N-terminal FLAG-tagged proteins, and cells
were stained with phalloidin or anti-Syn8 antibody. Our results
showed that SipA:FL and SipA*36-8° significantly colocalized
with phalloidin-labeled actin (Fig. 3 A). In contrast, we observed
that SipA'*% does not colocalize with actin and predominantly
labels intracellular vesicular membranes (Fig. 3 A) that are pos-
itive for Syn8 (Fig. 3 B). Interestingly, SipA:FL was also found to
be partially colocalized with Syn8, whereas no significant as-
sociation of SipA*36-685 with Syng was detected (Fig. 3 B). Sim-
ilarly, GFP-Syn8 was found to be colocalized with FLAG-tagged
SipAl#%5 when coexpressed in HeLa cells (Fig. 3 C). These results
are further confirmed by the fact that immobilized anti-FLAG
antibody pulled out the Syn8 from GFP-Syn8 and FLAG-tagged
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Figure 3. N-terminal domain of SipA recruits Syn8 on SCV. (A) SipA:FL, SipA=43%, or SipA*36-685 were expressed in Hela cells as N-terminal FLAG-tagged
proteins, and cells were stained with phalloidin (red) and anti-FLAG antibody (green). (B) SipA:FL, SipA-43, or SipA*36-685 was expressed in Hela cells as
above, and cells were stained with anti-FLAG antibody (red) and anti-Syn8 antibody (green). (C) HeLa cells were cotransfected with GFP-Syn8 (green) and
FLAG-tagged SipA™43 or SipA*36-685 35 described in Materials and methods. Cells were stained with anti-FLAG antibody (red). Colocalization of SipAl-*3> and
GFP-Syn8 was determined by confocal microscopy. (D) Immunoprecipitation (IP) of GFP-Syn8 from FLAG-SipA-#3 and GFP-Syn8 coexpressing HeLa cell lysate
using immobilized anti-FLAG antibody. Binding of GFP-Syn8 with FLAG-SipA-43* was determined by Western blot analysis using anti-GFP antibody. (E) HelLa
cells were infected with indicated Salmonella strains, and cells were stained 90 min p.i. with anti-Salmonella antibody (red) and anti-Syn8 antibody (green).
Cells were analyzed by confocal microscopy. Arrows indicate colocalization of the respective proteins (A-C) or on SCVs (D). All results are mean + SEM of three

independent experiments, and levels of significance are indicated by P values in comparison with control (*) below the respective figures.

SipAl-#% coexpressing HeLa cell lysate (Fig. 3 D). To confirm the
role of SipA in the recruitment of Syn8 on SCVs in HeLa cells,
a sipA knockout (KO) Salmonella (Salmonella:sipAKO) was
generated and characterized (Fig. S3). Our results showed that
recruitment of Syn8 to SCV:sipAKO and Salmonella:sipAKO
complemented with SipAl-#3°R204Q was reduced significantly in
comparison with SCV:WT. However, Salmonella:sipAKO com-
plemented with N-terminal domain of SipA (sipAKO:psipA!-43)
restored the recruitment of Syn8 on SCVs (Fig. 3 E). Subse-
quently, we found that SipA!"*® is localized on both sipAKO:
psipA*3> and sipAKO:psipA-#35R204Q_Salmonella containing
SCVs in HeLa cells, but only sipAKO:psipA**® significantly
recruits Syn8 (Fig. S4, A and B). These results unambiguously
proved that Syn8 is recruited on SCVs by the N-terminal domain
of SipA in the host cells.

Singh et al.
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SipA s intracellularly cleaved and recruits Syn8 on SCV by the
N-terminal domain

Although SipA is cleaved by host caspase-3 at the DEVD motif
(Srikanth et al., 2010) into N-terminal and C-terminal fragments,
the role of the N-terminal fragment in intracellular trafficking of
Salmonella is not clearly depicted. To determine the role of these
fragments of SipA in Salmonella-infected HeLa cells, we generated
a dual-tagged SipA construct where the FLAG tag was inserted be-
fore the DEVD motif and the HA tag was introduced at the C-termi-
nal end of the protein (Fig. S4, C-E). Subsequently, this construct
was introduced into the sipA chromosomal locus of the Salmonella
(Salmonella:sipA%3IFLAG-685HA) by homologous recombination for
expressing dual-tagged SipA under the control of its native pro-
moter. For functional characterization, we prepared the secretory
proteins from Salmonella:WT and Salmonella:sipA*31FLAG-685HA ha e

Journal of Cell Biology
https://doi.org/10.1083/jcb.201802155

920z Ateniged 80 uo 3senb Aq ypd 651208102 A2l/2.6865 L/661 v/ L/LLZPd-8lonie/qol/Bio sseidnyj/:dny woy papeojumoq

4202



A

N-terminal domain C-terminal domain

1

B SipA

Salmonella Nucleus

sipavscasn | [su [ siacioevo [ I [ 5w0A]
1-47 180-232 455-458 685 738

n

o

7]

[

<

) 1

a g

[72] Q

g 2 4

8 % %

e k3 =

= R

anti-SipA | ey w— <— SipA

anti-Flag E(—— SipAFLAG
anti-HA E‘_ SipAHA

O e

C SipA (FLAG)

SipA (HA)

Nucleus Merge

30 min

1.0

=3 30 min
= 90 min

-
c
2
£ 08
8 -
§ £ P <0.001
£ 1.0 =
b= i —_
o 06 P <0.001 s
% 8
° c 08
§ 0.4 S
T 5
9 % 0.6 P <0.001
& Q
o
§ 02 2 04
g o
m
a b
0.0 g 02
FLAG FLAG 2
+ + s
HA HA 0.0
FLAG HA FLAG HA
+ + + +
Actin Actin Syn8 Syn8
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construct. Bottom: Western blot analysis showing the secretion of SipA*31FLAG-685HA [ike SipA:WT protein in the culture supernatant (SSPs). (B) Hela cells were
infected with Salmonella:sipA%31FAG-685HA  and |ocalization of SipA 90 min p.i. was determined using anti-FLAG or anti-HA antibody in respective cells (green).
Salmonellawas stained with anti-Salmonella antibody (red). (C) Similarly, cells were infected with Salmonella:sipA*31FLAG-685HA o indicated times, and localiza-
tion of SipA in the same cells was detected using anti-FLAG (green) and anti-HA (red) antibodies to determine intracellular cleavage of SipA. (D) To determine
the colocalization of SipA with Syn8, cells were infected with Salmonella:sipA*31FHAG-685HA and stained with anti-FLAG or anti-HA antibody 90 min p.i. Cells were
also costained with phalloidin (actin) or anti-Syn8 antibody as indicated. Arrows indicate colocalization of the respective proteins (C) or on SCVs (B and D). All

results are mean + SEM of three independent experiments, and levels of significance are indicated by P values below the respective figures.

teria and found that Salmonella:sipA*3IFLAG-685HA efficiently secretes
SipA#HLAG-685HA hrotein in culture medium, which is detected by
both anti-FLAG and anti-HA antibodies (Fig. 4 A). In addition,
90 min p.i. of HeLa cells with Salmonella:sipA*3/FLAG-685HA SipA
was detected on SCVs by both anti-FLAG and anti-HA antibodies
(Fig. 4 B). Most interestingly, Salmonella:sipA*3/FLAG-685HA infected
HelLa cells, when stained with both anti-FLAG and anti-HA anti-
bodies 90 min p.i., showed significantly less colocalization between
FLAG and HA (Fig. 4 C) in comparison with 30 min p.i., suggest-
ing that SipA might be cleaved intracellularly into N-terminal and
C-terminal fragments. Consequently, we found that SipA stained
with anti-FLAG antibody does not significantly colocalize with

Singh et al.
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phalloidin-labeled actin in Salmonella:sipA*31FLAG-685HA jnfected
cells in comparison with anti-HA antibody-stained cells (Fig. 4 D).
However, SipA stained with anti-FLAG antibody in Salmonella:
SipA#3IFLAG-685HA infected cells predominantly colocalized with
Syn8 (Fig. 4 D). However, as expected, we observed significant
overlap between FLAG and HA as both antibodies recognized un-
cleaved SipA in infected cells.

SipA forms a SNARE complex with Syn8, Syn13, and Syn7 to
promote membrane fusion

Subsequently, attempts were made to identify the Q-SNARE part-
ners of SipA as fusion requires interaction of three Q-SNAREs
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Figure 5. Determination of SipA-mediated formation of functional SNARE complex required for membrane fusion. (A) To identify SipA-binding SNARE
partners, GST-SipAl-#3> was immobilized on beads, and binding with indicated Hisg-SNARE proteins was determined as described in Materials and methods.
Hisg-Syn8 was used as a positive control. (B) To determine whether SipA, Syn8, Syn7, and Syn13 form SDS-resistant complexes, GST-SipAl-242, Hiss-HA-Syns,
Hisg-Myc-Syn13, and Hisg-FLAG-Syn7 proteins were purified and analyzed by SDS-PAGE without heat denaturation under nonreducing conditions, shown as
Coomassie-stained bands (left). Strongly stained bands (asterisks) correspond with the expected size of the monomer of the respective proteins. Purified Hisg-
HA-Syn8, Hise-Myc-Syn13, and Hise-FLAG-Syn7 proteins were incubated in the presence and absence of GST-SipA'-2%2 and analyzed by SDS-PAGE as described
in Materials and methods. Arrow indicates a band corresponding with high-MW hybrid complex only when SipA-242 was present (right). (C) Percent coverage of
all four proteins in the indicated hybrid complex as revealed by proteomic analysis. Inset shows the Western blot analysis using specific antibodies. (D) To deter-
mine formation of functional SNARE complex by SipA with Syn8, Syn13, and Syn7, we analyzed the disassembly of the SNARE complex by NSF. GST-SipA-242 was
immobilized on beads and incubated with Hisg-HA-Syn8, Hisg-Myc-Syn13, and Hisg-FLAG-Syn7 proteins to form a SNARE complex. Subsequently, disassembly
of SNARE complex was determined in the presence and absence of untreated, NEM-treated, or NSF-depleted cytosol by Western blot analysis as described in
Materials and methods. All results are representative of three independent experiments. (E) To directly demonstrate fusion between SipA and host Q-SNAREs,
we determined the fusion of donor liposome containing SipA-?"7 with acceptor liposome containing Syn8, Syn13, and Syn7 by fusion-induced lipid mixing
using a standard FRET-based assay as described in Materials and methods. The fusion between donor liposomes containing VAMP8 with acceptor liposomes
containing Syn8, Syn7, and Vti1B was used as control. All results are mean + SD of four independent experiments and are expressed as percent FRET efficiency.

-
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with one R-SNARE (Fasshauer et al., 1998). As SCVs also recruit
the endosomal Q-SNAREs Synl3 and Syn7, we determined the
interaction of GST-SipA'*% with His,-Synl3 or Hise-Syn7. Our
results showed that SipAl-4*® also interacts with Syn13, Syn7, and
SNAP23. In contrast, SipA did not interact with VAMPS, Vtila,
and Vtilb (Fig. 5 A). Next, we analyzed whether SipA'->42, which
has an SM, can form a SNARE complex with Syn8, Syn13, and
Syn7 using a similar procedure described previously (Shi et al.,
2016). Accordingly, mixtures of equimolar amounts of purified
Hisg-HA-Syn8, Hisg-Myc-Synl3, and Hise-FLAG-Syn7 proteins
(Fig. 5 B, left) were incubated for 2 h at 24°C in the presence or
absence of purified GST-SipAl-?*2 and then resolved by SDS-
PAGE without heat denaturation under nonreducing conditions
(Fig. 5 B, right). Interestingly, a band corresponding with high
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molecular weight (MW) was detected by Coomassie staining
only when SipA!"?*2 was present in the reaction mixture (Fig. 5B,
right). This band was cut out and subjected to mass spectrometry
analysis. The mass spectrometry data were analyzed against a
local database comprising Syn8, Synl3, Syn7, and SipA proteins.
Our results showed that the high-MW SDS-resistant indicated
band was composed of all four proteins—Syn8, Syn13, Syn7, and
SipA—with similar percent coverage (Fig. 5 C). This result was
further confirmed by Western blot analysis using specific anti-
bodies (Fig. 5 C, inset). These results clearly demonstrated that
Syns8, Syn13, and Syn7 form an SDS-resistant complex with SipA.

To further confirm that SipA, Syn8, Synl3, and Syn7 form
a functional SNARE complex, we analyzed disassembly of the
SNARE complex by NSF. NSF is an AAA* ATPase, and it can be
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inactivated by N-ethylmaleimide (NEM) treatment (Whiteheart
etal., 1994). It has been shown that cytosolic a-SNAP first binds
with SNARE complexes, which subsequently recruit NSF. Finally,
ATP hydrolysis of NSF disassembles SNARE complex (Jahn and
Scheller, 2006). Thus, GST-SipAl?*? was immobilized on beads
and incubated with equimolar concentrations of Hise-HA-Syn8,
Hisg-Myc-Synl13, and Hise-FLAG-Syn7 proteins to form a SNARE
complex. Beads were washed and incubated in the presence of
untreated cytosol, NEM-treated cytosol, or NSF-depleted cytosol
in PBS containing 3 mM MgCl, and 1 mM ATP for 45 min at 24°C.
Finally, proteins present on the washed beads were detected by
Western blot analysis using specific antibodies. The results pre-
sented in Fig. 5 D show that a significant amount of Syn8, Syn13,
and Syn7 proteins were lost from the immobilized complex in the
presence of cytosol. In contrast, there was no significant loss of
Syn8, Synl13, and Syn7 proteins from the immobilized complex
when the complex was incubated with NEM-treated cytosol or
NSF-depleted cytosol under the same conditions. In addition,
we found that NSF-depleted cytosol supplemented with NSF:WT
dissociated the target Q-SNARESs from the complex, whereas ad-
dition of NSF:DI1EQ, a dominant-negative mutant of NSF, was un-
able to release Syn8, Syn13, and Syn7 from the complex (Fig. 5D).
These results demonstrated that SipA forms a functional SNARE
complex with Syn8, Syn13, and Syn7.

To directly demonstrate whether such SNARE pairing is suf-
ficient to cause membrane fusion, we reconstituted purified
SipA'-?”” and Syn8, Synl3, and Syn7 in liposomes and moni-
tored fusion-induced lipid mixing using a standard FRET-based
assay (Shi et al., 2016). Mixing of donor liposomes containing
SipAl-?”7 with acceptor liposomes containing Syn8, Syn13, and
Syn7 showed efficient FRET, thus indicating membrane fusion
(Fig. 5 E). The extent of fusion was comparable with that seen
with a canonical SNARE pair of donor liposomes with VAMP8
(R-SNARE) and acceptor liposomes with Syn8, Syn7, and Vtilb
(Q-SNARES). Importantly, respective fusion was completely in-
hibited by the addition of the soluble cytoplasmic domains of
VAMP8 or SipA!-2*2, No significant fusion was observed between
donor and acceptor liposomes without addition of proteins.

SipA promotes fusion of SCV with EEs

To determine the functional significance of SipA-mediated re-
cruitment of the EE SNARE Syn8 (Subramaniam et al., 2000) on
SCV, we analyzed the in vitro fusion of purified SCV:WT or SCV:
sipAKO with EEs. We found ~50% inhibition of fusion between
SCV:sipAKO and EEs in comparison with the fusion of SCV:WT
with EEs (Fig. 6 A), indicating that SipA-mediated recruitment of
Syna3 is necessary for optimal fusion of SCVs with EEs. Residual
fusion SCV:sipAKO with EEs could be due to the presence of Rab5
on SCVs (Mukherjee et al., 2000). To unequivocally demonstrate
the role of Rab5 and Syn8 in this fusion process, fusion was per-
formed in the presence of Rab5- or Syn8-specific antibodies. We
observed that addition of anti-Rab5 antibodies inhibited ~80%
fusion between SCVs with EEs, whereas anti-Syn8 antibody al-
most completely abrogated the fusion (Fig. 6 B). Subsequently, at-
tempts were made to determine the role of Syn13 and Syn7in the
fusion between SCVs and EEs. Therefore, fusion was performed
in the presence of the cytoplasmic domain of respective SNARES,
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Figure 6. SipA acts as a cognate R-SNARE to promote fusion of SCVs
with EEs. (A) To determine the role of Syn8, in vitro fusion was performed
between SCVs containing biotinylated Salmonella:WT or Salmonella:sipAKO
and EEs containing avidin-HRP in the presence of ATP-regenerating fusion
buffer supplemented with gel-filtered cytosol for 1 h at 37°C. Fusion was mea-
sured as described in Materials and methods. (B) To determine the role of
Syn8 and Rab5, a similar fusion assay was performed between SCV:WT and
EE in the presence of indicated antibodies. (C) To determine the role of iden-
tified SipA cognate SNAREs, fusion was performed between SCV:WT and EE
in presence of the cytoplasmic domain of indicated SNARE proteins. Fusion
obtained with SCV:WT with EE was chosen as 1 U in all experiments, and the
results are expressed as relative fusion of three independent experiments +
SEM. 1U corresponds with ~30 ng, 34 ng, or 36 ng HRP activity per mg protein
in the fusion assay reported in A-C, respectively. Levels of significance are
indicated by P values.

which acts as a dominant-negative mutant (Pulido et al., 2011).
Our results showed that addition of dominant-negative mutants
of Syn8, Syn13, or Syn7 in the fusion reaction significantly inhib-
ited the fusion between SCV:WT and EE (Fig. 6 C). In correlation,
we also found that both purified SCV and EEs contain Syn8, Syn7,
Syn13, and Rab5 (Fig. S5).

Role of Syn8 in the survival of Salmonellain host cells

To determine the role of Syn8 in the survival of Salmonella in
HeLa cells, Syn8 was specifically knocked down in HeLa cells
by siRNA. Syn8 knockdown was confirmed by quantitative PCR
(qPCR; Fig. 7 A, inset). Subsequently, cells were infected with
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Figure 7. Role of Syn8 in the survival of Salmonella in host cells. (A) To determine the role of Syn8 in the survival of Salmonella in HeLa cells, Syn8 was
knocked down with Syn8 siRNA, and cells were infected with Salmonella:WT as described in Materials and methods. Cells were lysed at the indicated time
points after infection, and the number of bacteria present in the cells was calculated by measuring colony-forming units. Results are expressed as percent sur-
vival, arbitrarily chosen as 100% survival at 0 h of infection with Salmonellain control cells. All results are mean + SEM of three independent experiments, and
levels of significance are indicated by P values. Inset shows the specific knockdown of Syn8 by siRNA in HeL a cells by qPCR. (B) A similar assay was performed
in CRISPR-mediated KO of Syn8 in HeLa cells. Inset shows the specific KO of Syn8 by CRISPR in HeLa cells by immunofluorescence and Western blot analysis
using specific antibodies. (C) Lysosomes of HeLa cells were labeled with Dextran-Texas Red and were infected with GFP-Salmonella:WT or GFP-Salmonella:
sipAKO. Cells were analyzed by confocal microscopy at indicated time points to determine the localization of respective Salmonella in the lysosomes.

Bottom: Quantitation for the same. P values are indicated.

Salmonella:WT, and numbers of bacteria present in the respec-
tive cells at the indicated time points were determined. We found
that knockdown of Syn8 in HeLa cells inhibited ~80% growth of
Salmonella 4 h p.i. in comparison with control cells (Fig. 7 A). To
unequivocally prove the role of Syn8 in the survival of Salmo-
nella in the host cells, Syn8 was knocked out in the HeLa cells
using CRISPR. Syn8 KO by CRISPR was confirmed by immuno-
fluorescence and Western blot analysis using specific antibodies
(Fig. 7 B, inset). Our results showed that KO of Syn8 in the HeLa
cells inhibited the growth of Salmonella almost to the similar
extent as observed with siRNA-mediated knockdown of Syn8 in
HelLa cells (Fig. 7 B).

To investigate whether recruitment of Syn8 on SCVs is re-
quired to inhibit transport to the lysosomes, lysosomes of HeLa
cells were labeled with Dextran-Texas Red, and cells were in-
fected with GFP-Salmonella:WT or GFP-Salmonella:sipAKO.
Cells were analyzed at indicated time points to determine the
localization of respective Salmonella in the lysosomes. Our re-
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sults showed significant colocalization of Salmonella:sipAKO
with lysosomes compared with Salmonella:WT after 90 min in-
fection (Fig. 7 C). Taken together, our results demonstrate that
SipA-mediated recruitment of Syn8 on SCVs promotes fusion of
SCVs with EEs and prevents its transport to the lysosomes.

Discussion

Phagosome maturation depends on the sequential recruit-
ment and removal of different Rabs and SNAREs (Brumell and
Scidmore, 2007; Haraga et al., 2008; McGhie et al., 2009), which
are master regulators of intracellular trafficking (Wickner and
Schekman, 2008; Stenmark, 2009; Pfeffer, 2013). We and others
have shown that Salmonella modulates the endolysosomal path-
way by targeting these proteins to establish their niche in host
cells by their effectors (Hashim et al., 2000; Mukherjee et al.,
2000; McGhie etal., 2009; Agbor and McCormick, 2011; Madan et
al., 2012). Thus, Salmonella, via its effector molecules, modulates
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membrane-fusion events in the host cells to avoid its targeting
to the lysosomes. The current model of vesicle fusion suggests
that the membrane fusion is regulated by Rab GTPases. These
proteins act as molecular switches and activate specific SNARE
proteins to drive membrane fusion between donor and acceptor
compartments. The specificity of membrane fusion is further
governed by the interactions of an R-SNARE with three cognate
Q-SNAREs (Jahn and Scheller, 2006). It is now well evident that
some of the Salmonella effectors like SopB, SopE, SptP, etc. target
host GTPases (LaRock et al., 2015), but very little is known about
the interaction of Salmonella effector with host SNAREs.

In this study, we have determined the recruitment of different
Syntaxins on SCVs at various stages of their maturation in HeLa
cells. Our results have shown that SCVs predominantly recruit
higher amounts of Syn8 than Synl3 or Syn7. Subsequently, we
identified that SipA is involved in the binding and recruitment
of Syn8 on SCVs. SipA is shown to facilitate bacterial invasion
into host cells by modulating actin polymerization (Zhou et
al., 1999a,b; Jepson et al., 2001; Raffatellu et al., 2005). Subse-
quent research has shown that host caspase-3 cleaves SipA at
the DEVD motif, leading to the formation of two functional do-
mains (Srikanth et al., 2010). The actin-binding activity of SipA
islocated in the C-terminal domain, whereas the function of the
N-terminal domain is associated with multiple functions. In this
study, we have found that the N-terminal domain of SipA specif-
ically recruits Syn8 on SCVs.

To understand the mechanism of interaction between SipA
and Syn8, we analyzed SipA and Syn8 sequences. Our results show
that SipA!80-232 has a typical SM containing a conserved arginine
residue in the center like mammalian R-SNAREs (Fasshauer et
al., 1998). In addition, our results show that SipA!-242, which con-
tains an SM, specifically forms homodimers/multimers, which is
in correlation with the fact that R-SNARESs can efficiently form
homodimers in vitro through the cysteine residues present in the
SM (Flanagan et al., 2015). Interestingly, bioinformatics analysis
predicted that SipA!-2”7 also contains a putative transmembrane
domain. Therefore, it is tempting to speculate that SipA mim-
ics as an R-SNARE and binds with Syn8. Indeed, three lines of
evidence have demonstrated that SipA mimics as an R-SNARE
to bind Syn§: (1) SM-deleted SipA''¢® truncated protein fails to
bind with Syn8; (2) binding with Syn8 is restored with an SM
containing truncated proteins SipA'-*%?; and (3) mutation in
the conserved arginine residue in the SM of SipA, SipAR?°4Q
and SipAl-#3°R204Q fails to bind Syn8. Interestingly, our results
show that SipA*8-27, which contains an SM, does not interact
with Syn8. It has been shown that the N-terminal region of the
SNARE protein acts as a nucleation center for the interaction
with cognate SNAREs (Fasshauer and Margittai, 2004; Pobbati
et al., 2006; Ellena et al., 2009). Therefore, it might be possible
that the initial 48 amino acids of N-terminal SipA are required
for nucleation with Syn8. To determine the significance of inter-
action between SipA and Syn8 within cells, SipA:FL, SipA!-4%, or
SipA*36-685 was expressed in HeLa cells. Consistent with previous
findings (Zhou et al., 1999a), we have also found that SipA*36-685
colocalized with actin, whereas SipAl-**® predominantly labeled
Syn8-positive intracellular vesicular membranes. In addition,
we found that infection with Salmonella:sipAKO significantly
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reduced the recruitment of Syn8 on SCVs in comparison with
SCV:WT and that the recruitment of Syn8 on SCVs is restored by
infection with Salmonella:sipAKO complemented with SipAl-435
(sipAKO:psipAl-43%), Most interestingly, Salmonella:sipAKO com-
plemented with SipA-43°R204Q fajls to recruit Syn8 on SCVs sig-
nificantly compared with SCV:WT. These results unequivocally
prove that SipA mimics as a cognate R-SNARE and recruits Syn8
on SCVs, which is a Q-SNARE (Subramaniam et al., 2000).

To unambiguously prove that the N terminus of SipA re-
cruits Syn8 on SCVs in Salmonella infection, we made a trans-
genic Salmonella where we introduced a dual-tag SipA construct
(SipA%3IFLAG-685HA) into the sipA chromosomal locus of the Sal-
monella (Salmonella:sipA*¥FLAG-685HA) nterestingly, infection
of HeLa cells with Salmonella:sipA*3!fLAG-685HA and subsequent
staining with both anti-FLAG and anti-HA antibodies does not
show complete colocalization between FLAG and HA. As SipA
FL protein should be recognized by both antibodies, this result
suggests that SipA is probably cleaved at the DEVD motif as ob-
served previously (Srikanth et al., 2010) to generate intracel-
lular N-terminal and C-terminal fragments. Consequently, we
found that SipA stained with anti-FLAG antibody in Salmonella:
SipA*3IFLAG-685HA jnfected cells predominantly colocalized with
Syn8. Thus, these results translate our in vitro finding that Sal-
monellainfection in HeLa cells also recruits Syn8 on SCVs by the
N-terminal domain of SipA.

Subsequently, we have tried to identify SNARE partners as fu-
sion requires interaction of three Q-SNAREs with one R-SNARE
(Fasshauer et al., 1998). Interestingly, it has been shown that
Syn8 is preferentially associated with EEs (Subramaniam et al.,
2000) and regulates endosomal trafficking (Prekeris et al., 1999).
Moreover, previous studies have shown that Syn8 forms a com-
plex with Syn7, Vtilb, and VAMPS to promote homotypic fusion
of EEs and late endosomes (Antonin et al., 2000a,b), whereas
replacement of VAMP8 with VAMP?7 in the same SNARE com-
plex stimulated fusion of late endosomes with lysosomes (Pryor
et al., 2004). In addition, it has been shown that Syni3, Vtila,
Syné, and VAMP4 regulate homotypic fusion of EEs (Brandhorst
et al., 2006). Among these EE SNAREs, our results show that
SipA binds with Q-SNAREs like Syn8, Syn13, Syn7, and SNAP23.
However, SipA does not interact with R-SNARE, VAMPS, or Vtila
and Vtilb. SipA binding with SNAP23 is an interesting observa-
tion. It could be possible that SipA, which functionally mimics
as VAMPS, binds with SNAP23 as it has been shown previously
that SNAP23 binds and forms complexes with several VAMPs in-
cluding VAMPS (Foster et al., 1998; Hong, 2005). As SipA binds
and recruits endosomal Q-SNAREs like Syn8, Syn13, and Syn7, we
have tried to determine whether SipA forms a SNARE complex
with Syn8, Syn13, and Syn7. Indeed, we have found that these four
proteins form an SDS-resistant SNARE complex. To determine
whether SipA forms a functional SNARE complex with Syns,
Synl13, and Syn7, we analyzed disassembly of SNARE complex
by NSF:WT and NSF:DIEQ, a dominant-negative mutant of NSF
(Whiteheart et al., 1994). Our results show that NSF dissociates
the target Q-SNAREs from the complex, demonstrating that
SipA forms a functional SNARE complex with Syn8, Syn13, and
Syn7. Subsequently, we have shown that such SNARE pairing is
sufficient to cause membrane fusion between donor liposomes
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containing SipA!-?”7 with acceptor liposomes containing Syn8,
Syn13, and Syn7. These results suggest the molecular mimicry of
SipA as an R-SNARE to promote membrane fusion for modulat-
ing the endolysosomal pathway in host cells.

To determine the functional role of Syn8 in Salmonella mat-
uration in host cells, we reconstituted in vitro fusion between
SCVs containing WT or sipAKO Salmonella with EEs. We found
~50% inhibition of fusion between SCV:sipAKO and EEs in
comparison with fusion of SCV:WT, with EEs indicating that
SipA-mediated recruitment of Syn8 is necessary for optimal
fusion of SCVs with EEs. However, it has been shown that SCVs
also recruit Rab5 (Steele-Mortimer, 2008) and promotes fusion
of phagosomes with EEs (Mukherjee et al., 2000). Similarly, we
also found that addition of anti-Rab5 antibodies inhibited ~80%
of fusion between SCVs with EEs. Interestingly, addition of an-
ti-Syn8 antibody almost completely inhibited the fusion between
SCVs and EEs, indicating that the function of Syn8 is downstream
of Rab5. We also found that addition of dominant-negative mu-
tants of Syn8, Synl3, or Syn7 in the fusion reaction significantly
inhibited the fusion between SCV:WT and EEs. Taken together,
our results demonstrated that SipA mimics as an R-SNARE and
binds with three Q-SNARES, Syn8, Synl3, and Syn?7, to promote
fusion of SCVs with EEs. In correlation with our results, it has
been shown recently that some of the pathogen effector mole-
cules bind with host SNARE molecules by simulating asa SNARE
partner. For example, Legionella pneumophila effector DrrA
binds with Syn3 (Arasaki et al., 2012), IncA effector of Chla-
mydia trachomatis binds with VAMP7 and VAMPS (Delevoye et
al., 2008), Salmonella effector SipC binds with Syné (Madan et
al., 2012), and Legionella effectors LegC2, LegC3, and LegC7 form
a SNARE complex with VAMP4 (Shi et al., 2016).

It is well documented that Salmonella avoids transport to the
lysosomes, but the nature of the compartment where Salmonella
resides is not fully characterized. Previous studies have shown
that the SCV initially recruits EE markers like EEA1, Rab5, and
the transferrin receptor (Steele-Mortimer et al., 1999) followed
by acquisition of Rab7 (Méresse et al., 1999). In contrast, they ex-
clude the late endosomal marker mannose-6-phosphate recep-
tor (Garcia-del Portillo and Finlay, 1995; Hashim et al., 2000),
demonstrating that Salmonella is not targeted to late endosome.
Consequently, it has been shown that the Salmonella effector
SopD2 impairs Rab7 activity and thereby inhibits the recruit-
ment of the Rab7 effectors RILP and FYCO1 on SCVs to prevent the
transport of SCVs to lysosomes (D'Costa et al., 2015). In addition,
we and others have shown that SCVs recruit Rab5 (Mukherjee et
al., 2000; Mallo et al., 2008) but exclude the transferrin recep-
tor (Hashim et al., 2000). Taken together, these results suggest
that Salmonellaresides in a unique endocytic niche and interacts
with various intracellular compartments by recruiting appropri-
ate Rab GTPases and SNAREs via their effector proteins.

It is well evident that constitutive fusion of phagosomes with
EEs blocks the phagosome maturation toward lysosomes and
promotes pathogen survival (Hashim et al., 2000; Mukherjee
etal., 2000). Consequently, we have found that siRNA-mediated
knockdown of Syn8 and KO of Syn8 by CRISPR in HeLa cells
significantly inhibits the growth of Salmonella in the host cells.
This is due to induced transport of Salmonella to the lysosomes
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Figure 8. Model showing the mechanism of recruitment of Syn8 on
SCV. SipA mimics as an R-SNARE and thereby recruits the host Q-SNAREs
Syn8, Syn13, and Syn7 on SCVs to promote fusion with EEs and inhibits trans-
port to lysosome.

as we have found that sipAKO Salmonella, which does not recruit
Syns, is significantly targeted to lysosomes in comparison with
Salmonella:WT. These observations are supported by the fact that
survival of sipAKO Salmonella is shown to be compromised in
the host cells (Brawn et al., 2007).

This is the first demonstration that SipA mimics as an
R-SNARE and thereby forms a functional SNARE complex with
three host Q-SNAREs, namely Syn8, Syn13, and Syn?7, to promote
fusion with EEs. Constitutive fusion of SCVs with EEs inhibits
SCV maturation toward lysosomes and thereby helps Salmonella
survive in the host cells (Fig. 8). Our results provide mechanistic
insight into how effector molecules from pathogens manipulate
host cellular processes by functionally substituting endogenous
SNAREs. It could be possible that pathogens have selected SMs
during evolution for easy manipulation of membrane fusion for
their benefit. Thus, the disruption of bacterial SNARE-like ef-
fector proteins could be a viable target for the development of a
therapeutic strategy.

Materials and methods

Reagents and antibodies

Unless otherwise stated, all reagents were obtained from Sigma-
Aldrich. Tissue culture supplies were obtained from Greiner
Bio-One and Biological Industries. Dextran-Texas Red (70,000
MW), Hoechst, Lipofectamine 2000, Lipofectamine RNAiMAX,
Prolong Gold antifade mounting reagent, rabbit polyclonal an-
ti-GFP, Alexa Fluor 546 phalloidin, and Alexa Fluor-tagged
secondary antibodies were obtained from Thermo Fisher Sci-
entific. Biotin (long arm)-N-hydroxysuccinimide, avidin D-
HRP, and avidin D were purchased from Vector Laboratories;
mouse monoclonal anti-GST and rabbit polyclonal anti-Rab5b
were from Santa Cruz Biotechnology, Inc.; rabbit polyclonal
anti-Rab5a was from Abcam; mouse monoclonal anti-His anti-
body was from GE Healthcare; mouse monoclonal anti-FLAG M2
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antibody, EZview Red ANTI-FLAG M2 affinity gel, rabbit poly-
clonal anti-HA antibody, and rabbit polyclonal anti-Rab5c were
from Sigma-Aldrich; mouse monoclonal anti-Myc and rabbit
polyclonal IgG antibody were from Cell Signaling Technology;
rabbit polyclonal anti-Syn7, rabbit polyclonal anti-Synl3, and
rabbit polyclonal anti-NSF were from Synaptic Systems; mouse
monoclonal anti-Syn4, anti-Vtila, and anti-GM130 were from
BD; and goat polyclonal anti-Salmonella CSA-1 antibody was
from KPL. Antibodies against Syn8 and SipA were generated
in rabbit and mouse, respectively, using standard methods. All
secondary antibodies labeled with HRP were purchased from
Jackson ImmunoResearch Laboratories, Inc. Other reagents
used were of analytical grade. Gel-filtered cytosol used in the
fusion assay was prepared from HeLa cells as described pre-
viously (Madan et al., 2008). NSF was depleted from cytosol
using immobilized anti-NSF antibody as described previously
(Mukherjee et al., 2000).

Plasmids

pFPV25.1 plasmid for constitutive expression of GFP in Salmo-
nella (Brandhorst et al., 2006) was provided by R. Valdivia (Duke
Center for Microbial Pathogenesis, Durham, NC). pBAD24, an
arabinose-inducible expression vector (Guzman et al., 1995), was
provided by A. Surolia (National Institute of Immunology, New
Delhi, India). Syn13-EGFP was provided by J. Brumell (University
of Toronto, Toronto, Canada). His,-tagged FL Syn7, Syn8, Syn13,
Vtilb, and VAMPS along with their cytoplasmic domain expres-
sion constructs were provided by R. Jahn and G. Mieskes (Max
Planck Institute for Biophysical Chemistry, Gbttingen, Germany).
GFP-VAMP7 and GFP-VAMPS were provided by T. Galli (Institut
Jacques Monod, Paris, France). NSF:WT and NSF:D1EQ were gifts
from SW. Whiteheart (University of Kentucky, Lexington, KY).
pSpCas9(BB)-2A-GFP plasmid (PX458) for generating Syn8-KO
cells was provided by F. Zhang (Massachusetts Institute of Tech-
nology, Cambridge, MA). pET-28a (Novagen; Merck KGaA) and
pPGEX-4T2 (GE Healthcare) vectors were used for the expression
of all N-terminal His,-tagged proteins and GST-tagged proteins,
respectively. p3xFLAG-Myc-CMV-26 vector (Sigma-Aldrich)
was used for expressing SipA as N-terminal 3xFLAG-tagged pro-
teins in HeLa cells.

Bacterial strains and growth conditions

Salmonella (SL1344 strain) was provided by D.W. Holden (Impe-
rial College, London, UK). All other Salmonella strains were de-
rived from Salmonella (SL1344 strain). Escherichia coli strains
SMI10Apir, SY327Apir, and the suicide vector pRE112, used for
the generation of sipAKO and Salmonella:sipA*3/FLAG-685HA
strains, were gifts from O.S. Mortimer (National Institutes of
Allergy and Infectious Diseases, Hamilton, MT). Bacteria were
routinely grown overnight in Luria-Bertani broth supple-
mented with streptomycin (100 ug/ml), ampicillin (100 pg/
ml), kanamycin (50 ug/ml), or chloramphenicol (30 pg/ml) as
appropriate with constant shaking (250 rpm) at 37°C. The late
log phase Salmonella (ODgg, of 0.8-0.9) was harvested by cen-
trifugation and used for infection experiments. SSPs were pre-
pared from the spent culture medium as described previously
(Mukherjee et al., 2000).
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Cells

Hela cells (human epithelial carcinoma cell line) were obtained
from ATCC. HeLa cells were cultured in complete medium
(DMEM containing 10% FCS and 50 pg/ml gentamicin) at 37°C in
a humidified incubator with 5% CO,.

Identification of Syn8 binding protein(s) from SSPs

To identify Salmonella effector protein(s) interacting with Syns,
5 pg GST-Syn8 was immobilized on glutathione beads and in-
cubated with 5 mg SSP for 2 h at RT. Subsequently, beads were
washed (Madan et al., 2012), and proteins bound to the beads
were resolved in 12% SDS-PAGE. The gel was silver stained to de-
tect effector protein(s) specifically interacting with GST-Syns.
Finally, the identified band was excised from the gel, trypsin
digested, and analyzed by mass spectrometry at a commercial
facility (The Center for Genomic Application, New Delhi, India).
Salmonella protein was also confirmed by Western blot analysis
using anti-SipA antibody.

Bioinformatics analysis

Bioinformatics analysis of SipA was done in order to check for the
presence of characteristic SMs or domains. The protein sequence
of SipA was aligned with Syn8 and its cognate SNARE partner
(Syn7, Vitilb, and VAMPS) protein sequences using NCBI COBALT
(Papadopoulos and Agarwala, 2007). The obtained multiple se-
quence alignment result was further analyzed through Jalview
program (Waterhouse et al., 2009).

Interaction between Syn8 and SipA or its truncations

SipA and its truncations were cloned into a pET28a expression
vector and purified as a Hise-tagged protein. Similarly, GST-
tagged fusion proteins were cloned in pGEX-4T-2 and purified.
To determine the direct interaction of Syn8 with SipA, an in vitro
protein-protein interaction assay was performed using 2.5 pg im-
mobilized GST-Syn8 on glutathione beads and incubated with 0.5
ug Hise-SipA or an equimolar concentration of SipA-truncated
proteins for 1 h at 4°C. Beads were washed extensively (Madan
et al., 2012), and binding of SipA or its truncated proteins with
Syn8 was detected by Western blot analysis using anti-SipA or
anti-His antibodies. GST immobilized on the beads was used as a
control. A similar assay was performed to determine the binding
between GST-SipAl-** with different His¢-tag SNARE proteins.

Salmonella infection in Hela cells

HeLa cells (0.3 x 10°) were seeded on coverslips placed in six-well
plates and grown for 12 h at 37°C in a humidified incubator with
5% CO, in complete medium. Cells were washed and incubated
with the indicated Salmonella strain at 50 MOI for 10 min in 1 ml
FCS-free medium at 37°C. After infection, cells were washed to
remove uninternalized bacteria and incubated with complete
DMEM containing 100 pg/ml gentamicin (to kill extracellular
bacteria) for indicated periods of time at 37°C.

Immunofluorescence

HeLa cells grown on coverslips were fixed with 4% paraformal-
dehyde, pH 7.4, in PBS at RT for 20 min. After fixation, cells were
washed three times with PBS and blocked in blocking buffer
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(PBS containing 3% BSA and 0.2% saponin) for 1 h at RT. After
blocking, cells were incubated with appropriate primary anti-
body in blocking buffer for 12 h at 4°C, washed, and probed with
Alexa Fluor-labeled secondary antibodies for 1h at RT. Cells were
washed and stained with Hoechst to label the nucleus for 5 min at
RT. Coverslips were air dried and mounted on glass slides using
Prolong Gold antifade mounting reagent for 12 h at RT. Cells were
observed under a Zeiss LSM 510 META or LSM 700 confocal laser
scanning microscope using an oil-immersion 63x objective.

Quantification of fluorescence intensity for Syntaxin recruit-
ment was performed using Zeiss 510 META software. Each data-
set was analyzed using at least 50 infected cells containing >100
Salmonella. Results are expressed as fluorescence intensity in AU
after subtracting background fluorescence intensity. To deter-
mine the colocalization between markers, Pearson’s correlation
coefficient or Manders’ colocalization coefficient of the whole
cell or region of interest was determined using Zeiss 510 META
software. At least 50 transfected or infected cells were imaged
for each condition, and results are representative of three inde-
pendent experiments.

Localization of SipA with Syn8 in Hela cells

To determine the localization of SipA in HeLa cells, FLAG-tagged
SipA:FL, SipAl-*%, or SipA*36-68° protein was overexpressed in
cells. Briefly, HeLa (0.2 x 10%) cells were plated in complete me-
dium, washed, and transfected with FLAG-tagged construct (2
pg) of SipA:FL, SipAl-435, or SipA*36-685 using Lipofectamine 2000
according to the manufacturer’s protocol. Cells were washed
and fixed with 4% paraformaldehyde for 20 min at RT. Cells
were immunostained with anti-FLAG and anti-Syn8 antibodies.
SipA-overexpressed cells were also stained with phalloidin to
determine its localization with actin. Finally, cells were viewed
with a Zeiss LSM 510 META laser scanning confocal microscope.

Immunoprecipitation

HeLa cells were cotransfected with FLAG-SipA!-*35 and GFP-Syn8
using Lipofectamine 2000 according to the manufacturer’s pro-
tocol. Cells were washed three times and lysed in 1 ml radioim-
munoprecipitation assay (RIPA) buffer (20 mM Tris-HCl, pH 7.5,
150 mM NacCl, 1 mM Na,EDTA, 1 mM EGTA, 1% NP-40, 1% sodium
deoxycholate, and complete protease inhibitor cocktail). Lysates
were centrifuged at 12,000 rpm for 30 min at 4°C, and superna-
tants were collected. Subsequently, 40 pl anti-FLAG M2 affinity
gel was equilibrated with RIPA buffer and incubated with 1 mg
lysate for 12 h at 4°C on a rotatory shaker. Beads were washed
three times with RIPA buffer followed by three times with chilled
PBS. Finally, proteins bound to the beads were resolved in 12%
SDS-PAGE and analyzed by Western blotting using anti-FLAG or
anti-GFP antibodies. FLAG-SipAl-*%- and GFP-Syn8-coexpress-
ing cells were also immunostained with anti-FLAG antibody and
visualized with a confocal microscope.

Determination of the formation of the SNARE complex by SipA
To determine the formation of SDS-resistant SNARE complex by
SipA with Syn8, Syn13, and Syn7, equimolar amounts of 2.5 pM
each of Hise-HA-Syn8, Hisg-Myc-Synl3, and Hise-FLAG-Syn7
purified proteins were incubated in 50 pl PBS for 2 h at 24°C
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on a rotary mixer in the presence or absence of purified GST-
SipAl-2%2, Both samples were resolved by SDS-PAGE (4-12% [wt/
vol] NuPAGE Bis - Tris gel; Invitrogen) without heat denatur-
ation under nonreducing conditions, followed by Coomassie blue
staining. A band corresponding with high MW was detected by
Coomassie staining only in the presence of SipA!-242, which was
cut out and analyzed by nano-liquid chromatography-tandem
mass spectrometry as described previously (Rastogi et al., 2016).
Briefly, the indicated protein band was sliced out as gel pieces
and destained with 50% acetonitrile in 25 mM ammonium bicar-
bonate solution. Subsequently, gel pieces were dehydrated using
100% acetonitrile followed by rehydration with 50 mM ammo-
nium bicarbonate solution containing 10 mM DTT. Finally, gel
pieces were resuspended in 100 pl digestion buffer (50 mM am-
monium bicarbonate solution containing 1 mg/ml trypsin gold)
and incubated for 20 h at 37°C. The mixture was centrifuged (2
min at 1,000 g), and the supernatant containing digested pep-
tides was acidified using trifluoracetic acid. The acidified di-
gested peptides were concentrated to 50 ul and desalted using
C-18 Zip-Tip by standard protocol. The digested peptides were
vacuum dried, dissolved in solvent A (5% acetonitrile containing
0.1% formicacid), and loaded for reverse-phase chromatography
using a C-18 Picofrit analytical column in a Thermo Fisher Scien-
tific Proxeon Nano liquid chromatographer. Samples were run
at a flow rate of 300 nl/min using a linear gradient of solvent B
(95% acetonitrile containing 0.1% formic acid); 70 min in 5-40%
solvent B, 10 min in 40-80% solvent B, 10 min in 80% solvent B,
5 min in 80-5% solvent B, and 25 min in 5% solvent B. Mass spec-
trometry was performed in an Orbitrap Velos mass spectrometer,
and data were analyzed against a local database comprising of
Syns8, Synl3, Syn7, and SipA proteins using Proteome Discoverer
Software (1.3.0.339 DBV version; Thermo Fisher Scientific).

Disassembly of SNARE complex by NSF

To determine whether SipA forms a functional SNARE complex
with Syn8, Synl13, and Syn7, we analyzed disassembly of SNARE
complex by NSF, which can be inactivated by NEM treatment.
Accordingly, 6 ug GST-SipAl-2*2 was immobilized on beads. Beads
were washed and incubated with 3 pug Hise-HA-Syn8, Hiss-Myc-
Syn13, and Hiss-FLAG-Syn7 proteins each in PBS for 1 h at 24°C to
form a SNARE complex. Subsequently, beads containing SNARE
complex were washed and resuspended in 200 ul PBS containing
3 mM MgCl, and 1 mM ATP in the presence of 100 pg untreated
cytosol, NEM-treated cytosol, or NSF-depleted cytosol for 45
min at 24°C. Finally, proteins present on the washed beads were
separated by SDS-PAGE and identified by Western blot analysis
using anti-GST, anti-HA, anti-Myc, and anti-FLAG antibodies.
To unequivocally determine the role of NSF, beads containing
SNARE complex were incubated in the presence of NSF-depleted
cytosol containing 3 ug NSF:WT or NSF:DIEQ, a dominant-
negative mutant of NSF, under same conditions and analyzed
using same procedure.

Preparation of proteoliposomes and membrane-fusion assays

To determine membrane fusion, liposomes containing purified
proteins were prepared by detergent removal as described pre-
viously (Shi etal., 2016). In brief, a stock solution of DOPC:DOPE:
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DOPS:cholesterol (Avanti Polar Lipids) in a 56:22:11:11 molar ratio
was prepared in 20 mM Hepes buffer saline (HBS; Hepes buffer
containing 150 mM NaCl and 5% cholate, pH 7.4). Proteins in HBS
and 1% CHAPS were mixed with the lipid solution to a final pro-
tein/lipid molar ratio of 1:500. The donor set of liposomes con-
tained the indicated R-SNARE and NBD-PE (2 mol%; Invitrogen),
and the acceptor set contained cognate Q-SNAREs and Texas Red
DHPE (1 mol%; Invitrogen). Proteoliposomes were formed by
dialysis against HBS for 2 d at 4°C in 3.5-kD cutoff tubing (In-
vitrogen). Donor and acceptor liposomes were each diluted to a
final concentration of 10 uM in HBS and incubated for 1 h at RT
in the absence or presence of 10 uM of the cytosolic domains of
respective R-SNARESs. Liposomes prepared without the addition
of proteins served as controls. Mixtures were transferred to 96-
well plates, and fluorescence emission of samples was acquired
from 500-800 nm at an excitation wavelength of 450 nm using
aTecan M-200 Infinite Pro plate reader. FRET efficiency was cal-
culated from the formula 100 x (1 - Fp,a/Fp), where Fy, is the flu-
orescence emission at 540 nm of donor (D) liposomes alone, and
Fp.a is the fluorescence emission at 540 nm of donor liposomes
with acceptor (A) liposomes. Results are expressed as percent
FRET efficiency.

Generation and characterization of sipAKO Salmonella
Salmonella:sipAKO (sipAKO) strain was generated by a suicide
vector (pRE112)-based allelic exchange method of homologous
recombination using a deletion construct containing 1 kb up-
stream and downstream regions of sipA as described previously
(Edwards et al., 1998). In addition, SipA!*43® and SipA!-435R204Q
were complemented into Salmonella:sipAKO (sipAKO:psipAl-4%
and sipAKO:psipA!-#435R204Q) ysing an arabinose-inducible Salmo-
nella expression vector, pBAD24 (Guzman et al., 1995).

Preparation of transgenic Salmonella:sipA431FLAG-685HA strajin

To generate Salmonella:sipA#3#LAG-685HA strain, first, the sipAr4%
fragment was PCR amplified using a specific forward primer
with a Sapl restriction site (forward, 5/-GTGTGTGCTCTTCTAT
GGTTACAAGTGTAAGGACTCAGCCC-3/) and a reverse primer
containing 3xFLAG sequence with a Sapl restriction site (re-
verse, 5/-GTGTGTGCTCTTCTATCCTTGTCATCGTCATCCTTGT
AATCGATGTCATGATCTTTATAATCACCGTCATGGTCTTTGTAGT
CCATAAAAGAGGTTGTTTCACCCGTAGTGCC-3/). Similarly, a
sipA*32-685 fragment was PCR amplified with a specific forward
primer with a Sapl restriction site (forward, 5/-GTGTGTGCT
CTTCTGATGAAGTCGATGGCGTAACCAGCAAG-3/) and a reverse
primer containing a 3xHA sequence with a Sapl restriction site
(reverse, 5/-GTGTGTGCTCTTCTTTAAGCGTAATCTGGAACGT
CGTATGGATACGATCCTGCATAGTCCGGGACGTCATAGGGATAGC
CCGCATAGTCAGGAACATCGTATGGGTAACGCTGCATGTGCAAGC
CATCAACGG-3/). Fragments were digested with Sapl and ligated
to generate sipA#3IFLAG-685HA construct. Similarly, sipA upstream
fragment (SipA U) was amplified with Xbal forward (forward, 5/-
GTTCTAGACCAGCAGCCTGAATGCGCTGG-3/) and Sapl reverse
primers (reverse, 5-GTGTGTGCTCTTCTCATTATTAATATCCTCT
TCTGTTATCCTTGCAGGAAG-3/). Similarly, sipA downstream
fragments (SipA D) were amplified with Sapl forward (forward,
5/-GTGTGTGCTCTTCTTAATTAACCGGGAAAGATGCGATGAATAT
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GG-3/) and Sacl reverse primers (reverse, 5-GTGAGCTCATAATC
TGCCGCCAGATAGAATCGCC-3/). All underlined sequences de-
note restriction sites. Finally, SipA U, sipA#3IFLAG-685HA and SipA
D were digested in Sapl and ligated to generate a sipA#3IFLAC-685HA
construct containing upstream and downstream sequences of
sipA. This construct was introduced into a sipA chromosomal
locus of the Salmonella:sipAKO through Prell2 suicide vector to
generate the Salmonella:sipA*3IFLAG-685HA gtrain,

Determination of Salmonella trafficking to the lysosome

To compare the trafficking of WT and sipAKO Salmonella toward
lysosomes, HeLa cells were incubated with 250 pg/ml Dextran-
Texas Red (70,000 MW) for 4 h in complete medium, washed,
and chased for 20 h to label the lysosomes. Subsequently, cells
were infected with either GFP:WT or GFP:sipAKO Salmonellaand
chased for indicated periods of time. Cells were washed, fixed,
and analyzed by confocal microscopy.

Preparation of biotinylated SCVs

To determine the fusion between WT and sipAKO Salmonella
with EE, Salmonella was biotinylated using N-hydroxysuccin-
imide-biotin as described previously (Madan et al., 2008). HeLa
cells were incubated with biotinylated Salmonella for 30 min
(MOI11:50) at 37°C, washed, and chased for an additional 60 min.
Subsequently, SCVs were purified using a method described pre-
viously (Lithrmann and Haas, 2000). Briefly, infected cells were
resuspended in homogenization buffer (HB; 250 mM sucrose,
0.5 mM EGTA, and 20 mM Hepes-KOH, pH 7.2) and homoge-
nized, and then postnuclear supernatant (PNS) was prepared.
To purify the SCV, PNS was diluted to 39% (wt/vol) sucrose and
loaded on top of 65% sucrose and 55% sucrose solutions. On top of
the PNS, 32.5% and 10% sucrose solutions were loaded and centri-
fuged (100,000 g) at 4°C for 1 h. SCVs were collected from 55-65%
sucrose space and further diluted to a final sucrose concentration
of 11% with HB and without sucrose. Finally, an SCV fraction was
placed on a 15% Ficoll cushion and centrifuged (18,000 g) at 4°C
for 20 min. Purified SCV was resuspended in HB.

Preparation of EEs

EEs were prepared as described previously (Mukherjee et al.,
2000). Briefly, HeLa cells were incubated with 1 mg/ml avi-
din-HRP for 1 h at 4°C, washed, and chased for 5 min at 37°C to
label the EE compartment. Cells were washed with HB, and PNS
was prepared. Subsequently, PNS was diluted with HB (1:3) and
centrifuged at 60,000 g for 1 min at 4°C. Finally, the superna-
tant was again centrifuged at 100,000 g for 5 min at 4°C to pre-
pare enriched EEs.

In vitro fusion between biotinylated SCVs and
avidin-HRP-labeled EEs

To determine the fusion between biotinylated SCVs and EEs, 5
pg of each respective SCV-containing biotinylated Salmonella
was mixed with 5 pg of avidin-HRP-loaded EEs in fusion buf-
fer (250 mM sucrose, 0.5 mM EGTA, 20 mM Hepes-KOH, pH
7.2, 1 mM DTT, 1.5 mM MgCl,, and 100 mM KCl) containing an
ATP-regenerating system (1 mM ATP, 8 mM creatine phosphate,
31 U/ml creatine phosphokinase, and 0.25 mg/ml avidin D as
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scavenger) supplemented with 25 ug gel-filtered cytosol with a
total reaction volume of 50 ul and incubated for 60 min at 37°C
as described previously (Mukherjee et al., 2000). The fusion
reaction was stopped by chilling on ice. The avidin-HRP-biotin
bacterial complex was recovered by centrifugation (10,000 g for
5 min) after solubilization of the membrane in solubilization buf-
fer (PBS containing 0.5% Triton X-100 with 0.25 mg/ml avidin
D as a scavenger). The enzymatic activity of avidin-HRP associ-
ated with the biotinylated bacteria was measured as a fusion unit.
Specific fusion value was determined by subtracting the values
corresponding with HRP activity obtained when the endosomes
and SCVs were mixed in fusion buffer without cytosol. Results
are expressed as relative fusion in comparison with control.

KO of Syn8 by CRISPR/Cas9

To knock out Syn8 in HeLa cells by CRISPR/Cas9, the Syn8 ge-
nomic DNA sequence was analyzed using the Broad Institute’s
single-guide (sgRNA) designer tool for designing appropriate
sgRNA. Two different sgRNAs were used to obtain Syn8-KO
cells: sgSYN81, 5'-CCCTGGTGAGTCCCGGGTGA-3'; and sgSYN82,
5'-TGCAGACTCCGCCCGCCGCT-3'". Subsequently, sgRNAs were
cloned into the pSpCas9(BB)-2A-GFP plasmid (PX458), and HeLa
cells were transfected with both Cas9/sgRNA expression vectors
as described previously (Ran etal., 2013). GFP-positive cells were
sorted after 24 h transfection using the BD FACSAria III sorter.
Subsequently, cells were appropriately diluted to seed single cells
per well in a 96-well plate and allowed to grow in normal culture
conditions. Finally, individual colonies were screened by Western
blot and immunofluorescence analyses using specific antibodies.

Determination of the role of Syn8 in the survival of
Salmonellain Hela cells

To understand the role of Syn8 in the survival of Salmonella in
HeLa cells, Syn8 siRNA (5'-CCTCTTGGATGATCTTGTA-3') was
transfected into 30-40% confluent HeLa cells using Lipofect-
amine RNAiMAX. Knockdown of Syn8 in cells was checked by
real-time PCR (qPCR) using Syn8 gene-specific forward and re-
verse primers. The relative Syn8 gene expression was normalized
using 18s rRNA as an internal control. Subsequently, cells were
washed and infected with Salmonella:WT at 50 MOI at 37°C for
30 min. Cells were washed and incubated with complete medium
containing 100 pg/ml gentamicin for 30 min at 37°C to kill extra-
cellular bacteria. Cells were then incubated with complete me-
dium containing 10 pg/ml gentamicin for the indicated periods
of time at 37°C. At respective times, cells were washed and lysed
in 1% Triton X-100 containing 0.1% SDS for 5 min (Yu etal., 2014).
Serial dilutions of the lysate were plated on Luria-Bertani agar
plates containing streptomycin (100 pg/ml) at 37°C for 12 h, and
numbers of viable bacteria were measured by colony-forming
units. Similar experiments were performed in CRISPR-
mediated KO of Syn8 in HeLa cells.

Statistical analysis

Statistical analysis was performed using SigmaPlot version 12.
Statistical differences were determined by one-way ANOVA
or Kruskal-Wallis test followed by post hoc pairwise multiple
comparison analysis using Bonferroni’s t test, Dunn's Method,
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Tukey’s test, or paired t test with 95% confidence intervals.
P values of <0.05 were considered significant for all analyses.

Online supplemental material

Fig. S1 shows the recruitment of VAMP7 and VAMPS8 on SCVs.
Fig. S2 shows the identification of Syn8 binding protein as SipA
by mass spectrometry. Fig. S3 shows the generation and charac-
terization of sipAKO Salmonella. Fig. S4 shows the localization of
SipA on SCVs containing sipAKO:SipAl-43® Salmonellaand gener-
ation of SipA*3IFLAG-685HA construct. Fig. S5 shows the presence of
different proteins on the SCV and endosomes.
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