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SUMMARY

Cell-autonomous defense mechanisms are potent
strategies that protect individual cells against intracellular pathogens. The Rab-family GTPase Rab32
was previously shown to restrict the intracellular
human pathogen Salmonella Typhi, but its potential
broader role in antimicrobial defense remains unknown. We show that Rab32 represents a general
cell-autonomous, antimicrobial defense that is counteracted by two Salmonella effectors. Mice lacking
Rab-32 or its nucleotide exchange factor BLOC-3
are permissive to S. Typhi infection and exhibit
increased susceptibility to S. Typhimurium. S. Typhimurium counters this defense pathway by delivering
two type III secretion effectors, SopD2, a Rab32
GAP, and GtgE, a specific Rab32 protease. An S. Typhimurium mutant strain lacking these two effectors
exhibits markedly reduced virulence, which is fully
restored in BLOC-3-deficient mice. These results
demonstrate that a cell-autonomous, Rab32-dependent host defense pathway plays a central role in the
defense against vacuolar pathogens and describe
a mechanism evolved by a bacterial pathogen to
counter it.
INTRODUCTION
Microbial pathogens encounter a variety of host innate immune
mechanisms that restrict their survival and growth. Pathogens
are most often sensed by the host through pattern-recognition
receptors, which can detect microbial products or microbialinduced tissue injury (Broz and Monack, 2013; Dixit and Kagan,
2013; Medzhitov, 2007). Pathogen recognition is then followed
by host defense responses that, when successful, limit pathogen
replication (Yang et al., 2013; Jarczak et al., 2013; Nairz et al.,
2014; Nish and Medzhitov, 2011; Voehringer, 2013). In turn,
and as part of the everlasting evolutionary ‘‘arms race,’’ pathogens have evolved mechanisms to avoid their detection or to
survive the defense responses (Diacovich and Gorvel, 2010;
Reddick and Alto, 2014). Although much is known about hostsensing mechanisms to detect microbial pathogens, much less
is known about host-effector mechanisms to control microbial

infections or the microbial virulence factors that may have specifically evolved to counter them. Greater emphasis has been
placed on the role of immune cells in pathogen defense. However, the first, and evolutionarily the oldest, line of defense
against microbial infection is composed of cell-intrinsic or cellautonomous mechanisms that operate in most cells of the
body (Deretic, 2011; Randow et al., 2013). These mechanisms,
which tend to be conserved across phyla, provide protection
to individual cells in the body and, in metazoan, synergize with
the immune system to confer whole-body protection against
pathogens. Some of these cell-autonomous mechanisms have
adapted to operate in a rather specific manner. For example,
members of the tripartite motif (TRIM) protein family, such as
TRIM5a (Rajsbaum et al., 2014) and the single-stranded DNA
cytosine deaminase APOBEC3 (Harris and Dudley, 2015), have
evolved to restrict the replication of retroviruses. Others, however, have the capacity to restrict the growth a broad range
of pathogens. For example, a family of interferon-inducible
GTPases has been found to restrict the growth of a variety of
intracellular microbial pathogens (Hunn et al., 2011; Kim et al.,
2012).
The bacterial pathogen Salmonella enterica comprises many
serovars that can infect a large and diverse number of vertebrate species (Grassl and Finlay, 2008; Ohl and Miller, 2001).
While some serovars such as Salmonella enterica Typhimurium
(S. Typhimurium) can infect a broad range of hosts, others are
extremely host specific. Salmonella enterica Typhi (S. Typhi),
for example, can only infect humans, where it causes typhoid
fever, a systemic disease that results in 200,000 deaths worldwide, mostly children in developing countries (Crump and Mintz,
2010; Parry et al., 2002; Raffatellu et al., 2008). We recently
discovered that expression of a single gene from S. Typhimurium
in S. Typhi allows this bacterium to replicate in cells and tissues
of a nonpermissive host (Spanò and Galán, 2012). This
gene, gtgE, encodes for a protease that targets the Rab-family
GTPase Rab32 (Spanò and Galán, 2012; Spanò et al., 2011).
In specialized cells, these GTPases are known to orchestrate
the maturation and assembly of lysosome-related organelles
such as melanosomes and T cell granules (Dell’Angelica, 2004;
Luzio et al., 2014; Raposo and Marks, 2007; Wasmeier et al.,
2006). However, the potential role of these GTPases in other cells
has not been investigated. Removal of Rab32 or its exchange
factor, the biogenesis of lysosome-related organelle complex
3 (BLOC-3) (Gerondopoulos et al., 2012), allowed the replication of human-specific serovar S. Typhi in mouse macrophages (Spanò and Galán, 2012). We report here that the
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Figure 1. The Rab32-BLOC-3-Dependent
Pathogen-Restriction Pathway Limits the
Growth of S. Typhimurium and S. Typhi in
a Mouse Model of Infection
(A and B) C57BL/6 (WT), C57B6.C3-Pde6brd1
Hps4le/J (BLOC-3 deficient), or Rab32-deficient
mice were intraperitoneally infected with 102 CFU
of wild-type S. Typhimurium, and 5 days after
infection the levels of the CFU in the spleens were
enumerated. Each triangle represents the bacterial load for an individual animal, and horizontal
bars indicate medians of the CFU. The p values of
the differences in bacterial loads between the
indicated animals determined by the WilcoxonMann-Whitney test are shown.
(C) C57BL/6 (WT) or C57B6.C3-Pde6brd1 Hps4le/J
(BLOC-3 deficient) mice were infected intraperitoneally with 105 CFU of wild-type S. Typhi, and
bacterial loads in the spleens were enumerated at
the indicated days after infection. Each triangle
represents the bacterial load for an individual animal, and horizontal bars indicate the medians of
the CFU. The p values of the differences in bacterial
loads between the indicated animals determined
by the Wilcoxon-Mann-Whitney test are shown.
(D) C57BL/6 mice were intraperitoneally infected
with equal numbers (103 CFU each) of the wildtype, DgtgE, or gtgEE151A (encoding a GtgE catalytic mutant) strains (in the indicated combinations), and 5 days after infection, the levels of the
different strains in the spleen of infected mice
were enumerated. Each triangle represents the
competitive index for the indicated strains in an
individual mouse, and the horizontal bars are the
medians of the competitive indices.

Rab32-dependent, cell-autonomous pathway restricts the replication of both S. Typhi and S. Typhimurium in mouse tissues. We
also show that S. Typhimurium counters this host defense
pathway by delivering SopD2, a type III secretion effector protein
with GAP activity toward Rab32 that works in conjunction with
GtgE. We find that an S. Typhimurium mutant strain lacking these
two effectors exhibits a drastic reduction in mouse virulence,
which is fully reversed in a mouse lacking BLOC-3. These results
demonstrate that a Rab32-dependent defense pathway plays a
central role in the control of the replication of an intracellular
pathogen. Furthermore, our results describe a remarkable adaptation evolved by broad-host Salmonella to counter this cellautonomous pathogen-restriction pathway.
RESULTS
A Rab32/BLOC-3-Dependent Pathway Restricts the
Replication of Human-Adapted and Broad-Host
Salmonellae in Mouse Tissues
The observation that removal of Rab32 or its exchange factor
BLOC-3 results in increased survival of S. Typhi in mouse
macrophages suggested the possibility that this pathway may
constitute a general mechanism of pathogen restriction. We
therefore tested the susceptibility of Rab32- or BLOC-3-deficient mice to S. Typhimurium or S. Typhi infection. We found
that both mouse strains exhibited a marked increase in susceptibility to S. Typhimurium. Intraperitoneal infection of either of

these mouse strains with S. Typhimurium resulted in significantly
higher bacterial loads in systemic tissues compared to wild-type
control animals (Figures 1A and 1B). Furthermore, BLOC-3-deficient mice could be productively and persistently infected with
the human-specific serovar S. Typhi (Figure 1C). While wildtype animals cleared the S. Typhi infection, a significant number
of CFUs (colony-forming units) were recovered from systemic
tissues of BLOC-3-deficient mice (Figure 1C). We have previously shown that heterologous expression of the S. Typhimurium
type III secretion effector GtgE in S. Typhi allows its replication in
nonpermissive cells. We also showed that this effector exerts
this function by proteolytically targeting Rab32. We therefore
reasoned that GtgE must allow S. Typhimurium to overcome
the Rab32 pathogen-restriction mechanism and that its absence
should result in a significant virulence phenotype. However, we
found that deletion of gtgE from S. Typhimurium or expression
of its catalytic mutant (GtgEH151A) resulted in a very modest
phenotype in mouse virulence (Figure 1D). Taken together, these
results indicate that the Rab32/BLOC-3 pathway is important for
the control of Salmonella infections and that S. Typhimurium
must target this pathway with redundant mechanisms.
The S. Typhimurium Effector Proteins SopD2 and GtgE
Prevent the Recruitment of Rab32 to the
S. Typhimurium-Containing Vacuole
We have previously observed that Rab32 is efficiently recruited to the S. Typhi-containing vacuoles, but not to the
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Figure 2. The S. Typhimurium Effector Proteins SopD2 and GtgE Prevent the Recruitment of Rab32 to the S. Typhimurium-Containing Vacuole
(A and B) COS-1 cells expressing CFP-Rab32
(green) were infected with the indicated strains of
S. Typhi or S. Typhimurium expressing mCherry
(red), and 3 hr after infection, the infected cells
were visualized by fluorescence microscopy.
Images show maximum-intensity projections of
confocal z stacks (scale bars, 5 mm) (A). The
mean ± SEM of the percentage of Salmonellacontaining vacuoles that were positive for Rab32
in three independent experiments are shown (B).
At least 100 bacteria were counted in each
experimental condition. *p < 0.01 (Student’s t test)
for the difference with the values obtained in cells
infected with wild-type S. Typhi or S. Typhimurium. The strain indicated as S. Typhimurium D11
psopB lacks 11 type III secretion effector proteins
and carries a plasmid encoding sopB (see
Experimental Proceduresand text for details). See
also Figure S1.

S. Typhimurium-containing vacuoles (SCVs) (Spanò and Galán,
2012). We have also shown that an S. Typhi strain engineered
to express the S. Typhimurium type III secretion effector protein
GtgE does not recruit Rab32 to its vacuole (Spanò and Galán,
2012). However, we observed that only a small proportion
(<10%) of the vacuoles containing the S. Typhimurium DgtgE
(strain carrying a deletion within gtgE) mutant strain colocalized
with Rab32 (Figures 2A, 2B, and S1, available online). This observation, coupled with the mild virulence phenotype associated
with the absence of gtgE (see Figure 1D), suggested the presence of an additional S. Typhimurium effector protein(s) that
may target the Rab32/BLOC-3 host defense pathway by preventing the recruitment of Rab32 to the SCV. We investigated
this possibility by examining the presence of Rab32 in vacuoles
containing an S. Typhimurium mutant lacking several of its type
III secretion effector proteins in addition to GtgE (Bruno et al.,
2009). Since this mutant lacks the effectors required for bacterial
internalization, we reintroduced a gene encoding SopB, which
by itself can mediate S. Typhimurium internalization into cultured
epithelial cells (Zhou et al., 2001). We found that the majority of
the vacuoles containing this effector-deficient strain were decorated with Rab32, a proportion similar to that observed in S. Typhi-containing vacuoles (Figures 2A, 2B, and S1). These results
suggested that one or more of the effectors missing from this
effector-deficient S. Typhimurium strain must be involved in preventing the recruitment of Rab32 to the SCV. Among the effector
genes absent from the S. Typhimurium multieffector mutant
strain are slrP (Tsolis et al., 1999), sopA (Wood et al., 2000),
and sopD2 (Brumell et al., 2003; Schroeder et al., 2010), which
are absent or pseudogenes in S. Typhi (Parkhill et al., 2001).
Given the observation that S. Typhi is unable to prevent the

recruitment of Rab32 to its vacuole, we
reasoned that in addition to gtgE, one of
the other effectors absent from S. Typhi,
must be responsible for preventing the
recruitment of this Rab GTPase to the
SCV. We tested this hypothesis by specifically removing each
one of these effectors from an S. Typhimurium DgtgE mutant
strain and testing the resulting strains for their ability to recruit
Rab32 to their vacuoles. We observed limited colocalization of
Rab32 with the SCV in cells infected with a DgtgE/DslrP/DsopA
S. Typhimurium mutant strain (Figures 2A, 2B, and S1), indicating that SlrP and SopA are not involved in preventing the
recruitment of Rab32 to the SCV. In contrast, we found that
the majority of the SCVs of cells infected with the S. Typhimurium
DgtgE/DsopD2 mutant were decorated with Rab32 (Figures 2A,
2B, and S1). Absence of gtgE and sopD2 did not result in a destabilization of the SCV since most bacteria were enclosed within a
Rab32-containing vacuole. Furthermore, expression of SopD2 in
S. Typhi effectively prevented the recruitment of Rab32 to the S.
Typhi-containing vacuole, indicating that, similar to GtgE, this
effector by itself is sufficient to prevent the recruitment of
Rab32 to the SCV (Figures 2A, 2B, and S1). We observed minimal recruitment of Rab32 to the SCV in cells infected with the
S. Typhimurium DsopD2 strain (Figures 2A, 2B, and S1), indicating that SopD2 works in a functionally redundant manner
with GtgE. Taken together, these results show that SopD2
and GtgE work together to prevent the recruitment of Rab32 to
the SCV.
SopD2 Is GAP for Rab32
We investigated the mechanisms by which SopD2 prevents the
localization of Rab32 to the SCV. We compared the levels of
Rab32 in cells infected with S. Typhimurium DgtgE or DgtgE
sopD2 mutant strains. We found no differences in the levels of
Rab32 in cells infected with either of these strains (Figure S2),
indicating that, unlike GtgE, SopD2 does not alter the levels of
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Figure 3. SopD2 Is a GAP for Rab-Family GTPases
(A) HeLa cells were transiently cotransfected with plasmids expressing FLAG-epitope-tagged SopD2 along with plasmids expressing GFP-tagged wild-type
(WT), dominant-negative (T22N or T23N), or constitutively active (Q67L or Q68L) forms of Rab8A, Rab8B, or Rab10. Sixteen hours after transfection, cell lysates
were analyzed by immunoprecipitation with anti-FLAG and western immunoblotting with anti-GFP, FLAG, and tubulin (as loading control) antibodies. Dotted lines
indicate places where the experimentally relevant lanes were spliced together (all lanes originate from a single gel).
(B and C) The indicated purified GTPases were incubated alone or in the presence of purified SopD2 or the irrelevant protein PltB (as a negative control). The
intrinsic GTPase activity of the different GTPases was then measured as indicated in Experimental Procedures. Values represent the ratio of GTPase activities
observed in the presence or absence of SopD2 (or the indicated control protein) and are the mean ± SD of three independent determinations. *p < 0.001
(Student’s t test) relative to incubation in the absence of SopD2. See also Figures S2–S4 and Table S1.

Rab32 in infected cells. We then sought to identify potential
SopD2-interacting host proteins. We infected cultured mouse
macrophages with an S. Typhimurium DsopD2 strain expressing
plasmid-borne, FLAG-epitope-tagged SopD2 or equally tagged,
unrelated type III secretion system (T3SS) effector proteins as
specificity controls. Interacting proteins were then identified by
immunoaffinity purification and liquid chromatography-tandem
mass spectrometry (LC-MS/MS) analyses. These analyses identified the highly related Rab GTPases Rab8A, Rab8B, and Rab10
as potential SopD2-specific interacting proteins in two independent experiments (Table S1). The interactions between SopD2
and Rab8A, Rab8B, or Rab10 were subsequently verified in transient cotransfection experiments with epitope-tagged versions
of these proteins (Figure S3).
Small GTP-binding proteins including Rab GTPases exert their
regulatory function by alternating between GTP (active)- or GDP
(inactive)-bound configurations (Lee et al., 2009; Stenmark,
2009). The transition between these two states is regulated by
guanine nucleotide exchange factors (GEFs), which catalyze
the exchange of GDP for GTP leading to activation, and
GTPase-activating proteins (GAPs), which stimulate nucleotide
hydrolysis (Barr and Lambright, 2010). Consequently, GEFs
and GAPs often display higher affinity for the GDP- and GTPbound forms of their cognate GTPases, respectively. We tested
the interaction of SopD2 with the GDP- or GTP-bound forms of
Rab8A, Rab8B, and Rab10 using the GTP- and GDP-locked mutants of these GTPases in transient coexpression experiments.
We found that SopD2 preferentially bound to the GTP-locked
forms of Rab8A, Rab8B, and Rab10 (Figure 3A), thus suggesting
the possibility that this effector may be a GAP for these GTPases.
We therefore examined the ability of SopD2 to stimulate the
intrinsic GTPase activity of Rab8A and Rab10 in vitro using
purified proteins. We found that SopD2 exhibited robust GAP activity toward both of these GTPases, although it did not show
measurable GAP activity toward the Rho-family GTPase Rac1
(Figure 3B).
These results suggested that through its GAP activity, SopD2
disrupts membrane trafficking pathways controlled by Rab8

and/or Rab10 that may be required for the delivery of Rab32
and Rab32-dependent cargo to the SCV. To investigate this hypothesis, we examined the effect of disrupting the pathways
controlled by these GTPases on the recruitment of Rab32 to
the SCV. Since the activities of these highly related Rab GTPases
have been shown to be often redundant (Sato et al., 2014), we
sought to disrupt the pathway(s) they controlled by expressing
mutant forms of Rab8A, Rab8B, and Rab10. Although expression of constitutive active GTP-locked mutants of these GTPase
reduced the presence of Rab32 on the SCV, expression of
GDP-locked, dominant-negative mutants did not alter the ability
of S. Typhimurium to recruit Rab32 to the SCV (Figure S4). These
results suggested that these GTPases might not be the relevant
targets for the SopD2 activity associated with its ability to block
the delivery of Rab32 to the SCV. GAPs for Rab GTPases often
display activity toward multiple members of this protein family
(Albert and Gallwitz, 1999; Barr and Lambright, 2010; Fukuda,
2011). In fact, our analysis of SopD2-interacting proteins also
detected interactions with other Rab family GTPases (Table
S1), although inconsistently, suggesting the possibility that this
effector may be able to engage other Rab GTPases. Given the
importance of Rab32 in Salmonella restriction (Spanò and Galán,
2012), we specifically tested the GAP activity of SopD2 toward
this GTPase. We found that SopD2 is a potent GAP for Rab32.
In contrast, SopD2 did not display significant GAP activity toward Rab31 (Figure 3C), indicating that despite its ability to
target several Rab GTPases, there is still specificity in its enzymatic activity. These results indicate that SopD2 interferes with
the Rab32-dependent pathogen-restriction pathway by targeting Rab32 itself.
SopD2 Catalytic Activity Mimics Eukaryotic GAPs
Most GAP proteins exert their function by inserting a critical arginine residue into the active site of their cognate GTPases, thus
stabilizing the transition state (Lee et al., 2009). We therefore
inspected the SopD2 sequence for the presence of potential catalytic arginine residue and constructed mutants in which candidate arginine residues were replaced by alanine (Figure S5). The
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Figure 4. SopD2 Catalytic Activity Mimics
Eukaryotic GAPs
(A) Size-exclusion chromatography profiles of
purified proteins used in these experiments.
(B and C) The indicated purified Rab GTPases
were incubated with purified SopD2 or the indicated mutants, and the intrinsic GTPase activity of
the different GTPases was then measured as
indicated in Experimental Procedures. Values
represent the ratio of GTPase activities observed
in the presence or absence of the different SopD2
preparations and are the mean ± DS of three independent determinations. *p < 0.001 (Student’s
t test) relative to incubation with wild-type SopD2.
(D) HeLa cells expressing YFP-Rab32 were infected with S. Typhimurium DgtgE DsopD2 strains
carrying a plasmid encoding sopD2, sopD2R315A,
or the plasmid vector alone, and 4 hr after infection the infected cells were fixed, stained with
an antibody against S. Typhimurium LPS, and
visualized by fluorescence microscopy. Values
represent the mean ± SD of the percentage of
Salmonella-containing vacuoles that are positive
for Rab32 and have been normalized according to
the values observed in cells infected with the S.
Typhimurium DgtgE DsopD2 strain carrying the
vector control, which was considered to be 100%
(the actual value for the control was 59% ± 3%).
The values were obtained from three independent
experiments in which at least 100 cells for each
experimental condition were examined. *p < 0.01 (Student’s t test) for the difference with the values obtained in cells infected with S. Typhimurium DgtgE DsopD2
complemented with a wild-type copy of SopD2.
(E) Crystal structure of SopD2 depicting the location of the catalytic arginine. The visualization of the atomic structure (PDB No. 5CQ9) was carried using PyMol.
See also Figures S5–S7.

resulting mutants were purified, and their potential GAP activity
was examined in vitro. Purified proteins retained a chromatographic behavior indistinguishable from wild-type, indicating
that the mutations introduced did not cause gross conformational
changes in these GTPases (Figure 4A). Deletion of the first 27
amino acids (containing R19) or changing R45 or R65 to alanine
did not affect the ability of SopD2 to catalyze nucleotide exchange
on Rab8A (Figure 4B). In contrast, changing R315 to alanine
completely abolished the GAP activity of SopD2 toward all Rab
GTPases tested, including Rab32 (Figures 4B and 4C). Furthermore, the SopD2R315A mutant was unable to complement the
ability of an S. Typhimurium DgtgE DsopD2 strain to prevent the
recruitment of Rab32 to the SCV (Figures 4D and S6), even though
the mutant protein was translocated into cells in a manner indistinguishable from wild-type (Figure S7). These results implicate
a critical arginine in the catalytic activity of SopD2 and indicate
that this effector protein carries out its function in a manner similar
to other eukaryotic GAP proteins. The crystal structure of SopD2
(D’Costa et al., 2015) does not show significant structural similarity to any known eukaryotic GAPs. Similar to eukaryotic GAPs for
small GTPases, however, the catalytic arginine is on an extended
loop (arginine ‘‘finger loop’’) at the C-terminal end of SopD2 (Figure 4E). Therefore, SopD2 has evolved to mimic the fundamental
aspects of the catalytic mechanism of host GAPs but within a
unique structural context. This observation is reminiscent of other
bacterially encoded effector proteins that have evolved to mimic
eukaryotic cell function through convergent evolution (Stebbins
and Galán, 2001).

SopD2 and GtgE Redundantly Target the Rab32/BLOC-3
Pathogen-Restriction Pathway
Our results show that to block the delivery of Rab32 to the SCV in
cultured cells, S. Typhimurium requires the functionally redundant activities of the T3SS effector proteins SopD2 and GtgE.
We therefore examined the relative contribution of these effectors to S. Typhimurium virulence in a mouse model of infection.
Mice infected with a DsopD2 S. Typhimurium mutant had lower
bacterial loads in systemic tissues than those infected with wildtype (Figure 5A). While this phenotype was more pronounced
than the phenotype observed for DgtgE mutant strain (Figure 5B),
the effect of removing sopD2 was still relatively modest.
Removal of both gtgE and sopD2, however, resulted in a drastic
virulence reduction (Figures 5A and 5B). Mice infected with the
DgtgE DsopD2 double mutant exhibited CFU levels almost five
orders of magnitude lower in systemic sites than those in mice
infected with wild-type S. Typhimurium (Figure 5A). Furthermore,
mice that received a dose of the S. Typhimurium DgtgE DsopD2
double mutant equivalent to 1,000 LD50 for the wild-type strain
did not succumb to infection (Figure 5B). The virulence defect
was fully reversed by expressing a plasmid-borne wild-type
copy of sopD2 (Figures 5C and 5D), but not by a plasmid expressing the catalytic mutant sopD2R315A (Figure 5D). The virulence defect of the double-mutant strain was comparable to
the phenotype observed in an S. Typhimurium DspiA mutant
strain lacking a functional T3SS encoded within its pathogenicity
island 2 (Figures 5A and 5E), which is one of the most virulenceattenuating mutations reported in S. Typhimurium (Hensel et al.,
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Figure 5. Functional Redundancy of SopD2 and GtgE in S. Typhimurium Virulence
(A) C57BL/6 mice were intraperitoneally infected with 103 CFU of the indicated S. Typhimurium strains, and 5 days after infection, the levels of the different strains
in the spleen of the infected mice were enumerated. Each triangle represents the bacterial load for an individual animal, and horizontal bars indicate the geometric
median of the CFU. The significant p values of the differences in bacterial loads between the indicated strains determined by the Wilcoxon-Mann-Whitney test are
shown.
(B) Survival of C57BL/6 mice orally infected with 107 CFU of the S. Typhimurium DgtgE (n = 3) or DgtgE DsopD2 (n = 4) mutant strains.
(C) C57BL/6 mice were intraperitoneally infected with 103 CFU of the indicated strains of S. Typhimurium, and 5 days after infection, the levels of the different
strains in the spleen of infected mice were enumerated. The significant p values of the differences in bacterial loads between the indicated conditions determined
by the Wilcoxon-Mann-Whitney test are shown.
(D) Survival of C57BL/6 mice orally infected with 107 CFU of S. Typhimurium DgtgE DsopD2 mutant strain carrying a plasmid encoding wild-type SopD2 or its
catalytic mutant SopD2R315A (n = 5 for each strain).
(E) C57BL/6 mice were intraperitoneally infected with equal numbers (103 CFU each) of the S. Typhimurium DspiA and DsopD DgtgE mutant strains, and 5 days
after infection, the levels of the different strains in the spleen of infected mice were enumerated. Each triangle represents the competitive index for the indicated
strains in an individual mouse, and the horizontal bars are the medians of the competitive indices.

1995; Ochman et al., 1996). These results indicate that SopD2
and GtgE work in a functionally redundant manner to confer virulence to S. Typhimurium.
We then examined whether the activity of GtgE and SopD2
converge into the same host restriction pathway. We reasoned
that if this were the case, the drastic virulence defect of the
DsopD2/DgtgE double-mutant strain should be reversed in a
mouse where the Rab32/BLOC-3-dependent pathway is not
operational. Consistent with this hypothesis, the virulence defect
of the DsopD2/DgtgE double mutant was fully reversed in a
BLOC-3-deficient mouse (Figure 6). Similar numbers of CFUs
in systemic tissues were recovered from BLOC-3 / mice infected with the S. Typhimurium DsopD2 DgtgE mutant or with
the wild-type strain. Taken together, these results indicate that
S. Typhimurium targets the Rab32/BLOC-3-dependent pathogen-restriction pathway with the functionally redundant activities of two T3SS effector proteins, SopD2 and GtgE. In addition,
these findings demonstrate that the Rab32/BLOC-3 cell-autonomous pathway plays a central role in host defense against an
intracellular pathogen.

DISCUSSION
Many microbial pathogens occupy membrane-bound compartments within infected cells, which often shield them from detection by cytoplasmic sensor or protect them from cytoplasmic
antimicrobial factors (Creasey and Isberg, 2014). Pathogens
that enter the endocytic network, however, must subvert
membrane traffic to avoid transport to degradative intracellular
compartments. Many pathogenic bacteria accomplished this
subversion with effector proteins delivered by specialized machines, which can directly modulate membrane traffic (Asrat
et al., 2014; Alix et al., 2011). As a result, intracellular bacterial
pathogens often build highly specialized intracellular niches
that can sustain their replication. This is a formidable task, as
cells are endowed with powerful cell-autonomous mechanisms
of self-defense that allow them to detect, kill, or severely limit
the growth of vacuolar pathogens. For example, a number of
pattern-recognition receptors have evolved to be positioned
within the endocytic network and are thus well poised for vacuolar pathogen detection (Sanjuan et al., 2009). Furthermore,
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Figure 6. SopD2 and GtgE Redundantly Target the Rab32/BLOC-3
Pathogen-Restriction Pathway
C57BL/6- or BLOC-3-deficient mice were intraperitoneally infected with 102
CFU of the indicated strains of S. Typhimurium, and 5 days after infection, the
levels of the different strains in the spleen of infected mice were enumerated.
Each triangle represents the bacterial load for an individual animal, and horizontal bars indicate medians of the CFU. The significant p values of the differences in bacterial loads between the indicated conditions determined by
the Wilcoxon-Mann-Whitney test are shown.

effector mechanisms such as a family of interferon-inducible
GTPases are endowed with the ability to target microbial pathogen-containing vacuoles and orchestrate a defense response
(Hunn et al., 2011; Kim et al., 2012).
We have previously described a Rab32-dependent pathway
that restricts the replication of the human-adapted S. Typhi in
macrophages of mice, a nonpermissive species (Spanò and
Galán, 2012). We have shown here that S. Typhi can replicate
in mice defective for Rab32 or its GEF BLOC-3, and that
these mice are more susceptible to infection with the broadhost S. Typhimurium. These observations demonstrate that
this pathway plays an essential role in restricting the replication
of these intracellular pathogens. Consistent with a direct role in
controlling bacterial intracellular replication, Rab32 is efficiently
recruited to the Salmonella-containing vacuole presumably
delivering an antimicrobial factor. Although the specific nature
of the antimicrobial factor that limits Salmonella replication is
unknown, it is well established that Rab32, in conjunction with
other Rab GTPases and multiprotein assemblies known as
BLOC-1, BLOC-2, and BLOC-3, coordinates the delivery of
specific cargo to lysosome-related compartments such as melanosomes, T cells, and platelet-dense granules (Bultema et al.,
2012; Dell’Angelica, 2004; Luzio et al., 2014; Raposo and Marks,
2007). This cargo includes antimicrobial compounds as well as
enzymes required for the synthesis of melanin and its phenyl oxidase intermediates, many of which have potent antimicrobial
activity (Aspengren et al., 2009; Benado et al., 2009; Bultema
et al., 2012; Dell’Angelica, 2004; Denat et al., 2014). In insects,
this pathway has been shown to play a central role in the defense

response against microbial pathogens (Jiang et al., 2010; Lu
et al., 2014). Our results indicate that this general pathway is
also operational in vertebrates and constitutes a cell-autonomous mechanism to control intracellular pathogen replication.
We have also described here a mechanism that the intracellular bacterial pathogen S. Typhimurium has evolved to block
this Rab32-dependent host defense pathway. This mechanism
involves the delivery of two type III secretion effector proteins
that in a functionally redundant manner but utilizing different
biochemical mechanisms are able to neutralize the Rab32dependent delivery of antimicrobial compounds to the SCV.
One of the effector proteins is a protease, GtgE, which can specifically target and cleave Rab32 (Spanò and Galán, 2012; Spanò
et al., 2011). The other effector protein is SopD2, which can
directly inactivate Rab32 working as GAP for this GTPase. An
S. Typhimurium strain lacking these two effector proteins exhibited a drastic virulence-attenuation phenotype demonstrating
the potential effectiveness of this pathogen-restriction pathway.
The virulence phenotype was completely reversed in a mouse
in which this pathway was absent by virtue of a mutation in
BLOC-3, the nucleotide exchange factor for Rab32.
Both gtgE and sopD2 are either absent (gtgE) or a pseudogene (sopD2) in the human-adapted S. Typhi (Parkhill et al.,
2001). The loss of the ability to neutralize the Rab32-dependent
pathogen-restriction mechanism is most likely central to the
evolutionary process that eventually led to the loss of the ability
of S. Typhi to explore other hosts. The loss of these effectors
from S. Typhi would suggest the lack of evolutionary pressure
to keep them within the human host, which in turn would imply
that this restriction pathway is not operational in humans. However, the high degree of conservation of the components of this
pathogen-restriction pathway suggests otherwise. Rather, our
results suggest that in humans, S. Typhi must occupy a niche(s)
different than in mice and that in this niche(s) this pathway is not
operational.
Microbial pathogens often use virulence factors that mimic
the activity of eukaryotic proteins as a powerful means to modulate eukaryotic cell function. That mimicry can sometimes be
evident in the high degree of primary amino acid sequence or
structural similarities of the virulence factors with the eukaryotic
protein they mimic. However, mimics in bacterial pathogens
have also emerged by convergent evolution, and in this case,
they do not display overt structural or amino acid sequence
similarity with the protein they mimic (Orchard and Alto, 2012;
Stebbins and Galán, 2000, 2001). SopD2 does not exhibit structural or amino acid sequence similarity to known eukaryotic
GAPs. However, to exert its activity it uses the same ‘‘arginine-finger’’ mechanism utilized by eukaryotic GAPs and a
similar scaffold to present this critical residue to its target
GTPase. This is therefore an example of convergently evolved
mimicry to eukaryotic-protein function.
We found that, at least in vitro, the GAP activity of SopD2 can
be directed to Rab GTPases other than Rab32, such as Rab8A,
Rab8B, and Rab10. The ability to target several Rab GTPases
in vitro has been previously observed for other eukaryotic
GAPs. However, it is unclear whether the GAP activity of
SopD2 toward other GTPases contributes to its ability to block
the Rab32-dependent pathogen-restriction pathway by preventing Rab32 recruitment to the SCV. Our inability to block Rab32
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Figure 7. Model for the Rab32/BLOC3-Dependent, Cell-Autonomous Defense
Pathway and the Mechanisms Evolved by
the Broad-Host S. Typhimurium to Counter It
Asterisk represents an antimicrobial factor delivered to the Salmonella-containing vacuole.

recruitment by interfering with Rab8A, Rab8B, or Rab10 function
suggests that these Rab GTPases may not be a relevant target of
SopD2 in the context of this specific function. However, it is
possible that by targeting these GTPases, SopD2 may influence
other unknown aspects of Salmonella biology. In fact, it has been
recently reported that SopD2 can interfere with Rab7 function by
poorly understood mechanisms that involve a domain located
within its first 150 amino acids (D’Costa et al., 2015). However,
the catalytic site responsible for the GAP activity described
here is located at the C terminus, and therefore the function of
SopD2 described here is unrelated to the previously reported
activity.
Our results demonstrate the importance of a cell-autonomous,
Rab32-dependent defense mechanism against Salmonella.
However, a recent genome-association study has identified
a polymorphism within Rab32 that correlates with increased
susceptibility to Mycobacterium leprae (Zhang et al., 2011), suggesting that this pathway may also be important for the control of
other intracellular vacuolar pathogens. We have also described a
remarkable mechanism evolved by Salmonella to counter this
pathway by redundantly targeting Rab32 with two type III secretion effector proteins with different biochemical activities (Figure 7). These findings constitute a remarkable example of the
evolutionary arms race between a pathogen and its host and
may provide the basis for the development of therapeutic strategies to combat infectious diseases by vacuolar pathogens.
EXPERIMENTAL PROCEDURES
Bacterial Strains and Plasmids
The wild-type Salmonella enterica serovar Typhi strain ISP2825 (Galán and
Curtiss, 1991) and the wild-type Salmonella enterica serovar Typhimurium
strain SL1344 (Hoiseth and Stocker, 1981) have been described previously.
All the S. Typhimurium deletion strains were constructed by standard recombinant DNA and allelic exchange procedures as previously described (Kaniga
et al., 1994) and are listed in Table S1. All the plasmids used in this study were
constructed using standard recombinant DNA techniques and are listed in
Table S2.
Tissue Culture Infection Experiments
Overnight cultures of the different Salmonella strains were diluted 1/20 in LB
(Lennox) broth containing 0.3 M NaCl and grown until they reached an
OD600 of 0.9. Cells were infected with the different strains of S. Typhi and S.

Typhimurium in Hank’s balanced salt solution
(HBSS) at a multiplicity of infections of 30 and 5,
respectively, to obtain similar numbers of intracellular bacteria per cell. One hour postinfection,
cells were washed three times with HBSS
and incubated in DMEM supplemented with
100 mg/ml gentamicin for 30 min to kill extracellular bacteria. Cells were then washed, and fresh
DMEM containing 5 mg/ml gentamicin was added
to avoid cycles of reinfection. Type III secretionmediated protein translocation into cultured Henel-407 cells was carried out as previously described (Collazo and Galán,
1997).
Animal Infection Experiments
All animal experiments were conducted according to protocols approved by
Yale University’s Institutional Animal Care and Use Committee. B6.C3Pde6brd1 Hps4le/J mouse strain (BLOC-3 deficient), which carries a spontaneous nonsense mutation in the light ear gene encoding for Hps4, was purchased from Jackson Laboratory. Rab32 / mouse embryos were obtained
from the NIH-supported Deltagen and Lexicon Knockout Mouse Resource,
and animals were derived at the Yale University Genome Editing Center. Overnight cultures of the different Salmonella strains were diluted 1/20 in LB containing 0.3 M NaCl and grown until they reached an OD600 of 0.9. Eight- to
twelve-week-old C57BL/6-, BLOC-3-, or Rab32-deficient mice were infected
intraperitoneally or orally (by stomach gavage) with different S. Typhi or S. Typhimurium strains at the doses indicated in the figure legends. To enumerate
bacterial loads in the spleens, mice were sacrificed 4–5 days after infection,
organs were homogenized in 3 ml PBS containing 0.05% sodium deoxycholate, and dilutions were plated on LB plates to determine CFU.
For competition experiments, 8- to 12-week-old C57BL/6 mice were infected intraperitoneally with a mixture containing 1:1 of the competing strains.
For the competition experiment reported in Figure 1A, an S. Typhimurium
strain carrying a kanamycin-resistance cassette within a gene that does not
affect virulence was used as wild-type. This strain was competed to DgtgE
or GtgEH151A, which have been previously described (Spanò et al., 2011).
Inocula were plated on LB plates or kanamycin-selective plates to measure
the number of CFUs of the competing strains. To enumerate bacterial loads
in the spleens, mice were sacrificed 4–5 days after infection, organs were homogenized in 3 ml PBS containing 0.05% sodium deoxycholate, and dilutions
were plated on LB or LB-containing kanamycin plates. The competitive index
was calculated as the ratio of CFU of strain A over strain B recovered from the
spleens, normalized by the ratio of the CFU of strain A over strain B in the
inoculum.
Viral Transduction
Mouse Rab32 N-terminally fused to cyan fluorescent protein (CFP) was expressed through viral transduction using a LZRS-based retroviral vector.
Pseudotyped virus was produced by cotransfecting 4 mg pLZRS-CFPRab32, 4 mg pVSVG, and 4 mg pGag/Pol plasmids in a 10 cm dish of
HEK293 cells using 30 ml of Fugene 6 Transfection Reagent from Roche.
HEK293 culture supernatant was collected 48 hr after transfection and used
1:10 to transduce COS-1. Transduced cells were infected with Salmonella
strains 40 hr after transduction.
Imaging
Live-cell imaging was performed at 37 C in a temperature-, humidity-, and
CO2-controlled live chamber (Pathology Devices). COS-1 or HeLa cells (as
indicated) were plated on 35 mm glass-bottom MatTek dishes previously
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coated with 0.2 mg/ml fibronectin, transduced with virus expressing CFPRab32, and 40 hr later infected with the indicated S. Typhi or S. Typhimurium
strains. Cells were imaged 3 hr postinfection using a 603 oil objective (numerical aperture, 1.4) of an Improvision spinning disc confocal microscope equipped with a Nikon TE2000. Quantifications are averages of three experiments,
in which at least 100 intracellular bacteria were counted in each condition.

Briefly, purified GTPases and SopD2 and its mutants (0.2 nmol each) were
incubated in 200 ml of GTPase reaction buffer from the GTPase assay kit for
3 hr. Reactions were terminated by the addition of 50 ml gold mix and stabilized
by the addition of 20 ml stabilizer 2 min later. After 30 min, the enzymatic GTP
hydrolysis activity was obtained at an absorbance of 635 nm using a microplate reader (Molecular Devices).

Rab32 Levels in S. Typhimurium-Infected Cells
For the analysis of Rab32 levels after bacterial infection, COS-1 cells were
transduced with virus expressing CFP-Rab32, and 40 hr later they were infected with different Salmonella strains. Two and a half hours after infection,
cells were lysed in SDS-PAGE loading buffer. Western-blot analysis was performed using Odyssey infrared imaging system (LI-COR Biosciences). A rabbit
polyclonal anti-GFP (Invitrogen) was used at 1:10,000 dilution.

SUPPLEMENTAL INFORMATION

Coaffinity Purification and Liquid Chromatography-Tandem Mass
Spectrometry Analysis
Raw 264.7 cells (2 3 108 in each condition) were infected with S. Typhimurium
DsopD2 bearing a plasmidexpressing 33FLAG-tagged SopD2 (pSB4829)
(sample 1), with S. Typhimurium DpipA bearing a plasmid expressing
33FLAG-tagged PipA (sample 2), or with S. Typhimurium DSopA bearing a
plasmid expressing 33FLAG-tagged SopA (sample 3) as irrelevant effector
controls. Five hours postinfection, cells were scraped, washed with PBS,
and lysed at 4 C in 10 mM HEPES, 150 mM NaCl, 1 mM EDTA, and 0.2% Triton
X-100 (pH 7.4) (lysis buffer) in the presence of a protease inhibitor cocktail. The
following steps were all performed at 4 C. After centrifugation at 5,000 3 g for
10 min, the supernatants were incubated with 50 ml protein A Sepharose for
1 hr and centrifuged again at 5,000 3 g. The precleared supernatants were
incubated with 15 ml anti-FLAG M2 Affinity Gel beads (Sigma) O/N at 4 C. At
the end of the incubation, beads were washed three times with lysis buffer
and once with TBS and incubated with 300 ml 0.1 M glycine (pH 7.2) for
5 min. After centrifugation, the supernatants were collected, and the acid
elution was repeated twice. All elutions were pooled together and precipitated
with 1% TCA and 0.05% Na deoxycholate. Precipitates were washed twice in
acetone, dried and resuspended in SDS-loading buffer, and run on a 10%
SDS-PAGE. After Coomassie staining, lanes were sliced and subjected to
standard in-gel digestion as described previously (Liu et al., 2012). Briefly,
the protein samples were treated with DTT to reduce disulfide bonds and
then alkylated with iodoacetamide (IAM). Trypsin digestion was allowed to
occur overnight. Resulting peptides were extracted from the gel matrix and resuspended in aqueous buffer before final LC-MS/MS analysis. Nanoflow
reverse-phase LC separation was carried out on a Proxeon EASY-nLC system
(Thermo Scientific). The capillary column (75 mm 3 150 mm, PICOFRIT, New
Objective) was packed in house. A methanol slurry containing 5 mm and
100 Å Magic C18AQ silica-based particles (Microm BioResources Inc.) was
forced to run through an empty capillary (with a frit in the end) using a pressurized device. The LC mobile phase comprised of solvent A (97% H2O, 3%
acetonitrile [ACN], and 0.1% formic acid [FA]) and solvent B (100% ACN and
0.1% FA). The nano-LC separation was performed with the following gradient:
B was increased from 7% to 35% in 40 min, raised to 90% in 3 min, and kept
there for 10 min before going back to 100% A for column equilibration. At the
moment when peptides were eluted from the capillary column, they were electrosprayed directly onto a linear ion trap mass spectrometer (LTQ Velos, ThermoElectron) for MS and MS/MS analysis. A data-dependent mode was
enabled for peptide fragmentations with one full MS scan followed by collision-induced dissociation (CID) of the ten most intense peptide ions. Dynamic
exclusion was enabled to preclude repeated analyses of the same precursor
ion. MS/MS scans were processed and searched using MASCOT (Matrix Science Ltd.). The resulting peptide and protein assignments were filtered to keep
only those identifications with scores above extensive homology. Proteins
identified in sample 1 and absent in sample 2 and sample 3 were considered
significant.
GAP Assay
Purified recombinant proteins Rac1, Rab8A, Rab10, Rab31, and Rab32 were
prepared following standard procedures as previously described (Stebbins
and Galán, 2000). Measurement of the GAP activities of the different preparations was carried out using a GRPase-GAP assay kit (Innova Biosciences).

Supplemental Information includes seven figures and three tables and can be
found with this article online at http://dx.doi.org/10.1016/j.chom.2016.01.004.
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Aspengren, S., Hedberg, D., Sköld, H.N., and Wallin, M. (2009). New insights
into melanosome transport in vertebrate pigment cells. Int. Rev. Cell Mol.
Biol. 272, 245–302.
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