Proceedings of the National Academy of Sciences of the United States of America

WWW.pnas.org

Ssel, a Salmonella deubiquitinase required for macrophage killing and virulence

Anne Rytkdnen, John Poh, Junkal Garmendia, Cliona Boyle, Arthur Thompson, Mei Liu, Paul
Freemont, Jay C. D. Hinton, and David W. Holden

PNAS published online Feb 20, 2007;
doi:10.1073/pnas.0610095104

Thisinformation is current as of February 2007.

Supplementary Material Supplementary material can be found at:
WwWw. phas.org/cgi/content/full/0610095104/DC1

This article has been cited by other articles:
www.pnas.org#otherarticles

E-mail Alerts Receive free email aerts when new articles cite this article - sign up in the box
at the top right corner of the article or click here.

Rights & Permissions To reproduce this article in part (figures, tables) or in entirety, see:
WWW. phas.org/misc/rightperm.shtml

Reprints To order reprints, see:
WwWw.pnas.org/misc/reprints.shtml

Notes:


http://www.pnas.org/cgi/content/full/0610095104/DC1
http://www.pnas.org#otherarticles
http://www.pnas.org/cgi/alerts/ctalert?alertType=citedby&addAlert=cited_by&saveAlert=no&cited_by_criteria_resid=pnas;0610095104v1&return_type=article&return_url=http%3A%2F%2Fwww.pnas.org%2Fcgi%2Freprint%2F0610095104v1.pdf
http://www.pnas.org/misc/rightperm.shtml
http://www.pnas.org/misc/reprints.shtml

SINPAS

7|

Ssel, a Salmonella deubiquitinase required
for macrophage killing and virulence

Anne Rytkonen*, John Poh*, Junkal Garmendia**, Cliona Boyle*, Arthur Thompson*, Mei Liu*, Paul Freemonts,

Jay C. D. Hinton*, and David W. Holden*"

*Department of Infectious Diseases, Centre for Molecular Microbiology and Infection and SDivision of Molecular Biosciences, Imperial College London,
Flowers Building, Armstrong Road, London SW7 2AZ, United Kingdom; and *Molecular Microbiology Group, Institute of Food Research,

Norwich Research Park, Colney, Norwich NR4 7UA, United Kingdom

Edited by Rino Rappuoli, Novartis Vaccines, Siena, Italy, and approved December 24, 2006 (received for review November 14, 2006)

Expression of the Salmonella enterica serovar Typhimurium patho-
genicity island 2 (SPI-2) type lll secretion system is controlled by the
two-component regulatory system SsrA-SsrB. We used a transcrip-
tomic approach to help define the SsrA-SsrB regulon. We identified
a gene encoding an uncharacterized effector (Ssel) whose trans-
location into host cells depends on the SPI-2 secretion system. SselL
has similarities to cysteine proteases with deubiquitinating activ-
ity. A GST-Ssel fusion protein specifically hydrolyzed mono- and
polyubiquitin substrates in vitro with a preference for K63-linked
ubiquitin chains. Ubiquitin-modified proteins accumulated in mac-
rophages infected with Salmonella sseL mutant strains but to a
lesser extent when infected with bacteria expressing active pro-
tein, demonstrating that Ssel functions as a deubiquitinase in vivo.
Salmonella sseL mutant strains did not show a replication defect or
induce altered levels of cytokine production upon infection of
macrophages but were defective for a delayed cytotoxic effect and
were attenuated for virulence in mice.

cytotoxicity | SPI-2 | deubiquitinating enzyme

Salmonella enterica serovar Typhimurium (S. Typhimurium)
causes gastroenteritis in humans and a systemic disease in
certain mouse strains, which is used as an experimental model of
typhoid fever. S. Typhimurium invades and replicates within a
variety of host cell types (1, 2). After uptake, bacteria reside within
a membrane-bound compartment, the Salmonella-containing vac-
uole (SCV). Intracellular replication and growth in mice requires
many virulence proteins, including several encoded by the Salmo-
nella pathogenicity island (SPI) -2 type III secretion system (T3SS)
(3). This T3SS is induced intracellularly (4) and translocates several
effectors into the vacuolar membrane and host cell cytosol (3).
Many effectors are encoded by genes located at different sites in the
bacterial chromosome (3, 5, 6).

The full repertoire of effector proteins of the SPI-2 T3SS is
unknown. The expression of SPI-2 genes and effector genes
located outside the pathogenicity island requires the SPI-2-
encoded two-component regulatory system SsrA-SsrB (4). In
this work, we used a DNA microarray of S. Typhimurium to
compare the levels of mRNAs in wild-type and ssr4 mutant
bacteria grown in conditions that result in strong expression of
the SsrA-SsrB regulon. This led to the identification of a new
gene (STM2287) whose expression depends on SsrA. We char-
acterized the product of STM2287 (SseL) and found that it is a
deubiquitinase.

Results

Identification of STM2287. We used an S. Typhimurium LT2 DNA
microarray (7) to identify bacterial genes regulated by SsrA-B.
RNA was extracted from wild-type or ssr4 mutant strains grown
in conditions that induce the expression of SPI-2 genes (4), as
well as effectors encoded within and outside SPI-2 (8, 9). RNAs
were fluorescently labeled and separately hybridized to LT2
DNA microarrays. The 50 genes showing the highest fold change
in expression between the two strains are shown in supporting
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information (SI) Table 1. Many are known or are predicted to
encode components of the secretion apparatus, translocon com-
ponents, chaperones, and effectors.

One of the hypothetical genes, STM2287, was chosen for
further analysis, and as a result of experiments described below,
STM2287 was designated sseL (Salmonella secreted effector L),
in accordance with accepted nomenclature (10). Its chromo-
somal organization (see SI Fig. 54) and work described below
indicate that it is monocistronic. The G+C content of sseL is
39%, significantly lower than the genome average of 52.2%.
Genes encoding nearly identical proteins are present in the
genomes of Salmonella enterica serovars Typhi, Paratyphi A, and
Choleraesuis, but sseL is absent from the genome of Salmonella
bongori, which lacks the SPI-2 locus. The sseL. promoter was
activated in an ssrA-dependent manner ~6 h after uptake by
J774 macrophages (SI Fig. 5B) and HeLa cells (data not shown),
confirming that sseL is part of the SsrA-B regulon.

Translocation and Localization of SseL. To determine whether SselL
is translocated by intracellular bacteria, an epitope-tagged ver-
sion (SseL-2HA) was expressed from the chromosome in the
wild-type strain and a strain carrying a mutation in ssal” [en-
coding an essential component of the SPI-2 T3SS (11)]. Mac-
rophages were infected for 6—8 h with these strains carrying a
plasmid constitutively expressing GFP. Immunofluorescence
microscopy showed that SseL is translocated across the vacuolar
membrane in a SPI-2-dependent manner (SI Fig. 6 A and B). To
localize translocated SseL, infected macrophages and HeLa cells
were labeled for HA, Salmonella, and LAMP-1, a lysosomal
membrane glycoprotein enriched on the SCV membrane and
tubules (Sifs) that emanate from SCVs in epithelial cells (12).
There was extensive colocalization between SCV-associated
LAMP-1 and SseL-2HA in macrophages (SI Fig. 6C Upper,
arrows) and SCV- and Sif-associated LAMP-1 and SseL-2HA in
HelLa cells (SI Fig. 6C Lower, arrow). Membrane localization of
SseL-2HA was confirmed by fractionation of infected macro-
phages, followed by SDS/PAGE and immunoblotting (SI
Fig. 6D).
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Fig. 1.
in gray. ASFV indicates African swine fever virus.

SseL Has Deubiquitinating Activity in Vitro. SseL is predicted to
encode a protein of 317 aa, originally annotated as a sulfatase/
phosphatase (13). InterProScan searches showed that a region of
the primary amino acid sequence (residues 195-267) is similar to
cysteine proteases. This region was then compared with a variety
of cysteine proteases by using the ClustalW program (14) and
MEROPS database. These comparisons indicate that SseL is
related to cysteine proteases of clan CE based on the order of the
residues important for active site maintenance and catalysis (His,
Glu/Asp/Asn, Gln, Cys) (Fig. 1). This clan contains a yeast
protease, Ulp1, with desumoylating activity (15). It also contains
the adenovirus L3 23K proteinase (Avp), two Chlamydia tra-
chomatis enzymes, and the Yersinia T3SS effector YoplJ/P, all of
which have been shown to have deubiquitinating activity in vitro
(16-18).

To test whether SseL can cleave ubiquitinated or sumoylated
substrates in vitro, SseL and SseLC262A (in which the putative
catalytic residue Cys-262 was replaced by Ala) were purified as
GST fusion proteins (SI Fig. 74), and incubated with ubiquitin
(Ub)- or SUMO-1-amido methyl coumarin (AMC). Isopepti-
dase T, a Ub-specific protease, was used as a positive control for
Ub cleavage. GST-SseL hydrolyzed Ub-AMC (Fig. 24) but not
SUMO-1-AMC (SI Fig. 7B). The exchange of Cys-262 to Ala
abolished the activity of SseL on Ub-AMC (Fig. 24). The Km
of GST-SseL on Ub-AMC was 1.5 uM (Fig. 2B), similar to that
of other deubiquitinating enzymes (DUBs) (18, 19).

To examine the ability of SseL to cleave branched polyUb
chains, GST-SseL, GST-SseLC262A, or GST were mixed with
equimolar amounts of K48-linked or K63-linked multiUb chains.
Samples were then subjected to PAGE and immunoblotted by
using an anti-Ub antibody. GST-SseL, but not GST-SseLC262A,
cleaved polyUb into monomers (Fig. 2 C and D). Ub aldehyde,
a specific inhibitor of Ub C-terminal hydrolysis, significantly
reduced cleavage of K48-linked Ub chains but inhibited less
efficiently the activity of SseL on K63-linked chains (Fig. 2D).
When increasing amounts (0-5 uM) of GST-SseL was mixed
with either K48-linked Ub chains (Fig. 2E) or K63-linked Ub
chains (Fig. 2F), a preference of GST-SseL for K63-linked
Ub-chains was evident.

Lack of SseL Leads to an Accumulation of Ubiquitinated Proteins in
Infected Cells, and SseL Binds Ub Directly. To investigate the effects
of SseL on ubiquitinated proteins after infection of macro-
phages, J774 cells were infected for various periods of time with
a AsseL strain of S. Typhimurium expressing one of two epitope-
tagged versions of SseL (SseL-2HA or SseLC262A-2HA) from
a plasmid. Infected macrophages were lysed and proteins sub-
jected to PAGE and immunoblotting with an anti-Ub antibody.
In uninfected and cells infected with either strain, Ub-modified
proteins of low relative molecular mass (Mr) were detected (Fig.
34). In cells infected with the AsseL strain expressing either
SseL-2HA or SseLC262A-2HA from a plasmid, Ub-modified
proteins of Mr >~50 kDa accumulated gradually between 8 and
16 h after uptake (Fig. 34 Left). The signals from Ub-modified
proteins were very weak in lysates from macrophages infected
with S. Typhimurium expressing SseL-2HA but were stronger in
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Amino acid alignment of SseL with a selection of cysteine proteases from clan CE. The conserved catalytic residues (H, D/E/N, Q, and C) are highlighted

macrophages exposed to SseLC262A-2HA, particularly at the
16-h time point (Fig. 34). The same samples were immunoblot-
ted by using an anti-HA antibody. This showed an equivalent,
gradual increase in effector protein levels from both strains (Fig.
34 Left). To examine the levels of ubiquitinated proteins in
uninfected cells and cells infected with the Assel strain, the
experiment was repeated, and macrophages were lysed at the
16-h time point. The amount of ubiquitinated proteins was lower
in uninfected than infected cells, and there was a greater
accumulation of ubiquitinated proteins in cells infected with the
sseL mutant strain than in cells infected with the wild-type strain.
(Fig. 34 Right). The accumulation of ubiquitinated proteins
caused by infection with the null mutant was similar to that
caused by the strain expressing the cysteine point mutant.

To determine whether SseLC262A-2HA interacts with ubi-
quitinated proteins in infected cells, an anti-HA antibody was
used to immunoprecipitate SseL.-2HA or Sse LC262A-2HA from
lysates of infected macrophages (Fig. 3B Left) or HeLa cells
(data not shown). Immunoblot analysis revealed that
SseLC262A-2HA and, to a much lesser extent, SseL-2HA
coimmunoprecipitated both mono- and polyubiquitinated pro-
teins from both cell types: the antibody FK1 recognizes polyu-
biquitinated proteins, whereas FK2 recognizes both forms; the
majority of Ub-modified proteins had a relative molecular mass
>~50 kDa (Fig. 3B Right). A prominent band of ~70 kDa was
detected in immunoprecipitates from cells infected with bacteria
expressing SseLC262A-2HA (Fig. 3B Right). However, this was
not consistently observed in replicate experiments. Together,
these results indicate that infection of macrophages with S.
Typhimurium results in the accumulation of Ub-modified pro-
teins that are subsequently deubiquitinated by SseL, after trans-
location of this effector from bacteria across the vacuolar
membrane.

A direct interaction between SseL. and Ub was confirmed by
a yeast two-hybrid screen with a HeLa cell cDNA library (see S/
Methods for further details.

SseL Is Required for Salmonella-Induced Delayed Cytotoxicity of
Macrophages. We next compared the intracellular growth of the
sseL. mutant with that of to the wild-type strain and an ssal/
mutant. Replication assays were performed in HeLa cells, J774
macrophages, and in elicited murine peritoneal macrophages. At
10 and 20 h after uptake in each cell-type, the growth of the sseL
mutant was indistinguishable from that of the wild-type strain,
whereas the ssal” mutant displayed a strong replication defect
(data not shown).

The Yersinia DUB YoplJ/P inhibits the inflammatory cytokine
NF-kB pathway (20-23). We therefore investigated whether
SseL suppresses the NF-kB pathway in three independent assays
involving activation and degradation of IkBa and release of TNF
from macrophages infected with either the wild-type or the
AsseL strain up to 22 h after uptake. Activation of IkBa was
investigated by using a phospho-specific IkBa antibody, and
degradation of IkBa was analyzed in samples by using an
anti-IkBa antibody. No difference in activation or degradation
of IkBa was observed between macrophages infected with the
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Fig. 2.  Enzymatic activity of GST-fusion proteins. (A) Purified proteins or
isopeptidase T (a Ub-specific protease) were incubated with Ub-AMC, and
their activity was determined by release of fluorescent AMC. (B) Michaelis—
Menten plot to determine kinetic constants for GST-SseL (Km = 1.5 uM; Vinax =
2354 pM s~ "). Cleavage of branched K48- (C) and K63- (D) linked multiUb
chains by GST-SseL. Purified proteins (5 uM) were incubated with substrate
with (+) or without (—) inhibitor (Ub aldehyde) for 1 h at 37°C and fractioned
by SDS/PAGE. Proteins were transferred to PVDF membrane and labeled with
an anti-Ub antibody (Zymed). Purified proteins of increasing concentration
(0-5.0 uM) were incubated for 30 min at 37°C with equimolar amounts of
either K48- (E) or K63- (F) linked multiUb chains and subjected to SDS/PAGE
and immunoblotted with an anti-Ub antibody (Zymed). Bands correspond to
different Ub oligomers (indicated on the left). GST-SseL in each sample was
visualized by Coomassie blue staining.

two strains at any time point (data not shown). Release of TNF
was consistent with these results, with no significant difference
between the two strains at any time point (Fig. 44).

S. Typhimurium has been shown to have a delayed cytotoxic
activity against macrophages in vitro. This begins ~12 h after
infection and depends on the SPI-2 T3SS (24), although the
effector(s) responsible has not been identified. We therefore
investigated the plasma membrane integrity of J774 macro-
phages at 10 or 20 h after infection with the wild-type strain or
various mutant strains by measuring the uptake of propidium
iodide (PI), a membrane-impermeable dye. In a first set of
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Fig.3. Ubiquitination of proteinsininfected macrophages. (A Left) J774 cells
were infected with the AsseL mutant strain expressing either SseL-2HA or
SseLC262A-2HA. At different time points, cells were lysed and proteins sub-
jected to SDS/PAGE, followed by transfer to PVDF membranes and labeling
with an anti-Ub antibody (Zymed). The blot was then stripped and reprobed
with anti-tubulin and anti-HA antibodies to provide a loading control for host
proteins and to demonstrate equivalent expression of epitope-tagged SselL in
cells infected with the two strains. (A Right) J774 cells were uninfected or
infected for 16 h with wild-type, AsseL or AsseL mutant strain expressing either
SseL-2HA or SseLC262A-2HA. Cell lysates were analyzed as described above,
without anti-HA immunoblot. (B) Coimmune precipitation of HA-tagged
proteins from macrophages infected for 16 h with the same strains as in A
Left). Macrophage lysates were incubated with anti-HA antibody. Antibody-
bound proteins were recovered by using protein G-coated beads and immu-
noblotted (Left) with an anti-HA antibody. HC and LC indicate heavy and light
antibody chains. HA labeling indicates equivalent recovery from the two
samples. Recovered fractions were probed with antibodies recognizing
polyUb (FK1) or both monoUb and polyUb (FK2) (Right). Positions of size
markers are indicated on the left of blots.

experiments, 20,000 macrophages were quantified for each strain
at both time points. The wild-type strain consistently induced
significantly greater cytotoxicity than the ssal” mutant strain, the
AsseL strain, and the AsseL strain expressing SseLC262A-2HA
(Fig. 4B). In a further experiment involving only the GFP-
expressing wild-type and AsseL strains, 20,000 GFP-positive
macrophages were analyzed for PI uptake. The number of
PI-positive macrophages infected with wild-type bacteria was
approximately double that of macrophages infected with the
AsseL strain (Fig. 4C). The reduced cytotoxicity of the AsseL
strain can be attributed solely to a loss of SseL, because a plasmid
expressing SseL-2HA restored cytotoxicity to a level similar to
that caused by the wild-type strain (Fig. 4B). Release of cytosolic
lactate dehydrogenase (LDH) was additionally used to monitor
death of macrophages infected with the five strains used in Fig.
4B. Significantly greater LDH was released from macrophages
infected with the wild-type and psseL-2HA-complemented mu-
tant strain than from cells infected with the mutant strains (data

Rytkénen et al.
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Fig.4. Sselisrequired for a delayed cytotoxic effect in infected macrophages.
(A) TNF release from infected macrophages. J774 cells were infected for different
periods of time with the wild-type or AsseL strain, and supernatants were recov-
ered and analyzed for TNF by sandwich ELISA. TNF release from macrophages
exposed to LPS (1 ug/ml) for 16 h was used as a positive control. (B) Cytotoxicity
assay of macrophages after infection with various bacterial strains. Cells were
infected for 10 or 20 h and then incubated with Pl for 20 min and analyzed by flow
cytometry. The levels of Pl labeling of uninfected cells were subtracted from those
of infected cells at the two time points. In each case, the percentages of Pl-positive
cells are from a total of 20,000 cells. Samples were analyzed in triplicate, and the
standard errors of the mean are shown. The results shown are representative of
four independent experiments. (C) Macrophages were infected as in B with the
wild-type or AsseL strain carrying a GFP-expressing plasmid. At 20 h after uptake,
20,000 GFP-positive macrophages were analyzed, and the number of PI-positive
cells was counted. Asterisks indicate P < 0.05.

not shown). LDH release was also measured from elicited
macrophages infected with wild-type or AsseL strain. A signif-
icant difference in cytotoxicity was observed at 10 h after uptake
(SI Fig. 8).

Ssel Is a Salmonella Virulence Factor. Competitive index (CI) (25)
tests were used to assess the importance of SseL in virulence. The
ClIs for the wild-type strain versus the AsseL mutant strain were
0.66 = 0.075 after i.p. inoculation and 0.37 = 0.057 after oral
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inoculation of mice. The CI of the AsseL strain expressing
SseL-2HA from a plasmid versus the Assel strain was 0.68 =
0.05 after i.p. inoculation. The CI of the wild-type strain versus
the AsseL strain expressing SseLC262A-2HA from a plasmid was
0.50 = 0.029 after i.p. inoculation. Therefore, the null and
point-mutant strains display virulence attenuation during the
systemic phase of infection, and this can be attributed directly to
the mutation in sseL rather than a polar effect or secondary
mutation in this strain. Taken together, these data show that the
deubiquitinating and cytotoxic activities of SseL are necessary
for Salmonella virulence.

Discussion

In this work, we describe the characterization of sseL, a previ-
ously uncharacterized member of the SsrA-SsrB regulon encod-
ing an effector of the SPI-2 T3SS. SseL is translocated onto the
vacuolar surface in infected host cells, where it targets the host
cell Ub pathway by acting as a DUB. It is not required for
intracellular bacterial replication but is required for SPI-2-
dependent cytotoxicity of macrophages and Salmonella viru-
lence in the mouse model of typhoid fever.

In mammalian cells, ubiquitination proceeds via three enzy-
matic steps comprising a Ub-activating enzyme (E1), transfer of
Ub to one of several E2-conjugating enzymes, and then transfer
of the activated Ub to a lysine residue in the target protein by one
of a large family of E3 ligases. Ub can itself be further ubiqui-
tinated, generating one or more branched chains conjugated
through Lys 48; these modifications target the protein to the
proteasome for degradation. Alternatively monoubiquitinated
proteins, or proteins modified by Ub chains linked through Lys
63, influence processes such as membrane trafficking, transcrip-
tion, and other signaling pathways (26).

Ub processing is also controlled by a large family of DUBEs,
which are mainly cysteine proteases. These can rescue proteins
from proteasome degradation, or down-regulate signaling or
trafficking events (27). A small number of viral and bacterial
DUBs have been discovered (16, 17, 28); these include two
recently identified Chlamydia trachomatis proteins, whose phys-
iological functions and requirement for virulence are unknown
(18), and YopJ/P, a Yersinia T3SS effector that suppresses the
NF-«B pathway involved in inflammatory responses (29). Nor-
mally, activation of the pathway leads to proteasomal degrada-
tion of ubiquitinated IkBa, enabling the nuclear translocation of
NF-«B and the transcription of cytokine genes. However, in
macrophages infected with Yersinia pseudotuberculosis, the deu-
biquitinating (17) and/or acetylating (23) activities of YoplJ/P
prevent the degradation of IkBa. YopJ/P is also required for
rapid apoptosis of macrophages (30, 31). However, the mecha-
nism by which its suppressive effect on the NF-«kB pathway is
linked to its proapoptotic activity, and the relative importance of
these two activities in virulence, are not well understood (32).

S. Typhimurium can cause macrophage death in several
different ways. Two types of cell death that occur in the first few
hours after infection of cultured macrophages require the SPI-1
T3SS and its associated translocase/effector protein, SipB. One
of these depends on caspase-1 (33), whereas the other is caspase-
1-independent and involves mitochondrial disruption and auto-
phagy (34). However, SipB is essential for the translocation of all
SPI-1 effectors across the host-cell plasma membrane (35),
making it very difficult to assess the biological significance of the
different forms of cell death caused by SipB. The SPI-1 T3SS
functions during invasion of the gut epithelium but does not
contribute significantly to systemic growth of S. Typhimurium in
the mouse (36).

A delayed cytotoxic activity of S. Typhimurium has also been
reported. This begins ~12 h after infection of cultured macro-
phages and depends on the SPI-2 T3SS (24). It also appears to
involve caspase-1 (37) and the protein kinase PKR (38), but

PNAS | February 27,2007 | vol. 104 | no.9 | 3505

MICROBIOLOGY


http://www.pnas.org/cgi/content/full/0610095104/DC1

Lo L

P

1\

=y

again its biological significance has not been established, and the
effector(s) responsible had not been identified previously. From
the results shown in Fig. 4 B and C and SI Fig. 8, we conclude
that SseL is an effector that accounts for a proportion of
SPI-2-dependent cytotoxicity in macrophages. The cytotoxic
effect of the sseL mutant was not as low as that of the ssal’
mutant. This could be due to the replication defect of the ssal”
mutant; alternatively, other SPI-2 T3SS effector(s) might be
involved in the process.

In contrast to YoplJ/P, we obtained no evidence that SseL
suppresses the NF-«B pathway, and the mechanism by which the
deubiquitinating activity of SseL is connected to its requirement
for delayed cytotoxicity in macrophages remains to be investi-
gated. A large number of both mono- and polyubiquitinated
proteins were immunoprecipitated by SseLC262A-2HA. These
proteins could reflect different degrees of ubiquitination of one
or a few proteins or mono- and polyubiquitination of many
targets. Our work indicates that ubiquitination and deubiquiti-
nation of proteins occurs on the cytoplasmic face of the SCV,
something that is not evident by immunofluorescence micros-
copy by using antibodies against Ub [(39), A.R. and D.W.H,,
unpublished data). Presumably, deubiquitination of these pro-
tein(s) by SseL promotes a macrophage-killing pathway that
might also involve caspase-1 and PKR. In vitro SseL displayed a
clear preference for K63-linked Ub-chains, suggesting that SseL.
interferes with a signaling pathway rather than inhibiting pro-
teasomal-dependent degradation of its target(s).

The main conclusion to emerge from this work is that the
delayed cytotoxic effect of S. Typhimurium in macrophages (24,
37) is likely to be a biologically relevant phenomenon. Apoptotic
nuclei are a characteristic of neutrophils and macrophages in
tissues of mice infected with S. Typhimurium (40), but it has not
been clear whether these dying cells represent a host resistance
response to infection or a means by which S. Typhimurium
evades host defenses. By showing that SselL contributes to
SPI-2-dependent macrophage death and that sseL. mutant strains
are attenuated for virulence in the systemic phase of infection,
we provide evidence that the cytotoxic activity depends on SseL.
and plays an important role in Salmonella virulence. This might
enable the spread of bacteria throughout infected organs by
incoming uninfected macrophages engulfing either infected
dying cells or bacteria released by them into the extracellular
space.

Materials and Methods

Bacterial Strains and Growth Conditions. All strains and growth
conditions are published in ST Methods and SI Table 2.

Microarray Procedures and Analysis. A detailed description of the
microarray screening procedure is published in ST Methods.

Plasmids and Construction of Mutant Strain. Plasmids used in this
study are listed in SI Table 3. Plasmid pFPV25.1, carrying
gfpmut3A under the control of a constitutive promoter, was
introduced into bacterial strains for fluorescence visualization
where indicated (41). The plasmid psseL::gfp contains a 300-bp
DNA fragment immediately upstream of the start codon of ssel
(amplified by primers STM2287F/R, in SI Table 4) and was
inserted into the promoter trap vector pFPV25. The chromo-
somal deletion of sseL in S. Typhimurium was performed by
using the one-step gene-disruption technique (42).

Epitope Tagging, Site-Directed Mutagenesis, and Construction of
Expression Vectors. The influenza virus HA epitope DNA se-
quence was fused to the chromosomal copy of sseL according to
Uzzau et al. (43), by using plasmid pSU315. sseL-2HA was
transduced by bacteriophage P22 into the ssal” mutant strain
following the method of Davis et al. (44). Site-directed mutagen-
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esis was performed according to manufacturer’s recommenda-
tions (Quickchange, Stratagene). Cys at residue 262 of SseL. was
changed to Ala by using primers C262A-F and C262A-R.
Primers used for construction of all constructs are listed in SI
Table 4.

Antibodies. All antibodies used are published in SI Methods.

Cell Culture. HeLa (93021013) and J774 (91051511) cells were
obtained from the European Collection of Cell Cultures, Salis-
bury, U.K. Cells were grown in DMEM (GIBCO, Carlsbad, CA)
supplemented with 10% FCS. Cells were grown at 37°C in 5%
CO.. Elicited i.p. macrophages were obtained from BALB/c
mice challenged with 5 mM sodium periodate 4 days before
harvesting. Cells were seeded at a density of 4 X 10° per ml and
incubated for 24 h before bacterial challenge.

Bacterial Infection of Epithelial Cells and Macrophages and Immuno-
fluorescence Microscopy. Infection of HeLa cells and macrophages
was performed as described (25, 45). Cells were fixed, perme-
abilized, and incubated with antibodies as described (25). La-
beled cells were analyzed by using a fluorescence microscope
(BX50; Olympus, Melville, NY) or a confocal laser scanning
microscope (LSM510; Zeiss, Thornwood, NY).

Cl Assay. Female BALB/c mice (B and K Universal, Hull, U.K.)
of 18-22 g were used for all infection studies and were challenged
either i.p. or by oral gavage (p.o.) with 0.2 ml of bacteria
suspended in physiological saline solution. The bacterial inocula
used in the experiments were 5 X 10 (i.p.) or 5 X 108 (p.o.) cfus
of each strain. At least five mice were inoculated per strain
mixture for each experiment. Mice were killed after 48 h (i.p.)
or 5 days (p.o.) after inoculation. Each CI value is the mean of
three independent experiments.

Yeast Two-Hybrid Analysis. The Matchmaker Gal4 Two-Hybrid
System 3 kit (Clontech) was used for the yeast two-hybrid screen
of a pretransformed HeLa cDNA library (Clontech, Mountain
View, CA) by following protocols of the manufacturer. (Further
details are published in SI Methods).

Protein Purification. Plasmids for expression of GST-fusion pro-
teins (GST-SseL, GST-SseLC262A) were constructed in the
pGEX-4T-2 vector by using the primers listed in SI Table 4. A
detailed description of the protein purification is published in ST
Methods.

Protease Assays. GST constructs were used at a concentration of
1 uM. isopeptidase T or SENP1 (Boston Biochem, Cambridge,
MA) were used at a concentration of 100 nM. Samples were
incubated with 1-7 uM ubiquitin-AMC or SUMO-1-AMC
(Boston Biochem) in reaction buffer (50 mM Hepes, pH 8.0, and
1 mM DTT) at a total volume of 40 ul. Liberation of AMC at
room temperature was monitored in a fluorimetric microplate
reader (Cary Eclipse; Varian, Palo Alto, CA) with excitation at
380 nm and emission at 460 nm. For analysis of enzyme kinetics
relative fluorescence, units were converted to pM AMC by using
a standard curve of relative fluorescence units versus AMC
concentration. Kinetic constants were calculated from Michae-
lis-Menten plots with nonlinear regression analysis using Graph-
Pad software, with the assumption that 100% of the purified
protein was active. For the polyubiquitinase assay, Lys-48- or
Lys-63-linked polyubiquitin chains (25 ng/ul, Biomol, Plymouth
Meeting, PA) were mixed with 5 uM GST-SseL or increasing
amounts of GST-SseL (0-5 uM) in Tris-Cl, pH 7.4, and left at
37°C for 30 min to 1 h. Some samples were pretreated with the
Ub aldehyde (3 uM; Biomol) for 30 min before being mixed with
the polyUb-linked chains. Samples were subsequently fraction-
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ated on a 12% acrylamide gel and transferred to Immobilon-P
(PVDF) membrane (Millipore, Bedford, MA). The membrane
was probed with anti-Ub and anti-mouse HRP antibodies and
visualized by using the ECL Western Blotting Analysis system
(GE Healthcare, Buckinghamshire, U.K.).

Preparation of Cell Lysates, Coimmunoprecipitation, and Fraction-
ation. HeLa cells or J774 macrophages (107 cells) were infected
for 16 h with an sseL mutant carrying pWSKsseL-2HA or
pWSKsseL C262A-2HA, and coimmunoprecipitation was per-
formed by using an HA-antibody (a complete description is
published in ST Methods together with a description of cell lysate
preparation after infection of macrophages). Fractionation of
macrophages after overnight infection was performed as de-
scribed (46).

TNF Immunoassay and Cytotoxicity Assays. Supernatants were re-
covered at different time points from J774 macrophages after
challenge with various Salmonella strains or purified LPS
(Sigma, St. Louis, MO) at 1 ug/ml. Samples were centrifuged at
14,000 X g and transferred into a clean tube. TNF levels were
measured by using sandwich ELISA according to manufacturer’s
recommendations (Diaclone, Stamford, CT). For flow cytom-
etry, macrophages were seeded at a density of 3 X 10° cells per
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DNA Sequence Analysis. Web sites used for sequence analysis are
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