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The type III secretion system (T3SS) is a bacterial appendage used by dozens of Gram-negative pathogens to subvert host de-
fenses and cause disease, making it an ideal target for pathogen-specific antimicrobials. Here, we report the discovery and initial
characterization of two related natural products with T3SS-inhibitory activity that were derived from a marine actinobacterium.
Bacterial extracts containing piericidin A1 and the piericidin derivative Mer-A 2026B inhibited Yersinia pseudotuberculosis from
triggering T3SS-dependent activation of the host transcription factor NF-�B in HEK293T cells but were not toxic to mammalian
cells. As the Yersinia T3SS must be functional in order to trigger NF-�B activation, these data indicate that piericidin A1 and
Mer-A 2026B block T3SS function. Consistent with this, purified piericidin A1 and Mer-A 2026B dose-dependently inhibited
translocation of the Y. pseudotuberculosis T3SS effector protein YopM inside CHO cells. In contrast, neither compound per-
turbed bacterial growth in vitro, indicating that piericidin A1 and Mer-A 2026B do not function as general antibiotics in Yer-
sinia. In addition, when Yersinia was incubated under T3SS-inducing culture conditions in the absence of host cells, Mer-A
2026B and piericidin A1 inhibited secretion of T3SS cargo as effectively as or better than several previously described T3SS in-
hibitors, such as MBX-1641 and aurodox. This suggests that Mer-A 2026B and piericidin A1 do not block type III secretion by
blocking the bacterium-host cell interaction, but rather inhibit an earlier stage, such as T3SS needle assembly. In summary, the
marine-derived natural products Mer-A 2026B and piericidin A1 possess previously uncharacterized activity against the bacte-
rial T3SS.

Over 2 dozen Gram-negative pathogens use type III secretion
systems (T3SS) to cause disease, including the causative

agents of plague, pneumonia, and typhoid fever (1). These patho-
gens collectively cause over 200 million cases of human illness and
more than half a million deaths worldwide each year (www.who
.int) (2). The issue of antibiotic resistance is most pressing for
Gram-negative bacteria, for which only one new class of antibiot-
ics has been approved in the last 15 years (3, 4). While T3SS-
expressing bacteria have historically been susceptible to a number
of antibiotics, many antibiotic-resistant strains have recently been
isolated (www.CDC.gov). As T3SS are typically required to cause
disease (1), the virulence factor represents a promising target for
new antimicrobial compounds.

The T3SS is composed of a basal structure spanning the inner
and outer bacterial membranes and a needle that extends from the
bacterial surface (5). This structure acts as a molecular syringe that
injects bacterial effector proteins directly inside target host cells.
While the structure of the T3SS is relatively conserved among
T3SS-expressing bacteria, the suite of T3SS effector proteins ex-
pressed by each group of pathogens is completely distinct (1). The
Yersinia pseudotuberculosis T3SS has been extensively studied and
is often used as a model for T3SS-expressing pathogens (6). In
Yersinia, the T3SS translocon proteins LcrV, YopB, and YopD
form a pore in the mammalian plasma membrane upon host cell
contact, enabling translocation of effector proteins inside the host
cell cytosol (7). The Y. pseudotuberculosis effector proteins YopH,
YopO, YopT, and YopE block phagocytosis and the formation of
reactive oxygen species, while YopJ, YopM, and YopK dampen
innate immune signaling (8, 9).

Over the past decade, a number of research groups have dis-
covered small-molecule T3SS inhibitors by high-throughput
screening (HTS) (6). These inhibitors are diverse in chemical

structure, and their mechanisms of action are almost universally
unknown. As virulence blockers are attractive alternatives to tra-
ditional antibiotics (10–12), discovering and better understand-
ing new T3SS inhibitors is an important goal for anti-infectives
research. In this study, we describe a unique HTS of marine-de-
rived natural products for T3SS inhibitors that takes advantage of
the ability of the Y. pseudotuberculosis T3SS to trigger NF-�B ac-
tivation in HEK293T cells, an activity that is dependent on YopB
(13). If the T3SS is rendered nonfunctional through either genetic
or chemical means, host cell NF-�B activity remains at a basal level
during infection. The two related small molecules discovered
through this novel HTS block translocation of Y. pseudotubercu-
losis T3SS effector proteins into eukaryotic cells but do not act as
general Yersinia antibiotics or mammalian-cell cytotoxins.

MATERIALS AND METHODS
Bacterial growth conditions. The bacterial strains used in this paper are
listed in Table 1. Y. pseudotuberculosis was grown in 2� yeast extract-
tryptone (YT) medium at 26°C with shaking overnight. The cultures were
back diluted into low-calcium medium (2� YT plus 20 mM sodium ox-
alate and 20 mM MgCl2) to an optical density at 600 nm (OD600) of 0.2
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and grown for 1.5 h at 26°C with shaking, followed by 1.5 h at 37°C to
induce Yop synthesis, as previously described (13).

Cell lines. HEK293T cells were maintained in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum
(FBS) and 2 mM L-glutamine at 37°C in 5% CO2. CHO-K1 cells were
maintained in Ham’s F-12 nutrient mixture with Kaighn’s modification
(F-12K) with 10% FBS and 2 mM L-glutamine at 37°C in 5% CO2.

Natural-product library and bioassay-guided fractionation. A
screening campaign for T3SS inhibitors was carried out using a marine-
natural-products library. This library was generated from environmental-
sediment-derived marine microorganisms specifically from the class Ac-
tinomycetales, known for their prolific production of pharmacologically
interesting secondary metabolites. Sediment samples were collected into
sterile 15-ml Falcon tubes by scuba diving, mostly from the West Coast of
the United States. The supernatant was removed, and sediment samples
were plated onto Actinobacterium-specific isolation medium with added
antifungal and Gram-negative antibacterial agents by radial stamping
with sterile cotton swabs. Morphologically distinct colonies were picked
and replated on Difco marine broth agar plates repeatedly until pure
isolates were obtained. Isolated actinobacterial colonies were subjected to
liquid medium culturing using our standard fermentation conditions (see
below) and cryopreserved as glycerol stock solutions at �80°C.

Frozen stocks of environmental isolates were streaked onto fresh ma-
rine broth plates (Difco, USA) and incubated at 25°C until discrete colo-
nies became visible. Selected colonies were inoculated into 7 ml of modi-
fied saline SYP (mSYP) medium (10 g starch, 4 g peptone, 2 g yeast extract,
and 31.2 g Instant Ocean in 1 liter of distilled water), and the cultures were
stepped up in stages by first inoculating 2.5 ml of 3-day-old 7-ml cell
cultures into 60 ml of mSYP (medium scale), followed by inoculation of
40 ml of these 2-day-old medium-scale cell cultures into 1 liter of the same
broth (large scale). All cultures were incubated at 26°C and shaken at 200
rpm.

Large-scale cultures were fermented for 7 days prior to chemical ex-
traction. Twenty grams of prewashed Amberlite XAD-16 resin (CH2Cl2,
methanol [MeOH], and water) was added to each large-scale culture and
shaken for 2 h (200 rpm), and the resulting slurry was filtered under
vacuum through a glass microfiber filter (Whatman). The cells, resins,
and filter paper were extracted with 1:1 CH2Cl2-MeOH (250 ml), and the
suspension was shaken at 200 rpm for 1 h. Organic extracts were filtered
and concentrated to dryness in vacuo. The dried crude extracts were pre-
fractionated by solid-phase extraction chromatography (5-g C18 car-
tridge; Supelco, USA) using a stepwise MeOH-H2O gradient: 40 ml of
10%, 20% (fraction A), 40% (fraction B), 60% (fraction C), 80% (fraction
D), and 100% (fraction E) MeOH and then 100% ethyl acetate (EtOAc)
(fraction F). Fractions A to F were concentrated to dryness in vacuo and
then resuspended in dimethyl sulfoxide (DMSO) (1 ml), and aliquots of
these DMSO stock solutions were reformatted into 384-well plates prior
to screening.

From the primary screening of crude prefractions, active hits were
selected for peak library screening to identify the active constituent(s)
within a particular crude prefraction. A 45-�l aliquot of prefraction

DMSO stock was lyophilized and fractionated by C18 reversed-phase
high-performance liquid chromatography (RP-HPLC) (Phenomenex
Synergi Fusion-RP; 10- by 250-mm column; 2-ml min�1 flow rate) using
an MeOH-H2O (0.02% formic acid) solvent system. Each prefraction was
run on a gradient specifically tailored to produce the most highly resolved
chromatography. The eluent was collected into deep-well 96-well plates
using an automated time-based fraction collection method consisting of
1-min time slices and subsequently concentrated to dryness in vacuo. The
dried plates were resolubilized (10 �l DMSO per well), sonicated to en-
sure homogeneity, reformatted into 384-well format, and subjected to
secondary screening.

High-throughput screen. On day 1, 3.75 � 106 HEK293T cells were
plated onto three 100- by 20-mm tissue culture dishes (BD Falcon) and
incubated at 37°C and 5% CO2. On day 2, the HEK293T cells were trans-
fected with an NF-�B luciferase reporter plasmid (Stratagene) using Li-
pofectamine 2000 (Invitrogen) according to the manufacturer’s instruc-
tions. This plasmid contains an NF-�B binding site (five repeats of GGA
AAGTCCCCAGC) upstream of the luciferase gene. On day 3, the
transfected cells were pooled, and 5 � 104 cells were transferred into each
well of a 384-well plate. Each plate was centrifuged for 5 min at 290 � g. Y.
pseudotuberculosis overnight cultures were back diluted into 2� YT me-
dium to an OD600 of 0.2 and grown in a shaking incubator at 26°C for 1.5
h. The cultures were then pelleted by centrifugation and resuspended in
half the original volume of low-calcium 2� YT medium. The bacteria
were transferred to a 384-well plate containing low-calcium medium plus
prefractions from the natural-product library or plain DMSO and incu-
bated for 1.5 h at 37°C. Immediately prior to infection, prefractions or
DMSO vehicle control was added to the 384-well plate containing
HEK293T cells by a pinning robot. A Janus MDT pinning robot
(PerkinElmer) was next used to transfer Y. pseudotuberculosis from the
bacterial 384-well plate to the HEK293T plate at a multiplicity of infection
(MOI) of 7. After 4 h at 37°C and 5% CO2, the medium was aspirated
before adding a 1:1 Neolite–phosphate-buffered saline (PBS) solution.
Plates were covered in foil and incubated for 5 min, and bioluminescence
was measured using an EnVision plate reader (PerkinElmer).

We used Y. pseudotuberculosis lacking the six known T3SS effector
proteins, YopHEMOJT (�yop6), for this screen because YopHEMOJT are
not required for T3SS-dependent NF-�B induction, and instead, several
Yop proteins modulate NF-�B activation (8). A Y. pseudotuberculosis mu-
tant lacking the T3SS translocon component YopB (�yop6 �yopB) was
used as a T3SS-negative control. Y. pseudotuberculosis �yop6 in the ab-
sence of natural products triggered, on average, 12-fold-greater lumines-
cence than the Y. pseudotuberculosis �yop6 �yopB mutant (data not
shown).

Purified T3SS inhibitors. Aurodox was purchased from Enzo Life
Sciences, MBX1641 from ChemBridge, C22 from TimTec, and C15 and
C24 from Princeton Biomolecular Research.

Piericidin A1 and its analog Mer-A 2026B were isolated from an Acti-
nomycetes strain, RL09-253-HVS-A, isolated from a marine sediment
sample collected at Point Estero, CA, at a depth of 50 feet by scuba diving.
This Actinomycetes strain was identified as a Streptomyces sp. based on the
typical morphology of streptomycetes, which form dry powdery spores on
agar plates, and by sequencing the 16S rRNA gene (data not shown). From
a large-scale culture (4 liters) of the strain producing extract 1772, 0.33 g
of prefraction D was obtained (using the prefractionation method de-
scribed above). The active constituents were purified using C18 RP-HPLC
(with a gradient of 58% to 88% MeOH– 0.02% formic acid-H2O; 2 ml/
min [Synergi 10� Fusion-RP column; Phenomenex, USA]) (tR [retention
time] � 12.5 min for Mer-A 2026B and 30.5 min for piericidin A1) to give
1.6 mg of Mer-A 2026B and 2.7 mg of piericidin A1. Electrospray ioniza-
tion-time of flight high-resolution mass spectrometry (ESI-TOF HRMS)
analysis predicted the molecular formulae C24H35NO3 and C25H37NO4

for Mer-A 2026B and piericidin A1, respectively. One-dimensional 1H
nuclear magnetic resonance (NMR) spectra (see Fig. S2 and S3 in the
supplemental material) were obtained using a Varian Unity Inova spec-

TABLE 1 Y. pseudotuberculosis strains used in the study

Strain Description References

Wild type Y. pseudotuberculosis IP2666
(no YopT expression)

37

�yop6 IP2666 �yopHEMOJ 13
�yop6/�yopB IP2666 �yopHEMOJB 13
�yop6 � pYopM-Bla IP2666 �yopHEMOJ

pYopM-Bla
This work

�yop6/�yopB � pYopM-Bla IP2666 �yopHEMOJB
pYopM-Bla

This work

�yscNU Deletion of yscNU operon 38
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trometer at 600 MHz equipped with a 5-mm HCN triple-resonance cryo-
probe. The spectra were referenced to residual solvent signals (	H [proton
chemical shift] of 7.24 for d-CDCl3 [deuterated chloroform]).

Mammalian cytotoxicity. HeLa cell staining was performed as previ-
ously described (14). Briefly, HeLa cells were incubated with microbial
extracts for 19 h and stained with Hoechst stain to visualize individual
nuclei. The 10% of natural-product fractions that most reduced HeLa
nuclear counts were classified as cytotoxic to mammalian cells and ex-
cluded from follow-up. This top 10% of nucleus reduction correlated
strongly with the effects of previously characterized cytotoxic compounds
within the training set used by Schulze et al. (14). For unpurified natural-
product fractions (including 1772D), the mammalian cytotoxicity data
were generated by Schulze et al. (14). The cytotoxicity data for purified
piericidin A1 and Mer-A 2026B at �250 �M were obtained specifically for
this study.

Growth curves. Overnight cultures of wild-type (WT) Y. pseudotuber-
culosis IP2666 were back diluted to an OD600 of 0.2, and 100 �l was added
to each well of a 96-well plate. A total of 0.3 �l of DMSO or purified
natural products was added to each well. Bacteria were grown at 23°C in
2� YT medium or at 37°C in low-calcium medium (T3SS-inducing con-
ditions), and the OD600 of the culture was measured every 15 min for 5 or
6 h using a VersaMax Tunable Microplate Reader (Molecular Devices).
The 96-well plates were continuously shaken throughout the experiment.
Additional growth curves were carried out by taking samples of bacterial
cultures at 0, 3, 6, and 24 h of growth; serially diluting them; and plating
them for CFU (see Fig. S5 in the supplemental material). Starting inocula
of 4 � 103 or 1 � 106 CFU/ml were used. The 26°C growth curves were
carried out in 500 �l of 2� YT medium with continuous shaking, while
the 37°C growth curves were performed in high-calcium medium (2� YT
plus 5 mM CaCl2) to prevent induction of the T3SS and associated growth
restriction. All growth curves used DMSO at 0.3%, piericidins at �143
�M, or kanamycin at 50 �g/ml.

YopM translocation assay. A total of 6 � 103 CHO-K1 cells were
plated in each well of a 384-well plate in 70 �l of F-12K medium plus 10%
FBS and incubated overnight. The following day, Y. pseudotuberculosis
YopM–
-lactamase (YopM-Bla) reporter strain overnight cultures were
back diluted into low-calcium 2� YT medium to an OD600 of 0.2 and
grown in a shaking incubator at 26°C for 1.5 h. The cultures were then
transferred to a 384-well plate containing low-calcium medium and pu-
rified compounds or DMSO and incubated for 1.5 h at 37°C. Immediately
prior to infection, the purified compounds or DMSO was added to the
384-well plate containing CHO-K1 cells by a pinning robot (Janus MDT;
PerkinElmer). The pinning robot was next used to transfer Y. pseudotu-
berculosis from the bacterial 384-well plate to the CHO-K1 plate at an
MOI of 6. Five minutes after this transfer, the plate was centrifuged at 290
� g for 5 min to initiate bacterium-host cell contact and incubated for 1 h
at 37°C and 5% CO2. Thirty minutes prior to the end of the infection,
CCF2-AM (Invitrogen) was added to each well, and the plate was covered
in foil and incubated at room temperature. At the end of the infection, the
medium was aspirated, and 4% paraformaldehyde was added to each well
for 20 min to fix the cells. The paraformaldehyde was then aspirated, and
the DNA dye DRAQ5 (Cell Signaling Technology) in PBS was added to
each well. The monolayers were incubated at room temperature for 10
min, washed once with PBS, and visualized using an ImageXpressMICRO

automated microscope and MetaXpress analysis software (Molecular De-
vices). The number of YopM-Bla-positive cells was calculated by dividing
the number of blue (CCF2-cleaved) cells by the number of green (total
CCF2�) cells. Data from three separate wells were averaged for each ex-
periment.

Type III secretion assay. Visualization of T3SS cargo secreted in broth
culture was performed as previously described (13). Y. pseudotuberculosis
low-calcium medium cultures were grown for 1.5 h at 26°C. Purified
compounds or DMSO was added, and the cultures were switched to 37°C
for another 2 h. The cultures were spun down at 13,200 rpm for 10 min at
room temperature, and the supernatants were transferred to a new Ep-

pendorf tube. Ten percent (final concentration) trichloroacetic acid was
added, and the mixture was vortexed vigorously. Samples were incubated
on ice for 20 min and then spun down at 13,200 rpm for 15 min at 4°C.
The pellet was resuspended in final sample buffer (FSB) plus 20% dithio-
threitol (DTT). Samples were boiled for 5 min prior to running on a
12.5% SDS-PAGE gel. Sample loading was normalized for the bacterial
density (OD600) of each sample. Densitometric quantification of the
bands was done using Image Lab software (Bio-Rad), setting the first
DMSO-treated WT Y. pseudotuberculosis YopE band to 1.00.

RESULTS
Screen to identify T3SS inhibitors. To carry out our HTS (Fig. 1),
we transiently transfected HEK293T cells with a plasmid carrying
an NF-�B-inducible luciferase reporter gene and infected the cells
with Y. pseudotuberculosis carrying a functional T3SS in the pres-
ence of marine-derived natural products or DMSO vehicle con-
trol. The bioluminescence intensity produced by the cultures was
used as a readout of T3SS activity. The in-house natural-products
library used consisted of over 5,000 partially purified “prefrac-
tions” containing 2 to 20 actinobacterium-derived small mole-
cules per prefraction (14, 15). This library has been shown to
contain compounds with specific antimicrobial activities (15) but
has not previously been screened for T3SS inhibitors.

We performed the screen described above on 2,560 prefrac-
tions in duplicate. We identified 355 prefractions that reduced
NF-�B-driven luminescence by 2 standard deviations below the
mean of the DMSO-treated control (see Dataset S1 in the supple-
mental material). This pool of prefractions may contain T3SS in-
hibitors but may also contain compounds toxic to eukaryotic cells,
killing the HEK293T cells before robust NF-�B activation can be
induced. For instance, the known cytotoxins staurosporine and
gliotoxin lowered NF-�B-driven luminescence to 7- and 11-fold
less than that induced by the �yop6 �yopB T3SS-deficient strain,
respectively (Fig. 2A). To exclude prefractions containing po-
tently cytotoxic compounds, we eliminated 217 prefractions that
reduced T3SS-driven luminescence to at least 1 standard devia-
tion below the average luminescence produced by the �yop6
�yopB-infected cells (see Dataset S1 in the supplemental mate-
rial). A total of 92% of these eliminated prefractions also showed
HeLa cell cytotoxicity in work by Schulze et al. (14), validating this
approach.

FIG 1 NF-�B-based HTS to identify small-molecule inhibitors of the Yersinia
T3SS. Y. pseudotuberculosis �yop6 was added to a 384-well plate containing
natural-product fractions or DMSO and incubated for 1.5 h in low-calcium
medium at 37°C to induce formation of the T3SS. The same natural products
were robotically added to a 384-well plate containing HEK293T cells express-
ing an NF-�B-inducible luciferase reporter gene. The induced Y. pseudotuber-
culosis cultures were used to infect the HEK293T reporter cells at an MOI of 7.
Four hours later, NF-�B-driven bioluminescence was measured and served as
a readout of T3SS function in the presence of natural products.
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Of the remaining 138 prefractions, we hypothesized that some
may contain compounds with general antibiotic activity, blocking
Y. pseudotuberculosis replication. In a separate study, Wong et al.
carried out antibiotic mode-of-action profiling on the same nat-
ural-products library using a panel of bacteria. Based on their
findings, we eliminated four additional prefractions that inhibited
Y. pseudotuberculosis growth in broth culture (15) (see Dataset S1
in the supplemental material).

Finally, we eliminated 48 additional prefractions that caused
HeLa cell cytoxicity in the study carried out by Schulze et al. (14)
but did not reduce NF-�B activity in HEK293T cells to the very
low levels seen with staurosporine or gliotoxin (see Dataset S1 in
the supplemental material). This discrepancy in toxicity may be
due to the cell types used (HeLa versus HEK293T) or the time
frame of the experiments (19 h versus 4 h). However, T3SS inhib-
itors that are also cytotoxic toward mammalian cells would be
significantly less useful as T3SS research probes and pretherapeu-
tics. Therefore, we eliminated prefractions displaying such dual
activity, leaving 86 prefractions in our final pool.

Estimating an average of 11 compounds per prefraction, and
one compound per bioactive prefraction responsible for T3SS-
inhibitory activity, the hit rate per compound is �0.3%. This hit
rate is within the range of previously published T3SS inhibitor
screens (16–21).

Identification of piericidins with T3SS-inhibitory activity.
We selected 21 prefractions for further investigation by separating

the small molecules within each prefraction using liquid chroma-
tography-mass spectrometry (LC-MS) to generate “one com-
pound-one well” peak libraries for secondary screening. This ap-
proach provides mass spectrometric, UV absorbance, and
retention time data for all active constituents and permits direct
identification of bioactive compounds from active fractions. We
then used these peak libraries to repeat the experiment described
above (Fig. 1) and identified individual constituents able to inhibit
T3SS-driven NF-�B activation.

We focused on prefraction 1772D, which caused a 3.5-fold
decrease in T3SS-driven NF-�B activation (Fig. 2B). In compari-
son to staurosporine, prefraction 1772D did not cause gross
changes in HeLa cell morphology in the absence of bacteria (Fig.
2C), indicating that the compounds in the prefraction are not
grossly cytotoxic to mammalian cells. Upon further separation,
prefraction 1772D yielded four fractions, corresponding to 31, 32,
43, and 44 min of retention time on the HPLC, that exhibited
significant inhibition of T3SS-driven NF-�B activation (Fig. 3A)
and displayed tractable chromatography for compound isolation
(Fig. 3B). We regrew Streptomyces sp. strain RL09-253-HVS-A,
which produced prefraction 1772D, and reisolated and purified
the bioactive compounds. The structures of two related com-
pounds found in 1772D fractions 31, 32, 43, and 44 were deter-
mined using a combination of NMR and MS experiments
(Fig. 3C; see Fig. S2 and S3 in the supplemental material). We
identified one compound as the piericidin derivative Mer-A

FIG 2 Identification of natural-product fractions that inhibit T3SS-driven NF-�B activation but are not toxic to mammalian cells. (A and B) HEK293T cells
expressing an NF-�B-inducible luciferase reporter gene were infected with Y. pseudotuberculosis �yop6 �yopB (nonfunctional T3SS) or �yop6 (functional T3SS)
in the presence or absence of the cytotoxins gliotoxin and staurosporine (A) or prefraction 1772D identified in our HTS (B). Bioluminescence was measured as
a readout of T3SS function. The averages and standard errors of the mean (SEM) from two independent experiments are shown. *, P � 0.05, and **, P � 0.005
(Student t test) relative to HEK293T cells infected with the �yop6 strain and DMSO treated. (C) HeLa cells were incubated with DMSO, staurosporine, or
prefraction 1772D for 19 h. Fixed cells were stained for tubulin (green), actin (red), DNA (blue), and phosphohistone H3 (to indicate mitosis) (cyan).
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2026B and the other as piericidin A1 (22–24). Piericidins have
previously characterized activity as insecticides, vasodilators, and
inhibitors of the mitochondrial NADH dehydrogenase and as
general antibiotics against certain bacteria (22, 23, 25–27).

Mer-A 2026B and piericidin A1 do not inhibit Yersinia
growth. To confirm that the piericidins did not affect bacterial
replication, we performed growth curves of Y. pseudotuberculosis
in the presence of the purified compounds at 26°C and 37°C and
monitored bacterial growth by optical density (Fig. 4). Piericidin-
treated Y. pseudotuberculosis grew as well as or better than DMSO-
treated bacteria at all tested concentrations up to 143 �M, in
contrast to the known antibiotic kanamycin. We also performed
more sensitive 24-h growth curves by serially diluting and plating
cultures after 0, 3, 6, and 24 h of growth (see Fig. S4 in the supple-
mental material). We observed no difference in bacterial replica-

tion between DMSO- and 143 �M piericidin-treated Y. pseudotu-
berculosis at all time points. As expected, we could not recover any
CFU from kanamycin-treated cultures at 3, 6, or 24 h of growth.

Mer-A 2026B and piericidin A1 inhibit secretion of Yop pro-
teins in vitro. We evaluated the ability of Y. pseudotuberculosis to
secrete effector Yop proteins into broth culture in the presence of
the piericidins or five previously identified, commercially avail-
able T3SS inhibitors (see Fig. S5 in the supplemental material).
MBX-1641 and aurodox were shown to reduce in vitro type III
secretion by Yersinia pestis and Escherichia coli, respectively, and
were chosen as positive controls. In contrast, C15, C22, and C24
were shown to inhibit translocation of effector proteins inside
host cells, but not Yop secretion in vitro, and were chosen as neg-
ative controls (16). We grew Y. pseudotuberculosis in the presence
of purified compounds or DMSO for 2 h at 37°C in the absence of
calcium (T3SS-inducing conditions). We then precipitated the
secreted proteins from the supernatant and analyzed relative pro-
tein abundance using SDS-PAGE analysis.

Mer-A 2026B at a concentration of 71 �M reduced secretion of
the T3SS effector YopE by 45% (P � 0.02), while lower concen-
trations of inhibitor demonstrated a dose-dependent decrease in
inhibition (Fig. 5). Piericidin A1 blocked type III secretion by 65%
(Fig. 5B). MBX 1641 (17) and C15 (16) at a concentration of 71
�M also significantly reduced YopE secretion, although this inhi-
bition was only 22 to 33% (P � 0.05 and P � 0.04, respectively). In
our hands, C22 and C24 did not significantly reduce T3S, which
was consistent with the original report (16). However, C15 did
block in vitro secretion. Aurodox (21) did not significantly inhibit
YopE secretion at the highest concentration used, 12.5 �M (Fig.
5B). We chose not to test aurodox at 71 �M, as Kimura et al. found
concentrations above 12.5 �M cytotoxic to E. coli.

Mer-A 2026B and piericidin A1 inhibit translocation of
YopM. To analyze the ability of the piericidins to block transloca-
tion of Y. pseudotuberculosis T3SS effector proteins, we measured
the translocation of a plasmid-encoded YopM-Bla reporter pro-
tein inside CHO cells using the fluorescent 
-lactamase substrate
CCF2-AM (28). In this assay, the CHO cells are loaded with the
CCF2-AM dye, which normally fluoresces green. If the YopM–
-
lactamase chimeric fusion is translocated into these cells, the dye is
cleaved and the cells fluoresce blue, providing a quantifiable read-
out of T3SS-mediated translocation.

The piericidin derivative Mer-A 2026B significantly reduced
YopM translocation into CHO cells at all concentrations (Fig. 6),
ranging from 9 �M to 143 �M. The 71 �M concentration dis-
played the most robust T3SS inhibition, 75% (P � 0.005). Pieri-
cidin A1 also significantly diminished YopM–
-lactamase trans-
location at concentrations of 36 �M and greater (Fig. 6C). These
results validate the notion that the piericidins identified through
our screen inhibit T3SS effector translocation into eukaryotic
cells.

DISCUSSION

In this study, we screened 2,560 marine-derived extracts from our
in-house natural-products library and identified two previously
undiscovered T3SS inhibitors: piericidin A1 and the piericidin
derivative Mer-A 2026B. These compounds blocked the Y. pseu-
dotuberculosis T3SS in three distinct assays without cytotoxic ef-
fects on Yersinia or mammalian cells.

T3SS inhibitors belong to a novel antibiotic class called viru-
lence blockers, which are designed to prevent normal infection by

FIG 3 Piericidin A1 and the piericidin derivative Mer-A 2026B are the bioac-
tive constituents of prefraction 1772D. (A) Prefraction 1772D was fractionated
by HPLC-MS, and the eluent was rescreened to identify the active constituents.
Fractions from minutes 31, 32, 43, and 44 contained compounds that inhibited
T3SS-driven NF-�B activation in HEK293T cells. The averages and SEM are
shown. *, P � 0.05, and **, P � 0.005 (Student t test) relative to HEK293T cells
infected with the �yop6 strain and DMSO treated from two independent ex-
periments. (B) Chromatogram (HPLC trace) of prefraction 1772D. Bioactive
1772D fractions 31, 32, 43, and 44 are boxed and contained compounds with
related UV absorbance profiles. mAU, milliabsorbance units. (C) Structures of
piericidin A1 and the piericidin derivative Mer-A 2026B identified through
standard MS and NMR analyses.
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disarming pathogenic bacteria. This is in contrast to traditional
antibiotics, which kill both pathogens and commensals alike by
targeting essential pathways, such as cell wall synthesis or transla-
tion (11, 12). Proposed bacterial targets for virulence blockers
include quorum-sensing mechanisms, toxin expression, pili, and
secretion systems (10). Many of these virulence factors, including
T3SS (1), are rarely expressed in nonpathogenic bacteria, so the
majority of the microbiota should be unaffected by virulence-
targeted treatment. This narrower selective pressure may slow
evolution of resistance to T3SS inhibitors (29). In support of this,
recent evidence suggests that resistance to traditional antibiotics
often arises in the abundant commensal flora and is then horizon-
tally transferred to the scarcer pathogens (12, 30).

The HTS reported here is the first T3SS inhibitor screen that
uses the host immune response to measure T3SS function (6). Y.
pseudotuberculosis induces NF-�B activation in HEK293T cells
dependent on expression of a functional T3SS (13). While the
mechanism behind this NF-�B activation remains unclear, sev-
eral bacterial genetic requirements have been resolved. A Y.
pseudotuberculosis �yopB mutant expresses T3SS injectisomes on
its surface but cannot make YopB-dependent pores on host cell
membranes and therefore cannot facilitate the translocation of
T3SS cargo inside target host cells. Importantly, a �yopB mutant
does not trigger NF-�B activation (13). Therefore, NF-�B activa-
tion in HEK293T cells can be used as an indicator of whether the Y.
pseudotuberculosis T3SS is functional. We reasoned that small
molecules that inhibit T3SS assembly or YopB secretion would
block NF-�B activation during Y. pseudotuberculosis infection of
HEK293T cells. Using NF-�B activation as a readout of T3SS
function in an HTS, we found two related compounds that (i)
inhibit secretion of Yop proteins in vitro, which requires assembly
of the T3SS apparatus (31), and (ii) block translocation of YopM
inside mammalian cells, which requires YopB-dependent pore
formation (32). Using these orthogonal assays, we validated that
our HTS can identify genuine T3SS inhibitors.

A benefit of our HTS design is the recognition and exclusion of
small molecules that are cytotoxic to mammalian cells. We ob-
served that compounds toxic to mammalian cells, such as stauro-
sporine and gliotoxin, inhibit NF-�B activation in our HTS to a
level below that induced by a �yopB mutant in the absence of

FIG 5 Mer-A 2026B and piericidin A1 inhibit Yersinia type III secretion in
vitro more robustly than several previously identified T3SS inhibitors. (A) WT
Y. pseudotuberculosis was incubated for 2 h under type III secretion-inducing
conditions in the presence of various concentrations of the piericidin deriva-
tive Mer-A 2026B or DMSO. The secretome was precipitated with trichloro-
acetic acid and analyzed by SDS-PAGE analysis. The intensity of the Coomas-
sie blue-stained band consistent with the size of YopE was quantified relative to
DMSO-treated Y. pseudotuberculosis. The identity of the indicated YopE band
was confirmed by Western blotting (data not shown). (B) The experiment in
panel A was repeated using piericidin A1 and the previously identified, com-
mercially available T3SS inhibitors C15, C22, and C24 (16) and MBX1641 (17)
at a final concentration of 71 �M (data not shown) (16, 17, 21). Aurodox was
used at a final concentration of 12.5 �M (21). The average inhibition of YopE
secretion by the T3SS inhibitors compared to DMSO [(inhibitor-treated YopE
band intensity)/(DMSO-treated YopE band intensity)] and SEM from 3 or 4
independent experiments is shown. *, P � 0.05, and ** P � 0.02 (Student t test)
relative to DMSO-treated WT Y. pseudotuberculosis.

FIG 4 Piericidin A1 and Mer-A 2026B do not affect Y. pseudotuberculosis in vitro growth. Wild-type Y. pseudotuberculosis was grown at 23°C or 37°C with
continuous shaking in the presence of DMSO, kanamycin, or piericidins. The averages 
 SEM of values from three independent experiments [calculated as
follows: (OD600 compound treated)/(OD600 DMSO treated)] are shown.
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inhibitors (Fig. 2A). This enabled us to differentiate generally cy-
totoxic compounds from those with putative T3SS-inhibitory ac-
tivity. In fact, 92% of natural-product-containing fractions that
inhibited NF-�B activation to a level below that induced by �yopB
also caused HeLa cytotoxicity, as measured in a separate study
using the same natural-products library (14). This aspect of our
HTS may be particularly useful for screening potent compound
libraries not yet tested against mammalian cells.

Only one other published HTS for T3SS inhibitors has made
use of nucleated cells, where the authors used a Yop–
-lactamase
translocation assay similar to the one used in Fig. 6 to validate our
HTS results (16). Two other studies by Iwatsuki et al. and Kimura
et al. published HTSs analyzing host-pathogen interactions with
anucleate cells, measuring T3SS-mediated red blood cell lysis (21,
33). One major advantage of the HTS presented here is the use of
a relatively low MOI of 7. We found that using a low MOI enabled
greater sensitivity for identification of bioactive compounds (data
not shown).

Piericidins were first reported in the 1960s as insecticides and
inhibitors of mitochondrial electron transport (25). Later, the
piericidin derivative Mer-A 2026B was discovered and proposed
to have vasodilator activity (22, 23). However, we observed no cell

death or morphological changes to HeLa cells incubated with
�250 �M piericidins for 19 h (Fig. 2C) (reference 14 and unpub-
lished data). It is possible that piericidin A1 and/or Mer-A 2026B
impact only the physiology of specific eukaryotic cell types or that
the cytological profiling study performed on HeLa cells incubated
with these compounds was not sensitive enough to detect changes
to mitochondrial electron transport. In addition, despite reports
in the literature identifying piericidins as antibiotics (26), we ob-
served no effect of either piericidin A1 or Mer-A 2026B on Y.
pseudotuberculosis growth in broth culture (Fig. 4; see Fig. S5 in the
supplemental material). A separate study tested the 1772D pre-
fraction containing piericidin A1 and Mer-A 2026B against a
panel of 15 bacterial pathogens and found inhibitory activity
against only two Gram-positive bacteria, Bacillus subtilis and Lis-
teria ivanovii (15; W. R. Wong and R. G. Linington, unpublished
data). This indicates that piericidin A1 and Mer-A 2026B do not
broadly affect bacterial growth and have a specific impact on the
T3SS in Yersinia.

Interestingly, piericidins and the previously discovered T3SS
inhibitor aurodox both have pyridine rings (Fig. 3C; see Fig. S4 in
the supplemental material) (21). This moiety is relatively rare in
nature, and it is tempting to speculate that these compounds may

FIG 6 Piericidin A1 and Mer-A 2026B prevent translocation of YopM-Bla into eukaryotic cells. CCF2-loaded CHO cells were infected with Y. pseudotuberculosis
expressing a YopM-Bla reporter. The relative efficacy of YopM translocation was measured by quantifying the intensities of uncleaved CCF2 (green) and cleaved
CCF2 (blue). Shown are representative images (A) and the average percentage of blue cells (those that were injected with YopM-Bla) out of the total green cells
(those that took up CCF2) and SEM from 3 or 4 independent experiments (B). *, P � 0.05, and **, P � 0.005 (Student t test) relative to DMSO-treated Y.
pseudotuberculosis.
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share a molecular target. While aurodox was effective against the
E. coli and Citrobacter rodentium T3SSs (21), in our study aurodox
did not significantly inhibit Yop secretion by Y. pseudotuberculosis
(Fig. 5B). It is possible that if aurodox and the piericidins target the
same molecular structure, aurodox is more active against T3SS
belonging to the SPI-2 family, such as that carried by E. coli and
Citrobacter, while the piericidins are more active against Ysc fam-
ily T3SS, such as that utilized by all three pathogenic Yersinia
species (1). Like the piericidins, aurodox has antibiotic activity
toward Gram-positive bacteria but is thought to stall ribosomes by
binding to the active domain of elongation factor Tu (34). More
work is needed to identify the molecular targets of the piericidins
and aurodox in Gram-positive and T3SS-expressing Gram-nega-
tive bacteria.

In addition to aurodox, we compared the relative abilities of
the piericidins and several previously identified T3SS inhibitors to
block Yop secretion in vitro. Mer-A 2026B and piericidin A1 dem-
onstrated the most robust T3SS inhibition, reducing YopE secre-
tion into the culture medium by 45% and 65%, respectively. The
fact that we did not observe a complete block of type III secretion
may suggest an indirect mechanism of inhibition. MBX 1641,
originally identified as an inhibitor of the Pseudomonas aeruginosa
T3SS by Aiello et al. (17), showed a modest but significant reduc-
tion in effector secretion. In contrast, only one of three com-
pounds discovered by Harmon et al. inhibited type III secretion in
our in vitro assay. We were surprised to observe this inhibition by
C15, as the exhaustive study by Harmon et al. proposed that their
compounds interfered with pore formation or host cell contact
(16). One possible reason for the discrepancy is the higher con-
centration of compound used in our assay (71 �M versus 60 �M).

An obvious challenge for the field of virulence blockers is a lack
of standardized drug activity assays. Traditional antibiotics stall
growth or kill bacteria, and therefore, one can compare drug effi-
cacy by assaying for the MIC for growth. In vitro measurements of
secreted effectors may be one useful tool for comparing efficacy
among secretion system inhibitors. Other classes of virulence
blockers require their own comparative assays, and appropriate
dosing will need to be established early in animal studies.

As T3SS are highly conserved among Gram-negative patho-
gens, one inhibitor could be broadly effective against a number of
infections. In fact, the best-characterized T3SS inhibitors, sali-
cylidene acylhydrazides, have been successful against six genera of
bacteria (6). Conversely, narrow-spectrum drugs are likely to be
more useful in the near future as point-of-care nucleic acid testing
enters the clinic and allows rapid, accurate identification of infec-
tious agents (35, 36). Since T3SS inhibitors are less likely to gen-
erate resistance, they also have potential as prophylactics for hu-
mans or in livestock. Follow-up studies on piericidins will
determine if these compounds can block type III secretion by
other pathogens and focus on identifying the molecular target(s).
As flagella are evolutionarily related to T3SS, it will be important
to determine whether piericidins affect flagellar motility. Lastly,
structure-activity relationship studies could increase the potency
of piericidins while abrogating potential off-target effects.

In summary, we have discovered two small molecules, pierici-
din A1 and Mer-A 2026B, with anti-T3SS activity. These com-
pounds blocked in vitro secretion and translocation of T3SS effec-
tors inside host cells but were not toxic to mammalian cells or
Yersinia. Furthermore, the piericidins were more robust in block-

ing Yop secretion than several recently discovered T3SS inhibi-
tors, justifying further study of this new class of T3SS inhibitor.
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