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Abstract

Society faces huge challenges, as a large number of bacteria have developed resistance towards many or all of the
antibiotics currently available. Novel strategies that can help solve this problem are urgently needed. One such
strategy is to target bacterial virulence, the ability to cause disease e.g., by inhibition of type Ill secretion systems
(T3SSs) utilized by many clinically relevant gram-negative pathogens. Many of the antibiotics used today originate
from natural sources. In contrast, most virulence-blocking compounds towards the T3SS identified so far are small
organic molecules. A recent high-throughput screening of a prefractionated natural product library identified the
resveratrol tetramer (-)-hopeaphenol as an inhibitor of the T3SS in Yersinia pseudotuberculosis. In this study we
have investigated the virulence blocking properties of (-)-hopeaphenol in three different gram-negative bacteria. (-)-
Hopeaphenol was found to have micromolar activity towards the T3SSs in Yersinia pseudotuberculosis and
Pseudomonas aeruginosa in cell-based infection models. In addition (-)-hopeaphenol reduced cell entry and
subsequent intracellular growth of Chlamydia trachomatis.
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Introduction

Over many years there has been an overuse of antibiotics to
prevent and treat bacterial infections in humans and animals.
As a result many bacterial strains have developed resistance
towards many or even all of the antibiotics in current use. This
is a serious problem all over the world and the need for novel
therapies is urgent. One strategy for the discovery of novel
antimicrobial compounds is to target the functions important for
bacterial infection that cause disease, such as bacterial
virulence [1]. By targeting virulence systems, the bacteria
would be unarmed rather than killed and the reaction in the
body would likely be similar to that following a vaccination with
a live impaired bacterial strain. As bacteria would still be able to
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grow and proliferate, the innate and adaptive immune
responses must clear the infection. One advantage of this
novel approach is that the effect on the endogenous gut
microflora would likely be minimal since these beneficial
microbes lack virulence systems like the type Il secretion
system (T3SS). It is hypothesized that the selective pressure to
develop resistance towards these kinds of compounds is
subdued compared to conventional antibiotics [1-3]. Virulence-
blocking compounds could be designed to target many different
mechanisms e.g. adhesion to the target cell [4], bacterial
signaling [5] or toxin delivery systems, such as the T3SS [6].
The T3SS is an attractive drug target since it is a conserved
virulence system utilized by many gram-negative animal and
plant pathogens such as Yersinia spp., Pseudomonas
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aeruginosa, Chlamydia spp., Salmonella spp., Shigella spp,
enteropathogenic Escherichia coli (EPEC) enterohemorrhagic
E. coli (EHEC), and Erwinia spp. [1,7]. The bacteria use the
T3SS to secrete and translocate different effector proteins into
the eukaryotic host cell cytosol. Yersiniae have six different
effector proteins known as Yops (Yersinia outer proteins) some
of which are essential for virulence. The effector proteins work
in ensemble inhibiting innate immunity and destroying the
cytoskeleton in the host cell, thereby allowing the bacteria to
avoid phagocytosis, proliferate and spread to new host [8].
Chlamydiae are likely to use the T3SS to facilitate their entry
into host cells and to inject effector proteins through the
inclusion membrane, surrounding the intracellular bacteria, to
the host cytosol [9].

In the last ten years many different synthetic virulence-
blocking compounds targeting different T3SSs have been
identified mainly using screening-based approaches [10-21]
and the field has been extensively reviewed [22-24]. The
Yersinia genus consists of eleven species, three of which is
pathogenic to man i.e., Y. entercolitica, Y. pestis, and Y.
pseudotuberculosis [8]. Y. pestis is probably the most well-
known since it caused the bubonic plague/Black Death in the
middle of the 14" century. Y. entercolitica and Y.
pseudotuberculosis cause inflammation in the gastrointestinal
tract of humans and spread through the fecal-oral route,
usually from contaminated food or water. In one of our earlier
reports we screened for T3SS inhibitors using Y.
pseudotuberculosis as the model organism since its T3SS is
well studied and can be manipulated in vitro [6]. Important
features are that assembly of the T3SS can be induced by a
temperature shift from 26 °C to 37 °C, and that secretion can
be triggered by removal of calcium without requirement for host
cell contact. We have previously identified three compound
classes: the salicylanilides, the 2-arylsulfonylamino-
benzanilides, and the salicylidene acylhydrazides as T3SS
inhibitors that blocked secretion of the effector proteins in Y.
pseudotuberculosis [6]. These compound classes were further
explored with design, synthesis and biological evaluation of
analogs. The biological data were then successfully linked to
the chemical structure with quantitative structure-activity
relationships (QSARs) [25-29]. The salicylidene acylhydrazides
target the T3SSs in several pathogens [22-24] and we recently
concluded that the salicylidene acylhydrazides most likely
interact with multiple proteins, several of which are involved in
cell metabolism, with down regulation of T3SS functions as a
net result [30]. The compounds have also proven efficacious in
a Chlamydia trachomatis vaginal mouse infection model and
thus indicate that the T3SS is a validated drug target [31,32].
Our conclusions, taken together with other researchers findings
support the hypothesis that the T3SSs are validated targets for
the development of small molecule drugs. These virulence-
blocking agents may become invaluable for the prevention or
treatment of bacterial infections either as stand-alone
therapeutics or as adjuncts to conventional antibiotics.

Most of the T3SS inhibitors described in the literature are
synthetic small organic and drug-like molecules. Considering
that the majority of the successful antibiotics in use today are of
natural origin it is tempting to speculate that it should be
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possible to identify T3SS inhibitors from natural sources e.g.
plants, microorganisms, and invertebrates. A few studies
indicate that nature indeed can furnish T3SS blocking
compounds. In 2002 screening of marine invertebrate extracts
identified caminoside A as an inhibitor for T3SS in EPEC [33].
Later caminocide B-D were also found to be T3SS inhibitors
[34]. Interestingly, the compounds were also shown to have
antimicrobial activity  against  vancomycin resistant
Enterococcus, as well as against methicillin resistant
Staphylococcus aureus, suggesting that the caminosides might
act as general antibiotics rather than selective T3SS inhibitors
[33,34]. In another study, extraction of a Streptomyces broth
(soil-derived sp.) furnished guadinimine A-F that inhibited
induced T3SS dependent hemolysis of erythrocytes by EPEC
[35]. The data suggest that the guadinimines are potent natural
product inhibitors of the T3SS in EPEC [35,36]. Aurodox is
another natural product found in an extract from an
Actinomycete strain and it was recently shown to inhibit EPEC
T3SS-mediated hemolysis. The compound also proved
efficacious in an in vivo study where mice were infected with a
lethal dose of Citrobacter rodentium [37]. Aurodox is a known
antibiotic that inhibits protein biosynthesis specifically by
binding to bacterial elongation factor Tu [38] however, the
mechanism for its T3SS inhibition remains unclear.

Our collaboration has previously reported the identification
and total synthesis of pseudoceramines A-D and
spermatinamine as putative inhibitors of T3SS in Y.
pseudotuberculosis from high-throughput screening of the
Eskitis Nature Bank prefractionated natural product library
[39-41]. These compounds were identified using a primary
reporter-gene assay with luciferase under control of the YopE
promoter and subsequent counter screens based on the
phosphatase activity of secreted YopH which have been
described previously [6,39]. The compounds were derived from
a marine sponge Pseudoceratina sp. and pseudoceramine B
and spermatinamine inhibited the T3SS system in the low
micromolar range. In addition to the attenuation of T3SS, the
compounds also exhibited an effect on bacterial growth,
indicating general antibacterial properties [39].

In the same screening campaign bioassay-guided
fractionation on the leaf extracts derived from two Papua New
Guinean rainforest plants, Anisoptera thurifera and A.
polyandra, identified (-)-hopeaphenol (Figure 1) together with
other less active stilbenoids as putative T3SS inhibitors. The
elucidation of (-)-hopeaphenol [42], a complex tetrameric
stilbenoid was achieved by spectroscopic and crystallographic
methods. A full disclosure of the screening, isolation and
characterization of (-)-hopeaphenol will be described
elsewhere. The compound belongs to the hopeaphenol class of
polyphenols, which are all tetramers of resveratrol: a well-
studied trans-stilbene containing two hydroxylated phenyls
connected with a two-carbon methylene bridge (Figure 1). The
first biological activity of resveratrol was published 1992 [43]
and since then it has been shown to have anticancer,
antifungal, anti-inflammatory and antimicrobial properties
[44,45]. In nature resveratrol is a common building block used
to assemble, presumably via oxidative coupling reactions, a
large number of natural products with varying complexity in
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Figure 1. Structure of (-)-hopeaphenol and resveratrol.
doi: 10.1371/journal.pone.0081969.g001

terms of scaffold structures and stereochemistry that often are
further diversified by e.g. glycosylation [45]. Despite their
complexity a few natural products based on resveratrol
oligomers have been achieved [46-48]. In this study we
investigated the effect of (-)-hopeaphenol on the T3SSs in Y.
pseudotuberculosis, P. aeruginosa and C. trachomatis.

Results and Discussion

(-)-Hopeaphenol inhibits YopE expression and YopH
secretion

As a first step we confirmed the activity of (-)-hopeaphenol in
the primary screening YopE reporter-gene assay and the YopH
phosphatase assay. Figure 2A shows the dose-response
curves from the reporter-gene and phosphatase assays with
ICs, values of 6.6 puyM and 3.3 uM, respectively. (-)-
Hopeaphenol had no or limited effect on bacterial growth at
concentrations up to 100 yM (Figure 2B). To establish if
addition of (-)-hopeaphenol at different stages of the induction
and secretion phases of Y. pseudotuberculosis T3SS affect the
efficacy the compound was added at seven time points during
infectious conditions. The compound (50 uM) was added every
30th min for 3 h and the temperature shift from 26 to 37 °C was
made at t = 60 min, mimicking eukaryote cell contact that
trigger effector protein secretion and translocation. Addition of
(-)-hopeaphenol up to t = 90 min strongly attenuated the
reporter-gene signal while addition at later time points resulted
in a diminished effect (Figure 2C). This indicated that the effect
of (-)-hopeaphenol was rapid, similar to previously reported
data for salicylidene acylhydrazides in general, and ME0052/
INP0010 in particular [26,29]. In this study ME0052/INP0010
was used as a control, and gave the same result as described
previously (data not shown) [26].

Dose-dependent inhibition of expression and secretion
of the translocator protein YopD

Western blot analysis of effector proteins in total culture and
supernatant, of YPIII(pIB102) wild-type bacteria incubated
together with 7 different concentrations of (-)-hopeaphenol for 1
h at 26 °C followed by 3 h at 37 °C showed a clear dose-
dependent response for both secretion and expression of
translocator protein YopD (Figure 3). The expression of YopD
was reduced but could be detected at all concentrations,
whereas concentrations above 13 uM completely blocked the
secretion of YopD. These results are in line with the data
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Figure 2. (-)-Hopeaphenol inhibits the effector protein

secretion in Y. pseudotuberculosis but does not affect
growth. (A) Circles show inhibition of YopE and the luciferase
light signal with an IC;, of 6.6 uM. Triangles show inhibition of
the enzymatic signal from YopH in Y. pseudotuberculosis. (B)
Growth inhibition curve of Y. pseudotuberculosis treated with
three different concentrations of (-)-hopeaphenol. (C) Time
study of the YopE and the luciferase light signal in Y.
pseudotuberculosis.

doi: 10.1371/journal.pone.0081969.g002
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Figure 3.

Western analysis on Y. pseudotuberculosis treated with (-)-hopeaphenol.
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The T3SS was induced in Y.

pseudotuberculosis wild-type strain treated with (-)-hopeaphenol concentrations from 1.6 to 100 uM. Western analysis was
performed on secreted and expressed YopD and compared to DMSO control.

doi: 10.1371/journal.pone.0081969.g003

obtained from the YopE reporter-gene and YopH phosphatase
assays (Figure 2A), suggesting that (-)-hopeaphenol might
target the secretion machinery directly rather than a general
attenuation T3SS genes transcription as observed for the
salicylidene acylhydrazides in E. coli [49].

(-)-Hopeaphenol is an irreversible T3SS inhibitor

To investigate if the effect of (-)-hopeaphenol on the T3SS is
reversible, overnight cultures of YPIII(pIB102) were diluted and
divided into two cultures that were treated with either (-)-
hopeaphenol (40 yM) or DMSO alone. To fully induce the
T3SS without triggering effector protein secretion, the cultures
were grown in calcium containing medium for 30 min at 26 °C
followed by 2 h at 37 °C. The cultures were then divided into
eight tubes, with or without 40 puM (-)-hopeaphenol. The
cultures were incubated at 37 °C for an additional 45 min to
trigger effector protein secretion. Western blot analysis was
performed on the total culture and the supernatant. The total
culture samples all showed Yop expression indicating that (-)-
hopeaphenol inhibited secretion but not expression (Figure 4A,
lane 1-8). None of the cultures grown in the presence of
calcium secreted any Yops irrespective of the pretreatment
conditions (Figure 4B, lane 1, 3, 5, and 7). The culture
pretreated with DMSO grown in calcium depletion secretes
Yops into the media (Figure 4B, lane 4). When (-)-hopeaphenol
was added to the culture pretreated with DMSO in presence of
calcium secretion was completely blocked (Figure 4B, lane 2).
This result shows that the effect of (-)-hopeaphenol on the
T3SS is rapid. The cultures pretreated with (-)-hopeaphenol
were unable to secrete effector proteins both in the DMSO
control and when treated with (-)-hopeaphenol independent of
the presence or absence of calcium (Figure 4B, lane 5-8).
Thus, the effect of (-)-hopeaphenol is not reversible and the
results suggest that the compound might bind covalently to its
target(s) and that the targets possibly are located on the
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bacterial cell surface e.g. the extracellular structure of the
T3SS.

(-)-Hopeaphenol inhibits YopE translocation

To investigate if (-)-hopeaphenol also inhibits Y.
pseudotuberculosis effector protein translocation and thereby
virulence, a B-lactamase reporter system was used [50-52].
The bacterial strains used, have the effector protein YopE
translationally fused to B-lactamase. HelLa cells were infected
with YPIII(pIB102) yopE-bla with a multiplicity of infection (MOI)
of 50 times and (-)-hopeaphenol was added at different
concentrations. As a control experiment HelLa cells were also
infected with a translocation deficient mutant YPIIl(pIB604)
AyopB yopE-bla. After infection the HelLa cells were loaded
with CCF4-AM, which consists of a cephalosporin core linking
7-hydroxycoumarine to a fluorescein. Inside the cells the ester
of the substrate will be hydrolyzed to its negatively charged
form CCF4, and retained in the cytosol. In the absence of B-
lactamase, excitation of the coumarine at 409 nm will result in a
Forster resonance energy transfer (FRET) and the emitted light
at 520 nm can be detected as a green fluorescent signal. This
was the case for the HelLa cells where no translocation of
YopE-Bla has occurred. When translocation has occurred the
B-lactamase will act on cephalosporin and cleave the substrate
resulting in disruption of the FRET, which after excitation at 409
nm result in light emitted at 450 nm, a blue light signal. The
light signal was measured in a microplate reader and
percentage of translocation, the blue light signal, was
calculated and normalized to DMSO treated YPIIl(pIB102) wild-
type set to 100 % translocation. The infected HelLa cells were
analyzed with fluorescent microscopy as a supplement to the
microplate reader data. Treatment with (-)-hopeaphenol
resulted in a dose-dependent response (Figure 5 and Figure
6A-C). (-)-Hopeaphenol inhibits translocation of YopE
completely at 50, 25, and 13 yM (Figure 5 and 6A-C) and at
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Figure 4. The effect of (-)-hopeaphenol treated Y. pseudotuberculosis is irreversible. Western blot analysis of the reversibility
of (-)-hopeaphenol treatment of Y. pseudotuberculosis. Lanes 1-4 have been pretreated with DMSO and lanes 5-8 with (-)-
hopeaphenol. After pretreatment the two cultures were divided into four. Out of the four, two were diluted in LB supplemented with
Ca?* and the other two in Ca?* depleted LB. (-)-Hopeaphenol (40 uM final concentration) or DMSO were then added to the different

conditions. (A) Total culture. (B) Supernatant.
doi: 10.1371/journal.pone.0081969.9g004

lower concentrations translocation could be observed (Figure 5
and 6D-E). Infected cells treated with or without DMSO as
control have the same amount of translocated YopE-Bla
(Figure 6F and 6H). As additional controls cells were infected
with YPIIl(pIB604) AyopB (Figure 6G), a translocation deficient
mutant, YPII(pIB102) wild-type (Figure 6H) and left uninfected,
with or without 50 uM (-)-hopeaphenol (Figure 61 and 6J).

(-)-Hopeaphenol blocks ExoS expression and secretion
by P. aeruginosa

We decided to examine if (-)-hopeaphenol was able to inhibit
the T3SS in Pseudomonas aeruginosa a gram-negative
pathogen with a T3SS system that is closely related to the
T3SS of Y. pseudotuberculosis. P. aeruginosa is an
opportunistic human pathogen infecting burn wounds, as well
as immunocompromised, and leukemia patients [53]. It belongs
to the six ESKAPE pathogens (Enterococcus faecium,
Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter
species, P. aeruginosa, and Entero-bacter species). Together
with Mycobacterium tuberculosis they are recognized as the
most significant emerging threats of this century [54]. P.
aeruginosa is a “superbug” with a unique capacity to develop
resistance due to a combination of intrinsic, acquired and
adaptive mechanisms [55]. As a consequence, today we have
multi-drug resistant P. aeruginosa strains for which there are
no effective antibiotic treatments available and the trend is that
these strains are becoming more common. The need for new
antimicrobial drugs for treatment of these multi-resistant strains
is extremely urgent and should not be underestimated. The
effector protein ExoS from P. aeruginosa is highly similar to the
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Y. pseudotuberculosis effector protein YopE [56] and as with
Yersinia the T3SS can be triggered by growth at 37 °C and
removal of calcium. The wild-type P. aeruginosa, strain PAK
was grown in calcium-depleted media with or without (-)-
hopeaphenol. Western blot analysis of the effector protein
ExoS showed that the amount expressed and secreted ExoS
was reduced in bacteria treated with (-)-hopeaphenol
compared to the DMSO control. Secretion of ExoS is
essentially completely blocked by (-)-hopeaphenol at 50 and
100 uM (Figure 7), while treatment with 10 and 20 uM (-)-
hopeaphenol reduced the secretion. Inhibition of ExoS
expression is dose-dependent as ExoS levels are higher in the
bacteria treated with 10 yM (-)-hopeaphenol compared to
bacteria treated with 100 uM (Figure 7).

(-)-Hopeaphenol inhibits P. aeruginosa virulence

To investigate if (-)-hopeaphenol could inhibit the virulence of
P. aeruginosa, Hela cells were infected for 5 h with the wild-
type P. aeruginosa, strain PAK in the presence of (-)-
hopeaphenol at four different concentrations ranging from
20-150 pM. Infected cells treated with 100 and 150 uM (-)-
hopeaphenol were completely protected from infection (Figure
8A and 8B), whereas treatment with 50 uM cells were partly
protected (Figure 8C). When cells were treated with 20 uM (-)-
hopeaphenol, inhibition of virulence could not be observed
(Figure 8D). Uninfected cells treated with 150 uM (-)-
hopeaphenol for 5 h did not show any signs of toxicity. The
results from our experiments with Y. pseudotuberculosis and P.
aeruginosa corroborate each other and support the notion that
(-)-hopeaphenol is a T3SS inhibitor.
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Figure 5. (-)-Hopeaphenol affects translocation by Y. pseudotuberculosis in a dose dependent manner. Hela cells were
infected for one hour with Y. pseudotuberculosis treated with (-)-hopeaphenol concentrations between 1.6 - 100 uM. Controls cells
are infected with YPIII(pIB604) AyopB a translocation deficient mutant, wild-type YPIlI(pIB102) and left uninfected with DMSO.

doi: 10.1371/journal.pone.0081969.g005
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(-)-hopeaphenol (-)-hopeaphenol (-)-hopeaphenol (-)-hopeaphenol (-)-hopeaphenol
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Figure 6. (-)-Hopeaphenol inhibits translocation of effector proteins from Y. pseudotuberculosis into HeLa cells. (A-F)
Hela cells infected with wild-type YPIlI(pIB102) bacteria with or without (-)-hopeaphenol 3.3-50 yM or DMSO alone. (G-J) Controls
cells were infected with YPIII(pIB604) AyopB a translocation deficient mutant, wild-type YPIII(pIB102) and left uninfected with or
without 50 uM (-)-hopeaphenol.
doi: 10.1371/journal.pone.0081969.g006
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Figure 7. (-)-Hopeaphenol inhibits secretion and expression of the P. aeruginosa T3SS effector protein ExoS. The T3SS
was induced in wild-type P. aeruginosa, strain PAK, by removal of Ca?" from the medium and (-)-hopeaphenol was added. After 3

hours of incubation the secretion and expression of the T3SS effector protein ExoS was measured by western analysis and
compared to the DMSO control.

doi: 10.1371/journal.pone.0081969.9g007

20 pM (-)-hopeaphenol

Uninfected Uninfected +
150 puM (-)-hopeaphenol

Figure 8. (-)-Hopeaphenol inhibits the infection of P. aeruginosa in HelLa cells. (A-D) Hela cells infected with wild-type P.

aeruginosa, strain PAK for 5 h with (-)-hopeaphenol concentrations ranging from 150 to 20 pM. (E-G) Controls with untreated
infection, uninfected cells and uninfected cells with addition of 150 uM (-)-hopeaphenol.
doi: 10.1371/journal.pone.0081969.g008

(-)-Hopeaphenol prevents cell entry and intracellular Chlamydia trachomatis [57-60]; Chlamydia pneumonia [60];
growth of C. trachomatis Salmonella enterica [61]; Shigella flexneri [62]; EHEC/EPEC

Previously, we have shown that the salicylidene [49] and most recently Erwinia amylovora [63]. The pathogens
acylhydrazides block the T3SSs in a number of pathogens: all have T3SSs but infect different hosts, show varying tropism,
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doi: 10.1371/journal.pone.0081969.g009
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Figure 10. (-)-Hopeaphenol inhibits growth of C. trachomatis in HelLa cells.

25 uM
(-)-hopeaphenol
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(-)-hopeaphenol

(A-D) HeLa cells infected with (-)-hopeaphenol

pretreated C. trachomatis for 48 h. (-)-Hopeaphenol concentrations ranging from 100 to 13 pM. (E) Control pretreated with DMSO.

doi: 10.1371/journal.pone.0081969.g010

and cause a wide variety of diseases. Chlamydia is an obligate
intracellular pathogen that can only grow inside a eukaryotic
cell. Chlamydiae have a very different life cycle compared to
both Yersinia and Pseudomonas and the role of the T3SS in
Chlamydia is still enigmatic. It has a biphasic life cycle
consisting of two distinct forms, the infectious elementary body
(EB) and the replicative reticulate body (RB). C. trachomatis is
mostly known to causes the sexually transmitted disease but it
can also cause eye infections. It has been stated that T3SS is
most likely essential for the survival of Chlamydia [9], and we
therefore we tested the effect of (-)-hopeaphenol on C.
trachomatis growth. HelLa cells were infected with C.
trachomatis EBs and treated with five different concentrations,
ranging between 6 and 100 uM of (-)-hopeaphenol 1 h after
infection as per the standard procedure. After 19 h infected
cells and C. trrachomatis inclusions were stained and analyzed
with an automated microscope. However we could not observe
any effect on C. trachomatis growth when treated with natural
product at concentrations up to 100 uM (Figure 9). Since (-)-
hopeaphenol is large with many polar hydroxyl groups it
probably has low permeability both in eukaryotic and
prokaryotic cells. The Chlamydia inclusion have low
permeability for compounds larger than 520 Da [64], and we
therefore decided to pretreat the bacteria with (-)-hopeaphenol
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before infection of host cells in order to address if the
compound can prevent cell entry. C. frachomatis EBs were
pretreated with different concentrations of (-)-hopeaphenol for 1
h followed by washing and infection of HeLa cells. Analyses of
this experimental setup show that (-)-hopeaphenol inhibit
infection and growth of C. trachomatis with a clear dose-
response pattern (Figure 9 and 10). Pretreatment of the HelLa
cells with (-)-hopeaphenol resulted in little or no effect on the
Chlamydia infection, indicating that the compound directly
targets Chlamydia (Figure 9). Altogether these results indicate
that the permeability of (-)-hopeaphenol is low and we
hypothesize that (-)-hopeaphenol binds covalent to C.
trachomatis EBs, and thereby prevents cell entry and
intracellular replication. These data correspond with the data
showing an irreversible effect in Y. pseudotuberculosis.

(-)-Hopeaphenol does not affect growth of a panel of
gram-positive and gram-negative pathogens

Finally a panel of five gram-positive and five gram-negative
bacteria were tested for growth inhibition by (-)-hopeaphenol.
The gram-positive bacteria tested were: Micrococcus luteus,
Staphylococcus epidermis, Staphylococcus aeureus, Bacillus
subtilis, and Enterococcus faecalis and the gram-negative
bacteria tested (in addition to Y. pseudotuberculosis and P.
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aeruginosa) were Proteus mirabilis, Klebsiella pneumonia, and
E. coli K12. None of the strains were significantly affected
when grown together with 25, 50, or 100 uM (-)-hopeaphenol
for 24 h (data not shown). The data suggest that (-)-
hopeaphenol is a selective inhibitor of the T3SS in Y.
pseudotuberculosis and P. aeruginosa.

Conclusion

In summary, (-)-hopeaphenol was found to act as a T3SS
inhibitor with an 1Cg, value of 6.6 uM in the YopE reporter-gene
assay. Western blot analysis indicated dose-dependent
inhibition of secretion with less reduction of Yop expression.
Complete inhibition of Yop secretion occurred at concentrations
that do not cause any detrimental effect on bacterial growth,
indicating a selective inhibition of the T3SS. This is further
corroborated by lack of growth inhibition in a panel of gram-
positive and gram-negative bacteria. Interestingly pretreatment
and washout experiments with (-)-hopeaphenol showed that
the compound is an irreversible inhibitor of Yop secretion and
suggest that the compound possibly binds covalently to its
target(s). Considering the size and molecular weight of (-)-
hopeaphenol cell permeability might be low which in turn
suggest that inhibition occurs by interaction of T3SS
components on the bacterial surface. However, no predictive
models for permeability of bacteria exist and many antibiotics
are typically larger and more hydrophilic than other types of
drugs. We also identified that (-)-hopeaphenol inhibits the
T3SS in the clinically challenging pathogen P. auerginosa. In
ex vivo infection models using HelLa cells the compound blocks
translocation of effector proteins by Y. pseudotuberculosis and
prevents cytotoxicity caused by P. aeruginosa. In addition, we
have showed that (-)-hopeaphenol inhibits growth of the
intracellular pathogen C. trachomatis when pretreated with the
natural product. These results are in line with our hypothesis
that (-)-hopeaphenol has low cell permeability. As for Y.
pseudotuberculosis the data indicates that (-)-hopeaphenol
binds covalently to C. frachomatis, inhibits successful infection
and possibly reduces their growth inside the eukaryotic cell. (-)-
Hopeaphenol is a selective and irreversible T3SS inhibitor with
activity in eukaryotic whole cell infection assays with Y.
pseudotuberculosis, P. aeruginosa, and C. trachomatis
signifying plants as a valuable source for natural products that
block virulence systems in human pathogens.

Experimental

YopE reporter-gene and YopH phosphatase assays
Luciferase analysis was performed essentially as described
before [6,26]. The Yersinia pseudotubeculosis serotype Il
strain YPIIl(pIB102) yopE-luxAB (Table 1) was grown over
night in LB supplemented with Km, diluted to ODg, 0.1 in Ca?*
depleted LB and dispensed in 96-well plates (Nunc™, flat
bottom, white) with 100 pL / well. Compound was added to a
final concentration between 1 and 100 uM. Final DMSO
concentration did not exceed 1 %. The plates were incubated
on a rotary shaker for 1 h at 26 °C followed by 2 h at 37 °C.
The plates were allowed to adjust to room temperature on the
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Table 1. Characteristics and references of bacterial strains
used in this study.

Bacterial strain Characteristics Reference

Yersinia pseudotuberculosis

YPIlI(pIB102) Wild-type [66]
Luciferase reporter under the

YPIl(pIB102) yopE-luxAB [67]
control of YopE promotor

YPIl(pIB604) AyopB Translocation deficient [68]
B-lactamase translationally fused

YPIl(pIB102) yopE-bla [52]
to YopE

Pseudomonas aeruginosa

PAK Wild-type D. Bradley

PAK exsA::Q T3SS defective [69]

Chlamydia trachomatis serovar L2 VR-902B, ATCC

doi: 10.1371/journal.pone.0081969.t001

bench for 2 h before 50 L of decanal in water (10 yL / 100 mL)
was added. After 4 minutes chemiluminescence was detected
by a microplate reader (TECAN Infinite M200, gain 150,
integration time 20 ms). An enzymatic YopH phosphatase
assay was performed in parallel to the luciferase analysis. After
1 h incubation at 26 °C and 2 h at 37 °C the bacterial
suspension (10 uL per well) was transferred to new 96-well
plates (Nunc™, flat bottom, transparent) containing the YopH
substrate mixture (90 uL, 25 mM, p-nitro phenyl phosphate, 40
mM 2-(N-morpholino)ethanesulfonic acid, pH 5.0, and 1.6 mM
dithiothreitol in water). The plates were incubated at 37 °C for
15 min. To quench the reaction NaOH (20 uL, 1 M) was added
to each well. The absorbance was measured at 405 nm in a
microplate reader (TECAN Infinite M200).

Western blot analysis of total culture and supernatant
samples from Y. pseudotuberculosis

Dose-response experiment: An overnight culture of Yersinia
pseudotuberculosis YPIIl(pIB102) (Table 1) was diluted 1:20 in
Ca?* depleted LB. The test compound was added to final
concentration between 1.6 - 100 yM. The cultures were
incubated for 1 h at 26 °C followed by 3 h at 37 °C. The
cultures were centrifuged and the supernatant was mixed with
sample buffer and loaded on to a 12 % SDS polyacrylamide
gel. The gel was blotted onto a PVDF membrane. Blots were
probed with polyclonal rabbit anti Yop-antiserum and polyclonal
goat anti-rabbit immunoglobulins/HRP (Dako Denmark).
Chemiluminiscense was generated using Millipore Immobilon™
Western chemiluminescent HRP substrate and detected with
CCD camera. Reversibility experiment: An overnight culture of
YPIll(pIB102) was diluted 1:20 in LB supplemented with 2.5
mM CaCl,. Compound was added to a final concentration of 40
UM, control cultures received only DMSO. Cultures were first
incubated at 26 °C for 30 min followed by 2 h at 37 °C for
induction of Yop expression. To study the reversibility of the
compound the samples was centrifuged and the pellet washed
with LB once. Then LB complemented with 20 mM MgCl, and 5
mM EGTA for Ca?" depletion or 2.5 mM CaCl,, with 40 uM
compound or DMSO was added followed by incubation at 37
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°C for 45 min. The supernatant was mixed with sample buffer
and the rest of the experiment was the same as described for
the dose-response experiment. Time study: Analyses of the
reporter-gene signal with compound added at different time
points of the T3SS induction. Overnight culture of YPIII(pIB102)
yopE-luxAB was diluted to ODg,, 0.1 and dispensed in 96-well
plate with 100 uL in each well. Compound (1 uL, 5 mM) was
added at different time points t = 0, 30, 60, 90, 120, 150, and
180 minutes, where t = 60 is at the temperature shift.
Incubation and measurements was the same as for luciferase
experiments.

Inhibition of effector protein translocation in Y.
pseudotuberculosis

The experiments were performed essentially as described
previously [52,65]. HeLa 229 cells (ATCC® CCL-2.1™) were
seeded into 96-well plates (Nunc™, flat bottom, transparent),
100 pL 1x10% cells / mL one day before translocation
experiment. Overnight cultures of YPIlI(pIB102) yopE-bla and
YPIIl(pIB604) yopE-bla (Table 1) was diluted 1:10 in Ca?
depleted LB and grown 1 h at 26 °C followed by 2 h at 37 °C.
(-)-Hopeaphenol was added to the HelLa 229 cells at the same
time as infected with MOI 50. The cells were infected for 1 h at
37 °C 5 % CO, followed by 15 min at room temperature. The
cells were loaded with LiveBLAzer™ FRET - B/G loading kit
with  CCF4-AM protocol from Invitrogen according to the
manufacture’s instructions. Fluorescence was measured in a
microplate reader (Synergy H4 Hybrid Reader, BioTek®). For
microscope pictures HelLa 229 cells were seeded into 35 mm
glass-bottom microwell dishes (MatTek) 2 mL, 1.5x10° cells/mL
the day before translocation experiments. Translocation
experiments and labeling was undertaken as written above.

Western blot analysis of total culture and supernatant
samples from P. aeruginosa

Overnight cultures of P. aeruginosa (strains PAK and PAK
exsA:Q, a T3SS mutant, Table 1) in brain heart infusion
medium (BHI; BD) were diluted 1:100 in either Ca?* enriched
(2.5 mM CaCl,) or Ca? depleted (5 mM EGTA and 10 mM
MgCl,) BHI medium and (-)-hopeaphenol or 1 % DMSO (as a
control) were added. The tubes were incubated for 3 h at 37 °C
with shaking (250 rpm). The total and supernatant samples
were prepared and run on NuPAGE 10 % Bis-Tris gel (Life
Technologies) according to the manufacturer’'s protocol. In
brief, by mixing the samples with 4x NuUPAGE LDS sample
buffer (Life Technologies) and DTT, heating to 70 °C and
loading onto the gel. ExoS protein was visualized using rabbit
anti-ExoS serum and donkey anti-rabbit HRP-linked Ig
(Amersham Bioscience) by ECL Western blot (GE Healthcare),
which was performed according to standard procedures. Band
intensities were analyzed in a FluorChem Q Multiimage Il
image system (Alpha Innotech).

Infection of HeLa cells with P. aeruginosa

Hela cells were seeded into flat-bottom 96-well plates (0.2 x
10° cells/well) in DMEM (GlutaMAX —I, Gentamicin, FBS:Life
Technologies) and incubated overnight at 37 °C 5 % CO,.
Overnight cultures of P. aeruginosa in Luria-Broth (LB; Sigma-
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Aldrich) were diluted 1:2 in DMEM without phenol red (Life
Technologies), supplemented with 3.97 mM I-alanyl-I-
glutamine, and incubated for 1 h at 37 °C with shaking (250
rem). The bacteria were then diluted to an ODgy, of 0.0004.
HelLa cells were washed (in DMEM without phenol red,
supplemented with 10 % FBS and 3.97 mM l-alanyl-I-
glutamine) and different concentrations of (-)-hopeaphenol
were added to the plate, followed by addition of bacterial
solution to a final ODg,, of 0.0002. The cytotoxicity of (-)-
hopeaphenol was tested on a plate with the same layout but
with no addition of bacteria. The plates were incubated at 37 °C
5 % CO, for 5 h and cell morphology was investigated using an
inverted phase contrast microscope (Nikon Eclipse TE2000-S;
Nikon) and photographs were taken using a Nikon Digital Sight
DS-U2 camera (Nikon) and imaging software NIS-Elements
(Nikon).

Infection experiments with C. trachomatis

For Chlamydia experiments, HeLa 229 cells were seeded
into 96-well plates and 24-well plates with coverslips. Cells
were infected the next day with 0.1 multiplicities of infection
(MOI) of C. trachomatis serovar L2 (VR-902B, ATCC®) in
Hank’s Balanced Salt Solution (HBSS). Infection was done in
triplicates in 96-well plates and in duplicate in 24-well plates.
To determine the minimum inhibitory concentration (-)-
hopeaphenol was added 1 h after infection at concentrations
ranging from 100 to 6 uM. For the pretreatment experiment
either the cells or the C. trachomatis was treated for 1 h with
indicated concentrations of (-)-hopeaphenol in room
temperature. The (-)-hopeaphenol was removed from
pretreated: host cells by changing the medium to HBSS
containing DMSO treated C. trachomatis, and from pretreated
C. trachomatis by centrifuging the bacteria down at 21,000 x g
removing the supernatant and suspending the bacteria in fresh
HBSS. Controls were treated similarly with equal amount of
DMSO added.

The 96-well plates were fixed with methanol 19 h post
infection and stained with DAPI and in-house antichlamydial
rabbit antibody labeled with secondary FITC anti-rabbit
antibody. The infection was analyzed using ArrayScan VTI
HCA Reader (Thermo Fisher Scientific Inc. Waltham. MA),
which automatically generated photomicrographs using 20 x
objective. The Chlamydia inclusions were calculated with spot
detection method included in the ArrayScan software.

The 24-well plates were fixed with methanol 48 h post
infection and labeled similarly to 96-well plates. The
micrographs were taken with Confocal Nikon 90i Eclipse
microscope equipped with C1 Plus confocal (Nikon Instruments
Europe B.V., Amsterdam, Netherlands) and EZ-C1 3.91
software. Exaction wavelengths were 405 and 488 nm and
emissions were detected at 430/435 and 515/530 nm. The
picture content was clarified by adjusting the curves of
individual micrographs in Adobe Photoshop C5 Extended
12.0.4 (Adobe Systems Inc., San Jose, CA). Adjustments were
done in similar manner for each micrograph.
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Treatment of five gram-negative and five gram-positive
bacteria

Overnight cultures of the gram-positive bacteria Micrococcus
luteus, Staphylococcus epidermis, Staphylococcus aeureus,
Bacillus subtilis, and Enterococcus faecalis and the gram-
negative bacteria Y. pseudotuberculosis P. aeruginosa,
Proteus mirabilis, Klebsiella pneumonia, and E. coli K12 were
diluted to ODgy 0.1 in 96-well plates 25, 50, and 100 uyM (-)-
hopeaphenol final concentration was added to the wells in
triplicate. Plates were incubated at 37 °C and samples were
mixed before ODg,, was checked at start, after 8 and 24 h.

References

1. Clatworthy AE, Pierson E, Hung DT (2007) Targeting virulence: a new
paradigm for antimicrobial therapy. Nat Chem Biol 3: 541-548. doi:
10.1038/nchembio.2007.24. PubMed: 17710100.

2. Keyser P, Elofsson M, Rosell S, Wolf-Watz H (2008) Virulence blockers
as alternatives to antibiotics: type lll secretion inhibitors against gram-
negative bacteria. J Intern Med 264: 17-29. doi:10.1111/j.
1365-2796.2008.01941.x. PubMed: 18393958.

3. Rasko DA, Sperandio V (2010) Anti-virulence strategies to combat
bacteria-mediated disease. Nat Rev Drug Discov 9: 117-128. doi:
10.1038/nrd3013. PubMed: 20081869.

4. Svensson A, Larsson A, Emtends H, Hedenstrom M, Fex T et al.
(2001) Design and evaluation of pilicides: potential novel antibacterial
agents directed against uropathogenic Escherichia coli. Chembiochem
2:  915-918.  doi:10.1002/1439-7633(20011203)2:12.  PubMed:
11948880.

5. Rasko DA, Moreira CG, Li DR, Reading NC, Ritchie JM et al. (2008)
Targeting QseC signaling and virulence for antibiotic development.
Science 321: 1078-1080. doi:10.1126/science.1160354. PubMed:
18719281.

6. Kauppi AM, Nordfelth R, Uvell H, Wolf-Watz H, Elofsson M (2003)
Targeting bacterial virulence: inhibitors of type Ill secretion in Yersinia.
Chem Biol 10: 241-249. doi:10.1016/S1074-5521(03)00046-2.
PubMed: 12670538.

7. Hueck CJ (1998) Type Il protein secretion systems in bacterial
pathogens of animals and plants. Microbiol Mol Biol Rev 62: 379—-433.
PubMed: 9618447.

8. Cornelis GR (2002) The Yersinia Ysc-Yop “type III” weaponry. Nat Rev
Mol Cell Biol 3: 742—-752. doi:10.1038/nrm932. PubMed: 12360191.

9. Peters J, Wilson DP, Myers G, Timms P, Bavoil PM (2007) Type Il
secretion a la Chlamydia. Trends Microbiol 15: 241-251. doi:10.1016/
j-tim.2007.04.005. PubMed: 17482820.

10. Gauthier A, Robertson ML, Lowden M, Ibarra JA, Puente JL et al.
(2005) Transcriptional inhibitor of virulence factors in enteropathogenic
Escherichia coli. Antimicrob Agents Ch 49: 4101-4109. doi:10.1128/
AAC.49.10.4101-4109.2005. PubMed: 16189086.

11. Felise HB, Nguyen HV, Pfuetzner RA, Barry KC, Jackson SR et al.
(2008) An inhibitor of gram-negative bacterial virulence protein
secretion. Cell Host Microbe 4: 325-336. doi:10.1016/j.chom.
2008.08.001. PubMed: 18854237.

12. Pan NJ, Brady MJ, Leong JM, Goguen JD (2009) Targeting type IlI
secretion in Yersinia pestis. Antimicrob Agents Chemother 53: 385—
392. doi:10.1128/AAC.00670-08. PubMed: 19015348.

13. Aiello D, Williams JD, Majgier-Baranowska H, Patel |, Peet NP et al.
(2010) Discovery and characterization of inhibitors of Pseudomonas
aeruginosa type Ill secretion. Antimicrob Agents Chemother 54: 1988—
1999. doi:10.1128/AAC.01598-09. PubMed: 20176902.

14. LiY, Peng Q, Selimi D, Wang Q, Charkowski AO et al. (2009) The plant
phenolic compound p-coumaric acid represses gene expression in the
Dickeya dadantii type Il secretion system. Appl Environ Microbiol 75:
1223-1228. doi:10.1128/AEM.02015-08. PubMed: 19114532.

15. Yamazaki A, Li J, Zeng Q, Khokhani D, Hutchins WC et al. (2011)
Derivatives of plant phenolic compound affect the type Il secretion
system of Pseudomonas aeruginosa via a GacS-GacA two-component
signal transduction system. Antimicrob Agents Ch 56: 36—43.

16. Harmon DE, Davis AJ, Castillo C, Mecsas J (2010) Identification and
characterization of small-molecule inhibitors of Yop translocation in
Yersinia pseudotuberculosis. Antimicrob Agents Chemother 54: 3241—
3254. doi:10.1128/AAC.00364-10. PubMed: 20498321.

17. Garrity-Ryan LK, Kim OK, Balada-Llasat JM, Bartlett VJ, Verma AK et
al. (2010) Small molecule inhibitors of LcrF, a Yersinia

PLOS ONE | www.plosone.org

11

Hopeaphenol Inhibits Type Ill Secretion

Acknowledgements

The authors thank: Thomas Edgren and Hans Wolf-Watz for
technical assistance and helpful discussions.

Author Contributions

Conceived and designed the experiments: CEZ RJQ CS ME.
Performed the experiments: CEZ JH OS RAD. Analyzed the
data: CEZ RAD RJQ CS ME. Contributed reagents/materials/
analysis tools: RJQ RAD. Wrote the manuscript: CEZ CS ME.

pseudotuberculosis transcription factor, attenuate virulence and limit
infection in a murine pneumonia model. Infect Immun 78: 4683-4690.
doi:10.1128/IA1.01305-09. PubMed: 20823209.

18. Swietnicki W, Carmany D, Retford M, Guelta M, Dorsey R et al. (2011)
Identification of small-molecule inhibitors of Yersinia pestis type Il
secretion system YscN ATPase. PLOS ONE 6: e19716. doi:10.1371/
journal.pone.0019716. PubMed: 21611119.

19. Larzabal M, Mercado EC, Vilte DA, Salazar-Gonzalez H, Cataldi A et
al. (2010) Designed coiled-coil peptides inhibit the type three secretion
system of enteropathogenic Escherichia coli. PLOS ONE 5: e9046. doi:
10.1371/journal.pone.0009046. PubMed: 20140230.

20. Arnoldo A, Curak J, Kittanakom S, Chevelev |, Lee VT et al. (2008)
Identification of small molecule inhibitors of Pseudomonas aeruginosa
exoenzyme S using a yeast phenotypic screen. PLoS Genet 4:
e©1000005. PubMed: 18454192.

21. Enquist P-A, Gylfe A, Hagglund U, Lindstrém P, Norberg-Scherman H
et al. (2012) Derivatives of 8-hydroxyquinoline-antibacterial agents that
target intra- and extracellular gram-negative pathogens. Bioorg Med
Chem Lett 22: 3550-3553. doi:10.1016/j.bmcl.2012.03.096. PubMed:
22525317.

22. Kline T, Felise HB, Sanowar S, Miller SI (2012) The type Il secretion
system as a source of novel antibacterial drug targets. Curr Drug
Targets 13: 338-351. doi:10.2174/138945012799424642. PubMed:
22206256.

23. Duncan MC, Linington RG, Auerbuch V (2012) Chemical inhibitors of
the type three secretion system: disarming bacterial pathogens.
Antimicrob Agents Chemother 56: 5433-5441. doi:10.1128/AAC.
00975-12. PubMed: 22850518.

24. Tsou LK, Dossa PD, Hang HC (2012) Small molecules aimed at type IlI
secretion systems to inhibit bacterial virulence. Med. Chem Commun 4:
68.

25. Kauppi AM, Nordfelth R, Hagglund U, Wolf-Watz H, Elofsson M (2004)
Salicylanilides are potent inhibitors of type Ill secretion in Yersinia.
Boston: Adv Exp Med Biol 529: 97—-100.

26. Nordfelth R, Kauppi AM, Norberg HA, Wolf-Watz H, Elofsson M (2005)
Small-molecule inhibitors specifically targeting type Il secretion. Infect
Immun 73: 3104-3114. doi:10.1128/IA1.73.5.3104-3114.2005. PubMed:
15845518.

27. Kauppi AM, Andersson CD, Norberg HA, Sundin C, Linusson A et al.
(2007) Inhibitors of type Ill secretion in Yersinia: design, synthesis and
multivariate QSAR of 2-arylsulfonylamino-benzanilides. Bioorg Med
Chem 15: 6994-7011. doi:10.1016/j.bmc.2007.07.047. PubMed:
17851084.

28. Dahlgren MK, Kauppi AM, Olsson |-M, Linusson A, Elofsson M (2007)
Design, synthesis, and multivariate quantitative structure-activity
relationship of salicylanilides--potent inhibitors of type Il secretion in
Yersinia. J Med Chem 50: 6177-6188. doi:10.1021/jm070741b.
PubMed: 17975903.

29. Dahligren MK, Zetterstrom CE, Gylfe S, Linusson A, Elofsson M (2010)
Statistical molecular design of a focused salicylidene acylhydrazide
library and multivariate QSAR of inhibition of type Il secretion in the
gram-negative bacterium Yersinia. Bioorg Med Chem 18: 2686-2703.
doi:10.1016/j.bmc.2010.02.022. PubMed: 20219378.

30. Wang D, Zetterstrom CE, Gabrielsen M, Beckham KSH, Tree JJ et al.
(2011) lIdentification of bacterial target proteins for the salicylidene
acylhydrazide class of virulence-blocking compounds. J Biol Chem 286:
29922-29931. doi:10.1074/jbc.M111.233858. PubMed: 21724850.

31. Chu H, Slepenkin A, Elofsson M, Keyser P, la Maza de LM et al. (2010)
Candidate vaginal microbicides with activity against Chlamydia
trachomatis and Neisseria gonorrhoeae. Int J Antimicrob Ag 36: 145—

December 2013 | Volume 8 | Issue 12 | 81969


http://dx.doi.org/10.1038/nchembio.2007.24
http://www.ncbi.nlm.nih.gov/pubmed/17710100
http://dx.doi.org/10.1111/j.1365-2796.2008.01941.x
http://dx.doi.org/10.1111/j.1365-2796.2008.01941.x
http://www.ncbi.nlm.nih.gov/pubmed/18393958
http://dx.doi.org/10.1038/nrd3013
http://www.ncbi.nlm.nih.gov/pubmed/20081869
http://dx.doi.org/10.1002/1439-7633(20011203)2:12
http://www.ncbi.nlm.nih.gov/pubmed/11948880
http://dx.doi.org/10.1126/science.1160354
http://www.ncbi.nlm.nih.gov/pubmed/18719281
http://dx.doi.org/10.1016/S1074-5521(03)00046-2
http://www.ncbi.nlm.nih.gov/pubmed/12670538
http://www.ncbi.nlm.nih.gov/pubmed/9618447
http://dx.doi.org/10.1038/nrm932
http://www.ncbi.nlm.nih.gov/pubmed/12360191
http://dx.doi.org/10.1016/j.tim.2007.04.005
http://dx.doi.org/10.1016/j.tim.2007.04.005
http://www.ncbi.nlm.nih.gov/pubmed/17482820
http://dx.doi.org/10.1128/AAC.49.10.4101-4109.2005
http://dx.doi.org/10.1128/AAC.49.10.4101-4109.2005
http://www.ncbi.nlm.nih.gov/pubmed/16189086
http://dx.doi.org/10.1016/j.chom.2008.08.001
http://dx.doi.org/10.1016/j.chom.2008.08.001
http://www.ncbi.nlm.nih.gov/pubmed/18854237
http://dx.doi.org/10.1128/AAC.00670-08
http://www.ncbi.nlm.nih.gov/pubmed/19015348
http://dx.doi.org/10.1128/AAC.01598-09
http://www.ncbi.nlm.nih.gov/pubmed/20176902
http://dx.doi.org/10.1128/AEM.02015-08
http://www.ncbi.nlm.nih.gov/pubmed/19114532
http://dx.doi.org/10.1128/AAC.00364-10
http://www.ncbi.nlm.nih.gov/pubmed/20498321
http://dx.doi.org/10.1128/IAI.01305-09
http://www.ncbi.nlm.nih.gov/pubmed/20823209
http://dx.doi.org/10.1371/journal.pone.0019716
http://dx.doi.org/10.1371/journal.pone.0019716
http://www.ncbi.nlm.nih.gov/pubmed/21611119
http://dx.doi.org/10.1371/journal.pone.0009046
http://www.ncbi.nlm.nih.gov/pubmed/20140230
http://www.ncbi.nlm.nih.gov/pubmed/18454192
http://dx.doi.org/10.1016/j.bmcl.2012.03.096
http://www.ncbi.nlm.nih.gov/pubmed/22525317
http://dx.doi.org/10.2174/138945012799424642
http://www.ncbi.nlm.nih.gov/pubmed/22206256
http://dx.doi.org/10.1128/AAC.00975-12
http://dx.doi.org/10.1128/AAC.00975-12
http://www.ncbi.nlm.nih.gov/pubmed/22850518
http://dx.doi.org/10.1128/IAI.73.5.3104-3114.2005
http://www.ncbi.nlm.nih.gov/pubmed/15845518
http://dx.doi.org/10.1016/j.bmc.2007.07.047
http://www.ncbi.nlm.nih.gov/pubmed/17851084
http://dx.doi.org/10.1021/jm070741b
http://www.ncbi.nlm.nih.gov/pubmed/17975903
http://dx.doi.org/10.1016/j.bmc.2010.02.022
http://www.ncbi.nlm.nih.gov/pubmed/20219378
http://dx.doi.org/10.1074/jbc.M111.233858
http://www.ncbi.nlm.nih.gov/pubmed/21724850

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

150. doi:10.1016/j.ijantimicag.2010.03.018. Available online at: doi:
10.1016/j.ijantimicag.2010.03.018

Forthal DN, Phan TB, Slepenkin AV, Landucci G, Chu H et al. (2012) In
vitro anti-HIV-1 activity of salicylidene acylhydrazide compounds. Int J
Antimicrob Agents 40: 354-360. doi:10.1016/j.ijjantimicag.2012.05.023.
PubMed: 22819150.

Linington RG, Robertson M, Gauthier A, Finlay BB, van Soest R et al.
(2002) Caminoside A, an antimicrobial glycolipid isolated from the
marine sponge Caminus sphaeroconia. Org Lett 4: 4089-4092. doi:
10.1021/010268337. PubMed: 12423093.

Linington RG, Robertson M, Gauthier A, Finlay BB, MacMillan JB et al.
(2006) Caminosides B-D, antimicrobial glycolipids isolated from the
marine sponge Caminus sphaeroconia. J Nat Prod 69: 173—-177. doi:
10.1021/np050192h. PubMed: 16499312.

lwatsuki M, Uchida R, Yoshijima H, Ui H, Shiomi K et al. (2008)
Guadinomines, type IlIl secretion system inhibitors, produced by
Streptomyces sp. K01-0509. I: taxonomy, fermentation, isolation and
biological properties. J Antibiot (Tokyo) 61: 222-229. doi:10.1038/ja.
2008.32. PubMed: 18503201.

Iwatsuki M, Uchida R, Yoshijima H, Ui H, Shiomi K et al. (2008)
Guadinomines, type Ill secretion system inhibitors, produced by
Streptomyces sp. K01-0509. II: physico-chemical properties and
structure elucidation. J Antibiot (Tokyo) 61: 230-236. doi:10.1038/ja.
2008.33. PubMed: 18503202.

Kimura K, Iwatsuki M, Nagai T, Matsumoto A, Takahashi Y et al. (2010)
A small-molecule inhibitor of the bacterial type Ill secretion system
protects against in vivo infection with Citrobacter rodentium. J Antibiot:
1-7.

Parmeggiani A, Swart GWM (1985) Mechanism of action of kirromycin-
like antibiotics. Annu Rev Microbiol 39: 557-577. doi:10.1146/
annurev.mi.39.100185.003013. PubMed: 3904612.

Yin S, Davis RA, Shelper T, Sykes ML, Avery VM et al. (2011)
Pseudoceramines A-D, new antibacterial bromotyrosine alkaloids from
the marine sponge Pseudoceratina sp. Org Biomol Chem 9: 6755-
6760. doi:10.1039/c10b05581j. PubMed: 21850326.

Hillgren JM, Oberg CT, Elofsson M (2012) Syntheses of
pseudoceramines A-D and a new synthesis of spermatinamine,
bromotyrosine natural products from marine sponges. Org Biomol
Chem 10: 1246—1254. doi:10.1039/c10b06722b. PubMed: 22179542.
Camp D, Davis RA, Campitelli M, Ebdon J, Quinn RJ (2012) Drug-like
properties: guiding principles for the design of natural product libraries.
J Nat Prod 75: 72—-81. doi:10.1021/np200687v. PubMed: 22204643.

Liu JY, Ye YH, Wang L, Shi DH, Tan RX (2005) New resveratrol
oligomers from the stem bark of Hopea hainanensis. Helvetica Chimica
Acta 88: 2910-2917. doi:10.1002/hica.200590234.

Creasy LL, Siemann EH (1992) Concentration of the phytoalexin
resveratrol in wine. Am J Enol Vitic 43: 49-52.

Kondratyuk TP, Pezzuto JM (2004) Natural product polyphenols of
relevance to human health. Pharm Biol 42: 46-63. doi:
10.3109/13880200490893519.

Quideau S, Deffieux D, Douat-Casassus C, Pouységu L (2011) Plant
polyphenols: chemical properties, biological activities, and synthesis.
Angew Chem Int Ed Engl 50: 586-621. doi:10.1002/anie.201000044.
PubMed: 21226137.

Snyder SA, Zografos AL, Lin Y (2007) Total synthesis of resveratrol-
based natural products: a chemoselective solution. Angew Chem Int Ed
Engl 46: 8186-8191. doi:10.1002/anie.200703333. PubMed:
17890663.

Snyder SA, Breazzano SP, Ross AG, Lin Y, Zografos AL (2009) Total
synthesis of diverse carbogenic complexity within the resveratrol class
from a common building block. J Am Chem Soc 131: 1753-1765. doi:
10.1021/ja806183r. PubMed: 19143488.

Nicolaou KC, Wu TR, Kang Q, Chen DYK (2009) Total synthesis of
hopeahainol A and hopeanol. Angew Chem - Int Ed 48: 3440-3443.
doi:10.1002/anie.200900438.

Tree JJ, Wang D, Mclnally C, Mahajan A, Layton A et al. (2009)
Characterization of the effects of salicylidene acylhydrazide compounds
on type Il secretion in Escherichia coli O157:H7. Infect Immun 77:
4209-4220. doi:10.1128/IA1.00562-09. PubMed: 19635828.
Charpentier X, Oswald E (2004) Identification of the secretion and
translocation domain of the enteropathogenic and enterohemorrhagic
Escherichia coli effector Cif, using TEM-1 beta-lactamase as a new
fluorescence-based reporter. J Bacteriol 186: 5486-5495. doi:
10.1128/JB.186.16.5486-5495.2004. PubMed: 15292151.

Marketon MM, DePaolo RW, DeBord KL, Jabri B, Schneewind O
(2005) Plague bacteria target immune cells during infection. Science
309: 1739-1741. doi:10.1126/science.1114580. PubMed: 16051750.

PLOS ONE | www.plosone.org

12

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Hopeaphenol Inhibits Type Il Secretion

Akopyan K, Edgren T, Wang-Edgren H, Rosqvist R, Fahigren A et al.
(2011) Translocation of surface-localized effectors in type Il secretion.
Proc Natl Acad Sci U S A 108: 1639-1644. doi:10.1073/pnas.
1013888108. PubMed: 21220342.

Bodey GP, Bolivar R, Fainstein V, Jadeja L (1983) Infections caused by
Pseudomonas aeruginosa. Clinical Infectious Diseases 5: 279-313.
doi:10.1093/clinids/5.2.279.

Kanj SS, Kanafani ZA (2011) Current concepts in antimicrobial therapy
against resistant gram-negative organisms: extended-spectrum -
lactamase—producing enterobacteriaceae, carbapenem-resistant
enterobacteriaceae, and multidrug-resistant Pseudomonas aeruginosa.
Mayo Clin Proc 86: 250-259. doi:10.4065/mcp.2010.0674. PubMed:
21364117.

Breidenstein EBM, la Fuente-Nufiez de C, Hancock REW (2011)
Pseudomonas aeruginosa: all roads lead to resistance. Trends
Microbiol  19: 419-426. doi:10.1016/j.tim.2011.04.005. PubMed:
21664819.

Frank DW (1997) The exoenzyme S regulon of Pseudomonas
aeruginosa - Frank - 2003 - Molecular Microbiology - Wiley Online
Library. Mol Microbiol 26: 621-629. doi:10.1046/.
1365-2958.1997.6251991.x. PubMed: 9427393.

Wolf K, Betts HJ, Chellas-Géry B, Hower S, Linton CN et al. (2006)
Treatment of Chlamydia trachomatis with a small molecule inhibitor of
the Yersinia type Il secretion system disrupts progression of the
chlamydial developmental cycle. Mol Microbiol 61: 1543-1555. doi:
10.1111/j.1365-2958.2006.05347 .x. PubMed: 16968227.

Muschiol S, Bailey L, Gylfe A, Sundin C, Hultenby K et al. (2006) A
small-molecule inhibitor of type Ill secretion inhibits different stages of
the infectious cycle of Chlamydia trachomatis. Proc Natl Acad Sci U S
A 103: 14566-14571. doi:10.1073/pnas.0606412103. PubMed:
16973741.

Slepenkin A, Chu H, Elofsson M, Keyser P, Peterson EM (2011)
Protection of mice from a Chlamydia trachomatis vaginal infection using
a salicylidene acylhydrazide, a potential microbicide. J Infect Dis 204:
1313-1320. doi:10.1093/infdis/jir552. PubMed: 21933873.

Bailey L, Gylfe A, Sundin C, Muschiol S, Elofsson M et al. (2007) Small
molecule inhibitors of type Il secretion in Yersinia block the Chlamydia
pneumoniae infection cycle. FEBS Lett 581: 587-595. doi:10.1016/
j.febslet.2007.01.013. PubMed: 17257594,

Negrea A, Bjur E, Ygberg SE, Elofsson M, Wolf-Watz H et al. (2007)
Salicylidene acylhydrazides that affect type Il protein secretion in
Salmonella enterica serovar Typhimurium. Antimicrob Agents
Chemother 51: 2867-2876. doi:10.1128/AAC.00223-07. PubMed:
17548496.

Veenendaal AKJ, Sundin C, Blocker AJ (2009) Small-molecule type IlI
secretion system inhibitors block assembly of the Shigella type IlI
secreton. J Bacteriol 191: 563-570. doi:10.1128/JB.01004-08.
PubMed: 18996990.

Yang F, Korban SS, Pusey PL, Elofsson M, Sundin GW et al. (2013)
Small-molecule inhibitors suppress the expression of both type Il
secretion and amylovoran biosynthesis genes in Erwinia amylovora.
Mol Plant Pathol: ([MedlinePgn:]) doi:10.1111/mpp.12064. PubMed:
23915008.

Heinzen RA, Hackstadt T (1997) The Chlamydia trachomatis
parasitophorous vacuolar membrane is not passively permeable to low-
molecular-weight compounds. Infect Immun 65: 1088-1094. PubMed:
9038320.

Ur-Rehman T, Nordfelth R, Blomgren A, Zetterstrém CE, Elofsson M et
al. (2012) Preliminary pharmacokinetics of the bacterial virulence
inhibitor n'-(3,5-dibromo-2-hydroxy-benzylidenene)-nicotinic acid
hydrazide. Adv  Exp Med Biol 954: 349-356. doi:
10.1007/978-1-4614-3561-7_42. PubMed: 22782781.

Bdlin I, Wolf-Watz H (1984) Molecular cloning of the temperature-
inducible outer membrane protein 1 of Yersinia pseudotuberculosis.
Infect Immun 43: 72-78. PubMed: 6317574.

Forsberg A, Rosqvist R (1993) In vivo expression of virulence genes of
Yersinia pseudotuberculosis. Infect Agents Dis 2: 275-278. PubMed:
8173809.

Hakansson S, Schesser K, Persson C, Galyov EE, Rosqvist R et al.
(1996) The YopB protein of Yersinia pseudotuberculosis is essential for
the translocation of Yop effector proteins across the target cell plasma
membrane and displays a contact-dependent membrane disrupting
activity. EMBO J 15: 5812-5823. PubMed: 8918459.

Frank DW, Nair G, Schweizer HP (1994) Construction and
characterization of chromosomal insertional mutations of the
Pseudomonas aeruginosa exoenzyme S trans-regulatory locus. Infect
Immun 62: 554-563. PubMed: 8300213.

December 2013 | Volume 8 | Issue 12 | 81969


http://dx.doi.org/10.1016/j.ijantimicag.2010.03.018
http://dx.doi.org/10.1016/j.ijantimicag.2010.03.018
http://dx.doi.org/10.1016/j.ijantimicag.2012.05.023
http://www.ncbi.nlm.nih.gov/pubmed/22819150
http://dx.doi.org/10.1021/ol0268337
http://www.ncbi.nlm.nih.gov/pubmed/12423093
http://dx.doi.org/10.1021/np050192h
http://www.ncbi.nlm.nih.gov/pubmed/16499312
http://dx.doi.org/10.1038/ja.2008.32
http://dx.doi.org/10.1038/ja.2008.32
http://www.ncbi.nlm.nih.gov/pubmed/18503201
http://dx.doi.org/10.1038/ja.2008.33
http://dx.doi.org/10.1038/ja.2008.33
http://www.ncbi.nlm.nih.gov/pubmed/18503202
http://dx.doi.org/10.1146/annurev.mi.39.100185.003013
http://dx.doi.org/10.1146/annurev.mi.39.100185.003013
http://www.ncbi.nlm.nih.gov/pubmed/3904612
http://dx.doi.org/10.1039/c1ob05581j
http://www.ncbi.nlm.nih.gov/pubmed/21850326
http://dx.doi.org/10.1039/c1ob06722b
http://www.ncbi.nlm.nih.gov/pubmed/22179542
http://dx.doi.org/10.1021/np200687v
http://www.ncbi.nlm.nih.gov/pubmed/22204643
http://dx.doi.org/10.1002/hlca.200590234
http://dx.doi.org/10.3109/13880200490893519
http://dx.doi.org/10.1002/anie.201000044
http://www.ncbi.nlm.nih.gov/pubmed/21226137
http://dx.doi.org/10.1002/anie.200703333
http://www.ncbi.nlm.nih.gov/pubmed/17890663
http://dx.doi.org/10.1021/ja806183r
http://www.ncbi.nlm.nih.gov/pubmed/19143488
http://dx.doi.org/10.1002/anie.200900438
http://dx.doi.org/10.1128/IAI.00562-09
http://www.ncbi.nlm.nih.gov/pubmed/19635828
http://dx.doi.org/10.1128/JB.186.16.5486-5495.2004
http://www.ncbi.nlm.nih.gov/pubmed/15292151
http://dx.doi.org/10.1126/science.1114580
http://www.ncbi.nlm.nih.gov/pubmed/16051750
http://dx.doi.org/10.1073/pnas.1013888108
http://dx.doi.org/10.1073/pnas.1013888108
http://www.ncbi.nlm.nih.gov/pubmed/21220342
http://dx.doi.org/10.1093/clinids/5.2.279
http://dx.doi.org/10.4065/mcp.2010.0674
http://www.ncbi.nlm.nih.gov/pubmed/21364117
http://dx.doi.org/10.1016/j.tim.2011.04.005
http://www.ncbi.nlm.nih.gov/pubmed/21664819
http://dx.doi.org/10.1046/j.1365-2958.1997.6251991.x
http://dx.doi.org/10.1046/j.1365-2958.1997.6251991.x
http://www.ncbi.nlm.nih.gov/pubmed/9427393
http://dx.doi.org/10.1111/j.1365-2958.2006.05347.x
http://www.ncbi.nlm.nih.gov/pubmed/16968227
http://dx.doi.org/10.1073/pnas.0606412103
http://www.ncbi.nlm.nih.gov/pubmed/16973741
http://dx.doi.org/10.1093/infdis/jir552
http://www.ncbi.nlm.nih.gov/pubmed/21933873
http://dx.doi.org/10.1016/j.febslet.2007.01.013
http://dx.doi.org/10.1016/j.febslet.2007.01.013
http://www.ncbi.nlm.nih.gov/pubmed/17257594
http://dx.doi.org/10.1128/AAC.00223-07
http://www.ncbi.nlm.nih.gov/pubmed/17548496
http://dx.doi.org/10.1128/JB.01004-08
http://www.ncbi.nlm.nih.gov/pubmed/18996990
http://dx.doi.org/10.1111/mpp.12064
http://www.ncbi.nlm.nih.gov/pubmed/23915008
http://www.ncbi.nlm.nih.gov/pubmed/9038320
http://dx.doi.org/10.1007/978-1-4614-3561-7_42
http://www.ncbi.nlm.nih.gov/pubmed/22782781
http://www.ncbi.nlm.nih.gov/pubmed/6317574
http://www.ncbi.nlm.nih.gov/pubmed/8173809
http://www.ncbi.nlm.nih.gov/pubmed/8918459
http://www.ncbi.nlm.nih.gov/pubmed/8300213

	The Resveratrol Tetramer (-)-Hopeaphenol Inhibits Type III Secretion in the Gram-Negative Pathogens Yersinia pseudotuberculosis and Pseudomonas aeruginosa
	Introduction
	Results and Discussion
	(-)-Hopeaphenol inhibits YopE expression and YopH secretion
	Dose-dependent inhibition of expression and secretion of the translocator protein YopD
	(-)-Hopeaphenol is an irreversible T3SS inhibitor
	(-)-Hopeaphenol inhibits YopE translocation
	(-)-Hopeaphenol blocks ExoS expression and secretion by P. aeruginosa
	(-)-Hopeaphenol inhibits P. aeruginosa virulence
	(-)-Hopeaphenol prevents cell entry and intracellular growth of C. trachomatis
	(-)-Hopeaphenol does not affect growth of a panel of gram-positive and gram-negative pathogens

	Conclusion
	Experimental
	YopE reporter-gene and YopH phosphatase assays
	Western blot analysis of total culture and supernatant samples from Y. pseudotuberculosis
	Inhibition of effector protein translocation in Y. pseudotuberculosis
	Western blot analysis of total culture and supernatant samples from P. aeruginosa
	Infection of HeLa cells with P. aeruginosa
	Infection experiments with C. trachomatis
	Treatment of five gram-negative and five gram-positive bacteria

	Acknowledgements
	Author Contributions
	References


