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A collection of nine salicylidene acylhydrazide compounds were tested for their ability to inhibit the activity
of virulence-associated type III secretion systems (T3SSs) in Salmonella enterica serovar Typhimurium. The
compounds strongly affected Salmonella pathogenicity island 1 (SPI1) T3SS-mediated invasion of epithelial
cells and in vitro secretion of SPI1 invasion-associated effector proteins. The use of a SPI1 effector 3-lactamase
fusion protein implicated intracellular entrapment of the protein construct upon application of a salicylidene
acylhydrazide, whereas the use of chromosomal transcriptional gene fusions revealed a compound-mediated
transcriptional silencing of SPI1. Salicylidene acylhydrazides also affected intracellular bacterial replication in
murine macrophage-like cells and blocked the transport of an epitope-tagged SPI2 effector protein. Two of the
compounds significantly inhibited bacterial motility and expression of extracellular flagellin. We conclude that
salicylidene acylhydrazides affect bacterial T3SS activity in S. enterica and hence could be used as lead
substances when designing specific inhibitors of bacterial T3SSs in order to pharmaceutically intervene with

bacterial virulence.

The prokaryotic type III secretion system (T3SS) constitutes
a functionally conserved bacterial supramolecular apparatus
that, like the structurally related flagellar multiprotein ensem-
ble (32), traverses the cell walls of gram-negative bacteria (29)
and allows transport of bacterial proteins from the bacterial
cytoplasm into eukaryotic cells upon cell-to-cell contact (11,
21, 22, 23). Many of the translocated effector proteins interfere
with intrinsic eukaryotic host cell functions to enable bacterial
infection (3, 11). Concomitantly, T3SSs are known to play
essential roles in the virulence of a large spectrum of gram-
negative pathogens, including Chlamydia, Escherichia coli,
Pseudomonas, Salmonella, Shigella, and Yersinia, as well as in
the virulence of dedicated plant pathogens, such as Erwinia
and Xanthomonas (21, 24).

Identification of specific bacterial virulence factors, such as
adhesins, toxins, and T3SSs, and the dissection of their activ-
ities and functions at the molecular level have opened the
possibility of using low-molecular-weight compounds to func-
tionally interfere with selected virulence factors (25, 34). While
still at an early experimental phase, this line of ambitions has
identified selected small molecular compounds that do indeed
affect adhesin and toxin expression in Vibrio cholerae (26), as
well as collections of aromatic substances which inhibit T3SS
activity in enteropathogenic E. coli (20). In parallel, salicyli-
dene acylhydrazides have recently been shown to affect T3SSs
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in Yersinia pseudotuberculosis (27, 38) and Chlamydia tracho-
matis (37, 51).

Salmonella enterica is a gram-negative pathogen that causes
diseases ranging from mild gastroenteritis to severe systemic
infection both in humans and animals. Globally, S. enterica
serovar Typhi, the causative agent of the most severe form of
human salmonellosis, alone is estimated to infect around 22
million people annually, with a concomitant annual mortality
of 220,000 individuals (4). Although S. enterica is intrinsically
sensitive to many clinically applied antimicrobial agents, anti-
biotic resistance has become strongly established in S. enterica
(40, 52). Since the beginning of the 1990s, strains of Salmonella
that show multidrug resistance, including resistance to fluoro-
quinolone, have emerged to the extent that they today pose a
serious public health problem (7, 40), emphasizing the require-
ment for new control and treatment regimens.

In the murine infection model for systemic salmonellosis,
the virulence of S. enterica serovar Typhimurium depends on
two separate T3SSs, encoded by Salmonella pathogenicity is-
land 1 (SPI1) and 2 (SPI2), and their concomitant effector
proteins (11, 21). SPI1 mediates invasion of the intestinal epi-
thelium (10, 11) and induction of proinflammatory responses
(22). At later stages of the infection, SPI2 supports intracellu-
lar replication inside professional phagocytic cells through
secretion of effector proteins across the phagosomal vacuolar
membrane into the cytosolic compartment of the phagocyte (3,
21,23, 44, 49). Consequently, mutants defective in SPI1 activity
are strongly attenuated in the mouse infection model when
given orally but not when given intraperitoneally (19). Mutants
that are defective in SPI2 activity are attenuated when given
through the oral or intraperitoneal route of challenge (44),
evidently reflecting their inability to replicate in the reticuloen-
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dothelial tissue. Accordingly, SPI2 deficiency results in im-
paired intracellular replication in cultured macrophage-like
cells (3, 42).

We have studied whether salicylidene acylhydrazides are
active against S. enterica by analyzing the effects of such com-
pounds on the in vitro activities of the SPI1 and SPI2 T3SSs of
S. enterica serovar Typhimurium. The results showed that the
compounds efficiently affected SPI1 and SPI2 activity, as well
as flagellum-based bacterial motility at micromolar concentra-
tions. Thereby, our study implicates a common target among
the various bacterial T3SSs that could be approached by phar-
maceutical interference. The applied salicylidene acylhydra-
zides thus form a promising compound platform for generating
broad-acting T3SS inhibitors.

MATERIALS AND METHODS

Bacterial strains and cultivation conditions. This study was based on the S.
enterica serovar Typhimurium strain TT16729 (5) that is deficient in the RpoS
o-factor (50) and on strain 14028 (American Type Culture Collection [ATCC],
Manassas, VA). Escherichia coli strain TG1 was used as a host for amplification
of plasmid DNA. Bacteria were generally grown in Luria-Bertani (LB) broth or
on LB agar plates. To induce expression of SPI2, bacteria were taken from an
overnight culture on a LB agar plate and suspended in a minimal medium of low
pH (MMS5.8 [16, 28]). When necessary, the culture media were supplemented
with ampicillin (100 wg/ml; Sigma) or kanamycin sulfate (10 wg/ml; Sigma). The
flagellar phase state was determined by agglutination of strain TT16729 with
factor H1 or H2 antisera (Reagensia, Sweden).

The hilA::kan-334; hilA::Tn5lacZY, prgH::Tn5lacZY, and sipC::TnSlacZY (1,
12) elements were kindly provided by Catherine A. Lee and Isabelle Hauteforth
and introduced into S. enterica serovar Typhimurium TT16729 by P22 int trans-
duction (6, 15).

Inhibitors. Nine different salicylidene acylhydrazides were provided by Innate
Pharmaceuticals AB, Umed, Sweden, and their structures are shown in Fig. 1.
Compounds D2, D3, D4, D5, D6, D8, and D9 have also been previously de-
scribed for their effect on Yersinia pseudotuberculosis by Kauppi et al. (27) and
Nordfelth et al. (38). The compounds were solubilized in dimethyl sulfoxide
(DMSO; Sigma) to a concentration of 20 mM and, when indicated, added to
bacterial or cell culture media at a final concentration of 1, 5, 20, 40, or 80 pM.
The addition of a corresponding amount of plain DMSO was used as the
negative control in all experiments. The solvent concentration never exceeded
0.2% (vol/vol).

Recombinant DNA technology and plasmids. Isolation of plasmids and restric-
tion endonuclease cleavages and ligations were carried out as described by
Sambrook et al. (43) and following the instructions provided by the producer of
the enzymes (New England Biolabs). For the isolation of chromosomal DNA,
the Wizard Genomic DNA purification kit (Promega) was used. Plasmids pUC19
and pSU41 have been described previously by Yanisch-Perron et al. (53) and
Bartolomé et al. (2), respectively. The plasmid sseJ2HA (31) was kindly provided
by David W. Holden.

To generate the pAUN-1 plasmid for expression of a SipB—B-lactamase fusion
protein, the open reading frame of the B-lactamase gene of pUCI19 was PCR
amplified such that the fragment coded for only the processed form of the
enzyme. The B-lactamase fragment was subsequently inserted into pSU41 as a
BamHI-Xbal fragment. Finally, a PCR fragment, amplified from Salmonella
enterica serovar Typhimurium 14028 chromosomal DNA and containing a puta-
tive promoter region and the first 65 codons of sipB, was inserted at the 5’ end
of the B-lactamase cassette as an EcoRI-BamHI fragment. Thereby, sipB was
translationally fused to the B-lactamase reading frame (bla). The primers used
for PCR amplification were as follows: sipB forward, 5'-GGAATTCTAAAAA
TGATTATCGCCC-3'; sipB reverse, 5'-CGGGATCCCGTATTAATAGCGCT
CTC-3'; bla forward, 5'-CGGGATCCGTTTTTGCTCACCCAGAA-3'; and bla
reverse, 5'-GCTCTAGATTACCAATGCTTAATCAG-3'. The implanted re-
striction sites are underlined.

Plasmid pHUBG1 which carries an spvA-lacZ reporter was available from our
previous work (48).

Cell culture and infection models. For cell culture infections, we used either
epithelial MDCK cells (ATCC, Rockville, MD) or murine macrophage-like
RAW264.7 cells (TIB-71; American Type Culture Collection, Rockville, MD)
cultivated in Dulbecco’s modified Eagle medium (DMEM) and RPMI medium
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FIG. 1. Salicylidene acylhydrazides used in the study with reference
to their D (derivative) and INP (Innate Pharmaceuticals) numbers.

(Gibco, Paisley, United Kingdom), respectively. The cell culture media were
supplemented with 10% fetal bovine serum (Gibco, Paisley, United Kingdom),
L-glutamine (final concentration of 10 mM), HEPES (final concentration of 10
mM), and gentamicin (final concentration of 10 wg/ml). L-Glutamine, HEPES,
and gentamicin were all from Sigma, St. Louis, MO.

To obtain phenotypically invasive bacteria for infection of MDCK cells, cul-
tures were grown overnight (16 to 18 h at 37°C) in LB medium, diluted 1:10 into
4 ml of fresh medium, and grown in closed 15-ml Falcon tubes at 37°C on a
Brunswick roller incubator for 3 h (6). Thereafter, the bacteria were diluted
directly in HEPES-supplemented DMEM cell culture medium and seeded on
the cells. RAW264.7 murine macrophage-like cells were infected with bacteria
cultured on LB agar plates overnight at 37°C to ensure a noninvasive phenotype
(6). Prior to infection, bacteria were suspended in phosphate-buffered saline
(PBS) and opsonized in vitro for 30 min at 37°C using 10% fresh nonimmune
serum from BALB/c mice. Thereafter, bacteria were diluted in RPMI medium
supplemented with HEPES (final concentration of 10 mM) and subsequently
seeded on semiconfluent cells grown in 24-well plates.

Cells were infected at a multiplicity of infection of 10:1 and centrifuged for 5
min at 1,500 rpm to facilitate infection. One hour postinfection, maintenance
medium containing gentamicin at a final concentration of 50 pg/ml (killing
medium) was applied to the plates, and cells were incubated for 45 min to kill
extracellular bacteria. For continued incubations, the killing medium was re-
placed by maintenance medium containing 10 pg/ml of gentamicin. At the
indicated time points, the cells were gently washed twice in PBS and disrupted
either by using a solution of freshly prepared PBS containing 0.5% (vol/wt)
sodium deoxycholate (Merck) (MDCK cells) or by hypotonic lysis (RAW264.7
cells). The number of intracellular bacteria was determined by CFU counts of
viable bacteria. Invasion was measured as the ratio between the CFU counts at
2 h postinfection and CFU counts seeded on the cells, whereas bacterial growth
yield is defined as CFU counts at 16 h postinfection/CFU counts at 2 h postin-
fection.

To probe for the effect of salicylidene acylhydrazides, the compounds were
added at indicated concentrations either to the bacterial growth medium and the
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HEPES-buffered DMEM (MDCK cells) or to the killing and maintenance media
(RAW264.7 cells).

Isolation and detection of SPI effector proteins. SPI1-associated effector pro-
teins were isolated as described by Eriksson et al. (15). In short, bacteria were
grown in LB medium to promote invasiveness, and then the bacteria were
recovered by centrifugation and resuspended in fresh DMEM supplemented
with L-glutamine and HEPES. Thereafter, incubation was continued for another
hour. The sample volumes were normalized according to the optical density at
600 nm (ODg), the bacteria were removed by repeated centrifugation (two
centrifugations, each for 10 min at 14,000 X g), and the proteins were precipi-
tated from the supernatant with the aid of trichloroacetic acid (TCA) at a final
concentration of 10%. Pellets were washed in ice-cold acetone and dissolved in
reducing sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) sample buffer. The enriched proteins were subsequently analyzed by
12% SDS-PAGE (30). Proteins were visualized either by staining with Coomas-
sie blue or by immunoblotting as detailed below.

For isolation of SPI2 effector proteins, bacteria were taken from LB agar
plates and grown overnight in MM5.8 (16, 28). The sample volumes were nor-
malized according to the ODyy, the bacteria were removed by repeated centrif-
ugation as described above, and then the proteins were precipitated from the
supernatant with TCA. Samples were also taken from the bacterial pellet and
from the hexadecane-extractable fraction (35) obtained from the cellular pellet.
The samples were solubilized in reducing SDS-PAGE sample buffer and sepa-
rated on 12% SDS-polyacrylamide gels (30).

To detect B-lactamase or hemagglutinin (HA)-tagged fusion proteins, the
SDS-polyacrylamide gels were blotted onto Hybond-P polyvinylidene difluoride
membranes (Amersham Pharmacia Biotech). Fusion proteins were thereafter
detected by immunostaining using either a polyclonal rabbit anti-B-lactamase
serum (1:20,000; AB 3738; Chemicon International) or a mouse monoclonal
anti-HA tag antibody (1:1,000; HA probe F-7; Santa Cruz Biotechnology). The
Chemoluminescence Western Blotting kit (Roche) or the SuperSignal kit
(Pierce) were used to detect bound antibody.

Bacterial cell fractionation. Bacterial cultures of S. enterica serovar Typhi-
murium TT16729 carrying pAUN-1 were grown to invasiveness in kanamycin-
supplemented LB medium (6), transferred to DMEM supplemented with kana-
mycin, L-glutamine, and HEPES, and incubated for another 2 h. When indicated,
compound D9 was present in all cultivation steps at 20 wM. The cells were
pelleted by centrifugation, washed once in PBS, dissolved in distilled water and
finally frozen at —70°C. The subsequently defrosted cell suspensions were
treated with lysozyme (Sigma) at a final concentration of 1 mg/ml for 1 hour at
4°C and sonicated until the opaque suspensions cleared. Next, the samples were
centrifuged at low speed (5,000 X g, 5 min, 4°C) to remove intact bacteria and
debris, and then the supernatants were fractionated by ultracentrifugation
(50,000 X g, 1 h, 6°C). To separate cytoplasmic membrane-associated proteins
from the cell wall-associated fraction, the samples were vigorously suspended in
20 mM Tris-HCI, 5 mM MgCl,, and 1% (vol/vol) Triton X-100 buffer, pH 7.5.
This procedure allowed us to make a crude fractionation of the bacterial cell into
a cytoplasmic Triton X-100-soluble fraction and into a fraction not soluble in a
neutral detergent (41).

For enrichment of periplasmic proteins, the bacterial culture was grown as
described above, yet the bacterial pellet was suspended in a 10 mM Tris-HCl and
2 mM EDTA buffer containing 20% (wt/vol) sucrose. The suspension was left
standing for 20 min at room temperature, and then the bacteria were pelleted by
centrifugation (14,000 X g, 15 min, room temperature). The pellet was dissolved
in 5 mM Tris-HCI buffer to generate an osmotic shock. Bacteria were subse-
quently removed from the suspension by centrifugation (14,000 X g, 15 min,
4°C), and the supernatant was assayed for B-lactamase activity as detailed below.

Assaying B-lactamase activity. The activity of B-lactamase was measured by
probing the degradation of the chromogenic B-lactam nitrocefin (Calbiochem).
The reactions were carried out in PBS supplemented with nitrocefin at a final
concentration of 50 wg/ml. Two types of units were used to define activity: (i)
“arbitrary units” defined as A g¢/reaction time (in minutes) X ODyg, of the
culture, or (ii) as “units” defined as OD, g¢/reaction time (in minutes) X micro-
gram of protein. Protein concentrations were measured by the Bradford method
(kit provided by Bio-Rad) and using bovine serum albumin as the protein
standard.

Determination of B-galactosidase activity. The transcriptional activity of lacZ
fusion constructs was measured by cleavage of ortho-nitrophenyl-B-p-galacto-
pyranoside (ONPG; Sigma) by the method of Miller (36).

Detection of iNOS and production of nitric oxide. Detection of inducible nitric
oxide synthase (iNOS) was carried out by immunoblotting using anti-iINOS (BD
Biosciences) as detailed by Bjur et al. (6). To enable comparisons of band
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intensities, actin was detected by immunoblotting in parallel as an internal
standard. Rabbit anti-actin was from Sigma.

Production of nitric oxide was measured through the accumulation of nitrite in
the cell culture medium. Nitrite was assayed with the Griess reagent (Merck),
and the ODs,s values were converted to micromolar concentrations using de-
fined concentrations of sodium nitrite (Merck) as the standard (6, 15).

Motility assay and extraction of flagellin. Bacterial motility (swimming) was
tested on soft agar plates (tryptone [10 g/liter], NaCl [5 g/liter], and 0.3% agar)
prepared 1 day ahead. Twenty microliters of an overnight culture was inoculated
into the agar, and motility was read as the bacterial zone diameter after 8 h of
incubation at 37°C. When indicated, salicylidene acylhydrazides were added to
the bacterial swimming medium at a final concentration of 40 pM.

Flagellin was released from the bacterial cell surface using low pH denatur-
ation (47). Briefly, bacteria were grown overnight (16 to 18 h) in LB medium in
the absence or presence of salicylidene acylhydrazide D6 or D7. The bacteria
were pelleted and suspended in 150 mM NaCl and 10 mM HCI and left standing
for 5 min at room temperature. Thereafter, the bacteria were removed from the
supernatant by repeated centrifugations (14,000 X g, 10 min), and then the
proteins from the supernatant were precipitated with TCA as described above
for SPI1 effector proteins and analyzed by SDS-PAGE on 9% gels (30).

Statistical analyses. Each experiment was repeated at least three times, and a
two-sided ¢ test was used to determine statistical significance between the values
for the different groups.

RESULTS AND DISCUSSION

Salicylidene acylhydrazides inhibit cellular invasion of S.
enterica serovar Typhimurium. The ability to secrete effector
proteins through the SPI1 T3SS strongly correlates with the
ability of S. enterica serovar Typhimurium to invade cultured
epithelial cells (10, 14, 24, 34). In this study we have analyzed
salicylidene acylhydrazides (here designated D1 to D9) (Fig.
1), previously reported to affect the T3SS of Y. pseudotubercu-
losis (27, 38), for their ability to affect invasion of epithelial
MDCK cells by S. enterica serovar Typhimurium TT16729. The
rationale for choosing TT16729 was that this strain in our
hands invades MDCK cells at a high frequency and that the
strain expresses large amounts of SPI1 effector proteins in
vitro. Thus, MDCK cells were infected with bacteria grown in
the presence or absence of the different compounds under
SPI1-inducing conditions. As would be expected from our pre-
vious study (6), up to 40% of the bacteria seeded on the cells
were internalized within 2 hours postinfection in the absence
of salicylidene acylhydrazides (Fig. 2A). Interestingly, all nine
salicylidene acylhydrazides significantly inhibited bacterial in-
vasion when the bacteria had been cultured in the presence of
these compounds at a concentration of 20 pM (Fig. 2A).

Thereby, the salicylidene acylhydrazides showed a clear abil-
ity to block the invasiveness of S. enterica serovar Typhimurium
at concentrations nearly identical to the concentrations re-
quired to affect either the Y. pseudotuberculosis or C. tracho-
matis T3SS activity (27, 37, 38, 51). One possible explanation
for this broad antibacterial activity could be that salicylidene
acylhydrazides exert a nonspecific inhibitory effect on the bac-
teria. However, several observations support a more specific
mode of action. At 20 uM to 40 uM, the compounds did not
affect the growth of S. enterica serovar Typhimurium TT16729
in LB medium (data not shown), and the compounds did not
pose any apparent toxic effects on the MDCK cells at these
concentrations (data not shown). Furthermore, not all com-
pounds mediated inhibition to the same level; while com-
pounds D6 to DS inhibited invasion, the inhibition was signif-
icantly less effective compared to the most potent inhibitor D9
(Fig. 2A). Finally, when compound D9 was tested in the
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FIG. 2. Addition of salicylidene acylhydrazides to the bacterial
growth medium inhibits the ability of bacteria to invade epithelial
MDCK cells. (A) S. enterica serovar Typhimurium TT16729 was grown
in LB medium in the presence of a solvent control (C) or in the
presence of one of nine (D1 to D9) different derivatives of salicylidene
acylhydrazides at a final concentration of 20 wM. Thereafter, the
bacteria were assayed for their ability to invade epithelial MDCK cells
in a gentamicin protection assay. The values are given as the percent-
age of invading bacteria as related to the initial input. (B) Dose
dependency of salicylidene acylhydrazide D9 in inhibiting S. enterica
serovar Typhimurium TT16729 from invading cultured MDCK cells. S.
enterica serovar Typhimurium TT16729 was grown in LB medium in
the presence of a solvent control (C) or in the presence of D9 at the
indicated concentrations. Otherwise, the experiment was performed as
described above for panel A. The levels of statistical significance are
indicated as follows: * P = 0.05; #* P = 0.01; #** P = 0.005. Unless
otherwise indicated, the P values were calculated by comparing the
values to the value for the solvent-treated control.
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Yersinia model, it did not significantly block T3SS activity
within the relevant concentration range (38). Yet, when the
most potent inhibitor, compound D9, was tested at 5 uM, no
significant inhibition of invasion of MDCK cells by S. enterica
serovar Typhimurium was observed (Fig. 2B). At 1 pM we
observed a small increase in invasion efficacy of D9-treated
bacteria (Fig. 2B), which may reflect poor solubility of the
compound in water. Therefore, we choose to use the com-
pounds at concentrations ranging from 20 to 80 uM for the
subsequent series of experiments.

Salicylidene acylhydrazides efficiently inhibit SPI1 effector
protein secretion by S. enterica serovar Typhimurium in vitro.
As Salmonella relies on the activity of SPI1 for invasion of
epithelial cells (9, 10, 13, 21, 24, 39), the data presented in Fig.
2A indicated that the salicylidene acylhydrazides inhibited in-
vasion by affecting SPI1 activity. To verify this, S. enterica
serovar Typhimurium TT16729 wild-type bacteria were grown
in the presence or absence of the different compounds (at 20
wM) under conditions well-known to induce secretion of SPI1
effector proteins into the culture medium (6, 9, 10, 39). When
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FIG. 3. Salicylidene acylhydrazides inhibit secretion of S. enterica
serovar Typhimurium invasion-associated SPI1 effector proteins in
vitro. S. enterica serovar Typhimurium TT16729 was grown in LB
medium in the presence of a solvent control or in the presence of one
of nine different derivatives (D1 to D9) of salicylidene acylhydrazides
at a final concentration of 20 wM. The bacteria were removed by
repeated centrifugation, the proteins were precipitated from the cul-
ture supernatant (except for lane 1) with the use of TCA, and then the
precipitates were analyzed by 12% SDS-PAGE followed by staining
with Coomassie blue. Lane 1, whole-cell lysate prepared from a culture
treated with the solvent alone; lane 2, the secreted protein profile
obtained when treated only with the solvent control; lane 3, the protein
profile obtained with a hil4 mutant of S. enterica serovar Typhi-
murium; lane 4, the protein profile obtained with a sipC mutant of S.
enterica serovar Typhimurium. The protein profiles obtained with com-
pounds D1 to D9 are shown in the corresponding lanes. The positions
of the molecular mass markers (in kilodaltons) are shown to the right
of lane M, and the arrows to the left of the gel indicate the predicted
mobility of Sip proteins presented in lane 2 and flagellin H1 proteins.

culture supernatants were analyzed by SDS-PAGE, a charac-
teristic profile of SPI1 proteins accumulating in the culture
supernatant was detected in the absence of the salicylidene
acylhydrazides (Fig. 3, lane 2). This profile was distinct from
that of a whole-cell bacterial lysate from the same culture (Fig.
3, lane 1) and not found in the culture supernatant of a hil4
mutant defective in SPI1 gene expression (Fig. 3, lane 3),
indicating that the proteins (apart from flagellin) were derived
from SPI1. The SPI1 origin of the bands was further confirmed
by analysis of the expression profile of a sipC mutant (Fig. 3,
lane 4).

At 20 pM, the concentration defined as inhibiting invasion,
all nine compounds inhibited SPI1 effector protein secretion to
a level below detection (Fig. 3, lanes D1 to D9). This showed
that salicylidene acylhydrazides affected the activity of the
SPI1-associated T3SS and concomitantly provided an explana-
tion for the ability of the compounds to inhibit T3SS-mediated
invasion without compromising bacterial growth in vitro.

Salicylidene acylhydrazides prevent secretion of a SipB—f3-
lactamase fusion protein. We next aimed to identify the level
of inhibition of SPI1 effector protein secretion caused by sali-
cylidene acylhydrazides. For this purpose, we generated a mo-
lecular reporter that would allow quantitative detection of a
SPI1 effector protein in different bacterial cell fractions. To
achieve this, a recombinant plasmid, pAUN-1, expressing the
65 N-terminal amino acids of the SPI1 effector protein SipB
translationally fused to B-lactamase, was constructed (for de-
tails, see Materials and Methods). When bacteria carrying
PpAUN-1 were grown under SPIl-inducing conditions, the fu-
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FIG. 4. (A) Detection of B-lactamase by immunoblotting from S. enterica serovar Typhimurium TT16729 carrying pAUN-1 and corresponding
culture fractions in the absence (solvent control [C]) or presence of D9 at 20 WM. Section 1, bacteria and the culture supernatant; section 2, whole
bacterial cells only; 3, culture supernatant only. (B) Detection of B-lactamase by immunoblotting from subcellular fractions of S. enterica serovar
Typhimurium TT16729 carrying pAUN-1. Section 1, cytoplasmic fraction; section 2, Triton X-100-soluble cell wall fraction; section 3, Triton
X-100-insoluble cell wall fraction. SipB-B-lact., SipB—B-lactamase fusion protein. (C and D) Enzymatic detection of B-lactamase from S. enterica
serovar Typhimurium TT16729 carrying pAUN-1 from whole-cell lysates (C) and soluble secreted culture fractions (D). (E) Enzymatic detection
of B-lactamase from cytosolic fraction (section 1), Triton X-100-soluble fraction (section 2), and insoluble cell wall fraction (section 3) prepared
from S. enterica serovar Typhimurium TT16729 carrying pAUN-1. Fractions obtained from solvent controls (C) and fractions obtained from D9

compound-treated cultures (D9) are indicated.

sion protein was detected in the culture supernatant of S.
enterica serovar Typhimurium, either by immunoblotting or by
assaying the enzymatic activity of B-lactamase (Fig. 4A and D).
Thereby, pAUN-1 proved suitable for analyzing the effects of
the salicylidene acylhydrazides on SPI1 secretion in both a
nonquantitative assay and a quantitative assay.

Next, the experiment was repeated with S. enterica serovar
Typhimurium TT16729 carrying pAUN-1 grown in the absence
or presence of the salicylidene acylhydrazide D9 (20 uM).
Prior to analysis of the presence of SipB or B-lactamase activ-

ity, the cultures were fractionated into a soluble secreted frac-
tion, a cytosolic fraction, and a cell wall-associated, Triton
X-100-solubilized fraction and a detergent-insoluble fraction.

In untreated control cultures, the SipB—B-lactamase fusion
protein was detected by immunoblotting both in the cytosolic
and secreted fractions, whereas no significant signal could be
detected in the Triton X-100-insoluble or -soluble, cell wall-
associated fractions (Fig. 4A and B). When the bacterial frac-
tions were assayed for B-lactamase activity, a high enzymatic
activity was detected in the cytosolic fraction for both treated
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and untreated bacteria (Fig. 4E). In contrast, the soluble se-
creted fraction from DO9-treated bacteria exhibited a substan-
tially lower B-lactamase activity (Fig. 4D). No significant en-
zymatic activity could be detected in the cell wall-associated
fractions. Thus, the data strongly indicated that compound D9
significantly affected transport, but not expression or intracel-
lular stability of the SipB—p-lactamase fusion protein. The data
also implied that D9-mediated inhibition of SipB—B-lactamase
secretion did not involve trapping SipB—p-lactamase in the cell
wall. Likewise, when osmotic shock samples were analyzed for
periplasmic localization of the fusion protein, we could not
demonstrate any detectable B-lactamase activity from either
untreated or treated cultures (data not shown).

Combined, the experiments described in Fig. 4 showed that
compound D9 did not affect the expression of the fusion pro-
tein but rather prevented its secretion from the bacterial cyto-
plasm.

Salicylidene acylhydrazides prevent expression of SPI1 lacZ
transcriptional gene fusions. The fact that salicylidene acylhy-
drazides blocked the secretion of T3SS effector proteins, but
not the expression or translation of the SipB—B-lactamase ef-
fector fusion protein, suggested that the T3SS system itself was
affected either through blockage in the expression of the T3SS
machinery or through interference with T3SS activity. There-
fore, we continued by analyzing the transcriptional activity of
SPI1 in the absence or presence of salicylidene acylhydrazides.

Usage of multicopy readout systems, such as the sipB-bla
fusion construct, for assessment of gene expression may affect
quantification of transcription. To exclude this possibility, we
used single-copy chromosomal transcriptional lacZ fusion con-
structs that separately probed for the transcriptional activity of
the genes encoding the SPI1 transcriptional activator HilA, the
translocon protein PrgH, or the effector protein SipC. As ex-
pected, all three lacZ fusion constructs showed a clear activity
when the bacteria were grown to invasiveness in the absence of
the T3SS inhibitory compound (Fig. 5). In contrast, growth in
the presence of compound D9 (40 wM) resulted in a significant
decrease in transcription of the key SPI1 activator gene (hil4)
and in an even more pronounced decrease in transcription of
the prgH translocon gene and the sipC effector protein gene
(Fig. 5).

Next, we wanted to exclude the possibility that the salicyli-
dene acylhydrazide compounds could have a specific inhibitory
effect on B-galactosidase activity itself or on the expression of
lacZ in general. Compound D9 or plain DMSO was therefore
added to the reaction mixture at concentrations corresponding
to 40 wM culturing conditions. However, this did not affect the
ability of LacZ-driven cleavage of the chromogenic substrate
used (data not shown). Furthermore, we tested the capacity of
compound D9 to affect the LacZ activity of a lacZ reporter
connected to the promoter of the Salmonella virulence gene
spvA (48), which is poorly expressed in complex growth me-
dium (16). In these experiments, neither DMSO nor com-
pound D9 caused decreased spvA-lacZ expression when added
to the growth medium of S. enferica serovar Typhimurium
harboring the spvA-lacZ construct pHUBG61. In contrast, we
recorded a small but statistically significant increase in spvA-
lacZ activity upon application of D9 (Fig. 5). Thus, treatment
of S. enterica serovar Typhimurium with the salicylidene acyl-
hydrazide D9 was clearly associated with a transcriptional
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FIG. 5. Activities of chromosomal lacZ fusions probing for hilA,
prgH, sipC, or spvA transcription in the absence (—) or presence (+) of

compound D9. The level of statistical significance (P = 0.001) for the
values is indicated (x#%%).

down-regulation of the expression of SPIl-associated lacZ
transcriptional gene fusions, yet the compound did not inhibit
B-galactosidase activity per se or expression of the spvA-lacZ
control. This clearly implied that the salicylidene acylhydrazide
caused a transcriptional silencing of SPI1. The concomitant
lack of SPI1-mediated secretion competence is therefore the
most likely explanation for the observed lack of effector pro-
teins in the presence of D9 (Fig. 3 and 4).

The Yersinia T3SS is transcriptionally down-regulated upon
bacterial exposure to the compounds (38). For Y. pseudotuber-
culosis, this compound-mediated suppression of gene expres-
sion is envisioned to originate from an intracellular accumula-
tion of the Yersinia T3SS repressor protein LerQ (27, 38). In
the absence of salicylidene acylhydrazides or Ca®*, LcrQ is
secreted by the T3SS itself to create an autoactivating expres-
sion of the T3SS (27). Thus, the compounds have been sug-
gested to mimic the classical Ca®"-mediated suppression of
yersinial T3SS activity (38). In the present study, we could
demonstrate a transcriptional silencing of the SPI1 T3SS in
response to salicylidene acylhydrazides. However, Ca** does
not suppress expression of SPI1, and SPI1 does not include any
homologue for lcrQ (13). On the other hand, a number of
insertion mutations have been reported in S. enterica serovar
Typhimurium that relieve the SPI1 from its environmental
regulation (17), which might implicate the presence of LcrQ-
like proteins.

Salicylidene acylhydrazides affect bacterial intracellular
replication. Mutants of S. enterica serovar Typhimurium that
are defective in SPI2 activity are affected for intracellular rep-
lication in macrophage-like cells (6, 21, 42). This prompted us
to test whether salicylidene acylhydrazides could affect bacte-
rial intracellular replication through inhibition of SPI2 T3SS
activity. However, the S. enterica strain TT16729 is of LT2
origin and hence deficient in the expression of the virulence-
associated alternative o-factor RpoS (50). While RpoS defi-
ciency is not expected to affect invasion (50), RpoS deficiency
could potentially have an impact on intracellular replication
through RpoS-dependent expression of stress responses (46)
and the spv virulence genes (5, 16, 18). Therefore, we included
the RpoS-producing S. enterica serovar Typhimurium strain
14028 in the following experiments.
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FIG. 6. Effects of salicylidene acylhydrazides D1 and D9 on bacterial intracellular replication in murine macrophage-like RAW264.7 cells.
Phenotypically noninvasive cultures of S. enterica serovar Typhimurium TT16729 were opsonized with complement and seeded on RAW264.7
macrophage-like cells. Compound D9 or D1 was added to the cell culture medium at the indicated concentrations 1 h postinfection and maintained
throughout the experiment. Samples were taken at 2 and 16 h postinfection for CFU counts of intracellular bacteria. In parallel, the nitric oxide
produced by the RAW264.7 macrophage-like cells was measured as the nitrite accumulated in the cell culture medium 16 h postinfection. (A and
B) Growth yields (CFU at 16 h/CFU at 2 h) obtained with strain TT16729 (A) and with the corresponding nitric oxide levels (B). C, solvent-treated
control. (C and D) Corresponding growth yields (C) and nitric oxide levels obtained with compound D1 at 40 uM (D). When indicated, the
bacterial protein synthesis was blocked with the use of tetracycline (Tetra) at 10 pg/ml. The levels of statistical significance are indicated as follows:
* P =0.05; ** P = 0.01. All P values were calculated by comparing the values to the value of the solvent-treated control (C).

To probe for the effects of salicylidene acylhydrazides on
SPI2 activity, we choose to use the two most efficient salicyli-
dene acylhydrazide SPI1 inhibitors (D1 and D9). Thus, murine
macrophage-like RAW264.7 cells were infected with either
strain TT16729 or 14028 in the presence or absence of either
D1 or D9 in the cell culture medium at a final concentration of
40 pM. Cells were lysed at 2 h and 16 h postinfection for CFU
counts of viable bacteria. In this series of experiments, D9
indeed reduced the intracellular growth yields (CFU at 16 h) of
both S. enterica serovar Typhimurium strains TT16729 and
14028 (Fig. 6A and 7A). Importantly, we could not observe any
inhibition of bacterial intracellular replication if compound D9
was omitted from the cell culture medium and instead added to
the bacterial growth medium prior to infection (data not
shown). This suggested that D9 inhibited bacterial replication
during the intracellular phase of infection. In contrast, when
compound D1 was maintained in the cell culture medium dur-
ing infection, a substantial increase in the bacterial intracellu-
lar replication was observed for TT16729 (Fig. 6C).

Salicylidene acylhydrazides, bacterial intracellular replica-
tion, and the production of nitric oxide. The abilities of mice
and of macrophage-like J774-A.1 and RAW264.7 cells to re-
strict intracellular replication of S. enterica serovar Typhi-
murium is largely dependent on nitric oxide (NO) produced
through the innate induction and activation of iNOS in re-

sponse to salmonella infection (6, 8, 15, 33). In parallel, SPI2 is
known to interfere with the host cell NO response and thereby
to promote bacterial intracellular replication in monocytic cells
(6, 8, 33).

When RAW264.7 cell production of NO in response to
infection was measured in parallel to bacterial growth yields,
increased NO levels were observed when the infection was
carried out in the presence of compound D9 (Fig. 6B and 7B).
This observation is in line with the previously reported inverse
correlation between the levels of NO produced by infected
macrophage-like cells and the intracellular growth yields of S.
enterica serovar Typhimurium (6, 8, 33) and could well explain
the decreased bacterial intracellular replication observed upon
treatment with compound D9. In contrast, the increased bac-
terial intracellular growth yield observed for strain TT16729 in
the presence of D1 (Fig. 6C) was accompanied by a repression
of host cell NO production (Fig. 6D).

Parallel immunoblotting of iNOS from infected cells did not
show any compound-mediated decrease or increase in iNOS
signals compared to infected cells treated with solvent control
only (data not shown). This indicated that the compounds did
not interfere with RAW264.7 cell protein synthesis and that
the effect on NO production instead originated from a down-
regulation of iNOS activity. As inhibition of iNOS activity has
recently been associated with SPI2 activity (6), subsequent
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FIG. 7. Effects of salicylidene acylhydrazides D1 and D9 on bacte-
rial intracellular replication in murine macrophage-like RAW264.7
cells and on the secretion of the SseJ-HA fusion protein in vitro.
Phenotypically noninvasive cultures of S. enterica serovar Typhi-
murium 14028 were opsonized with complement and fed to RAW264.7
macrophage-like cells. Compound D9 or D1 was added to the cell
culture medium at the indicated concentration 1 h postinfection and
maintained throughout the experiment. Bacterial intracellular replica-
tion was measured 16 h postinfection. In parallel, the nitric oxide
produced by the RAW264.7 macrophage-like cells was measured as
the nitrite accumulated in the cell culture medium. (A and B) Growth
yields (CFU at 16 h/CFU at 2 h) obtained with strain 14028 (A) and
with the corresponding nitric oxide levels (B) when using compound
D1 or D9 at 40 pM. C, solvent-treated control. (C) Detection of
SseJ-HA fusion protein from S. enterica serovar Typhimurium 14028
by immunoblotting 12% SDS-polyacrylamide gels. Signals obtained
with whole bacterial cells (B), hexadecane-extractable fraction (H), or
cell-free supernatant (S) from cultures treated with solvent alone
(C) or compound D1 or D9 are shown. The level of statistical signif-
icance (P = 0.05) is indicated by an asterisk. All P values were calcu-
lated by comparing the values to the value for the solvent-treated
control.

controls were carried out to establish whether the compounds
affected iNOS activity of RAW264.7 cells directly or indirectly
through interference with the activity of the infecting bacteria.

Exposure of uninfected RAW264.7 cells to compound D1 or
D9 or to the solvent DMSO at 0.2% (vol/vol) did not affect the
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low background level of NO production in uninfected cells
(data not shown). Thus, neither the solvent nor the salicylidene
acylhydrazides per se caused activation of iNOS. To probe for
the association between bacterial infection, decreased NO ex-
pression, and compound D1, bacterial protein synthesis was
blocked at 2 h postinfection by the use of the bacteriostatic
protein translation inhibitor tetracycline. In this experiment,
RAW264.7 cells exhibited a strong NO response 16 h postin-
fection both in the absence and presence of D1 (Fig. 6D).
Thus, the observed compound-mediated alterations in NO
production were not caused directly by the compounds, but
through the effect of the compounds on the infecting bacteria,
potentially through interference with the bacterial SPI2 T3SS
activity.

Effect of salicylidene acylhydrazide on SPI2 T3SS activity in
S. enterica serovar Typhimurium in vitro. Having demon-
strated that salicylidene acylhydrazides affected bacterial intra-
cellular replication, we proceeded to study the effect on the
SPI2 T3SS in vitro. However, when ecither S. enterica serovar
Typhimurium TT16729 or 14028 was grown under SPI12-induc-
ing conditions, the yield of effector proteins remained too low
to allow reproducible detection with Coomassie blue protein
staining of SDS-polyacrylamide gels, even after extraction with
hexadecane (data not shown), a procedure known to gently but
specifically release T3SS effector proteins from the bacterial
cell surface (35). An attempt to express a SPI2 effector protein
fused to B-lactamase yielded B-lactamase signals of very low
intensity as probed for by immunoblotting (data not shown).
Evidently, SPI2 effector protein production remained rela-
tively low even under the SPI2-inducing conditions applied.
Furthermore, the use of large C-terminal extensions may in
itself have affected SPI2 effector protein secretion.

To overcome the above-mentioned problems, we continued
by using an sseJ2HA construct that expressed the entire SseJ
SPI2 effector protein with a short C-terminal HA tag (31).
Thus, S. enterica serovar Typhimurium 14028 containing the
sseJ2HA construct was grown under SPI2-inducing conditions
and analyzed by immunoblotting. In this experiment, a clear
signal was detected in the expected region of the fusion protein
(approximately 65 kDa) in the whole-cell fraction, as well as in

TABLE 1. Swimming zones obtained with S. enterica serovar
Typhimurium TT16729 in the presence of salicylidene
acylhydrazides or the solvent control

Diameter (cm) of

Compound® swimming zone”
c 3.1(0.3)
b 3.1 (0.2)
D2 33(0.2)
D3 2.9(0.1)
o 27(02)
Ds 24(0.2)
Do 1.7 (0.2)**
D7 2.7(0.1)
D8 2.9(0.2)
Do 2.7(0.3)

“The compounds are salicylidene acylhydrazides (D1 to D9) or the solvent
control (C).

®Values represent means and standard deviations (shown in parentheses)
from three separate experiments. Values that are significantly different from the
value for the solvent control are indicated as follows: *, P = 0.05; **, P = 0.01.
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the hexadecane-extractable fraction (Fig. 7C). In the presence
of either compound D1 or D9, however, a significant reduction
in signal intensity was observed in the hexadecane-extracted
fraction accompanied by a corresponding increase in signal
intensity in the bacterial cell-containing fraction (Fig. 7C). This
implied that the compounds D1 and D9 affected the secretion
of HA-tagged SseJ (SseJ-HA).

We could not detect any soluble secreted form of the
SseJ-HA protein from S. enterica serovar Typhimurium strain
14028 or strain TT16729. One explanation for this could be
that the protein was transported but not released from the
bacterial cell surface. Another possible explanation for the
absence of soluble SseJ-HA may be proteolytic degradation of
soluble SseJ-HA. Our previous microarray analyses show that
growth of S. enterica serovar Typhimurium in MMS5.8 strongly
induces the expression of the gene encoding the outer mem-
brane protease PgtE (16). Pla, the PgtE homologue of Yersinia
pestis, is known to mediate degradation of T3SS effector pro-
teins (45). Hence, under the growth conditions used, the SPI2
effector proteins may have been degraded by PgtE. However,
we did not record any pattern of SseJ-HA degradation in the
hexadecane-extractable fraction in the absence of the salicyli-
dene acylhydrazides (Fig. 7C); therefore, the latter explanation
seems highly unlikely. Thus, the data in Fig. 4 and Fig. 7
indicated that the salicylidene acylhydrazides tested prevented
secretion, but not expression or stability of the tagged SseJ-HA
protein and the SipB—B-lactamase fusion proteins.

Salicylidene acylhydrazides affect motility and flagellin ex-
pression in S. enterica serovar Typhimurium. The enterobac-
terial flagellar motility system is related to the SPI1 and SPI2
T3SSs and could in essence be regarded to constitute an ad-
ditional T3SS in S. enterica (32). Therefore, we also tested the
potential of salicylidene acylhydrazides to affect motility. In-
deed, two of the salicylidene acylhydrazide compounds (D5
and D6 at 40 pM) significantly reduced bacterial motility on
soft agar plates (Table 1).

As the above experiments on SPI1 and SPI2 implied that the
compounds affected effector protein secretion, we isolated
the flagellar fraction from S. enterica serovar Typhimurium
TT16729 when grown in the absence or presence of compound
D5 or D6 at 40 pM. When analyzed by SDS-PAGE, the flagel-
lin signal was significantly lower in the sample obtained from
compound-treated cultures (Fig. 8A). We next analyzed flagel-
lin expression by growing the bacteria in the presence of com-
pound D6 or in the presence of the less potent motility inhib-
itor D7 at 80 WM. At this concentration, the flagellin signal was
barely detectable in the sample from the D6-treated culture,
and a larger amount of the sample had to be loaded on the gel
to enable detection (Fig. 8B). At 80 wM, the bacteria treated
with compound D7 still exhibited surface expression of flagel-
lin but at a lower level compared to that of the solvent-treated
control (Fig. 8B). Thus, salicylidene acylhydrazides had the
ability to inhibit motility, evidently due to preventing surface
expression of flagellae.

Conclusions. With the aim of specifically targeting bacterial
virulence determinants by the use of small molecular com-
pounds, a screen was recently performed that identified sali-
cylidene acylhydrazides affecting the T3SS of Yersinia pseudo-
tuberculosis (27, 38). Here, we have applied a subset of the
salicylidene acylhydrazide collection (Fig. 1) to scrutinize their
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FIG. 8. (A) Detection of bacterial cell-bound flagellin on 9% SDS-
polyacrylamide gels from cultures treated with solvent alone (lane 1)
or with compound D5 (lane 2) or D6 (lane 3) at 40 M. (B) Detection
of flagellin on SDS-polyacrylamide gels from cultures treated with
solvent alone (lane 1), or with compound D6 (lane 2) or 7 (lane 3) at
80 wM. M indicates The positions of molecular mass markers (M) (in
kilodaltons) are shown to the right of the gels. The ODyy, values of the
cultures were used to normalize the sample volume loaded.

effects on the SPI1 and SPI2 T3SS systems and the related
flagellar motility system of S. enterica serovar Typhimurium.
Our results showed that the compounds affected all three
T3SSs yet with somewhat different efficiencies and conse-
quences.

Although the components of the bacterial T3SSs have been
conserved, they possess substantial differences in their primary
structures (21, 23, 32). Therefore, it may come as no surprise
that different, structurally related, small molecular compounds
act differently upon encountering separate T3SSs, yet they
merge on a common target or target mechanism. Since this
class of compound targets T3SS in Chlamydia, Salmonella, and
Yersinia, we are now undertaking additional studies which aim
to identify the molecular target of these compounds in each
organism. Moreover, based on the activity profiles, more tar-
get-focused libraries of salicylidene acylhydrazides will be de-
signed. Subsequent synthesis of such compounds and evalua-
tion in all three organisms will allow us to determine the
structural features required for activity against all three organ-
isms and features resulting in selectivity for one over the
others. This strategy will result in valuable research tools and
chemical starting points for development of novel antibacterial
drugs.
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