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The intracellular pathogenic bacterium Salmonella

enterica serovar typhimurium (Salmonella) relies on acid-

ification of the Salmonella-containing vacuole (SCV) for

survival inside host cells. The transport and fusion of

membrane-bound compartments in a cell is regulated by

small GTPases, including Rac and members of the Rab

GTPase family, and their effector proteins. However, the

role of these components in survival of intracellular patho-

gens is not completely understood. Here, we identify

Nischarin as a novel dual effector that can interact with

members of Rac and Rab GTPase (Rab4, Rab14 and Rab9)

families at different endosomal compartments. Nischarin

interacts with GTP-bound Rab14 and PI(3)P to direct the

maturation of early endosomes to Rab9/CD63-containing

late endosomes. Nischarin is recruited to the SCV in a

Rab14-dependent manner and enhances acidification

of the SCV. Depletion of Nischarin or the Nischarin binding

partners—Rac1, Rab14 and Rab9 GTPases—reduced the

intracellular growth of Salmonella. Thus, interaction

of Nischarin with GTPases may regulate maturation

and subsequent acidification of vacuoles produced after

phagocytosis of pathogens.
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Introduction

Salmonella species are facultative intracellular bacterial

pathogens causing a variety of enteric diseases in vertebrates

worldwide. Salmonella enterica serovar typhimurium is the

causative agent of debilitating gastroenteritis in humans.

Salmonella gains entry to the intracellular milieu of the

body via trans-endocytosis by microfold (M) cells (Kohbata

et al, 1986; Jones et al, 1994) and subsequent uptake by

macrophages, B cells (Souwer et al, 2009) or dendritic cells

present in the lamina propria (Rescigno et al, 2001). These

phagocytic cells are exploited by Salmonella as vehicles to

disseminate itself throughout the host body. To enhance

uptake in phagocytic cells (Lombardi et al, 1993; Pavlova

et al, 2011) and to induce uptake in non-phagocytic cells,

Salmonella secretes effector proteins into the host cell via the

type 3 secretion system (T3SS) encoded by Salmonella

pathogenicity island 1 (SPI-1) (Lostroh and Lee, 2001).

After uptake and acidification (Yu et al, 2010) of the

Salmonella-containing vacuole (SCV), Salmonella secretes

effectors encoded by the Salmonella pathogenicity island 2

(SPI-2) act to create and maintain the replicative niche

(Hensel et al, 1998; Haraga et al, 2008). During this

process, the SCV serially acquires early endosomal markers

(e.g., EEA1 and transferrin receptor) (Steele-Mortimer et al,

1999b) followed by late endosomal markers (e.g., LAMP)

(Garcia-del Portillo et al, 1993; Méresse et al, 1999); though

the SCV interacts with late endosomes/lysosomes (Drecktrah

et al, 2007), fusion of SCV with lysosomes is thought to be

prevented (Garcia-del Portillo and Finlay, 1995; Rathman

et al, 1996; Méresse et al, 1999; Steele-Mortimer et al,

1999a). The various effectors secreted by Salmonella

orchestrate this acidification, but escape from lysosomal

degradation.

Salmonella disrupts the normal pathways of small GTPases

like Rac and Rab GTPases, the key regulators of formation,

transport and fusion of vesicles in a cell (Zerial and McBride,

2001; Pfeffer, 2003; Palamidessi et al, 2008). Two SPI-1

encoded effectors, SopE and SopB, control entry and

transport of vesicles by manipulating Rac and Rab GTPases

(McGhie et al, 2009). SopE activates host Rac GTPase to

induce actin remodelling and phagocytosis (Hardt et al,

1998). SopB recruits host Rab5 to the phagosomal

membrane, stimulating local production of PI(3)P (Mallo

et al, 2008). SopB also activates the Akt kinase signalling

cascade (Steele-Mortimer, 2000). Activated Akt

phosphorylates AS160; phosphorylated AS160 dissociates

from the membrane. AS160 is a GAP (GTPase activating

protein) for Rab14 (Larance et al, 2005; Mı̂inea et al, 2005).

Dissociation from AS160 enables Rab14 to remain in a

membrane-associated active form on the phagosome (Kuijl

et al, 2007). Here, we identify and characterize Nischarin

as a novel dual effector for both Rac and Rab GTPases that

regulates the maturation of the SCV. Recruitment of Nischarin
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to the SCV via PI(3)P and its sequential interaction

with Rab14 and Rab9 leads to acidification of the SCV,

creating conditions favourable for intracellular survival of

Salmonella.

Results

Nischarin is an effector protein of Rab14 GTPase

To understand how intracellular bacteria like Salmonella cre-

ate their replicative niche, and to delineate the role of Rab14 in

this process, Rab14-Q70LDC, a constitutively active GTP-locked

form of Rab14 was used as a bait in a yeast two-hybrid screen

of a mouse brain cDNA library. The screen identified

Nischarin, a protein previously reported to interact with p21-

activated kinases (PAKs), insulin receptor substrate 4 (IRS4),

a5 integrin, and the small GTPase Rac1 (Sano et al, 2002;

Alahari and Nasrallah, 2004; Alahari et al, 2004). Nischarin

interacted with Rab14-Q70LDC, but not with Rab14-S25NDC,

the GDP-locked mutant (Figure 1A). The GTP-dependent

interaction of Nischarin with Rab14 was confirmed by GST

bead-binding assays (Figure 1B) and by co-immunoprecipita-

tion (Figure 1C): Nischarin bound strongly to Rab14 in the

presence of GMP-PNP, a non-hydrolysable GTP analogue, and

to Rab14-Q70L. The endogenous Rab14 and Nischarin proteins

could be co-immunoprecipitated by anti-Nischarin antibodies

(Supplementary Figure S1A).

Nischarin localizes to endocytic/recycling vesicles

(Lim and Hong, 2004). Given that Rab14 also resides partly

on early endosomes (Junutula et al, 2004), we probed the

possible co-localization of Nischarin and Rab14 by immuno-

fluorescence. Rab14 and myc-Nischarin (Figure 1D), as well

as endogenous Rab14 and Nischarin (Figure 1E), partly co-

localized on vesicles. The extent of co-localization of myc-

Nischarin and Rab14 was enhanced by expression of Rab14-

Q70L and decreased by expression of a dominant-negative

form of Rab14 (Rab14-N124I) (Figure 1D). Nischarin

remained membrane associated despite overexpression of

GDP-Rab14-N121I, suggesting that Nischarin may localize

to endosomes by binding of PI(3)P through its phox homol-

ogy domain (PXD) (Lim and Hong, 2004). Indeed, treatment

of cells with the PI(3)K inhibitor wortmanin or deletion of the

PX domain of Nischarin relocalized Nischarin from vesicular

structures to the cytosol (Supplementary Figure S1B and C).

Moreover, preventing the conversion of PI(3)P to PI(3,5)P2

with the Pikfyve inhibitor (Jefferies et al, 2008) YM201636

increased the number of Nischarin-positive vesicles

(Supplementary Figure S1B). In this aspect, Nischarin differs

from another Rab14 effector, RUFY1/Rabip4, which, despite

the presence of a PIP(3)-binding FYVE motif, can localize to

membranes only when complexed with GTP-Rab14

(Yamamoto et al, 2010).

A Rab-effector protein typically binds to its cognate Rab

GTPases and coordinates various stages of intracellular vesi-

cular transport. Binding of a Rab effector often stabilizes the

Rab GTPase in the GTP-bound state by preventing access of a

GAP responsible for conversion of the Rab to a GDP-bound

form (Jordens et al, 2001). Stabilization of a Rab GTPase in

the GTP-bound state should be reflected in an increased

retention time of the GTPase on the membrane. The effect

of Nischarin on Rab14 membrane retention was followed

by fluorescent recovery after photo-bleaching (FRAP).

Endosomes containing GFP-Rab14 or GFP-Rab5 in the

presence or absence of Nischarin were photobleached and

monitored for fluorescence recovery to quantify the Rab

GTPase cycle of GTP hydrolysis by GAPs and GTP loading

by GEF (GTP exchange factor) in living cells. Nischarin

quenched recovery of cytosolic Rab14 to the endosomes

(Figure 1F). Nischarin did not affect the GTP cycle of Rab5

(Figure 1G) on the same vesicles, indicating a specific inter-

action between Nischarin and Rab14. The selective effect of

Nischarin on the Rab14 GTPase cycle has been observed for

other Rab–effector interactions (Jordens et al, 2001).

Mapping-specific domains of Nischarin that bind

to Rab14 and Rac1 GTPases

We used GST bead-binding assays and yeast two-hybrid

analyses to map the domain of Nischarin required for inter-

action with Rab14. Two truncated derivatives of Nischarin

were prepared: one truncation comprising the PXD (Phox

homology domain), the LRR (leucine-rich repeat) and the CC

(coiled coil) domain collectively called the N-terminal

domain (NTD), the other comprising the C-terminal

domain (CTD) of unknown function (Lim and Hong, 2004).

Rab14-Q70LDC could bind to Nischarin-CTD (aa 1120–1504),

but not to Nischarin-NTD (aa 1–1030) (Figure 2A and B;

Supplementary Figure S2A). Further deletions of the

N-terminal or C-terminal regions of Nischarin-CTD abrogated

this interaction (Figure 2A). We then investigated which

domain is required for Nischarin recruitment to vesicular

membranes. Nischarin-NTD lacking the Rab binding domain

Figure 1 Nischarin is an effector protein of Rab14 GTPase. (A) Yeast two-hybrid analysis shows that Nischarin interacts with the GTP-locked
form Rab14-Q70LDC, but not with the GDP-locked form Rab14-S25NDC. The suffix ‘DC’ denotes deletion of the C-terminal CaaX motif (Cys-Gly-
Cys) to prevent membrane localization of the Rab GTPase in the yeast cell. (B) Western blot of cell lysate of HEK293T cells expressing myc-
Nischarin after GST bead-binding assay. Proteins eluted from GST-Rab14 loaded with either GDP or the non-hydrolysable GTP analogue
GMPBPNP were probed with anti-myc antibody (upper panel) and stained with Ponceau S (lower panel) to show equal loading of cell lysates.
(C) Immunoblot of HEK293T cell lysate containing myc-Nischarin mixed with GFP-Rab14-wt, GFP-Rab14-Q70L or GFP-Rab14-S25N for
co-precipitation using anti-myc antibody and probed with anti-GFP antibody (upper panel) or anti-GFP and anti-myc antibody (lower panel).
(D) Immunofluorescence images of MCF-7 cells showing localization of myc-Nischarin (mouse-anti-myc antibody; secondary Alexa 647 anti-
mouse antibody; red) and GFP-Rab14-wt, GFP-Rab14-Q70L or GFP-Rab14-N124I (green). Scale bar¼ 10 mm. Plot shows extent of co-
localization (as meanþ s.d.) of fluorescence of myc-Nischarin and GFP-Rab14, GFP-Rab14-Q70L or GFP-Rab14-N124I as measured by the
Karl Pearson’s coefficient of correlation. P-values were obtained with a Student’s t-test comparing Rab14-N124I with Rab14-WTor Rab14-Q70L
(n412 cells per condition). (E) Immunofluorescence images of A172 cells showing localization of endogenous Rab14 (rabbit anti-Rab14
antibody; secondary Zenon Alexa 488 anti-rabbit fab fragment, green) and endogenous Nischarin (Rabbit-anti-Nischarin; secondary Zenon
Alexa 647 anti-rabbit fab fragment antibody; red). Scale bar¼ 10mm. (F) Fluorescence recovery after photobleaching of GFP-Rab14 in the
presence or absence of ectopically expressed Nischarin in MCF-7 cells. Endosomes marked by GFP-Rab14 were bleached (laser at 488 nm) and
appearance of fluorescence on these vesicles was monitored as a function of time. P-value was obtained with F-test comparing FRAP curves of
Rab14 with Rab14þNischarin, standard deviations are shown (n48). (G) Fluorescence recovery after photobleaching of GFP-Rab5 in the
presence or absence of ectopically expressed Nischarin. FRAP experiment was carried out as described above. P-value was obtained with F-test
comparing FRAP curves of Rab5 with Rab5þNischarin. NS indicates no statistical significance (n47).
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was recruited to membranes while Nischarin-CTD remained

cytosolic (Supplementary Figure S2B). However, immuno-

fluorescence showed that Nischarin-NTD displayed reduced

co-localization with Rab14 in MCF-7 cells (Figure 2C). This

indicates that both the interaction with Rab14 and PI(3)P are

important for localization of Nischarin to Rab14-positive

endosomes.

The situation was different for the other GTPase—Rac1.

Both full-length and Nischarin-NTD co-localized on vesicles

with GTP-locked Rac1-Q61L (Figure 2D), in agreement with

previous findings (Reddig et al, 2005). GST bead-binding

assays using purified proteins revealed that the GTP-bound

and GDP-bound forms of GST-Rac1 could interact with

full-length and Nischarin-NTD (Figure 2E). However,
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Nischarin-CTD interacted only with the GTP-bound form of

Rac1. Thus, it appears that Rac1 interacts with Nischarin at two

distinct domains: inactive Rac1 with the NTD of Nischarin,

active Rac1 with both the NTD and the CTD of Nischarin.

Since members of two different classes of small GTPases—

Rac and Rab—bind to Nischarin, the question was whether

this binding was mutually exclusive. Immunofluorescence

revealed co-localization of RFP-Nischarin, myc-Rac1-Q61L
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Figure 2 Nischarin domains interacting with Rab14 and Rac1 GTPases. (A) Schematic overview of mouse(m) and human(h) Nischarin and
mapping of Nischarin binding domain to Rab14. PXD, Phox homology domain; LRRs, leucine-rich repeats; CC, coiled coil; CTD, C-terminal
domain. Yeast two-hybrid analysis showing interaction of Rab14-Q70LDC with Nischarin-CTD and its deletion constructs. (B) Western blot
analysis of proteins eluted from GST-Rab14 beads incubated with myc-Nischarin-CTD in the presence of either GDP or GMPBPNP and probed
with anti-myc antibody (upper panel). Lower panel: Ponceau S staining of the filter to show equal loading of lysates. (C) Immunofluorescence
of MCF-7 cells showing localization of GFP-Rab14 (green) and RFP-Nischarin (red) or RFP-Nischarin-NTD, as indicated. Bar: 10 mm. Plot
showing extent of co-localization (as meanþ s.d.) of fluorescence GFP-Rab14 and of RFP-Nischarin or RFP-Nischarin-NTD as measured by the
Karl Pearson’s coefficient of correlation. P-values were obtained with a Student’s t-test comparing Nischarin with Nischarin-NTD (n412 cells
per condition). (D) Immunofluorescence of MCF-7 cells showing localization of myc-Rac (mouse anti-myc antibody; secondary Alexa 647 anti-
mouse antibody, green) and RFP-Nischarin (red) or RFP-Nischarin-NTD, as indicated. Bar: 10mm. (E) Western blot analysis of HEK293T cell
lysates containing full length or deletion constructs of myc-Nischarin before (total lysates, TL) and after incubation with GST-Rac in presence of
either GDP or GMPBPNP. (F) Immunofluorescence image of MCF-7 cells showing localization of myc-Rac1-Q61L (mouse anti-myc antibody;
secondary Alexa 647 anti-mouse antibody, red), RFP-Nischarin (green) and GFP-Rab14 (blue). Scale bar¼ 10 mm.
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and GFP-Rab14 (Figure 2F), suggesting that a Nischarin

dimer (Lim and Hong, 2004) may simultaneously bind Rac1

and Rab14. Alternatively, Nischarin dimers exclusively

binding Rac or Rab14 are present on the same vesicle.

Dimerization of Nischarin was confirmed by immuno-

precipitation experiments using GFP-Nischarin and myc-

Nischarin (Supplementary Figure S2C). These observations

suggest that the shared effector Nischarin unites Rac and

Rab14 mediated trafficking pathways.

Nischarin interacts with early and late endosomal

Rab GTPases

Nischarin localizes to early, sorting and recycling endosomes

but not to late endosomes or the Golgi (Supplementary Figure

S3A; Lim and Hong, 2004). Rab14 localizes to a fraction of

early endosomes and recycling endosomes and Golgi, but

not to late endosomes (Supplementary Figure S3B; Junutula

et al, 2004). Since Rab14 binds Nischarin, it is possible that

Nischarin, like the two previously identified effectors of

Rab14—Rabenosyn-5 and RUFY1/Rabip4 (Eathiraj et al,

2005; Yamamoto et al, 2010)—also participates in the early

endosome/recycling pathway (Lim and Hong, 2004).

Surprisingly, markers for various endosomal compartments

revealed partial co-localization of Nischarin and GFP-Rab14

with the late endosome marker CD63 (LAMP-3), though GFP-

Rab14 showed negligible co-localization with CD63 in the

absence of Nischarin (Figure 3A). These observations

suggest that the Nischarin-Rab14 complex may direct

endocytic vesicles away from the early endosome/recycling

pathway towards the late endosomal compartment possibly

by interacting with other Rab GTPases localized on late

endosomes.

A yeast two-hybrid analysis with 45 different Rab GTPases

as bait to determine if other Rab GTPases interact with

Nischarin (Figure 3B) identified three additional Rab

GTPases—Rab4A, Rab9A and Rab38. Rab4 is the closest

homologue of Rab14 (Junutula et al, 2004) but Rab9 and

Rab38 are distantly related. Rab4, Rab14 and Rab9 are

ubiquitously expressed, whereas Rab38 is almost

exclusively expressed in melanocytes (Jäger et al, 2000). In

addition, Rab38 failed to co-localize with Nischarin, as did

the Rab38-Q69L mutant, which was completely cytosolic,

suggesting a lack of prenylation (Supplementary Figure

S3C). Interactions of Nischarin with Rab4 and Rab9 were

confirmed in in vitro and cell-based experiments. GST bead

binding of Nischarin to Rab4A and Rab9A was GTP depen-

dent (Figure 3C), and involved the CTD of Nischarin; the

same domain as used by Rab14 (Supplementary Figures S2A

and S3D). FRAP analysis showed that Nischarin ‘locks’ Rab4

and Rab9 in a GTP-bound state on the membrane in living

cells, as observed for Rab14 (Supplementary Figure S3E;

Figure 3D). Moreover, expression of Nischarin in HEK293T

cells resulted in an elevation in the membrane-bound pool

while decreasing the cytosolic pool of Rab9 (Figure 3E).

Immunofluorescence revealed that Nischarin co-localized

with Rab4, Rab9 and GTP-locked forms Rab4-Q67L and

Rab9-Q66L, but not with GDP-locked forms Rab4-S22N

and Rab9-S21N (Supplementary Figure S3F; Figure 3F).

Collectively, this suggests that Nischarin can be recruited to

endosomes via its PX domain to interact with at least three

different Rab GTPases that localize to different endosomal

compartments.

Nischarin regulates the transition of Rab14 early

endosomes to Rab9 late endosomes

We determined the localization of the Nischarin-Rab9 and

Nischarin-Rab14 complexes in relation to the late endoso-

mal/lysosomal marker CD63. Rab9 localized to CD63-

containing late endosomes (Supplementary Figure S4A).

Nischarin/CD63-positive structures were seen in almost all

cells by immunofluorescence upon co-expression of Rab14,

and especially Rab9 (Figures 3A and 4A). This was confirmed

by immunoelectron microscopy of HEK293T cells: GFP-

Nischarin localized poorly to LAMP-2-positive late endoso-

mal/lysosomal compartments unless Rab9 or Rab14 was

co-expressed (Figure 4B). Although Rab9 localized

Nischarin to a CD63-positive compartment, these compart-

ments did not label for Cathepsin D indicating that they do

not represent lysosomes (Supplementary Figure S4B).

Since Rab4, Rab9 and Rab14 bind the same domain of

Nischarin, the question was whether these Rab GTPases

compete or collaborate for binding. We expressed various

combinations of Rab GTPases and Nischarin in MCF-7 cells to

determine co-localization. Expression of Rab9 affected the co-

localization of Nischarin with Rab4 and Rab14, suggesting

that Rab9 effectively competes with Rab4 and Rab14 for the

Rab binding site of Nischarin with high efficiency in vivo

(Supplementary Figure S4C; Figure 4C).

What are the functions of the different Rab–Nischarin

complexes? Rab9 regulates transport of the cation-indepen-

dent mannose 6-phosphate receptor (CI-MPR) from the late

endosome to the trans-Golgi network and is involved in

lysosome biogenesis (Lombardi et al, 1993; Riederer et al,

1994). Since Rab9 influences the total amount of CI-MPR

present in the cell, we were interested in the effect of

Nischarin on CI-MPR. Knockdown of Rab9 increased

the total amount of CI-MPR as reported earlier (Ganley

et al, 2004), while knockdown of Rab14 or Nischarin failed

to change CI-MPR levels (Supplementary Figure S5A). This

suggests that Rab14 and Nischarin, unlike Rab9, have no role

in transport from late endosomes to the trans-Golgi network.

We also observed a strong reduction in Rab9 upon Nischarin

knockdown and vice versa, suggesting that similar to TIP47,

Nischarin and Rab9 are dependent on each other for stability

(Ganley et al, 2004; Supplementary Figure S5B). Stability can

be considered as a read-out for interaction, and this observa-

tion suggests that Nischarin is an important effector for Rab9.

Maturation of Rab5 early endosomes into Rab7 late

endosomes is controlled by timed recruitment of GAPs and

GEFs where Rab5 controls Rab7 activation (Rink et al, 2005;

Kinchen and Ravichandran, 2010; Poteryaev et al, 2010).

Since Rab14 resides on early endosomal vesicles and Rab9

on late endosomal vesicles, and both Rab9 and Rab14 bind

Nischarin, we speculated that Nischarin could regulate Rab14

to Rab9 transition of the vesicles and thereby affect

progression from early to late endosomes. MCF7 cells with

minimal or no endogenous expression of Nischarin were

used to evaluate whether Nischarin can influence the co-

localization of Rab14 and Rab9. In the absence of Nischarin,

there was no co-localization, while the presence of Nischarin

showed complete co-localization between Rab9 and Rab14

indicating that Nischarin plays an important role in bringing

Rab9- and Rab14-positive endosomes together (Figure 4D).

To further dissect the dynamics of transition from

Rab14-positive endosomes to Rab9-positive endosomes, we
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first studied the recruitment of Rab14 to early endocytic

vesicles by following endocytosis of far-red microspheres in

cells expressing GFP-Nischarin and RFP-Rab14. The rapid

recruitment of Rab14 to a sub-population of endocytosed

microspheres was followed by recruitment of Nischarin.

During maturation, Rab14 was lost first, followed by the

loss of Nischarin (Supplementary Movie 1; Figure 5A).

Maturing vesicles are known to have progressively less

PI(3)P (Lindmo and Stenmark, 2006), which may explain

the loss of Nischarin. To investigate whether Rab14-positive

endosomes eventually acquire Rab9, we expressed BFP-Rab9,

GFP-Nischarin and RFP-Rab14 in A172 cells and timed their

recruitment to maturing vesicles. Rab14-positive endosomes

first recruited Nischarin, followed by progressive recruitment

of Rab9, which continued while Nischarin was released from

the vesicles (Supplementary Movie 2; Figure 5B and C).

These results suggest that Nischarin is initially recruited to

Rab14-positive early endosomes where it subsequently
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interacts with the late endosomal Rab9 to promote matura-

tion of the endosome.

Recruitment of Nischarin to the SVC promotes survival

of Salmonella

Regulation by Nischarin of two Rab GTPases acting on

different endosomal compartments may contribute to the

intracellular survival of Salmonella in SCVs. Salmonella has

to enter acidified compartments such as late endosomes for

propagation since a low pH induces the secretion of SPI-2

effector proteins which regulate SCV maintenance (Beuzón

et al, 1999). Yet an SCV has to avoid fusion with lysosomes to

prevent degradation of the pathogen (Rathman et al, 1996;

Méresse et al, 1999). Many molecules capable of interacting

with Nischarin are located on the SCV including PI(3)P, Rac1,

Rab4, Rab14 and Rab9, of which some are known to regulate

formation and maintenance of Salmonella SCVs (Hardt et al,

1998; Hernandez et al, 2004; Smith et al, 2007). As reported

earlier (Bakowski et al, 2011), GFP-Rab14 was recruited to a

subset of SCVs directly after cellular entry of Salmonella

(Supplementary Movie 3; Figure 6A). Immunofluorescence

of Salmonella-infected cells revealed that Nischarin was

recruited to SCVs, where it accumulated during the first 5 h,

and remained associated with the SCV for at least 16 h

(Supplementary Figure S6A; Figure 6B and C). Whereas

Rab14 associated with the SCV for o2 h (Supplementary

Figure S6B), in agreement with the data published previously

(Bakowski et al, 2011). Knockdown of Rab14 reduced

recruitment of Nischarin to the SCV (Figure 6D). Knockdown

of Rab9 also reduced recruitment of Nischarin by reducing

either the total amount of Nischarin (Supplementary

Figure S5B) or only the recruitment of Nischarin to SCV

(Figure 6D).

The effect of Nischarin and its interacting partners on the

fate of Salmonella in A172 cells was ascertained using a strain

of Salmonella that expresses DsRed exclusively under low

Mg2þ conditions of the intracellular environment of an SCV.

Knockdown of Nischarin, Rab9, Rab14 or Rac1 by siRNA

reduced intracellular growth of Salmonella during 18 h after

infection of A172 cells (Supplementary Figure S6C;

Figure 6E). This reduction indicates a role for of Nischarin

and the three interacting GTPases in the survival of

Salmonella. Knockdown of Rab7, which prevents maturation

of the phagosome, was used as a positive control for reduced

Salmonella proliferation (Méresse et al, 1999).

Survival and replication of Salmonella inside a host cell

requires acidification of the SCV (Rathman et al, 1996) that

precedes the step involving blockage of fusion of lysosomes

with SCV. The early endosome to late endosome

transition regulated by Nischarin may participate in

maturation and acidification of the SCV. Indeed,

knockdown of Nischarin and Rab7 in A172 cells led to a

decrease in acidification of the SCV, which may explain the

reduced bacterial load at 18 h post infection (Supplementary

Figure S6D; Figure 6F).

If Nischarin is involved in controlling intracellular infec-

tions of bacterial pathogens such as Salmonella, then the

question is whether it is expressed in the relevant cell types.

When Salmonella enters the body through uptake via M cells

in the gut, it first encounters macrophages and dendritic cells

before coming into contact with other cell types. Quantitation

of RNA expression by microarrays showed that Nischarin is

expressed at higher levels in monocytes compared to the

average for whole body expression (Supplementary Figure

S6E). We therefore evaluated mRNA levels of Nischarin in

THP-1 cells, a human acute monocytic leukaemia cell line,

which can be differentiated into macrophages by phorbol 12-

myristate-13-acetate (PMA) (Supplementary Figure S6F) and

found these levels of Nischarin mRNA in THP-1 cells are

comparable with those in A172 cells.

Reducing the amount of Nischarin in THP-1-derived

macrophages by lentivirus-mediated knockdown showed a

dose-dependent decrease in Salmonella load (Supplementary

Figure S6G). Whereas human THP-1 cells (or any other

human macrophages) are not permissive for replication of

Salmonella (Bueno et al, 2008), mouse macrophages do allow

for intracellular replication of Salmonella. The mouse

macrophage cell line RAW264.7 expresses readily detectable

amounts of Nischarin. Knockdown of Nischarin protein

levels with siRNA in RAW264.7 macrophages proved

ineffective, leading us to generate a zinc finger nuclease-

based Nischarin knockout cells (generated by integration of

GFP under a PGK promoter in exon 9 through homologues

DNA-dependent repair at the zinc finger restriction site;

Supplementary Figure S7A and B). Nischarin knockout re-

duced the bacterial load in infected cells by B25% upon 18 h

post infection (Figure 6G). Moreover, the knockout cells

showed a clear reduction in acidification of the SCV, indicat-

ing that Nischarin plays a role during SCV maturation in

biologically relevant host cells (Figure 6H).

Figure 3 Nischarin bridges early and late endosomal Rab GTPases. (A) Co-localization and quantification of GFP-Rab14-Q70L (green) with
CD63 (rabbit-anti-CD63 antibody; secondary Alexa 568 anti-rabbit antibody; red) in the presence or absence of ectopically expressed myc-
Nischarin (mouse-anti-myc antibody; secondary Alexa 647 anti-mouse antibody; blue). Scale bar¼ 10mm. The upper right plot depicts extent
of co-localization (as meanþ s.d.) of fluorescence of CD63 and GFP-Rab14 as measured by the Karl Pearson’s coefficient of correlation. P-
values were obtained with a Student’s t-test (n412 cells per condition). (B) Nischarin binds multiple endosomal Rab GTPases (Rab4, Rab9,
Rab14 and Rab 38). Yeast two-hybrid analysis of prey Nischarin-CTD and as bait 45 GTP-locked forms (active site Gln to Leu substitution) of
Rab GTPases along with a negative control of Rab14 GDP-bound form (Rab14-S25N). Both wild-type and S67L variant of Rab24 were included.
(C) GST bead-binding assay of myc-Nischarin incubated with GST-Rab9A or GST-Rab4A in the presence of GDP or GMPBPNP. Bound material
was separated by SDS–PAGE and the western blot was probed with anti-myc antibody. (D) Fluorescent recovery curves after photobleaching of
GFP-Rab9A expressed in MCF-7 cells in the presence or absence of ectopically expressed Nischarin, as indicated. The data shown is the
mean±s.d. of at least seven individual FRAP experiments. P-values were obtained with F-test comparing FRAP curves of Rab9
with Rab9þNischarin. (E) Fractionated membrane and cytosol of HEK293T cells expressing Nischarin or PX domain of Nischarin (GFP–
PX) were separated by SDS–PAGE. The western blot was probed for endogenous Rab9 with anti-Rab9 antibody. The membrane cytosol ratio of
cells expressing Nischarin was divided by the membrane cytosol ratio of cells expressing the PX domain (two independent experiments).
(F) Co-localization and quantification of myc-Nischarin (mouse-anti-myc antibody; secondary Alexa 647 anti-mouse antibody; red) with
GFP-Rab9-WT; GTP-locked GFP-Rab9-Q66L; and GDP-locked Rab9-S21N. Scale bar¼ 10mm. The lower right plot shows extent of co-
localization (as meanþ s.d.) of fluorescence of Nischarin and Rab9-WT, Rab9-Q66L and Rab9-S21N as measured by the Karl Pearson’s
coefficient of correlation. P-values were obtained with a Student’s t-test comparing Rab9-S21N with Rab9-WT or Rab9-Q66L (n412 cells per
condition).
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Discussion
Since small GTPases orchestrate the formation, transport and

fusion of endocytic vesicles, we wished to explore their role

in the formation of Salmonella-containing vesicles (SCV) for

intracellular proliferation of Salmonella. A total of 18 differ-

ent Rab GTPases are known to associate with SCVs at

some point during their formation and maturation; some of

these Rab GTPases may directly regulate formation and
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Figure 4 Nischarin together with Rab9/14 localizes to late endosomes but not to lysosomes. (A) Co-localization of GFP-Rab9 (green) and
RFP-Nischarin (blue) with endogenous CD63. A172 cells are stained with mouse-anti-CD63 and secondary Alexa 647 anti-mouse (red). Scale
bar¼ 10mm. (B) Immunoelectron micrograph of T-REx (HEK293T derived) cells stably expressing GFP-Nischarin with or without RFP-Rab9/14,
labelled with rabbit anti-GFP (15nm gold) and mouse anti-LAMP-2 (10 nm gold). Scale bar¼ 100nm. (C) Fluorescence microscopy was used to
quantify co-localization of RFP-Nischarin with WT or GTP-locked forms of GFP-Rab14 expressed in MCF-7 cells in the presence or absence of
ectopically expressed Rab9. Plot depicts extent of co-localization (as meanþ s.d.) between fluorescence of Nischarin, GFP-Rab14 and GFP-Rab14-
Q70L in the presence and absence of ectopic Rab9 expression as measured by the Karl Pearson’s coefficient of correlation. P-values were obtained
with a Student’s t-test comparing Rab14 co-localization with Nischarin in the presence or absence of Rab9 (n412 cells per condition). (D) Co-
localization and quantification of GFP-Rab14-Q70L (green) with myc-Rab9 (mouse-anti-myc antibody; secondary Alexa 647 anti-mouse antibody;
red) in the presence or absence of ectopically expressed RFP-Nischarin (blue). Scale bar¼ 10mm. One representative experiment out of two is shown.
The data shown in the plot represents the average of 45 cells per condition. The variation in co-localization is depicted as standard deviations.
P-value was obtained with a Student’s t-test comparing Rab14 co-localization with Rab9 in the presence or absence of Nischarin.
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maintenance of SCVs (Brumell and Scidmore, 2007). Here,

we have identified a novel Rac and Rab GTPase dual

effector—Nischarin—that interacts serially with Rac and

Rab14/9 GTPases in the course of vesicle maturation

and affects intracellular Salmonella survival.

The CTD of Nischarin, along with its PI(3)P binding

domain, participates in targeting Nischarin to Rab14-positive

endosomes. Though neither endogenous Nischarin nor

endogenous Rab14 individually localize to late endosomes,

co-expression of these proteins (and perhaps Rab4 as well)

localizes them to acidified Rab9-positive late endosomes.

Depletion of functional Nischarin from either glioblastoma

(A172) cells or macrophages decreases acidification of the

SCV and a resultant decrease in Salmonella replication. Based

on these observations, we propose a model for the action of

Nischarin in facilitating survival of Salmonella in SCVs

(Figure 7). As per this model, Nischarin may be recruited to

early endosomes (phagosomes) via its interaction with Rac

GTPase or binding to PI(3)P via its PX domain. In the next

stage of formation of SCVs, Nischarin locates to SCVs by

interacting with Rab14 via its CTD. Nischarin then recruits

Rab9 on endocytic vesicles concomitant with acidification

of the SCV, and thereby creates a compartment wherein

Salmonella are rendered competent for replication.

This model is supported by various observations. Rac

GTPase is activated on early endosomes in a Rab5-dependent

process (Baust et al, 2006; Palamidessi et al, 2008). The

presence of Rac on endosomes might explain the

recruitment of Nischarin to this compartment; in addition,

Rab5 stimulates the local production of PI(3)P on early

endosomes (Christoforidis et al, 1999), which may facilitate

direct binding of Nischarin. Since Salmonella also stimulates

PI(3)P production on SCVs (Mallo et al, 2008), conditions are

favourable for recruitment of Nischarin to this compartment.

Regarding the role of Rab14, this GTPase has been

shown to be recruited to the SCV (Kuijl et al, 2007) and to

promote Salmonella survival. Rab14 has also been shown to

be recruited to phagosomes that contain Mycobacterium

tuberculosis and block maturation of these vesicles into

phagolysosomes (Kyei et al, 2006). Finally, Rab9 was

shown to be recruited to the SCV and Salmonella-induced

filaments (SIFs). The expression of a dominant-negative

mutant of Rab9 inhibits the formation of SIFs (Smith

et al, 2007).

In addition, the SopE and SopB effectors secreted by

Salmonella activate not only small GTPases, but also Akt

and p21-activated kinases 3 and 4 (PAK3 and PAK4). PAK3

and PAK4 have previously been shown to interact with

Nischarin (Chen et al, 1999; Steele-Mortimer, 2000; Alahari

et al, 2004; Kuijl et al, 2007). PAK3 also interacts directly with

activated Rac GTPase and mediates downstream signalling

and actin remodelling while PAK4, which is activated

downstream of Akt, also regulates actin remodelling

(Manser et al, 1994; Wells et al, 2002; Kuijl et al, 2007).

Rab14 is activated indirectly by Akt by the phosphorylation

and subsequent inactivation of the Rab14 GAP protein AS160

(Larance et al, 2005; Mı̂inea et al, 2005; Stöckli et al, 2008).

The fact that at least two (PAK and Rac) out of the four (PAK,

Rac, IRS4 and Integrin-a5) previously known interaction

partners of Nischarin and two (Rab14 and Rab9) out of the

three Rab GTPases identified in this study are all activated

during infection by Salmonella suggests that this pathogen

can hijack Nischarin to modulate vesicular trafficking/fusion.

We have shown by expression profiling that Nischarin is

highly expressed in macrophages/dendritic cells, which are

among the first cell types that Salmonella colonizes upon

passage through intestinal M cells. We have also shown that a
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complete knock-out of Nischarin in RAW264.7 macrophages

attenuates intracellular Salmonella replication, adding

support for a relevant role for Nischarin during Salmonella

infection.

Nischarin may also be involved in signalling pathways.

Nischarin interacts with the IRS4—a player in insulin

receptor signalling (Sano et al, 2002)—and has been

identified as a component in downstream signalling of the

ephrin receptor EphB2 (Darie et al, 2011). Akt, PAK, Erk and

Rac, all of which are activated upon Salmonella entry, are

also activated by Receptor Tyrosine Kinases. Since all these

proteins are either directly or indirectly affect Nischarin, it is
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possible that Nischarin may act as an adaptor molecule of

receptor tyrosine kinases that mediate downstream signalling

and receptor trafficking events.

In an uninfected cell, the co-localization of Nischarin with

Rab GTPases on early and late endosomes is consistent with a

role in the control of the endo-phagosomal maturation

process in a mode parallel to, or in combination with the

Rab5 to Rab7 conversion model (Rink et al, 2005; Kinchen

and Ravichandran, 2010; Poteryaev et al, 2010). During

maturation of phagosomes and vesicles from a early to late

endosomes, the amount of PI(3)P decreases, creating a

concentration gradient of this molecule (Yeung and

Grinstein, 2007). PI(3)P is essential for membrane

recruitment of Nischarin through its PX domain. Although

late endosomes contain lower amounts of PI(3)P, they do

contain more Rab9 for which Nischarin has higher affinity.

The combination of these factors could drive the maturation

of a Rab14-positive early endosome to a Rab9-positive

late endosome. Nischarin may be released from the Rab9-

containing late endosomes due to depletion of PI(3)P;

this may then free Rab9 to bind to other effectors. Thus, a

Nischarin-mediated pathway may be one of several

mechanisms controlling the timing of maturation of endo-

somes and phagosomes.

The study of bacterial pathogen–host interactions is

fraught with complexity of both host and bacterial biology,

and their interplay. Nevertheless, studies of host–pathogen

interactions can elaborate the normal function of host pro-

teins, which the pathogens modify or exploit to their own

benefit. Here, we have shown Nischarin to be an effector

protein that interacts with multiple members of Rac and the

Rab GTPase family; this dual effector protein that may control

endosome maturation is exploited by Salmonella to promote

its survival and replication inside host vesicles. Further

research will reveal if Nischarin is involved in the survival

of just Salmonella (and possibly Mycobacteria), or in the

pathology of many other (or all) intracellular pathogens.

Materials and methods

Reagents
Generation and affinity purification of Rabbit anti-Rab14 antibodies
were described earlier (Junutula et al, 2004). Nischarin rabbit

polyclonal antibodies were raised against GST-PXD (aa 11–118) and
affinity purified against MBP-PXD (aa 11–118). Antibodies were
dialysed against PBS and stored in the presence of 40% glycerol
at � 801C. Other antibodies used were Rabbit polyclonal and
monoclonal anti-CD63 antibody (Vennegoor et al, 1985), mouse
monoclonal anti-Nischarin antibody (BD Biosciences, San Jose,
CA), Mouse anti-HA epitope tag antibody (3F10, Roche
Diagnostics, Indianapolis, IN), Mouse anti-myc epitope tag
antibody (9E10, Covance, Emeryville, CA) and polyclonal anti-
cathepsin D antibody (Millipore, Billerica, MA). Anti-Rab9 was
obtained from Cell Signalling (D52G8, Danvers, MA). Mouse anti-
Rac was obtained from Upstate (Lake Placid, NY), Mouse
monoclonal anti-EEA1 antibody (BD Biosciences), Rat anti-LAMP2
(ABL-93; Santa Cruz Biotechnology, Santa Cruz, CA) and Goat anti-
EEA1 (N-19; Santa Cruz Biotechnology). Goat anti-mouse, Goat
anti-Rabbit, Donkey anti-Rat and Donkey anti-Goat antibodies
(conjugated with Alexa 405, 488, 594 or 647 dye), Zenon tricolor
kit (Green, Orange and Deep Red), FluoSpheres 660 of 0.04mm
and lysotracker red (DND-99) were purchased from Invitrogen
(Carlsbad, CA). Anti-GFP antibodies, mouse brain cDNA
yeast two-hybrid library and reagents related to yeast two-
hybrid screening were purchased from Clontech Laboratories
(Palo Alto, CA).

cDNA constructs and vectors
Described in Supplementary data.

Cell culture
MCF-7, PC12, HEK293T, T-Rex (HEK293T derived), RAW264.7 and
A172 cells were maintained in complete DMEM (Invitrogen). THP-1
cells were maintained in complete RPMI-1640. Additional details for
transfection and differentiation are described in Supplementary
data.

Yeast two-hybrid screen
Rab14-Q70LDC was cloned into pGBKT7. The screen was performed
using the ‘MATCHMAKER GAL4 Two-Hybrid System 3’ according to
manufactures protocol with the mouse brain cDNA yeast two-
hybrid library from Clontech Laboratories.

Yeast two-hybrid assay
Competent yeast cells were co-transformed with 1–2mg each of bait
and prey plasmid DNA. Doubly transformed yeast cells were
selected by plating on leucine and tryptophan double dropout
media on SD-agar plates. Fully grown double positive yeast colonies
were patched on quadruple selection SD-agar plates where leucine,
tryptophan, histidine and adenine were dropped out from the
media. Cells were able to grow on this medium only if a protein–
protein interaction between the bait and prey proteins allowed
expression of the corresponding reporter proteins.

Figure 6 Recruitment of Nischarin to the SVC promotes survival of Salmonella. (A) Co-localization of GFP-Rab14 (green) and DsRED-
Salmonella (red) in MCF-7 cells. Scale bar¼ 4 mm. (B) Immunofluorescence of endogenous Nischarin (Rabbit-anti-Nischarin, secondary Alexa
488 anti-rabbit antibody, green) and Salmonella (Rabbit-anti-Salmonella directly conjugated to Alexa 647) in A172 cells. DNA is counterstained
with HCS NuclearMask blue stain (blue). Scale bar¼ 10mm. (C) Co-localization of endogenous Rab14 (rabbit anti-Rab14 antibody, secondary
Alexa 488 anti-rabbit antibody, green) and endogenous Nischarin (mouse anti-Nischarin antibody, secondary Alexa 647 anti-mouse antibody,
red) in PC12 cells infected with sBFP2-Salmonella (blue). Scale bar¼ 10mm. (D) Quantification by fluorescence microscopy of recruitment of
endogenous Nischarin in A172 cells to the SCV in the presence or absence of siRNA mediated knockdown of Rab9 or Rab14. One representative
experiment out of two was shown. The data shown in the plot is the average of eight positions per condition (4100 bacteria per time point).
The variation in Nischarin levels is depicted as standard deviations of the eight positions in a given experimental condition. (E) Quantification
of intracellular growth of DsRed-Salmonella in A172 cells treated with siRNA to knockdown expression of Nischarin, Rab9, Rab14, Rac1 and
control siRNA (siCTRL) by FACS. Plot shows extent of Salmonella proliferation (as meanþ s.d.) normalized to siCTRL. P-values were obtained
with a Student’s t-test comparing all samples to siCTRL (n¼ 3 experiments). (F) Quantification of SCV acidification in A172 cells measured by
accumulation of lysotracker red in the SCV. A172 treated with siCTRL or siNischarin cells were infected with GFP-expressing Salmonella in the
presence of lysotracker red. Images were taken at time points indicated and the intensity of lysotracker red fluorescence in SCVs was
quantified. Average of three experiments (4100 bacteria per time point) is shown. (G) Quantification of intracellular growth of DsRed-
Salmonella in RAW264.7 cells and RAW264.7 Nischarin knockout cells by FACS. Plot shows Salmonella proliferation (as meanþ s.d.)
normalized to wild-type (WT) cells. P-values were obtained with a Student’s t-test comparing knockout samples to wild type (n¼ 3
experiments). (H) Quantification of SCV acidification in RAW264.7 macrophages measured by accumulation of lysotracker red in the SCV.
RAW264.7 or RAW264.7 Nischarin knockout cells were infected with BFP-expressing Salmonella in the presence of lysotracker red. Images
were taken at time points indicated and the intensity of lysotracker red fluorescence in SCVs was quantified. One representative experiment out
of two was shown. The data shown in the plot is the average of four positions per condition (4100 bacteria per time point). The variation in
lysotracker levels is depicted as standard deviations of the four positions in a given experimental condition.
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Expression and purification of recombinant proteins
Recombinant GST-Rab and Rac constructs were transformed into
E. coli BL21 (DE3) or BL21-Codon Plus (DE3)-RIL cells. Expression
and purification details are described in Supplementary data.

Exchange of bound nucleotides in Rab proteins with
GMPBPNP/GDP
GST-fusion proteins were incubated in nucleotide exchange buffer
containing GDP or GMPBPNP (100mM) for 20 min at room
temperature. The bound nucleotides were stabilized by incubation
in nucleotide stabilization buffer. Additional details are described in
Supplementary data.

GST bead-binding assay
HEK293T cell lysates from transfected cells were incubated with
glutathione-agarose beads for 1 h to pre-clear the lysate. Pre-cleared
lysates were allowed to bind to GST-Rab-glutathione-agarose at 41C
for 1 h. The beads were washed five times with ice-cold PBS. Bound
proteins were eluted with 50ml of SDS sample loading buffer
and analysed by SDS–PAGE and western blotting. Please see
Supplementary data for further details.

Immunoprecipitations
Described in Supplementary data.

Fractionation of proteins according to cellular location
HEK293T cells were transfected with GFP-Nischarin or PX domain
of Nischarin (GFP-Nischarin-PXD). Transfection efficiency was
480% as evaluated by eye. The Qproteome Cell Compartment Kit
(QIAGEN, Valencia, CA) was used according to manufactures pro-
tocol. Protein content of all fractions was quantified with BCA and
equal amounts of protein were separated by SDS–PAGE followed by
western blotting.

Microscopy
Images were taken with a Leica microscope (TCS-SP1, TCS-SP2 or
AOBS) equipped with HCX Plan-Apochromat � 63NA 1.32 and HCX
Plan-Apochromat lbd.bl � 63NA 1.4 oil-corrected objective lenses
(Leica Microsystems, Wetzlar, Germany), Zeiss AxioObserver Z1
CCD microscope equipped with a � 40/0.7 Plan-Neofluar objective
and a Hamamatsu ORCA-ER camera, or Nikon Eclipse TE2000-U
(inverted) equipped with a CSU 21 Yokogawa spinning disk head.
Additional details are described in Supplementary data.

Immunoelectron microscopy
Described in Supplementary data.

Fluorescence recovery after photobleaching
MCF-7 cells expressing GFP-Rab14, GFP-Rab9A or GFP-Rab4A
molecules were mounted for microscopy (Leica AOBS) without
fixing and exposed to a laser beam to bleach the fluorescence
associated with a single vesicle. The microscope contains a 371C
humidified 5% CO2 culture chamber for culturing and imaging the
cells. The cells were monitored over 120 s to follow and quantify
the exchange of bleached Rab GTPase molecules on the vesicle by
fluorescent Rab GTPases from the cytosol. Because vesicles were
not completely stationary during the course of the experiment, their
positions were manually tracked by a program written in Matlab
(Mathworks, Natick, MA). For each curve at least seven vesicles
were measured.

Bacterial strains, growth conditions and infections
Plasmid pMW215 or pMW211 expressing DsRED was a kind gift
from Dirk Bumann, Infection Biology Biozentrum, University of
Basel. sBFP2 (Kremers et al, 2007) was a kind gift from Theodorus
WJ Gadella, Swammerdam Institute for Life Sciences, University
of Amsterdam. Codon optimized tagBFP was ordered from geneART
GMBH, Regensburg, Germany. The mouse-virulent strains
Salmonella enterica serovar typhimurium SL1344 and GFP
(plasmid pFPV 25.1; Cormack et al, 1996) were a kind gift from
Stephan Meresse, Centre d’Immunologie de Marseille-Luminy.
Please see Supplementary data for further details on the gentamycin
protection assay used for infection.

SCV acidification
A172 or RAW264.7 cells were infected for 10 min with tagBFP-
Salmonella. After infection, lysotracker red and anti-Salmonella
antibodies directly conjugated to Alexa 647 were added to the
culture supernatant. The lysotracker intensity was measured in

Figure 7 Model for maturation of the SCV in the presence of
Nischarin. The Salmonella T3SS effector SopE activates Rac1 and
regulates actin dynamics during entry. The effector SopB induces
the production of PI(3)P on the phagosome and activates Akt,
inactivating AS160, keeping Rab14 active allowing for the recruit-
ment of Nischarin. Nischarin binds PI(3)P and the small GTPases
Rac1, Rab14 and Rab9. The sequential binding of Nischarin with
Rab14 and Rab9 GTPases where Nischarin plays an important role
in transitioning Rab14-positive endosomes to Rab9-positive endo-
somes thereby promoting endosome maturation and the acidifica-
tion of the SCV and as a consequence the intracellular survival of
Salmonella. Sal. denotes Salmonella. The roles of grey coloured
proteins in the model are from the published literature.
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the SCV, excluding extracellular bacteria (labelled with the anti-
Salmonella antibody).

Image analysis
Co-localization of fluorescent tags was measured with WCIF_
imageJ package and the co-localization plugin. Quantification of
membrane markers on the SCV was performed with Cellprofiler
(Carpenter et al, 2006). Bacteria were identified as primary objects.
The primary object was dilated with two pixels to form a secondary
object. The primary object was subtracted from the secondary
object to yield the phagosomal membrane area. The average
intensity of the fluorescent molecule (e.g., Rab) was measured
within this area. Lysotracker red was measured in the primary
object.

Microarray data
Described in Supplementary data.

Statistical analysis
Statistical analysis was performed in Graphpad Prism. T-test analy-
sis was done with two tails and equal variance. FRAP and acidifica-
tion data were fitted with the one site binding (hyberbola) equation
and tested for similarity using the F-test and error bars represent
standard deviations. Co-localization was determined on a per cell
basis with the Karl Pearson’s correlation coefficient as measure-
ment. Images of cells were derived from multiple experiments
(nX3), unless otherwise indicated. P-values o0.05 are indicated
with a single asterisk and P-values o0.01 are indicated with a
double asterisk.

qPCR
Described in Supplementary data.

Lentiviral production
The TRC-2 (shRNA scrambled control) and TRC-256839
shNischarin were packed with MISSION Lentiviral Packaging mix-
ture from Sigma-Aldrich (St Louis, MO) in HEK293 cells according
to manufacturer’s protocol. Lentiviral particles were concentrated
using Lenti-X concentrator from Clontech. Concentrated virus was
added in serial dilutions to THP-1 cells (1:4, 1:16 and 1:64) in the
presence of 6 mg/ml polybrene.

Zinc finger knockout
Zinc finger nucleases targeting mouse Nischarin (target site:
TACCTGGACCTGAGTCACAATGGACTGCGAGTTGTGGAT) were or-
dered from Sigma-Aldrich. A plasmid containing homology 920 nt
upstream and 834 nt downstream of the predicted cleavage site

was ordered from genewiz (South Plainfield, NJ). GFP under a pgk
promoter was cloned at the expected cleavage site. DNA (2 mg) of
each zinc finger nuclease and 3 mg of linear DNA containing the
homology arms and pgk-GFP were transfected into RAW264.7 via
electroporation. After 7 days, GFP-positive cells (B1%) were
singe cell sorted (two 96-well plates) and after 4 weeks tested
for Nischarin expression via immunofluorescence. Eight percent
of GFP-positive single cell clones had a complete knockout of
Nischarin protein as confirmed by immunofluorescence staining
using anti-Nischarin antibodies. Nischarin knockout cells were
further analysed for any defects in LAMP2 and EEA1 staining.
Two knockout clones (2D6 and 2F7) and two wild-type clones
(1G10 and 1G12, with pgk-GFP integration) were used in all further
experiments.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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