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Salmonella Typhimurium stimulates inflammatory responses in the intestinal epithelium,
which are essential for its ability to replicate within the intestinal tract. Stimulation of these
responses is strictly dependent on the activity of a type III secretion system encoded within
its pathogenicity island 1, which through the delivery of effector proteins, triggers signaling
pathways leading to inflammation. One of these effectors is SopA, a HECT-type E3 ligase,
which is required for the efficient stimulation of inflammation in an animal model of Salmonella Typhimurium infection. We show here that SopA contributes to the stimulation of
innate immune responses by targeting two host E3 ubiquitin ligases, TRIM56 and TRIM65.
We also found that TRIM65 interacts with the innate immune receptor MDA5 enhancing its
ability to stimulate interferon-β signaling. Therefore, by targeting TRIM56 and TRIM65,
SopA can stimulate signaling through two innate immune receptors, RIG-I and MDA5.
These findings describe a Salmonella mechanism to modulate inflammatory responses by
directly targeting innate immune signaling mechanisms.
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Salmonella Typhimurium, one of the main causes of food-borne illnesses, stimulates
inflammatory responses in the intestinal epithelium. These responses are very important
for the pathogen’s ability to secure nutrients within the intestinal tract. The ability of this
pathogen to stimulate intestinal inflammation depends on a protein-delivery machine
known as the type III secretion system. This system “injects” bacterial effector protein into
host cells to modulate a variety of cellular functions for the pathogen’s benefit. We show
here that one of these effector proteins, SopA, stimulates signaling pathways that can lead
to inflammation. We report that SopA exerts its function by targeting two host E3 ubiquitin ligases, TRIM56 and TRIM65, which have the ability to enhance interferon-β expression through the innate immune receptors RIG-I and MDA5. These findings describe a
Salmonella mechanism to stimulate inflammation by directly targeting innate immune signaling mechanisms.
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Introduction
The inflammatory response to bacterial pathogens is often the result of the stimulation of pattern recognition receptors by highly conserved bacterial products collectively known as “pathogen-associated molecular patterns” or PAMPS (e.g. flagellin, nucleic acids, or bacterial
envelope components such as peptidoglycan and lipopolysaccharide) [1, 2]. These products are
usually recognized by transmembrane Toll-like receptors (TLRs), cytoplasmic nucleotide oligomerization domain-like (NLRs), or RIG-I-like (RLR) receptors, leading to conserved signaling
cascades that culminate in the production of pro-inflammatory cytokines [3–6]. These receptors are broadly expressed in cells of the innate immune system, which are therefore able to
respond to virtually any pathogen. In the intestinal epithelium, however, signaling through
these receptors is highly regulated since the intestine is exposed to high concentrations of stimulatory molecules derived from the resident microbiota, which could lead to inflammatory
pathologies [6–11].
Salmonella enterica serovar Typhimurium (S. Typhimurium), a major cause of food-borne
illnesses around the world, induces inflammation within the intestinal tract. Although inflammation is most often viewed as a host defense response to combat pathogen infections, for S.
Typhimurium the host inflammatory response is required for its replication because essential
nutrients and respiration substrates only become available in inflamed intestinal tissues [12,
13]. Consequently, S. Typhimurium has evolved specific adaptations to trigger inflammatory
responses in the intestinal tract that do not depend on the stimulation of pattern recognition
receptors by conserved bacterial products. Indeed, stimulation of intestinal inflammation is
strictly dependent on the function of a type III secretion system (T3SS) encoded within its
pathogenicity island 1 (SPI-1) [14–16]. Through the delivery of effector proteins (i.e. the
exchange factors SopE and SopE2 and the phosphoinositide phosphatase SopB) with the capacity to activate Rho-family GTPases, this system stimulates signal transduction pathways that
lead to pro-inflammatory cytokine production [14–18]. Once initiated by its specific adaptations, the inflammatory response to Salmonella is likely amplified by the stimulation of canonical innate immune receptors by conserved bacterial products (PAMPS) [19–21]. The S.
Typhimurium type III secretion effector protein SopA is a HECT-type ubiquitin ligase, which
has been shown to be required for the stimulation of inflammation in cow model of Salmonella
infection [22–25]. However, the mechanisms by which it exerts this activity are not known.
Here we show that SopA exerts its function by targeting members of the tripartite-motif
(TRIM) family of host ubiquitin E3 ligases.

Results
SopA Interacts with TRIM56 and TRIM65
In an effort to understand the mechanisms by which SopA enhances the inflammatory
response to Salmonella, we sought to identify potential host interacting proteins. We carried
out tandem affinity purification of SopA-interacting proteins from cultured human cell lysates
and identified them by mass spectrometry (LC-MS/MS) analysis (see Materials and Methods).
Among the proteins that specifically interact with SopA (and not with the equally processed
unrelated effector protein PipA) we found UbcH7, an E2 ubiquitin-conjugating enzyme that
has been previously shown to work in concert with SopA in in vitro ubiquitination reactions
[25, 26] (S1 Fig). More significantly, this analysis also identified the tripartite motif-containing
protein (TRIM) 65 (S1 Fig and also see below). We also investigated potential SopA-interacting
proteins after its delivery by the S. Typhimurium SPI-1 T3SS in the context of bacterial

PLOS Pathogens | DOI:10.1371/journal.ppat.1005552 April 8, 2016

2 / 21

Salmonella Modulates Innate Immunity Targeting TRIM-Family Proteins

Fig 1. SopA interacts with TRIM56 and TRIM65. (A) FLAG-epitope-tagged SopA or its catalytic mutant SopAC753S were transiently co-expressed in
HEK293T cells with M45-epitope-tagged TRIM56 or TRIM65 and their interaction probed by immunoprecipitation and Western immunoblotting. This
experiment was repeated 3 independent times with similar results. (B) HEK293T cells were transiently transfected with plasmids expressing M45-epitope
tagged TRIM56 or TRIM65 and 18 h after transfection, cells were infected with a S. Typhimurium strain expressing FLAG-epitope tagged SopAC753S or the
equally tagged T3SS-effector protein PipA as a specificity control. Five hours after infection, cell lysates were analyzed by immunoprecipitation with antiFLAG and Western immunoblotting with anti-M45 monoclonal antibodies. This experiments was repeated 2 independent times with similar results. (C)
FLAG-epitope-tagged SopAC753S was transiently co-expressed in HEK293T cells with M45-epitope-tagged TRIM25, TRIM56, TRIM65, TRIM5, TRIM39 or
TRIM62. Cell lysates were then analyzed by immunoprecipitation with anti-FLAG and western immunoblotting with anti-M45 antibodies. This experiment was
repeated 3 independent times with similar results.
doi:10.1371/journal.ppat.1005552.g001

infection. We infected cultured human epithelial cells with an S. Typhimurium strain expressing either FLAG-epitope-tagged SopA or the equally tagged unrelated T3SS effector protein
PipA as a specificity control. Interacting proteins were then identified by immune-affinity purification and mass spectrometry analysis. Consistent with the tandem affinity purification
results, this analysis also identified TRIM65 as a specific SopA interacting protein (S1 Fig). In
addition, this strategy identified TRIM56, a related TRIM family member (S1 Fig). The interactions between SopA and TRIM56 or TRIM65 were verified in transient co-transfection and
bacterial infection experiments with epitope-tagged version of these proteins (Fig 1A and 1B).
TRIM proteins are multi-domain ubiquitin E3 ligases that have been implicated in a variety of
functions including innate immunity and host defense against pathogens [27–29]. Although
the domain organization of the TRIM protein family varies, the general architecture is conserved, consisting of a more conserved amino-terminal tripartite motif and a variable C-terminal domain [30]. The tripartite motif, in turn, is composed of a really-interesting-new-gene
(RING) domain, which carries out the E3 ubiquitin ligase function, followed by one or two B
boxes and a coiled-coil domain that mediates homotypic or heterotypic interactions among
TRIM family members. The C-terminal domain can contain up to 10 different modules, which
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most likely determines the physiological context in which TRIM family members exert their
function. Phylogenetic analysis of TRIM proteins based on their tripartite motif grouped
TRIM56 and TRIM65 immediately adjacent to each other [31], suggesting the presence of conserved structural features that may be relevant for their interaction with SopA. Consistent with
this hypothesis, SopA did not interact with other related TRIM family members such as
TRIM5, TRIM25, TRIM39 or TRIM62 (Fig 1C). Taken together these results indicate that
SopA specifically interacts with TRIM65 and TRIM56.

Interaction of SopA with TRIM-Family Proteins Requires Their RING
Finger Domains
The RING finger domain of TRIM-family proteins binds two zinc ions through a defined
motif of cysteine and histidine residues and is essential for the ubiquitination of target proteins
[29]. To investigate the potential role of the RING finger domain of TRIM65 and TRIM56 in
their interaction with SopA, we introduced mutations in critical cysteine residues within this
domain and examined the ability of the resulting mutants to interact with SopA in transient
co-transfection experiments. Introduction of a mutation in a critical cysteine residue of the
RING finger domain of TRIM56 (TRIM56C24A) or TRIM65 (TRIM65C15A) completely abolished their ability to interact with SopA (Fig 2). These results indicate that SopA interaction
with TRIM56 and TRIM65 requires their RING finger domain.

SopA Enhances TRIM65 Ubiquitination
SopA has E3 ubiquitin ligase activity [25]. Therefore, we tested whether SopA could ubiquitinate its interacting proteins TRIM65 and TRIM56. Purified TRIM65 or TRIM56 were incubated with purified SopA (or the catalytic mutant SopAC753S) in the presence of the E1 and E2
proteins UBE1 and UbcH5b. Both, TRIM56 and TRIM65 have the capacity to autobiquitinate
themselves (Fig 3A and S2A Fig). Nevertheless, we observed a significant increase in the ubiquitination of TRIM65 when incubated in the presence of wild-type SopA but not when incubated with the catalytic mutant (Fig 3A). In contrast, however, the high levels of
autoubiquitinating activity of TRIM56 precluded the observation of the potential effects of the
catalytic activity of SopA (S2A Fig).
We next evaluated the potential enhancement of TRIM65 and TRIM56 ubiquitination upon
their co-expression with SopA and HA-epitope-tagged-ubiquitin. Consistent with the in-vitro
results and despite the high levels of auto-ubiquitination, we observed increased TRIM65 ubiquitination after co-expression with wild type SopA but not with its catalytic mutant (Fig 3B).

Fig 2. SopA interacts with the RING finger domain of TRIM65 and TRIM56. FLAG-epitope-tagged
SopAC753S was transiently co-expressed in HEK293T cells with M45-epitope-tagged TRIM56, TRIM65 or
their RING-finger domain mutants TRIM56C24A and TRIM65C15A, and their interaction was analyzed by
immunoprecipitation and Western immunoblotting. This experiment was repeated 3 independent times with
similar results.
doi:10.1371/journal.ppat.1005552.g002
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Fig 3. SopA enhances TRIM65 ubiquitination. (A) Purified FLAG-epitope-tagged TRIM65 was incubated with SopA or its catalytic mutant SopAC753S in the
presence of ubiquitin, ATP, E1 (UBE1) and E2 (UbcH5b) and TRIM65 ubiquitination was detected by its mobility shift in Western blot analysis with anti-FLAG
antibody. The chromatographic profiles of the SopA preparations used in the assays are shown. (B) HEK293T cells were co-transfected with plasmids
encoding HA-epitope-tagged ubiquitin, and either FLAG-epitope-tagged TRIM65, or the mutants TRIM65C15A (catalytically deficient) and TRIM65T24K
(autoubiquitination deficient) along with plasmids encoding either SopA or its catalytic mutant SopAC753S. Cell lysates were evaluated for the levels of protein
expression and TRIM65 ubiquitination by immunoprecipitation with anti-FLAG and Western immunoblot analysis with anti-FLAG, anti-HA, and anti-M45
antibodies, respectively. This experiment was repeated 2 independent times with similar results. (C) HEK293T cells were co-transfected with plasmids
encoding HA-epitope-tagged ubiquitin and FLAG-epitope tagged TRIM65 and 18 hours after transfection, cells were infected with an S. Typhimurium strain
expressing either wild type SopA or its catalytic mutant SopAC753S. Five hours after infection, cell lysates were evaluated for the levels of protein expression
and TRIM65 ubiquitination by immunoprecipitation and Western immunoblot analysis with anti-FLAG, anti-HA, and anti-M45 antibodies, respectively. This
experiment was repeated 3 independent times with similar results.
doi:10.1371/journal.ppat.1005552.g003

Furthermore, no enhancement of the ubiquitination of TRIM65C15A (a mutant unable to interact with SopA, see Fig 2) was observed when co-expressed with SopA. To reduce the levels of
TRIM65 auto-ubiquitination we introduced a specific mutation in its RING finger (T24K),
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which in other RING-type ubiquitin ligases has been shown to disrupt interaction with cognate
E2 enzyme thus drastically reducing autoubiquitination [32]. We found that introduction of
this mutation did not affect its ability to interact with SopA (S2C Fig). Transient co-expression
of TRIM65T24K with wild type SopA resulted in a marked increase in its ubiquitination (Fig
3B). In contrast, co-expression with the SopAC753S catalytic mutant did not enhance
TRIM65T24K ubiquitination (Fig 3B). Attempts to reduce the autoubiquitination levels of
TRIM56 while retaining its ability to interact with SopA were unsuccessful (S2B and S2D Fig)
and therefore equivalent type of experiments could not be carried out for this TRIM protein.
We then investigated whether SopA could enhance the ubiquitination of TRIM65 during bacterial infection. Cultured cells transiently expressing TRIM65 and HA-ubiquitin were infected
with S. Typhimurium strains expressing either wild type or the catalytic SopAC753S mutant.
Infected cells were evaluated for the ubiquitination levels of TRIM65 after immunoprecipitation
and western blot analysis. We observed significant enhancement of TRIM65 ubiquitination after
infection with S. Typhimurium expressing wild type SopA but not after infection with a strain
expressing the catalytic mutant SopAC753S (Fig 3C). Taken together, these results indicate that
SopA enhances the ubiquitination of TRIM65 in a catalytically-dependent manner.

TRIM65 Interacts with MDA5 and Enhances the Expression of
Interferon-β
The role of TRIM56 in the stimulation of innate immune responses is well documented [33,
34]. In contrast, TRIM65 has been reported to be a repressor of microRNA-guided mRNA
silencing and its potential involvement in innate immune responses is uncertain [35, 36]. To
better understand the potential significance of its interaction with SopA, we searched for TRIM65-interacting proteins. We transduced THP-1 monocytic cells with a retroviral vector
expressing FLAG epitope-tagged TRIM65 or an equally tagged irrelevant protein (as a control),
and interacting proteins were identified by affinity purification combined with LC-MS/MS. To
facilitate the identification of potential targets of the TRIM65 ubiquitin ligase activity, cells
were treated with a proteasome inhibitor and universal Type I interferons (to stimulate the
expression of interferon-induced genes) prior to affinity purification of interacting proteins.
Furthermore, to identify TRIM65-interacting proteins that may be relevant during bacterial
infection, cells were infected with S. Typhimurium prior to the analysis. We identified the melanoma differentiation-associated protein 5 (MDA5) as a TRIM65 specific interactor. This
observation is intriguing since MDA5 is a member of the RNA sensor retinoic acid-inducible
gene-I (RIG-I)-like receptor (RLR) family [37, 38]. This protein family is involved in the recognition of microbial nucleic acids in the cell cytoplasm with the subsequent activation of antimicrobial responses including the production of type I interferon and pro-inflammatory
cytokines. We confirmed the interaction of TRIM65 with MDA5 in co-expression experiments
of differentially epitope-tagged MDA5 and TRIM65 proteins (Fig 4A). In contrast, TRIM65
did not interact with the related protein RIG-I. Furthermore, TRIM65 interacted with full
length MDA5 but not with a deletion consisting of just the CARD domains of MDA5. Taken
together, these results indicate that TRIM65 interacts with MDA5 but not with other RLR family members such as RIG-I.
It has been previously shown that many TRIM-family proteins are able to enhance the ability of RLR family receptors to stimulate interferon-β expression [36, 39]. To investigate the
potential significance of the TRIM65/MDA5 interaction, we investigated the ability of TRIM65
to modulate MDA5-stimulated interferon-β expression. As previously reported for other
TRIM family members, we found that TRIM65 by itself was unable to stimulate interferon-β
expression (Fig 4B) [36]. However, when co-expressed with MDA5, TRIM65 was able to
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Fig 4. TRIM65 interacts with MDA5 and enhances MDA5-stimulated interferon-β expression. (A) FLAG-epitope-tagged RIG-I (2CARD) (the two CARD
domains of RIG-I), RIG-I (full length), MDA5 (2CARD) (the two CARD domains of MDA5), or MDA5 (full length) were transiently expressed in HEK 293T cells
together with M45-epitope-tagged TRIM65. Protein interactions were analyzed by immunoprecipitation with anti-FLAG and immunoblotting with anti-M45 and
anti-FLAG antibodies. This experiment was repeated 3 independent times with similar results. (B-E) HEK293T cells were co-transfected with plasmids
expressing TRIM65 or the catalytically-deficient TRIM65C15A mutant along with plasmids expressing RIG-I (20 ng), MDA5 (50 ng), MDA5(2CARD) (10 ng) or
MAVS (50 ng) as indicated, and the reporter plasmids expressing firefly luciferase under the control of interferon-β promoter and renilla luciferase (to
standardize the transfection efficiency). The activation of the interferon-β promoter was analyzed 18 h after transfection by Dual Luciferase Reporter Assay
System (Promega). Values represent the mean +/- standard deviation of the relative levels of normalized firefly luciferase from 3 independent experiments.
The normalized firefly luciferase activity relative to mock-transfected cells was 10.5 ±2.9 for MDA5 only transfected cells (C), 11.1 ± 4.8 for RIG-I only
transfected cells (D), 30.6 ± 17.8 for MAVS only transfected cells (E), and 15.4 ± 3.3 for MDA5(2CARD) only transfected cell (F). *: indicates statistically
significant difference (p < 0.05) vs. mock transfected cells (B), vs. MDA5-transfected cells (C), vs. RIG-I-transfected cells (D), vs. MAVS-transfected cells (E)
and vs. MDA5(2CARD)-transfected cells (F).
doi:10.1371/journal.ppat.1005552.g004

enhance the ability of this RLR family member to stimulate the expression of an interferon-β
reporter (Fig 4C). In contrast, TRIM65 was unable to enhance the ability of full-length RIG-I
(Fig 4D) or the downstream component MAVS to stimulate the interferon-β promoter (Fig
4E). The ability of TRIM65 to stimulate MDA5-dependent interferon-β expression required its
E3 ubiquitin ligase activity since a catalytic mutant (TRIM65C15A) was unable to stimulate
interferon-β expression (Fig 4C). Co-expression of TRIM65 with the 2CARD domain of
MDA5 did not result in significant stimulation of the expression of an interferon-β reporter,
which is consistent with the requirement of full-length MDA5 to interact with TRIM65 (Fig
4A and 4F). These results indicate that TRIM65, through its E3 ubiquitin ligase activity, can
enhance the ability of MDA5 to stimulate interferon-β expression.

SopA Enhances TRIM65 and TRIM56-Mediated Stimulation of
Interferon β Expression
Ubiquitination often leads to protein degradation [40]. Therefore to investigate the consequences of SopA-mediated TRIM65 ubiquitination, we first examined whether their co-
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expression led to TRIM65 degradation. Transient co-expression of SopA (or its catalytic
mutant) with TRIM65 did not result in a reduction of the level of TRIM65, although it led to a
change in its mobility, which is consistent with its SopA-mediated ubiquitination (S3 Fig).
These observations indicated that SopA-mediated ubiquitination of TRIM65 does not significantly alter its half-life and therefore this effector may not negatively affect the function of this
protein. We then examined whether SopA could modulate the signaling capacity of TRIM65.
We also tested the effect of SopA on TRIM56 activity since this TRIM-family member can
modulate interferon-β expression and, we have shown here, also interacts with SopA. Coexpression of SopA with TRIM65 or TRIM56 did not result in increased expression of an interferon-β reporter (Fig 5A and 5B). TRIM family members by themselves are usually unable to
stimulate interferon-β expression but rather, they are able to modulate interferon-β expression
only in the presence of other stimulatory signals [36] (Fig 4B). Thus, it has been previously
shown that TRIM56 can enhance the ability of RIG-I(2-CARD) to stimulate interferon-β
expression [36] and we have shown here that TRIM65 can do the same when co-expressed
with the related receptor MDA5 (Fig 4C). Therefore we co-expressed SopA (wild type or its
catalytic mutant SopAC753S) with either TRIM65 or TRIM56 and examined the ability of these
TRIM-family members to stimulate an interferon-β reporter after co-expression with either
MDA5 or RIG-I(2-CARD), respectively. We found that under these conditions SopA significantly increased the ability of TRIM65 (Fig 5A) and TRIM56 (Fig 5B) to stimulate interferon-β
expression. The SopA stimulatory activity was dependent on its catalytic activity since no
enhancement was observed after co-expression of the SopAC753S catalytic mutant (Fig 5A and
5B). These results indicate that SopA by itself is capable of stimulating the signaling capacity of
TRIM65 and TRIM56.
We then examined the ability of SopA to modulate interferon-β production in the context
of its delivery through the type III secretion system during Salmonella infection. We observed
little difference between the abilities of wild type and the ΔsopA mutant strain to stimulate
interferon-β expression (Fig 5C). However, we reasoned that potential redundancies in the
activities of several effector proteins might mask the agonistic potential of SopA since we
observed a significant difference between wild type S. Typhimurium an a mutant lacking several of the SPI-T3SS effector proteins (i. e. “effectorless”) in their ability to stimulate interferon-β expression (Fig 5C). To address this issue we compared the ability of a S.
Typhimurium effectorless strain with that of the same strain expressing SopA or the catalytic
mutant SopAC753S. We found that cells infected with the effectorless S. Typhimurium strain
expressing wild type SopA exhibited significantly higher stimulation capacity of interferon-β
expression when compared to the effectorless strain alone or expressing the catalytic mutant
SopAC753S (Fig 5D). The ability of SopA to stimulate interferon-β expression was significantly
impaired in the same cells rendered TRIM56-deficient using CRISPR/Cas9 technology (Fig 5E
and S4 Fig). TRIM65-deficient cells, on the other hand, exhibited a complex, uninformative
phenotype most likely due to its reported role in mRNA metabolism [35]. Taken together,
these results indicate that S. Typhimurium through the catalytic activity of its effector protein
SopA enhances the ability of TRIM56 and TRIM65 to stimulate interferon-β expression.
SopA has been shown to be required for the robust stimulation of inflammation in a cow
model of infection [22][24], although a S. Typhimurium ΔsopA mutant exhibited no observable
phenotype in a mouse model of infection [24]. We nevertheless compared the S. typhimurium
effectorless strains with the same strain expressing SopA for their potential to stimulate an
inflammatory response in the mouse intestine. We found that intestine of mice infected with
the strain expressing SopA had slightly increased levels of interferon-β expression although the
difference did not reach statistical significance (Fig 5F). Nevertheless the expression of other
pro-inflammatory cytokines was significantly increased in mice infected with the S.
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Fig 5. SopA enhances the ability of TRIM56 and TRIM65 to stimulate interferon-β expression. (A-B) HEK293T cells were co-transfected with plasmids
expressing either wild type SopA or its catalytic mutant SopAC753S along with plasmids expressing TRIM65 (25 ng), TRIM56 (10 ng), MDA5 (50ng) or RIG-I
(2CARD) (4ng) as indicated, and reporter plasmids expressing firefly luciferase under the control of interferon-β promoter and renilla luciferase (to
standardize the transfection efficiency). The activity of the interferon-β promoter was analyzed 18 hs after transfection with the Dual Luciferase Reporter
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Assay System (Promega). Values represent the mean +/- standard deviation of the relative levels of normalized firefly luciferase from 3 independent
experiments. The normalized firefly luciferase activity relative to mock-transfected cells was 7.3 ± 3.9 for MDA5 only transfected cell (B) and 17.8 ± 9.7 for
RIG-I(2CARD) only transfected cells. *: indicates statistically significant difference (p < 0.05) (C) Primary MEFs were infected with wild type S. Typhimurium,
the ΔsopA or the effectorless (ΔsipA ΔsptP ΔavrA ΔsopE ΔsopE2 ΔsopA ΔsopB sopD ΔsopD2 ΔslrP) isogenic mutant strain and the levels of interferon-β
gene expression were measured by qRT-PCR 4 and 8 hours after infection. Data represent the mean ± standard deviation of the n-fold expression of
interferon-β mRNA over GAPDH relative to non-infected cells. This experiment was repeated 3 times with equivalent results. (D) Primary MEFs were infected
with the effectorless S. Typhimurium strain (ΔsipA ΔsptP ΔavrA ΔsopE ΔsopE2 ΔsopA ΔsopB sopD ΔsopD2 ΔslrP) or the effectorless strain expressing
plasmid-born wild type SopA, its catalytic mutant SopAC753S, or an irrelevant effector. The levels of interferon-β gene expression were measured by
qRT-PCR 8 hs after infection. Data represent the mean ± standard deviation of the n-fold expression of interferon-β mRNA over GAPDH relative to noninfected cells. The results of a representative experiment (out of 5 independent experiments) is shown. The p value for the difference in interferon-β mRNA
levels between MEFs infected with the Δeffectors (pSopAwt) strain or Δeffectors (pSopAC753S) was p = 0.002 (n = 5). (E) Immortalized (MEF wt) and
TRIM56-deficient (MEF TRIM56 KO) murine embryonic fibroblasts were infected with wild type S. Typhimurium or the effectorless (ΔsipA ΔsptP ΔavrA
ΔsopE ΔsopE2 ΔsopA ΔsopB sopD ΔsopD2 ΔslrP) isogenic mutant strain expressing plasmid-born wild type SopA or its catalytic mutant SopAC753S. The
levels of interferon-β gene expression were measured by qRT-PCR 8 hours after infection. Data represent the mean ± standard deviation of the n-fold
expression of interferon-β mRNA over GAPDH relative to non-infected cells. A representative experiment out of 7 independent experiments is shown. The p
values for difference between the interferon-β mRNA levels in wild type MEFs infected with the Δeffectors (pSopAwt) or Δeffectors (pSopAC753S) S
Typhimurium strains was p = 0.035 while the difference in TRIM56 KO cells was p = 0.639 (n = 7 in each category). (F) Effect of SopA in S. Typhimurium
stimulation of pro-inflammatory cytokine expression in the mouse intestine. C57/BL6 nramp+/+ mice were orally infected with the effectorless S. Typhimurium
strain (ΔsipA ΔsptP ΔavrA ΔsopE ΔsopE2 ΔsopA ΔsopB sopD ΔsopD2 ΔslrP) (n = 6) or the effectorless strain expressing plasmid-born wild type SopA
(n = 6). Seventy-two hours after infection the relative levels of the indicated cytokines in the intestine were measured by qRT-PCR. Data were normalized to
the levels of GAPDH and represent the mean ± standard error relative to uninfected control animals (n = 3). *: indicates statistically significant difference
(p < 0.05).
doi:10.1371/journal.ppat.1005552.g005

Typhimurium strain expressing SopA indicating an increased potential to stimulate an inflammatory response.

Discussion
The bacterial enteropathogen S. Typhimurium has evolved redundant and specific adaptations
to initiate inflammatory responses within the intestinal track that do not require the activity of
highly conserved PAMPS [14–17]. The evolution of these specific adaptations has been most
likely driven by at least two factors: 1) S. Typhimurium requires inflammation to acquire essential nutrients [12, 13]; and 2) in the intestinal epithelium most pathways that are responsible
for sensing PAMPS are either absent or under tight negative regulation [6–11]. Nevertheless,
once initiated by S. Typhimurium specific virulence factors (i. e. type III secretion effectors),
the inflammatory response is most likely amplified by the activity of hard-wired canonical
innate immune receptors [19–21].
Through its SPI-1 T3SS, S. Typhimurium delivers effector proteins that are capable of triggering in intestinal epithelial cells transcriptional responses that closely mimic those of an
innate immune response that lead to the production of pro-inflammatory cytokines [14–16].
These responses are largely the result of signaling pathways triggered by the Rho-family
GTPase exchange factors SopE and SopE2 and the phosphoinositide phosphatase SopB, which
in a functionally redundant manner, activate Cdc42, Rac1 and RhoG [17, 41]. Signaling emanating from Rho-family GTPases result in the activation of the transcription factors AP-1, NFκB and STAT3, which in a coordinated fashion trigger transcriptional responses leading to
pro-inflammatory production [16] [18]. We report here another specific adaptation by which
S. Typhimurium specifically modulates innate immune responses. We found that the effector
protein SopA utilizes its E3 ubiquitin ligase activity to enhance interferon-β production by
directly targeting the TRIM-family proteins TRIM56 and TRIM65. TRIM proteins are a large
(~75) family of E3 ubiquitin ligases that have been implicated in a variety of function. Most
notably, TRIM protein family members have been implicated in the regulation of various
aspects of innate immunity, including NF-κB, RIG-I-like Receptors (RLRs), and Type I and
Type II interferon signaling [27–29]. The distinctive feature of most members of this protein
family is the presence of a tripartite motif composed of a RING domain that confers their ubiquitin ligase activity, one or two B-box motifs, and a coiled-coil region. In addition, most
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TRIM proteins possess a variable C-terminal domain that is thought to be responsible for the
functional diversification of this protein family. Specifically TRIM56 has been implicated in the
regulation of innate immune responses triggered by double stranded DNA and several viral
pathogens [33, 34]. It has been proposed that TRIM56 modulates innate immune responses by
ubiquinating and activating STING, a major component of the RIG-I signaling pathway [33].
In contrast, the role of TRIM65 in innate immune signaling has been so far uncertain. In fact,
previous studies have linked TRIM65 to the regulation of microRNA activity by ubiquitinating
the trinucleotide repeat containing protein 6 (TRNC6), which is required for RNA-mediated
silencing of both micro- and short interfering-RNAs [35]. We have shown here that TRIM65
interacts with MDA5, a member of the RLR protein family, which has been implicated in the
sensing of virus-derived nuclei acids [37, 38]. We also found that TRIM65 interaction with
MDA5 enhances its ability to stimulate interferon-β expression. However, in contrast to
TRIM56, TRIM65 was unable to stimulate RIG-I-mediated signaling, suggesting a specific role
for these TRIM family members in modulating innate immune responses through different
RLR receptor proteins. Thus our studies add TRIM65 to the subgroup of this large protein family that targets innate immune responses.
Expression of SopA by itself resulted in an enhancement of the ability of TRIM65 to stimulate interferon-β expression. Such enhancement required the E3 ubiquitin ligase activity of
SopA since a catalytic mutant lacked any measurable stimulating ability. This is consistent with
the observation that SopA was able to ubiquitinate TRIM65 both in vitro and in vivo after bacterial infection or transient co-expression. Although due to its high levels of autoubiquitination
we were unable to demonstrate SopA-mediated ubiquitination of TRIM56, the observation
that SopA can also enhance its ability to stimulate interferon-β expression in a catalytic-dependent manner indicate that this TRIM protein is also a relevant target of this S. Typhimurium
effector. Consistent with this hypothesis, SopA delivered by the S. Typhimurium type III secretion system was able to stimulate interferon-β expression in cultured cells and this ability was
markedly reduced in a CRISPR/Cas9-generated TRIM56-deficient cell line.
Several TRIM-family members have anti-viral functions [27]. For example, TRIM5 has
been shown to restrict various retroviruses [42] and TRIM25 is essential for RIG-I-mediated
antiviral activity against Influenza viruses [43]. TRIM56 itself has been implicated in the
restriction of bovine viral diarrhea virus [44]. We have shown here that the bacterial pathogen
S. Typhimurium through the activity of one T3SS effector protein has coopted the function of
two TRIM-family proteins to stimulate innate immune responses. SopA has been shown to be
required for the stimulation of intestinal inflammation in a cow model of infection [22–25].
Our findings provide a potential mechanistic explanation for such activity.
RIG-I like receptors (RLRs) such as RIG-I itself and MDA5, are essential components of
microbial RNA-sensing pathways [37]. TRIM56 is known to potentiate RNA-stimulated interferon-β expression through the RIG-I signaling pathway [36] and we have shown here that
TRIM65 can modulate MDA5 signaling. We have also shown that SopA can enhance signaling
through both TRIM56 and TRIM65, but this activity required the co-expression of the CARD
domains of RIG-1 or MDA-5. This is consistent with the observation that TRIM proteins by
themselves do not activate signaling pathways but they require co-expression or activation of
RLRs to exert their effect [36]. It has been previously shown that during infection of nonphagocytic cells the mRNA from S. Typhimurium is sensed by the RIG-I pathway triggering
interferon-β production [45]. Therefore it is possible that SopA may enhance these responses
by positively modulating TRIM56 and TRIM65 thus leading to an increased inflammatory
response (Fig 6). Consistent with this hypothesis, we found that an S. Typhimurium strain
expressing SopA exhibited enhanced ability to stimulate the expression of pro-inflammatory
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Fig 6. Proposed model for SopA action. After its delivery by the S. Typhimurium type III secretion system, SopA targets TRIM56 and/or TRIM65 and
through ubiquitination, enhances their ability to modulate RIG-I and/or MDA-5-dependendant signal transduction pathways leading to pro-inflammatory
cytokine production. The modulatory activity of SopA may require the prior stimulation of RIG-I and/or MDA-5 by other agonists such as nucleic acids.
doi:10.1371/journal.ppat.1005552.g006

cytokines in the mouse intestine. The proposed model for the function of SopA is also supported by its reported location in the mitochondria of target cells [46].
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The stimulation of inflammatory responses in the intestinal track is essential for the colonization and replication of S. Typhimurium. We have described here a pathogen-specific adaptation
to enhance the inflammatory response to S. Typhimurium. Understanding the mechanisms by
which Salmonella triggers inflammation may lead to novel therapeutic and prevention strategies.

Materials and Methods
Cell Lines, Bacterial Strains, and Plasmids
The human epithelial cell lines Henle-407 (Roy Curtiss collection) and HeLa (ATCC), the
human embryonic kidney epithelial cell line HEK 293T (ATCC) and an immortalized murine
embryonic fibroblast line derived from C57BL/6 (immortalized MEFs; kind gift of P. Uchil,
Yale University) were cultured in antibiotic free Dulbecco’s Modified Eagle Medium (DMEM,
Gibco) supplemented with 10% bovine calf (Henle-407 and immortalized MEFs) or bovine
fetal (HeLa and HEK-293T) sera. The human monocytic cell line THP-1 (ATCC) was cultured
in antibiotic-free RPMI medium 1640 (Gibco) supplemented with 10% bovine fetal sera. Primary murine embryonic fibroblasts (primary MEFs; gift of P. Uchil, Yale University) were cultured in DMEM supplemented with 10% bovine fetal sera.
All plasmids and bacterial strains used in these studies are listed in S1 Table. All S. enterica
serovar Typhimurium (S. Typhimurium) strains were derived from the wild type strain SL1344
[47]. A S. Typhimurium ΔsopA strain (SB1140) carrying a sopA deletion was constructed by
standard recombinant DNA and allelic exchange procedures as previously described [48]. The
effectorless strain (SB2302) carrying deletions in multiple effectors (ΔsipA, ΔsptP, ΔavrA,
ΔsopE, ΔsopE2, ΔsopA, ΔsopB, sopD, ΔsopD2, ΔslrP) was described previously [49]. For complementation of the ΔsopA S. typhimurium strains, sopA was placed under the control of the arabinose-inducible promoter of the expression vector pBAD24 [50] in frame with a C-terminal 3 x
FLAG- or M45-epitope epitope tags. Catalytically inactive SopAC753S was generated by PCR
mutagenesis. For production of recombinant SopA163-782 and SopA163-782, C753S,, the sopA gene
was subcloned into the expression vector pGEX-6P1 (Amersham) creating an amino terminal
fusion to GST with a PreScission protease cleavage site. Additional 3xFLAG and 10xHis tags
were engineered after the PreScission cleavage site at the N-terminus of SopA protein to yield a
construct for tandem affinity purification experiments. For eukaryotic expression, wild type
SopA56-782 and catalytic mutant SopA56-782, C753S were subcloned into pRK5 vector in frame
with N-terminal FLAG or M45 epitope tags. cDNAs of human TRIM56 (clone ID: 2907142,
Open Biosystems), TRIM65 (clone ID: 4128330, Open Biosystems), TRIM25, TRIM5, TRIM39
and TRIM62 (kind gift of P. Uchil, Yale University) were subcloned into the eukaryotic expression vector pRK5 vector in frame with a N-terminal FLAG or M45 epitope tags. For luciferase
reporter assays, TRIM56 was subcloned into SPORT6 and TRIM65 into pRK5 vectors. The
mutations in the RING finger domains of TRIM56 and TRIM65 were generated by PCR mutagenesis. For retroviral transduction, TRIM65 was subcloned into pLZRS vector in frame with a
N-terminal FLAG epitope. VSV-pseudotyped viruses were then produced by co-transfecting
6 μg FLAG-TRIM65 pLZRS, 6 μg pVSVG and 6 μg pGag/Pol plasmids with lipofectamine
2000 (Invitrogen) into HEK 293T cells grown in a 15-cm dish. Cell culture supernatants were
collected 72 hours after transfection and used at a dilution of 1:3 to transduce THP-1 cells.
Experiments with transduced cells were carried out 72 hs after transduction. Plasmids encoding human RIG-I (2CARD), RIG-I, MDA5 (2CARD), MDA5 and MAVS that were used in
dual luciferase assays and co-immunoprecipitation analysis were a kind gift of E. Fikrig’s laboratory (Yale University). A pcDNA3.1-derived plasmid expressing Cas9 and a pUC19-derived
plasmid expressing gRNA (used for the cloning of TRIM56 and TRIM65 target sequences)
were a kind gift Dr. Zheng Fan Jiang (Peking University).
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Generation of TRIM56 and TRIM65 Deficient Murine Embryonic
Fibroblast
TRIM56 and TRIM65 deficient murine embryonic fibroblast (MEF TRIM56 KO and MEF
TRIM65 KO) were generated using CRISPR/Cas9 mediated homologous repair [51, 52].
Immortalized MEFs were seeded on a 6-well plate (3 x 105 cells per well) and transfected using
Lipofectamine 2000 (Invitrogen) with a gRNA expression vector (1 μg), Cas9-expressing plasmid (0.5 μg), a plasmid carrying a puromycin resistance gene (1 μg), and a homology-repair
template in which the target sequences of TRIM56 and TRIM65 were replaced by STOP
codons within each of the 3 reading frames yielding the addition of an extra 60 bp to the
sequence (2.5 μg). The target sequence for the TRIM56 gene was CTGGCACAACTGGACAT
CGG, and the primer sequences to generate the flanking regions with STOP codons were: forward, TGGACAAAGACTGCGGGACC, reverse, ACAGTCCTGGCAATAGGTATGTAGGC,
and forward, TCAGGTCCGCTGCCCCG, reverse, TTCAGCTGCCTCCTCCACCT, respectively. The target sequence for the TRIM65 gene was CCATCTGCTTAGGTCGCTAC, and the
primer sequences to generate the flanking regions with STOP codons were: forward, GGTGAG
CAGAAGGTGCCCAG, reverse, AGCAAGTCACCACGTCCTCCTC, and forward, GACCC
GGTGACGCTGCC, reverse, GCCCGGTCTCCCGAAGAAAC. Forty-eight hours after transfection cells were plated onto 10 cm dishes and grown in the presence of puromycin (0.5 μg / ml)
for 4 days. After selection, 5 × 102–1 × 103 puromycin-resistant MEFs were seeded onto a 15 cm
dish and cultured until visible colonies were observed. Colonies were subsequently transferred
onto 24-well plates using sterile filter disks soaked in trypsin and after further multiplication,
cells were analyzed by PCR for disruption of the TRIM56 and TRIM65 genes. Primers for the
verification of TRIM56 gene disruption were: forward, AGCAGCGATTTCCTAGCCTG and
reverse, GCACAATCTCCCGACACTCG. These primers yield a 148 bp PCR product in wild
type cells and a 208 bp product in TRIM56-disrupted cells (S4 Fig) Primers for the verification of
TRIM65 gene disruption were: forward, GGAGGAGGACGTGGTGACTT and reverse,
TTCGCAGGAACGCCATGAAT. These primers yield a 118 bp PCR product in wild type cells
and a 178 bp product in TRIM65-disrupted cells (S4 Fig).

Bacterial Infections
Overnight cultures of the different S. Typhimurium strains were diluted 1:20 in LB broth containing 0.3M NaCl, and grown until they reached an OD600 of 0.9. Unless specified, cell lines
at a confluency of 80% were infected with the S. Typhimurium strains at an MOI of 30 for 1 h
in Hank’s buffered salt solution (HBSS), and subsequently incubated in DMEM supplemented
with gentamicin (100 μg/ml) to kill extracellular bacteria. After 30 min, the concentration of
gentamicin was decreased to 10 μg/ml. When required, 0.2% L-arabinose was present throughout the experiment to induce expression of SopA under the control of the arabinose-inducible
paraABC promoter.

Protein Expression and Purification
All type III secretion effector proteins were expressed in E. coli DH5α from pGEX-6P1 (Amersham) expression vectors after addition of the inducer IPTG (0.1 mM) and growth at 25°C.
Bacterial cells were lysed by French Press, and effectors were purified from soluble fractions
with Glutathione-Sepharose 4B (Amersham) and eluted with 10 mM reduced glutathione.
Purified SopA protein preparations were dialysed overnight into 20 mM Hepes (pH 7.4), 150
mM NaCl, and when required, SopA was released by cleavage with PreScission protease. All
preparations were subjected to centrifugation (100,000 g for 1 h) to remove any insoluble
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materials and further purified using a Superdex 200 10/300 GL column on an AKTA UPC10
purification system. TRIM56 and TRIM65 proteins with N-terminal FLAG epitope tags were
purified using anti-FLAG M2 agarose (Sigma) after transient transfection of HEK 293T cells
seeded in 10 cm dishes with 4 μg of FLAG-TRIM56 and FLAG-TRIM65 pRK5 expression vectors. TRIM proteins were eluted with FLAG peptide (150 ng/μl) in 50 mM Tris-HCl (pH 7.5),
50 mM NaCl and subsequently used for in vitro ubiquitination assays.

Affinity Purification and Mass Spectrometry Analysis
For tandem affinity purification of SopA-interacting proteins, 1.5 × 108 HEK 293T cells or
7.5 × 109 HeLa cells were lysed for 10 min in 4 ml of ice cold buffer containing 20 mM Hepes
(pH 7.4), 150 mM NaCl, 0.3% Triton-X-100 and Complete Mini protease inhibitors (EDTA
free, Roche). The nuclei and insoluble cellular components were removed by centrifugation at
5,000 × g for 5 min, and supernatants were further clarified using Glutathione-Sepharose 4B
(Amersham). Fifty μg of SopA163-782, C753S or unrelated type III effector proteins (to control
nonspecific binding) were then added to the supernatant and binding of SopA-interacting proteins from cell lysates to SopA was allowed for 3 h. Effectors were then purified using Glutathione-Sepharose 4B (Amersham) and anti-FLAG M2 agarose (50% slurry, Sigma) with washing
steps employing ice cold buffer containing 20 mM Hepes (pH 7.4), 150 mM NaCl and 0.1%
Triton-X-100. In the final step, the effector proteins were eluted using 3x FLAG peptide (150
ng/μl).
For immunoaffinity purification of SopA-interacting proteins during bacterial infection,
7.5 × 109 Henle 407 cells were infected for 5h at an MOI 1:30 with S. Typhimurium expressing
arabinose-inducible FLAG-epitope-tagged SopAC753S or an equally tagged control effector protein. For immunoaffinity purification of TRIM65-interacting proteins, 7.5 × 109 THP1 cells
transduced with FLAG-TRIM65 or an irrelevant FLAG-tagged protein were treated overnight
with 10 ng/ml PMA, 0.1 μM MG-132, and 50 EU/ml Universal type I Interferon (PBL interferon) and infected with S. Typhimurium at an MOI 1:25 for 1 h. Infected cells were then lysed
in 4 ml of ice cold buffer containing 20 mM Hepes (pH 7.4), 150 mM NaCl, 0.2% Triton-X-100
and Complete Mini protease inhibitors (EDTA free, Roche) and samples were clarified by centrifugation at 5,000 × g for 5 minute. The supernatants were used for immunoprecipitation
using prewashed anti-FLAG M2 agarose (50% slurry, Sigma). After O/N incubation under
rotation at 4C, immune complexes were collected by centrifugation at 1,500 × g for 3 min,
washed three times with buffer containing 20 mM Hepes (pH 7.4), 150 mM NaCl and 0.1%
Triton-X-100 and eluted with 3x FLAG peptide (150 ng/μl). The eluates were run on
SDS-PAGE, and each lane was separated in three gel slices that were excised and subjected to
in-gel trypsin digestion O/N as described previously [53]. Peptides that were extracted from
the gel matrix were resuspended in aqueous buffer and subjected to LC-MS/MS analysis as previously described [53].

Co-immunoprecipitation Analysis
For analysis of protein interactions, 7.5 × 106 HEK 293T cells seeded on 10 cm dishes were
transiently transfected using Lipofectamine 2000 (Invitrogen) with 2 μg of plasmid encoding
indicated FLAG-epitope-tagged protein together with 2 μg of plasmid encoding indicated
M45-epitope-tagged protein, or solely with 4 μg of pRK5 vector encoding M45-epitope-tagged
TRIM56 or TRIM65. Twenty-four hours post-transfection, the cells were either infected with
S. Typhimurium expressing arabinose-inducible FLAG-tagged SopAC753S which was followed
by cell lysis or lysed directly in 1 ml of ice cold buffer containing 20 mM Hepes (pH 7.4), 150
mM NaCl, 0.2% Triton-X-100 and Complete Mini protease inhibitors (EDTA free, Roche).
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The lysate was clarified by centrifugation at 5,000 × g for 5 min, and further used for immunoprecipitation using 20 μl of prewashed anti-FLAG M2 agarose (50% slurry, Sigma) with 2 h
rotation. Immune complexes were collected by centrifugation at 1500 × g for 3 min, washed
three times with 1 ml of cold lysis buffer and eluted by 3x FLAG peptide (150 ng/μl). Samples
were analyzed by SDS-PAGE (10% gel) and western blot with antibodies against M45 and
FLAG.

Ubiqutination of TRIM56 and TRIM65
In vitro ubiquitination experiments were carried out in a reaction mixture (40 μl) containing
50 mM Tris-HCl (pH 7.5), 50 mM NaCl, 10 mM MgCl2, 5 mM ATP, 0.1 mM DTT, 100 μM
ubiquitin (Boston Biochem), 50 nM UBE1 (Boston Biochem), 200 nM UbcH5b (Boston Biochem) and purified FLAG-TRIM56 or FLAG-TRIM65. The reactions were supplemented with
200 nM of recombinant SopA163-782 or SopA163-782 C753S as indicated. Following 90 min incubation at 37°C, the reactions were quenched with SDS sample buffer containing 100 mM DTT
and analyzed by SDS-PAGE (10% gel) and western blot with antibodies against FLAG.
For analysis of TRIM ubiquitination upon SopA co-expression, HEK 293T seeded at 2 × 106
per well on a 6-well plate were transiently transfected with plasmids encoding indicated FLAGepitope-tagged TRIM protein (0.5 μg), HA-ubiquitin (1 μg), and M45-epitope-tagged SopA56782
(wild type or catalytic mutant C753S, 1 μg). For analysis of TRIM ubiquitination upon
SopA delivery through T3SS, HEK 293T cells were transfected with plasmids encoding indicated FLAG-epitope-tagged TRIM protein (0.5 μg) and HA-ubiquitin (1 μg) which was followed by 5 h infection with S. Typhimurium expressing arabinose-inducible M45-tagged SopA
or SopAC753S. Twenty four hours post-transfection, the cells were lysed in 1 ml of ice cold
buffer containing 20 mM Hepes (pH 7.4), 150 mM NaCl, 0.2% Triton-X-100, 20 mM NEM,
1 μM MG-132 and Complete Mini protease inhibitors. The lysates were clarified by centrifugation at 5,000 × g for 5 min, and used for immunoprecipitation using anti-FLAG M2 agarose.
After 2 hs incubation at 4°C, immune complexes were collected by centrifugation at 1500 × g
for 3 min, washed four times with 1 ml of cold lysis buffer, and resuspended in SDS sample
buffer. Samples were analyzed by SDS-PAGE (10% gel) and western blot with antibodies
against HA and FLAG.

Dual-Luciferase Assay
HEK 293T seeded at 2 × 105 in a 24-well plate were transfected using Lipofectamine 2000 (Invitrogen) with indicated amounts of plasmids expressing TRIM proteins, or expressing the
inducers of immune signaling pathways (RIG-I, MDA5, MAVS, or RIG-I (2CARD), and the
SopA effector along with the reporter plasmid and an internal transfection control. The
reporter plasmid encodes the firefly luciferase under the control of interferon-β promoter and
the internal transfection control reporter plasmid (pRL-TK, Promega) expresses Renilla luciferase. The total amount of DNA was equalized to 500 ng for each transfection using pRK5 vector. Cells were lysed 24 h post transfection with passive lysis buffer (Promega), and the
luciferase activity was measured using a Dual-Glo luciferase assay system (Promega) in a Berthold multiwell luminometer. Firefly luciferase data were normalized to Renilla luciferase readings in each well, and the data were represented as the fold change compared to control for at
least three experiments carried out on separate days.

Statistical Analysis
Statistical significance was calculated by a one-tail distributed paired Student’s t-test. Resulting
p-values of less than 0.05 were considered significantly different.
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Quantitative Real-Time PCR
MEFs seeded at 4 × 105 on a 6-well plate were infected with the indicated S. typhimurium
strains at MOI 1:20. Four or 8 hours post-infection, total RNA was isolated from cells using
RNeasy Mini kit (Qiagen), digested with DNAse I (Invitrogen) and used as a template for
cDNA synthesis using the iScript reverse transcriptase (Bio-Rad). Normalized interferon-β
transcript levels were determined using iQ SYBR Green Supermix (Bio-Rad), in an iCycler real
time PCR machine (Bio-Rad) with specific murine interferon-β and GAPDH mRNA primer
sets (interferon-β forward 50 -CAGCTCCAAGAAAGGACGAAC-30 and reverse 50 -GGCAGT
GTAACTCTTCTGCAT-30 , GAPDH forward 50 -AGGTCGGTGTGAACGGATTTG-30 and
reverse 50 -GGGGTCGTTGATGGCAACA-30 ), that have been designed by PrimerBank (http://
pga.mgh.harvard.edu/primerbank/).

Mouse Infections and Quantitative PCR of Animal Tissues
Mouse infections, tissue extraction and quantitative PCR analysis was carried out as previously
described [54]. Briefly, groups of age- and sex-matched 8–12 week-old C57BL/6 mice carrying
a wild type allele of Nramp1 (Slc11a1) were administered 100 μl of a 100 μg/ml solution of
streptomycin 24 hs prior to bacterial infection. Food was removed 4 hs prior to inoculation,
and mice were administered (by stomach gavage) 100 μl of 10% bicarbonate solution (to buffer
the stomach pH) followed by the administration of 108 c. f. u. of the indicated bacterial strains
in 100 μl PBS. Three days after infection, total RNA from mouse tissues (cecum) were isolated
using TRIzol (Invitrogen) reagent according to the manufacture’s protocol and were reversedtranscribed with the iScript reverse transcriptase (BIORAD). Quantitative PCR was performed
using iQ SYBR Green Supermix (BIORAD) in an iCycler real time PCR machine (Bio-Rad).
All animal experiments were conducted according to protocols approved by Yale University’s
Institutional Animal Care and Use Committee.

Ethics Statement
All animal experiments were conducted according to protocols approved by Yale University’s
Institutional Animal Care and Use Committee under protocol number 2013–07858. The
IACUC is governed by applicable Federal and State regulations, including those of the Animal
Welfare Act (AWA), Public Health Service (PHS), and the United States Department of Agriculture (USDA) and is guided by the U.S. Government Principles for the Utilization and Care
of Vertebrate Animals Used in Testing, Research and Training.

Supporting Information
S1 Fig. Identification of SopA-interacting proteins by LC-MS/MS. (A) Chromatographic
profiles of the purified effectors used for affinity-purification of interacting proteins. Purified
effector proteins were characterized using Superdex 200 10/300 GL column on an AKTA purification system. Coomassie blue stained SDS-PAGE of the purified effector used in the affinity
purification studies are shown as insets. (B) Peptides corresponding to the SopA-interacting
proteins identified by LC-MS/MS are shown. Peptides identified by affinity purification using
purified proteins are depicted in red, peptides identified in bacterial infection experiments are
depicted in green, and peptides identified in both type of experiments are depicted in orange.
(TIF)
S2 Fig. Auto-ubiquitination activity of TRIM56 and interaction of SopA and RING finger
domain mutants of TRIM65 and TRIM56. (A) Purified TRIM56 was incubated with SopA or
its catalytic mutant SopAC753S in the presence of ubiquitin, ATP, E1 (UBE1) and E2 (UbcH5b)
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and TRIM56 ubiquitination was detected by its mobility shift in Western blot analysis. (B)
HEK 293T cells were co-transfected with plasmids encoding HA-ubiquitin, FLAG-TRIM56, or
FLAG-TRIM56C24A (catalytically deficient mutant) along with plasmids encoding either SopA
or its catalytic mutant SopAC753S. Cell lysates were evaluated for the levels of TRIM56 ubiquitination by immunoprecipitation and immunoblot analysis with anti-FLAG and anti-HA antibodies, respectively. (C) FLAG-epitope-tagged SopAC753S was transiently co-expressed in
HEK293T cells with M45-epitope-tagged TRIM65 or RING-finger domain mutants
TRIM65C15A and TRIM65T24K, and SopA-TRIM65 interactions were analyzed by immunoprecipitation and Western immunoblotting. (D) FLAG-epitope-tagged SopAC753S was transiently
co-expressed in HEK293T cells with M45-epitope-tagged TRIM56 or RING-finger domain
mutants TRIM56C24A, TRIM56T33K, TRIM56I23E and TRIM56L48E, and SopA-TRIM56 interactions were analyzed by immunoprecipitation and Western immunoblotting.
(TIF)
S3 Fig. Co-expression of TRIM65 with SopA does not lead to TRIM65 degradation. Plasmid for expression of FLAG-epitope-tagged TRIM65 (100 ng) was co-transfected into 2 × 105
HEK293T cells with increasing amounts of plasmids for expression of M45-epitope-tagged
SopA or its catalytic mutant SopAC753S (100, 200, 300 or 400 ng). Twenty-four h after transfection, whole cell lysates were immunoblotted with anti-FLAG, and anti-M45.
(TIF)
S4 Fig. Verification of the TRIM56 and TRIM65 deficient murine embryonic fibroblast by
PCR analysis. Shown are the profiles of amplified DNA fragments from the indicated cells.
Expected PCR products for TRIM56 gene are 148 bp in wild type and 208 bp in TRIM56-disrupted cells, and expected PCR products for TRIM65 gene are 118 bp in wild type and 178 bp
in TRIM65-disrupted cells.
(TIF)
S1 Table. Strains and plasmids used in this study.
(PDF)

Acknowledgments
We thank Walther Mothes and Pradeep Uchil for useful discussions, reagents and technical
advice. We also thank members of the Galan laboratory for careful reading of the manuscript.

Author Contributions
Conceived and designed the experiments: JK HS MLT JEG. Performed the experiments: JK HS
MLT JEG. Analyzed the data: JK HS MLT JEG. Wrote the paper: JK JEG.

References
1.

Nish S, Medzhitov R. Host defense pathways: role of redundancy and compensation in infectious disease phenotypes. Immunity. 2011; 34:629–36. doi: 10.1016/j.immuni.2011.05.009 PMID: 21616433

2.

Medzhitov R. Recognition of microorganisms and activation of the immune response. Nature. 2007;
449:819–26 PMID: 17943118

3.

Medzhitov R. Toll-like receptors and innate immunity. Nature Rev Immunol. 2001; 1:Nature Rev
Immunol.

4.

Inohara N, Nunez G. NODs: intracellular proteins involved in inflammation and apoptosis. Nat Rev
Immunol. 2003; 3(5):371–82. PMID: 12766759

5.

Barton G, Medzhitov R. Toll-like receptor signaling pathways. Science. 2003; 300:1524–5. PMID:
12791976

PLOS Pathogens | DOI:10.1371/journal.ppat.1005552 April 8, 2016

18 / 21

Salmonella Modulates Innate Immunity Targeting TRIM-Family Proteins

6.

Creagh E, O'Neill L. TLRs, NLRs and RLRs: a trinity of pathogen sensors that co-operate in innate
immunity. Trends Immunol. 2006; 27:352–7 PMID: 16807108

7.

Lee J, Mo J, Shen C, Rucker A, Raz E. Toll-like receptor signaling in intestinal epithelial cells contributes to colonic homoeostasis. Curr Opin Gastroenterol 2007; 23:27–31. PMID: 17133081

8.

Kelly D, Conway S, Aminov R. Commensal gut bacteria: mechanisms of immune modulation. Trends
Immunol. 2005; 26:326–33. PMID: 15922949

9.

Eckmann L. Sensor molecules in intestinal innate immunity against bacterial infections. Curr Opin Gastroenterol 2006; 22:95–101 PMID: 16462163

10.

Shibolet O, Podolsky D. TLRs in the Gut. IV. Negative regulation of Toll-like receptors and intestinal
homeostasis: addition by subtraction. Am J Physiol Gastrointest Liver Physiol. 2007; 292:G1469–73.
PMID: 17554134

11.

Lang T, Mansell A. The negative regulation of Toll-like receptor and associated pathways Immunol Cell
Biol 2007; 85:425–34 PMID: 17621314

12.

Stecher B, Robbiani R, Walker A, Westendorf A, Barthel M, Kremer M, et al. Salmonella enterica serovar typhimurium exploits inflammation to compete with the intestinal microbiota. PLoS Biol 2007;
5:2177–89. PMID: 17760501

13.

Winter S, Thiennimitr P, Winter M, Butler B, Huseby D, Crawford R, et al. Gut inflammation provides a
respiratory electron acceptor for Salmonella. Nature. 2010; 467:426–9. doi: 10.1038/nature09415
PMID: 20864996

14.

Chen LM, Hobbie S, Galan JE. Requirement of CDC42 for Salmonella-induced cytoskeletal and
nuclear responses. Science. 1996; 274(5295):2115–8. Epub 1996/12/20. PMID: 8953049

15.

Hobbie S, Chen LM, Davis R, Galán JE. Involvement of the mitogen-activated protein kinase pathways
in the nuclear responses and cytokine production induced by Salmonella typhimurium in cultured intestinal cells. J Immunol. 1997; 159:5550–9. PMID: 9548496

16.

Bruno VM, Hannemann S, Lara-Tejero M, Flavell RA, Kleinstein SH, Galan JE. Salmonella Typhimurium type III secretion effectors stimulate innate immune responses in cultured epithelial cells. PLoS
Pathog. 2009; 5(8):e1000538. Epub 2009/08/08. doi: 10.1371/journal.ppat.1000538 PMID: 19662166

17.

Patel JC, Galan JE. Differential activation and function of Rho GTPases during Salmonella-host cell
interactions. J Cell Biol. 2006; 175(3):453–63. Epub 2006/11/01. PMID: 17074883

18.

Hannemann S, Gao B, Galán J. Salmonella modulates host cell gene expression to promote its intracellular growth. PLoS Pathog. 2013; 9:e1003668. doi: 10.1371/journal.ppat.1003668 PMID: 24098123

19.

Keestra-Gounder A, Tsolis R, Bäumler A. Now you see me, now you don't: the interaction of Salmonella
with innate immune receptors. Nat Rev Microbiol. 2015; 13:206–16. doi: 10.1038/nrmicro3428 PMID:
25749454

20.

Hurley D, McCusker M, Fanning S, Martins M. Salmonella-host interactions—modulation of the host
innate immune system. Front Immunol 2014 5:481–92. doi: 10.3389/fimmu.2014.00481 PMID:
25339955

21.

Broz P, Ohlson M, Monack D. Innate immune response to Salmonella typhimurium, a model enteric
pathogen. Gut Microbes. 2012; 3:62–70. doi: 10.4161/gmic.19141 PMID: 22198618

22.

Wood MW, Jones MA, Watson PR, Siber AM, McCormick BA, Hedges S, et al. The secreted effector
protein of Salmonella dublin, SopA, is translocated into eukaryotic cells and influences the induction of
enteritis. Cell Microbiol. 2000; 2(4):293–303. PMID: 11207586

23.

Diao J, Zhang Y, Huibregtse J, Zhou D, Chen J. Crystal structure of SopA, a Salmonella effector protein
mimicking a eukaryotic ubiquitin ligase. Nat Struct Mol Biol. 2008; 15:65–70. PMID: 18066077

24.

Zhang S, Santos RL, Tsolis RM, Stender S, Hardt WD, Baumler AJ, et al. The Salmonella enterica serotype typhimurium effector proteins SipA, SopA, SopB, SopD, and SopE2 act in concert to induce diarrhea in calves. Infect Immun. 2002; 70(7):3843–55. PMID: 12065528

25.

Zhang Y, Higashide W, McCormick B, Chen J, Zhou D. The inflammation-associated Salmonella SopA
is a HECT-like E3 ubiquitin ligase. Mol Microbiol. 2006; 62:786–93. PMID: 17076670

26.

Lin D, Diao J, Chen J. Crystal structures of two bacterial HECT-like E3 ligases in complex with a human
E2 reveal atomic details of pathogen-host interactions. Proc Natl Acad Sci U S A 2012; 109:1925–30
doi: 10.1073/pnas.1115025109 PMID: 22308380

27.

Rajsbaum R, García-Sastre A, Versteeg G. TRIMmunity: the roles of the TRIM E3-ubiquitin ligase family in innate antiviral immunity. J Mol Biol 2014; 426:1265–84. doi: 10.1016/j.jmb.2013.12.005 PMID:
24333484

28.

Yap M, Stoye J. TRIM proteins and the innate immune response to viruses. Adv Exp Med Biol. 2012;
770:93–104. PMID: 23631002

PLOS Pathogens | DOI:10.1371/journal.ppat.1005552 April 8, 2016

19 / 21

Salmonella Modulates Innate Immunity Targeting TRIM-Family Proteins

29.

Ikeda K, Inoue S. TRIM proteins as RING finger E3 ubiquitin ligases. Adv Exp Med Biol 2012; 770:27–
37. PMID: 23630998

30.

Meroni G. Genomics and evolution of the TRIM gene family. Adv Exp Med Biol 2012; 770:1–9. PMID:
23630996

31.

Sardiello M, Cairo S, Fontanella B, Ballabio A, Meroni G. Genomic analysis of the TRIM family reveals
two groups of genes with distinct evolutionary properties. BMC Evolutionary Biology. 2008 8:225. doi:
10.1186/1471-2148-8-225 PMID: 18673550

32.

Zheng N, Wang P, Jeffrey P, Pavletich N. Structure of a c-Cbl-UbcH7 complex: RING domain function
in ubiquitin-protein ligases. Cell. 2000; 102:533–9. PMID: 10966114

33.

Tsuchida T, Zou J, Saitoh T, Kumar H, Abe T, Matsuura Y, et al. The ubiquitin ligase TRIM56 regulates
innate immune responses to intracellular double-stranded DNA. Immunity. 2010; 33:765–76. doi: 10.
1016/j.immuni.2010.10.013 PMID: 21074459

34.

Shen Y, Li N, Wang J, Liu B, Lester S, Li K. TRIM56 is an essential component of the TLR3 antiviral signaling pathway. J Biol Chem 2012; 287:36404–13. doi: 10.1074/jbc.M112.397075 PMID: 22948160

35.

Li S, Wang L, Fu B, Berman M, Diallo A, Dorf M. TRIM65 regulates microRNA activity by ubiquitination
of TNRC6. Proc Natl Acad Sci U S A 2014; 111:6970–5 doi: 10.1073/pnas.1322545111 PMID:
24778252

36.

Versteeg G, Rajsbaum R, Sánchez-Aparicio M, Maestre A, Valdiviezo J, Shi M, et al. The E3-ligase
TRIM family of proteins regulates signaling pathways triggered by innate immune pattern-recognition
receptors. Immunity. 2013; 38:384–98 doi: 10.1016/j.immuni.2012.11.013 PMID: 23438823

37.

Dixit E, Kagan J. Intracellular pathogen detection by RIG-I-like receptors. Adv Immunol. 2013; 117:99–
125. doi: 10.1016/B978-0-12-410524-9.00004-9 PMID: 23611287

38.

Reikine S, Nguyen J, Modis Y. Pattern Recognition and Signaling Mechanisms of RIG-I and MDA5.
Front Immunol. 2014; 23:5:342.

39.

Uchil P, Hinz A, Siegel S, Coenen-Stass A, Pertel T, Luban J, et al. TRIM protein-mediated regulation
of inflammatory and innate immune signaling and its association with antiretroviral activity. J Virol 2013;
87:257–72. doi: 10.1128/JVI.01804-12 PMID: 23077300

40.

Hochstrasser M. Ubiquitin-dependent protein degradation. Annu Rev Genet. 1996; 30:405–39. PMID:
8982460

41.

Hardt W-D, Chen L-M, Schuebel KE, Bustelo XR, Galán JE. Salmonella typhimurium encodes an activator of Rho GTPases that induces membrane ruffling and nuclear responses in host cells. Cell. 1998;
93:815–26. PMID: 9630225

42.

Stremlau M, Owens C, Perron M, Kiessling M, Autissier P, Sodroski J. The cytoplasmic body component TRIM5alpha restricts HIV-1 infection in Old World monkeys. Nature. 2004; 427:848–53. PMID:
14985764

43.

Gack M, Albrecht R, Urano T, Inn K, Huang I, Carnero E, et al. Influenza A virus NS1 targets the ubiquitin ligase TRIM25 to evade recognition by the host viral RNA sensor RIG-I. Cell Host Microbe 2009;
5:439–49. doi: 10.1016/j.chom.2009.04.006 PMID: 19454348

44.

Wang J, Liu B, Wang N, Lee Y, Liu C, Li K. TRIM56 is a virus- and interferon-inducible E3 ubiquitin
ligase that restricts pestivirus infection. J Virol 2011 85:3733–45. doi: 10.1128/JVI.02546-10 PMID:
21289118

45.

Schmolke M, Patel J, de Castro E, Sánchez-Aparicio M, Uccellini M, Miller J, et al. RIG-I detects mRNA
of intracellular Salmonella enterica serovar Typhimurium during bacterial infection. MBio. 2014; 5:
e01006–14. doi: 10.1128/mBio.01006-14 PMID: 24692634

46.

Layton A, Brown P, Galyov E. The Salmonella translocated effector SopA is targeted to the mitochondria of infected cells. J Bacteriol 2005; 187:3565–71. PMID: 15866946

47.

Hoiseth SK, Stocker BA. Genes aroA and serC of Salmonella typhimurium constitute an operon. J Bacteriol. 1985; 163(1):355–61. PMID: 2989248

48.

Kaniga K, Bossio JC, Galan JE. The Salmonella typhimurium invasion genes invF and invG encode
homologues of the AraC and PulD family of proteins. Mol Microbiol. 1994; 13(4):555–68. Epub 1994/
08/01. PMID: 7997169

49.

Spano S, Liu X, Galan JE. Proteolytic targeting of Rab29 by an effector protein distinguishes the intracellular compartments of human-adapted and broad-host Salmonella. Proc Natl Acad Sci U S A. 2011;
108(45):18418–23. Epub 2011/11/02. doi: 10.1073/pnas.1111959108 PMID: 22042847

50.

Guzman LM, Belin D, Carson MJ, Beckwith J. Tight regulation, modulation, and high-level expression
by vectors containing the arabinose PBAD promoter. J Bacteriol. 1995; 177:4121–30. PMID: 7608087

PLOS Pathogens | DOI:10.1371/journal.ppat.1005552 April 8, 2016

20 / 21

Salmonella Modulates Innate Immunity Targeting TRIM-Family Proteins

51.

Cong L, Ran F, Cox D, Lin S, Barretto R, Habib N, et al. Multiplex Genome Engineering Using CRISPR/
Cas Systems. Science. 339(6121: ):819–23. Science. 2013; 339:819–23. doi: 10.1126/science.
1231143 PMID: 23287718

52.

Gratz SJ, Cummings A, Nguyen J, Hamm D, Donohue L, Harrison M, et al. Genome engineering of Drosophila with the CRISPR RNA-guided Cas9 nuclease. Genetics 194:1029–1035. Genetics. 2013;
194:1029–35. doi: 10.1534/genetics.113.152710 PMID: 23709638

53.

Liu X, Gao B, Novik V, Galan JE. Quantitative Proteomics of Intracellular Campylobacter jejuni Reveals
Metabolic Reprogramming. PLoS Pathog. 2012; 8(3):e1002562. Epub 2012/03/14. doi: 10.1371/
journal.ppat.1002562 PMID: 22412372

54.

Sun H, Kamanova J, Lara-Tejero M, Galán J. A Family of Salmonella Type III Secretion Effector Proteins Selectively Targets the NF-κB Signaling Pathway to Preserve Host Homeostasis. PLoS Pathog.
2016; 12:e1005484. doi: 10.1371/journal.ppat.1005484 PMID: 26933955

PLOS Pathogens | DOI:10.1371/journal.ppat.1005552 April 8, 2016

21 / 21

