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C. P. 6128, Succ. Centre-Ville, Montréal, Quebec H3C 3J7, Canada3

Received 11 September 2010/Returned for modification 11 October 2010/Accepted 5 December 2010

As bacterial pathogens develop resistance against most currently used antibiotics, novel alternatives for
treatment of microbial infectious diseases are urgently needed. Targeting bacterial virulence functions in order
to disarm pathogens represents a promising alternative to classical antibiotic therapy. Type IV secretion
systems, which are multiprotein complexes in the cell envelope that translocate effectors into host cells, are
critical bacterial virulence factors in many pathogens and excellent targets for such “antivirulence” drugs. The
VirB8 protein from the mammalian pathogen Brucella was chosen as a specific target, since it is an essential
type IV secretion system component, it participates in multiple protein-protein interactions, and it is essential
for the assembly of this translocation machinery. The bacterial two-hybrid system was adapted to assay VirB8
interactions, and a high-throughput screen identified specific small-molecule inhibitors. VirB8 interaction
inhibitors also reduced the levels of VirB8 and of other VirB proteins, and many of them inhibited virB gene
transcription in Brucella abortus 2308, suggesting that targeting of the secretion system has complex regulatory
effects in vivo. One compound strongly inhibited the intracellular proliferation of B. abortus 2308 in a J774
macrophage infection model. The results presented here show that in vivo screens with the bacterial two-hybrid
assay are suited to the identification of inhibitors of Brucella type IV secretion system function.

The increasing resistance to classical antibiotics necessitates
the development of alternative therapeutic strategies against
microbial infectious diseases (36, 47). Genomics-based ap-
proaches, which are aimed at identifying novel targets (29),
have potential to yield new therapeutic approaches; it is nev-
ertheless foreseeable that resistance will eventually develop
against drugs that target vital cell functions. Alternative strat-
egies comprise phage therapy, the stimulation of the host im-
mune system, and the development of “antivirulence” drugs
that specifically target bacterial virulence functions but not
vital cell functions (4, 7, 16, 30). The rationale underlying the
latter approach is that these molecules will disarm pathogens,
permitting their elimination from the body by the immune
system, and that the selection pressure for the development of
resistance mutations will be reduced, as they do not target vital
cellular functions. Recent years have seen significant advances
in this area, especially in type III secretion (T3S) systems,
where promising molecules were discovered (22, 34). Interest-
ingly, many of the active molecules belong to the class of
salicylidene acylhydrazides and have broad-spectrum activity
against Yersinia, Chlamydia, Salmonella, and Shigella species

(33, 37, 39, 46). These molecules were isolated using cell-based
high-throughput screening (HTS) measuring T3S system func-
tions in living cells, and their targets have not been unequivo-
cally identified. In contrast, we have pursued a different ap-
proach based on a well-characterized target with known X-ray
structure from the Brucella type IV secretion (T4S) system
(45).

T4S systems are multiprotein complexes that translocate
macromolecules, such as DNA, proteins, and DNA-protein
complexes, across the cell envelope of Gram-negative bacteria
(3, 5, 15). They are essential virulence factors of many impor-
tant pathogens, such as Agrobacterium, Brucella, Helicobacter,
and Legionella, and this makes them excellent model targets
for the development of antivirulence drugs (7). They typically
comprise more than 10 protein components that assemble into
a transmembrane complex, and the best-studied system, from
the plant pathogen Agrobacterium tumefaciens, with its 12 com-
ponents (VirB1 to VirB11 and VirD4), serves as a reference
model. X-ray crystallography and nuclear magnetic resonance
(NMR) spectroscopy approaches have provided several indi-
vidual T4S protein structures (VirB5, VirB8, VirB10, VirB9,
VirB11, and VirD4) (8, 24, 26, 27, 45, 49, 50). Recent cryo-
electron microscopy (cryo-EM) and X-ray crystallographic
studies revealed that three of them, VirB7, VirB9, and VirB10,
form a macromolecular complex that likely represents a por-
tion of the core T4S system and translocation channel (13, 25).
Two of the available protein structures, VirB8 and VirB11, are
from Brucella species, which cause the most widespread zoo-
notic disease (more than 500,000 cases per year), with signifi-
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cant economic losses of livestock and morbidity in humans in
South and Central America and in Mediterranean and Arabic
countries (2, 10, 43, 51). In addition, Brucella is considered a
potential bioterror threat (48), as it is easily transmitted by
aerosols and it causes long-lasting severe infections that re-
quire treatment with two antibiotics, such as doxycycline and
rifampin or streptomycin, over 4 to 6 weeks (2). In spite of the
aggressive antibiotic therapies used in humans, relapses are
frequent, and this may be due to the fact that Brucella is an
intracellular pathogen that grows inside cells of the reticuloen-
dothelial system (12). Antivirulence drugs that deprive the
pathogen of its essential virulence factor, the T4S system,
would constitute alternatives to or enhancements of current
antibiotic treatment regimens. Previous screening efforts to
isolate T4S inhibitors led to the isolation of molecules that
impact Helicobacter pylori VirB11 ATPase activity and the T4S-
mediated transfer of broad-host-range plasmids, respectively,
but these molecules had limited potency and specificity
(23, 28).

Here, we pursued an approach inspired by previous X-ray
crystallographic studies and structure-function analyses sug-
gesting that dimerization is important for VirB8 functional-
ity (40, 45; D. Sivanesan and C. Baron, submitted for pub-
lication). VirB8 is a bitopic inner membrane protein that
undergoes multiple interactions with other T4S components
via its periplasmic C-terminal domain, and it is an essential
assembly factor (6, 11, 31, 44). We designed a cell-based assay
for the isolation of small molecular inhibitors of VirB8 inter-
actions with the goal of isolating T4S inhibitors. Screening a
small-molecule library identified several specific inhibitors of
VirB8 interactions, and one of these molecules strongly re-
duced the intracellular proliferation of Brucella abortus 2308.
Our results show that we have identified hit molecules (specific
VirB8 interaction inhibitors) that may be suitable for develop-
ment into leads for antivirulence drugs that disarm Brucella.

MATERIALS AND METHODS

Bacterial growth conditions. Escherichia coli strain JM109 was used as the host
for cloning, and strain BTH101 was used for bacterial two-hybrid (BTH) assays
in LB or phosphate-buffered tryptone-glucose-yeast extract-phosphate (TGYEP)
medium (32), as indicated. The B. abortus 2308 wild type and the virB deletion
strain ADH4.2 were cultured on tryptic soy agar (TSA) (Difco/Becton-Dickin-
son, Sparks, MD) or in tryptic soy broth (TSB) at 37°C on a rotary shaker. To test
expression of VirB proteins, B. abortus cultures were inoculated in TSB and
incubated at 37°C with shaking at 200 rpm for 18 to 24 h. The bacteria were
sedimented and resuspended in an equal volume of 1� modified minimal E
medium, pH 5 (35, 41). The cultures were incubated in this virB expression-
inducing medium at 37°C with shaking at 200 rpm for 4 to 5 h; the bacteria were
sedimented and resuspended in 2� Laemmli sample buffer at a concentration of
1 � 1010 CFU/ml and heated at 100°C for 5 min, and the total protein from 1 �
108 CFU (0.01 ml) was loaded per well for separation by SDS-PAGE. Proteins
were transferred to polyvinylidene difluoride (PVDF) membranes by electro-
blotting and detected using primary polyclonal rabbit sera specific for VirB5
(1:1,000), VirB8 (1:5,000), VirB9 (1:5,000), VirB10 (1:5,000), VirB11 (1:5,000),
VirB12 (1:50,000), Bcsp31 (1:5,000), and, as a secondary antibody, goat anti-
rabbit IgG (1:5,000) conjugated to horseradish peroxidase (HRP). HRP activity
was detected with a chemiluminescent substrate (Perkin-Elmer, Waltham, MA).

Plasmid construction and bacterial two-hybrid assay. Plasmids for bacterial
two-hybrid assays were constructed using standard procedures, and assays were
conducted as described previously (44).

Growth of cultures and reporter enzyme assay. The quantification of the
functional complementation mediated by interaction between two proteins was
obtained by measuring �-galactosidase activities in liquid cultures. Cultures of
the cya-deficient strain BTH101 (32) containing the appropriate vectors were

cultivated by shaking (200 rpm) in 2 ml LB or TGYEP medium supplemented
with the appropriate amount of antibiotics and 1 mM isopropyl-�-D-thiogalacto-
pyranoside to induce expression of the T18 and T25 fusion proteins. The �-ga-
lactosidase activities were measured from 20 �l culture incubated with 80 �l Z
buffer (0.06 M Na2HPO4 � 7H2O, 0.04 M NaH2PO4 � H2O, 0.01 M KCl, 0.001 M
MgSO4) containing 8 mg/ml 2-nitrophenyl-�-D-galactopyranoside, 0.01% SDS,
and 50 mM �-mercaptoethanol (modified from reference 17). The reaction
mixtures were incubated for 0.5 h at room temperature, and the reactions were
stopped with 100 �l 1 M Na2CO3. The end products were measured at 420 nm
and 550 nm with a SpectramaxPlus384 Microplate Spectrophotometer Reader
(Molecular Devices) plate reader. Specific activity was calculated as follows:
Miller units � [OD420 � (1.75 � OD550)]/[t � OD600 � (volume in ml)] � 1,000,
where OD600 is the optical density at 600 nm after 12 h of incubation and t is the
time needed for color formation.

Assay optimization and validation for high-throughput screening use. For
high-throughput screening, BTH101 cultures containing the appropriate vectors
were grown under semianaerobic conditions in 96-well plates in TGYEP-me-
dium (1% casein, 0.5% yeast, 1.2% glucose, 0.1 M potassium phosphate buffer,
pH 6.5; modified from reference 9).

The Z� factor for the assay was calculated to assess the variability of the
method and the difference between positive and negative controls {Z� factor �
1 � [3 � (�p � �n)]/	�p � �n	, where � is the standard deviation of positive (p)
and negative (n) controls and � is the mean of positive (p) and negative (n)
controls} (52). Briefly, 96-well plates were divided into two parts; the positive
control, BTH101 carrying plasmids pUT18CB8 and pKT25B8, was placed in 48
wells, and the negative control, BTH101 carrying plasmids pKT25B8 and
pUTC18, was placed in the remaining 48 wells, followed by incubation without
shaking for 12 h at 37°C; the �-galactosidase activities were determined; and the
Z� factor was calculated.

High-throughput screening. Plasmids pUT18CB8 and pKT25B8 (positive con-
trol) and pKT25B8 and pUTC18 (negative control) were freshly transformed
into strain BTH101 and used to inoculate the overnight cultures for screening in
TGYEP medium (100 �g/ml ampicillin and 50 �g/ml kanamycin). The 96-well
plates were prefilled in the wells of columns 2 to 11 with 3 �l of 1 mM the
different compound solutions to be tested dissolved in dimethyl sulfoxide
(DMSO) (15 �M final concentration); the wells of columns 1 and 12 were filled
with 3 �l of pure DMSO and were used for the negative and positive controls
without compounds. The loading of the samples was conducted with a Biomek
FX liquid handler at the McMaster University HTS laboratory from premade
compound-containing plates, and all assays were performed in duplicate.

TGYEP medium supplemented with 1 mM isopropyl-�-D-thiogalactopyrano-
side and antibiotics as described above was inoculated with the appropriate
overnight cultures to an OD600 of 0.05 and immediately added in a volume of 0.2
ml to the predetermined wells of 96-well plates with the compounds to give a 15
�M final concentration or with 3 �l of DMSO for positive and negative controls.
OD readings of the 96-well plates at 420, 550, and 600 nm were subsequently
collected in the SpectramaxPlus384 Microplate Spectrophotometer Reader (Mo-
lecular Devices). The plates were incubated standing at 37°C for 12 h, and 20 �l
of the cultures was subsequently transferred to two new empty 96-well plates,
followed by determination of the �-galactosidase activity, as described above, in
duplicate.

The data analysis was performed in Microsoft Excel. The wells containing the
positive and negative controls were used to determine the relative activities per
plate and to calculate the activity values for each well containing the compounds.
The Z factor (52) for each plate was calculated to assess the variability of the
assay per plate. The Miller unit data obtained from each well were calculated as
an absolute percentage of the residual activity. The residual activities of the plate
and of the replica plate were plotted against each other, and the hit zone was
estimated as the total average minus the standard deviation.

Quantitative RT-PCR analysis. Wild-type B. abortus 2308 was grown as de-
scribed above to express the virB genes. After a 5-h incubation, RNA was isolated
using the Ribo-Pure Bacteria kit from Ambion. Briefly, the bacteria were resus-
pended in 350 �l RNAwiz. The suspension was then added to 0.5 ml zirconium
beads and shaken on a vortex for 45 min to break open the bacteria. After
centrifugation, the supernatant was transferred to a new tube, and 0.2 volume of
chloroform was added. This suspension was mixed very well, and after a 10-min
incubation, the two phases were separated by centrifugation. The aqueous phase
was transferred to a new tube and 0.5 volume of 100% ethanol was added. This
solution was put onto a column, which was washed with 700 �l wash solution 1
and two times with 500 �l wash solution 2/3 by centrifugation. The RNA was
eluted two times in 25 �l water. Before cDNA synthesis, the RNA was first
treated twice with DNase and then cleaned up using Qiagen’s RNeasy MinElute
cleanup kit. For the quantitative reverse transcription-PCR (qRT-PCR), cDNA
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was synthesized from 500 ng of total RNA, and gene expression was determined
with primers for virB1 (RTvirB-F, 5�-TGCCATTCCTTGTCCTCGC-3�;
RTvirB-R, 5�-CCCACCAACGACGCCTATTG-3�), virB6 (RTvirB6-F, 5�-TATG
ATTGCCACGACTGCTGTC-3�; RTvirB6-R, 5�-ATGACGAGTTGCGAAAAC
GG-3�), virB11 (RTvirB11F, 5�-CAGGCAAGACCACACTGATGAAAG-3�;
RTvirB11R, 5�-CGCTTCGCTCGGATAAAACAG-3�), vjbR (RTvjbR-F, 5�-TCTT
TTCATCGCCGTATCCG-3�; RTvjbR-R, 5�-GGTCTTCGTCCTCCACCTCG-3),
bcsp31 (RTbcsp31-F, 5�-ATGATGGCAAGGGCAAGGTG-3�; RTbcsp31-R, 5�-C
TGCGACCGATTTGATGTTTG-3�), and gyrA (RTgyrA-F, 5�-TGATGCCCTC
GTGCGTATG-3�; RTgyrA-R, 5�-TTCCGTGACCTTTTCCAGACG-3�). The
fold change over untreated B. abortus 2308 was calculated.

Macrophage cytotoxicity. The percentage of J774 death was determined by
measuring lactate dehydrogenase (LDH) release using the CytoTox 96 nonra-
dioactive cytotoxicity assay kit (Promega, Madison, WI) following instructions
provided by the manufacturer.

Tissue culture and Brucella infection assays. The mouse macrophage-like cell
line J774A.1 was cultured in Dulbecco’s modified Eagle’s medium (DMEM)
(Gibco, Rockville, MD) supplemented with 10% heat-inactivated fetal bovine
serum and 1% nonessential amino acids (DMEMsup), and macrophage infection
assays (gentamicin protection) were conducted as described previously (20, 21).
All experiments were performed independently in triplicate at least three times,
and the standard error for each time point was calculated.

Protein biochemical work. VirB8 and the dimer site variant VirB8M102R were
overproduced and purified as described previously (40). Analytical ultracentri-
fugation to quantify the effects of inhibitors on dimerization was carried out in a
Beckman Coulter XL-A analytical ultracentrifuge with three concentrations of
VirB8 (A280 � 0.1, 0.3, and 0.5) in a total volume of 120 �l at 4°C in the presence
of a stoichiometric (1:1) ratio of inhibitor to protein concentration (2.6, 7.9, and
13.2 �M) at three different rotor speeds (20,000, 24,000, and 28,000 rpm). All
experiments were conducted in 1% DMSO, which was used to dissolve the
inhibitor. The data were analyzed as described above using Origin 6.0 (Microcal)
and the Sedenterp program.

RESULTS

Adaptation of the bacterial two-hybrid assay and high-
throughput screening for the isolation of inhibitors. Analysis
of the X-ray structures of the periplasmic domains of Brucella
suis and A. tumefaciens C58 VirB8 proteins suggested that they

form dimers, and structure-function analyses showed that the
predicted dimer interfaces are very important for T4S system
function in these pathogens (44; Sivanesan and Baron, submit-
ted) (note that VirB8 proteins are identical in all Brucella
species). Based on these results, we concluded that dimer for-
mation may be a suitable target for small-molecule inhibitors
of T4S, and we established a BTH system-based assay for the
dimerization of Brucella VirB8 in the periplasm (44). The BTH
assay makes use of adenylate cyclase (AC), which is not active
when expressed as two fragments (T18 and T25) in the cyto-
plasm of Escherichia coli strain BTH101 lacking the cyaA gene
encoding AC. Enzyme activity is restored if these fragments
are brought into close proximity by fusion to interacting
proteins, such as full-length VirB8 fused to the C termini of
T18 and T25, which places the C terminus of VirB8 into the
periplasm. The cyclic AMP (cAMP) signal cascade subse-
quently activates the lacZ promoter, and the �-galactosidase
activity can be quantified. Compared to the yeast two-hybrid
system used by others to measure VirB8 interactions (18), this
assay places the C terminus of the protein in the periplasm of
a Gram-negative cell, and this localization reflects the natural
environment of the target VirB8. We reasoned that inhibitors
identified using this approach would have a higher likelihood
to be effective in bacteria than those identified using alterna-
tive in vivo or in vitro approaches. The BTH assay also moni-
tors the dimerization of VirB10 and the formation of VirB8-
VirB10 heterodimers, which served as controls for inhibitor
specificity during the course of the study (44).

As a first step, the assay was adapted for HTS. To this end,
we modified the medium from the LB originally used to
TGYEP medium, which better supported growth and assay
reproducibility under semianaerobic conditions in the 96-well
microtiter plates used for screening. We next determined the
Z� factor, a statistical measure to assess the suitability of assays

FIG. 1. High-throughput screening of the Canadian Compound
Collection for inhibitors of VirB8 dimerization. E. coli strain BTH101
expressing VirB8 as a fusion to the T18 and T25 domains of adenylate
cyclase was cultivated in 96-well microtiter plates in TGYEP medium,
and the �-galactosidase activities reflecting this protein-protein inter-
action were determined in the absence and in the presence of 29,567
molecules from the Canadian Compound Collection. Shown is a plot
of the two screening replicates reported as percent residual activity
relative to the average of the high controls. Hits were identified as
molecules reducing the activity to less than 50% in both replicates
(shown in gray), a statistical cutoff 2 standard deviations below the high
control mean.

FIG. 2. Controls of the specificity of VirB8 interaction inhibitors.
E. coli strain BTH101 expressing fusions of VirB8 or VirB10 or of
interacting leucine zippers (ZIP) to the T18 and T25 domains of
adenylate cyclase was cultivated in 96-well microtiter plates in TGYEP
medium, and the �-galactosidase activities reflecting the protein-pro-
tein interactions were determined in the absence (C [control]) and
presence of 20 inhibitors that specifically inhibited VirB8-VirB8 or
VirB8-VirB8 and VirB8-VirB10, but not VirB10-VirB10 and ZIP-ZIP
interactions (the identities of the molecules are given in Table 1).
Averages from 8 replicates are shown, and the standard deviations are
not shown for clarity.
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for the HTS format (52). To this end, we performed 1,920
assays (960 positive and 960 negative controls) in 20 microtiter
plates, and the Z� factor was 0.59, indicative of acceptable
signal-to-noise and signal-to-background ratios in the com-
pound and control wells, respectively. We next screened the
Canadian Compound Collection of 29,567 compounds (http:
//www.ccbn-rcbc.ca) in duplicate, and the results of the �-ga-
lactosidase assays are shown in Fig. 1. When the cutoff was set
to 50% (2 standard deviations below the positive-control
mean), 345 molecules were identified as primary hits. Control
assays were conducted next in order to determine which of
these molecules were specific for VirB8 interactions.

Identification of VirB8 interaction-specific inhibitors. The
BTH assay is based on the restoration of interactions between
the T18 and T25 domains of AC in the cytoplasm, enabling
cAMP formation and signal transduction to activate the lacZ
gene, followed by �-galactosidase-mediated conversion of a
chromogenic substrate for readout. This signal cascade con-
tains multiple possible targets for small-molecule inhibitors,
and in order to minimize false positives, we assessed the abil-
ities of the compounds to inhibit the VirB8-VirB8 interaction,
as well as VirB8-VirB10, VirB10-VirB10, and interactions be-
tween two leucine zippers. Of the 345 primary hits, 145 inhib-
ited cell growth, 102 did not show reproducible inhibition, and
15 inhibited all four assays; all these molecules were excluded
from further analysis. Twenty-eight molecules inhibited both

FIG. 3. Chemical structures of the 20 VirB8 interaction inhibitors chosen for further analysis after specificity tests.

TABLE 1. Compounds identified in the study, with commercial
supplier and impacts on VirB8-VirB8 and VirB18-VirB10

interaction determined by the BTH assay

Compound
name

Supplier Inhibition of interaction of a:

Code Name VirB8-VirB8 VirB8-VirB10

B8I-1 5175083 Chembridge � �
B8I-2 5367227 Chembridge � �
B8I-3 150035 Sigma � �
B8I-4 BTB01692 Maybridge � �
B8I-5 SPB05636 Maybridge � �
B8I-6 5141291 Chembridge � �
B8I-7 5309022 Chembridge � �
B8I-8 5105343 Chembridge � �
B8I-9 5104971 Chembridge � �
B8I-10 5352775 Chembridge � �
B8I-11 5238271 Chembridge � �
B8I-12 5380602 Chembridge � �
B8I-13 5102966 Chembridge � �
B8I-14 5119025 Chembridge � �
B8I-15 5107400 Chembridge � �
B8I-16 5108183 Chembridge � �
B8I-17 5146442 Chembridge � �
B8I-18 XBX00150 Maybridge � �
B8I-19 SEW05753 Maybridge � �
B8I-20 GK02122 Maybridge � �

a �, inhibition; �, no inhibition.
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VirB8-VirB8 and VirB8-VirB10 assays, and 20 inhibited only
the VirB8-VirB8 assay; detailed inhibition data for these 48
molecules are presented in Table S1 in the supplemental ma-
terial. The effects of the 20 most potent molecules, named
B8I-1 to B8I-20, which were analyzed further as explained
below, are shown in Fig. 2. While the inhibition of VirB8
dimerization was our primary target, small-molecule binding to
VirB8 may impact its conformation and thereby also impact
the VirB8-VirB10 interaction, as VirB10 is believed to be
closely associated with VirB8 in the T4S apparatus (18, 25).
We therefore considered the molecules that inhibited both
VirB8 interactions potentially interesting. In contrast, we ex-
cluded molecules with impacts on VirB10 dimerization and the

leucine zipper assay from further analysis, as they likely target
components of the cAMP signal transduction pathway. Most of
the compounds comprise aromatic structures, and they belong
to different chemical classes, suggesting that the inhibitory
potential is not linked to a specific family of molecules (Fig. 3;
the nomenclature is explained in Table 1).

Assays of toxicity for Brucella and mammalian cells. We
next wanted to determine whether the VirB8 interaction in-
hibitors impact the T4S complex in its natural environment in
Brucella and during infection assays. To exclude molecules that
inhibit bacterial growth or the viability of mammalian cells, we
tested the 19 (molecule B8I-5 was no longer available from the
supplier) most potent inhibitors of VirB8 interactions first for

TABLE 2. Toxicities of VirB8 interaction inhibitors against mammalian cellsa

Compound Concn (�M) % Cytotoxicity Compound Concn (�M) % Cytotoxicity

DMSO NA 0 12.5 16
B8I-1 50 96 5 13

25 93
12.5 2 B8I-12 50 9
5 0 25 8

12.5 8
B8I-2 50 9 5 6

25 0
12.5 0 B8I-13 50 100
5 0 25 100

12.5 100
B8I-3 50 20 5 27

25 0
12.5 0 B8I-14 50 4
5 0 25 0

12.5 0
B8I-4 50 25 5 0

25 19
12.5 11 B8I-15 50 50
5 0 25 16

12.5 0
B8I-6 50 17 5 0

25 10
12.5 13 B8I-16 50 0
5 14 25 1

12.5 0
B8I-7 50 100 5 0

25 100
12.5 100 B8I-17 50 16
5 100 25 8

12.5 4
B8I-8 50 13 5 3

25 17
12.5 14 B8I-18 50 53
5 12 25 50

12.5 48
B8I-9 50 7 5 37

25 6
12.5 8 B8I-19 50 42
5 8 25 45

12.5 49
B8I-10 50 12 5 0

25 10
12.5 14 B8I-20 50 10
5 15 25 17

12.5 0
B8I-11 50 53 5 0

25 36

a Determined using the cytotox96 kit (Promega). The averages of results from parallel experiments in three wells are shown. The DMSO used to dissolve the
compounds was not toxic, and values were set to 0%. NA, not applicable.
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cytotoxicity against mammalian cells using a lactate dehydro-
genase release assay. This approach revealed that 4 com-
pounds were highly toxic at concentrations as low as 12.5 �M,
and they were excluded from further analysis (Table 2). Sec-
ond, we tested the impact of the VirB8 inhibitors on the growth
of B. abortus 2308 in rich TSB and mammalian cell cultivation
medium (DMEM), which is used for infections. With the ex-
ception of compound B8I-3, which reduced bacterial growth
only in DMEM, none of the compounds inhibited growth (Ta-
ble 3). The 15 molecules that were not toxic for mammalian
cells were then tested for their impacts on the T4S system in
Brucella and on its intracellular replication in J774 macro-
phages.

VirB8 interaction inhibitors reduce VirB protein levels and
virB gene transcription. The levels of many VirB proteins are
reduced in a virB8 gene deletion mutant of B. abortus 2308
(20), and this may be due to the destabilization of these pro-
teins when the complex does not assemble properly in the
absence of VirB8. The inhibition of VirB8 dimerization may
similarly impact T4S complex stability, and to assess this pos-
sibility, B. abortus 2308 was cultivated in virulence gene-induc-
ing minimal medium in the presence of VirB8 interaction
inhibitors, and VirB protein levels were analyzed by Western
blotting. Cultivation in the presence of 10 of the inhibitors
strongly reduced the amounts of VirB5, VirB9, VirB10, and
VirB11 (Fig. 4), which is similar to observations made in the
virB8 gene deletion strain (20), and there was no effect on the
levels of a control protein that is not involved in T4S (Bcsp31).
Interestingly, these molecules also reduced the amounts of
VirB8, suggesting that the inhibition of dimerization may de-
stabilize the protein or that they have additional effects, e.g.,
on virB operon expression. To assess the latter possibility, we
measured the impacts of these molecules on virB operon tran-

scription using a strain carrying a chromosomal virB-lacZ fu-
sion. We observed a reduction of transcription to levels of 30%
to 60% of the DMSO control in the case of nine molecules
(B8I-2, B8I-3, B8I-8, B8I-9, B8I-11, B8I-12, B8I-14, B8I-16,
and B8I-17), which in some cases was as pronounced as that by
a C12-homoserine lactone (HSL) (30% of control), a known
inhibitor of virB operon transcription (reference 19 and data
not shown).

To gain more detailed insights into the effects on transcrip-
tion, we compared the effects of C12-HSL and of the most
potent molecule, B8I-2, on virB gene transcription by quanti-
tative RT-PCR. After cultivation of B. abortus 2308 in the
presence of C12-HSL (5 �M) and B8I-2 (10 �M), RNA was
isolated and analyzed by quantitative RT-PCR. This analysis
revealed that C12-HSL and B8I-2 have strongly negative ef-
fects on virB gene levels as measured with probes specific for
virB1, virB6, and virB11 (Fig. 5). Gyrase mRNA levels that did
not change were taken as negative standards, and similarly, the
levels of mRNA encoding the control protein Bcsp31 did not
change significantly. Interestingly, we noticed that both C12-
HSL and B8I-2 modestly reduced the levels of vjbR mRNA,
albeit not as strongly as virB mRNA levels, suggesting that
quorum-sensing regulation may be involved in the effects of
B8I-2 on virB transcription. The above results show that many
of the VirB8 dimerization inhibitors have strong negative ef-
fects on the T4S system in Brucella, and we next tested whether
they impact bacterial virulence in an infection model.

VirB8 interaction inhibitor B8I-2 strongly reduces intracel-
lular survival of Brucella in macrophages. To determine their
T4S-dependent capacity for intracellular survival, B. abortus
2308 was cocultivated with macrophages for 20 min. After this
cocultivation, extracellular bacteria were washed away with
phosphate-buffered saline (PBS) and growth medium contain-
ing gentamicin, and the compounds were added to each well.
Survival was determined after 48 h of infection by lysis of the
macrophages and plating to determine the number of intracel-
lular bacteria. The inhibitors were added, together with gen-
tamicin, at concentrations of 12.5 and 5 �M, respectively. In
the absence of inhibitors, we observed a 5-log-unit difference
between wild-type bacteria and either a T4S mutant or the wild
type treated with the virB gene transcription inhibitor C12-
homoserine lactone (5 �M) (Fig. 6A). Whereas most inhibitors
did not significantly impact intracellular replication, molecule
B8I-2 had a very significant negative effect (Table 4) on
growth, as measured after 48 h. Tests with a larger number of

FIG. 4. Impacts of VirB8 interaction inhibitors on VirB protein
levels in B. abortus 2308. Brucella was cultivated in a virulence gene-
inducing minimal medium in the presence of small molecules, as in-
dicated. C, DMSO control; HSL, C12-homoserine lactone; and VirB8
interaction inhibitors (B8I- plus numbers above lanes). B. abortus cells
were lysed, followed by SDS-PAGE and Western blotting with specific
antisera as indicated.

TABLE 3. Toxicities of VirB8 interaction inhibitors at
concentrations not toxic for mammalian cells against

B. abortus 2308

Compound Concn (�M)
Toxicitya

TSB DMEM

DMSO NA 1.00 1.00
B8I-1 12.5 0.99 1.00
B8I-2 12.5 1.00 1.01
B8I-3 12.5 1.00 0.84
B8I-3 5 1.00 0.96
B8I-4 5 1.00 0.99
B8I-6 25 0.99 0.99
B8I-7 5 1.00 0.99
B8I-8 12.5 1.00 0.99
B8I-9 50 1.00 0.98
B8I-10 50 1.00 0.99
B8I-11 12.5 0.98 1.00
B8I-12 50 1.01 1.00
B8I-14 12.5 1.00 0.99
B8I-15 12.5 0.99 1.01
B8I-16 12.5 1.02 1.04
B8I-17 12.5 1.00 1.01
B8I-19 5 0.99 0.98
B8I-20 12.5 0.99 0.99

a B. abortus 2308 was grown in rich medium (TSB) or in DMEM. The ratios of
surviving bacteria grown in the presence of VirB8 interaction inhibitors to bac-
teria grown in their absence are shown (averages of duplicate assays). NA, not
applicable.
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concentrations revealed a 4-log-unit reduction of Brucella pro-
liferation at concentrations of 8 and 12.5 �M, respectively (Fig.
6A and Table 4) (P � 0.00001 for 5 �M; P � 0.000003 for 12.5
�M). A time course study showed that the addition of B8I-2 as

late as 2 h after infection inhibited intracellular replication
measured after 48 h, but the strongest effects were observed
when it was added during infection, suggesting that the mole-
cule impacts an early event of the infection process (Fig. 6B).

FIG. 5. Impacts of B8I-2 and C12-HSL on transcription in B. abortus 2308. Brucella was cultivated in virulence gene-inducing minimal medium
in the presence of small molecules as indicated. qRT-PCR was performed using primers for virB1, virB6, virB11, vjbR, gyrA, and bcsp31. The fold
change was calculated over untreated Brucella. B8I-2, 10 �M; C12-HSL, 5 �M.

FIG. 6. Effects of inhibitor B8I-2 on the intracellular replication of B. abortus 2308. (A) Replication of the Brucella wild type (wt) and virB
deletion mutant (
virB) inside J774 macrophages and effects when C12-homoserine lactone (5 �M) and B8I-2 at the concentrations shown were
added at the end of the cocultivation period. (B) Replication of the Brucella wild type and virB deletion mutant inside J774 macrophages and effects
when B8I-2 (10 �M) was added at the end of the cocultivation period, after the wash with fresh medium, or at the times shown after the elimination
of extracellular bacteria with gentamicin. (C) Time course of effects of B8I-2 on intracellular survival and replication. B8I-2 was added at 10 �M
at the beginning of the assay and maintained throughout the 48-h period. The data shown are compiled from two independent assays, each
performed in triplicate. (D) Structure of B8I-2, a salicylidene acylhydrazide. The error bars represent the standard deviations; the asterisks indicate
significance at a P value of �0.05.
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To gain more detailed insights into the timing of inhibitor
action, we measured the kinetics of intracellular replication 1,
5, 24, and 48 h after infection, showing that B8I-2 inhibits
replication between 5 and 24 h (Fig. 6C and Table 5). Micro-
scopic observations and assays of lactate dehydrogenase re-
lease into the culture supernatant showed that the presence of
the inhibitor does not increase cell lysis in infected cells (Table
5). The time course of infection in the presence of B8I-2 is very
similar to that of virB gene deletion mutants (20, 21), suggest-
ing that the effect is due to direct effects on the secretion
system. Interestingly, B8I-2 is a salicylidene acylhydrazide (Fig.
6D) and therefore similar to members of a class of compounds
that were shown to be active against a wide variety of T3S
systems in different bacteria (34).

To assess whether potent VirB8 interaction inhibitors have
similar broad-spectrum activity against other T4S systems, we
tested the impact of the qualitatively most potent VirB8 inter-
action inhibitors, B8I-1 to B8I-5, on the T4S system-mediated
conjugative transfer of plasmids RP4 and pKM101 between
E. coli cells. None of the molecules impacted the conjugative
transfer at concentrations as high as 50 �M, showing that,
unlike some T3S system inhibitors, they do not have broad-
spectrum activity against T4S (results not shown).

The VirB8 interaction inhibitor B8I-2 inhibits dimerization
in vitro. Since the experiments described above raise some
questions about the mechanism of inhibitor action, we verified
whether binding of inhibitor B8I-2 impacts the dimerization of
VirB8, the primary target in the BTH assay. VirB8 and the
dimer site variant VirB8M102R were overproduced and puri-
fied, and their dimerization was analyzed by analytical ultra-
centrifugation as in previous work (40). The apparent dissoci-
ation constant (Kd) was calculated to be 144 �M for wild-type
VirB8, whereas the dimer site variant VirB8M102R was a mono-
mer (Fig. 7), which is very similar to the data we previously
reported (40). In contrast, when the experiment with VirB8
was carried out in the presence of stoichiometric amounts of
B8I-2 (1:1 ratio), the protein was also present as a monomer
(Fig. 7). These results are consistent with the effect of B8I-2 in
the BTH assay and suggest that it inhibits the dimerization of
VirB8.

DISCUSSION

Here, we present the results of a structure-inspired HTS
approach aimed at identification of T4S inhibitors targeting
the dimerization of one of its key components, VirB8. The
amino acids at the dimer interface were shown to be important
for virulence in B. abortus 2308 (40), and more recent work in
the A. tumefaciens systems further substantiated the impor-
tance of this region of the protein for T4S (Sivanesan and
Baron, submitted). In contrast to other groups that identified
T3S inhibitors using cell-based screens, we used a structurally
well-characterized target, and this allowed us to identify
compounds that interfere with an interaction required for its
function. This approach with a well-characterized target
may facilitate future development of the small molecules
through iterations of chemical synthesis, followed by func-
tional assays and structural analysis of VirB8-inhibitor com-
plexes.

The HTS approach identified several hundred potential in-
hibitors, and follow-up controls eliminated most compounds,
with only 48 acting as specific inhibitors of VirB8 interactions.
This reduction in the number of molecules is typical for screen-
ing projects, which tend to discover a large number of primary
hits but eliminate 90% or more of the molecules in follow-up

TABLE 5. Time course showing the impacts of inhibitor B8I-2
at 10 �M on intracellular replication in macrophages and

on cell survival

Time
(h)

Presence of B8I-2
(10 �M)b

Avg
replicationa SD %

Cytotoxicity

1 � 4.60 0.11 0
1 � 4.54 0.11 0
5 � 4.38 0.09 0
5 � 4.63 0.15 0
24 � 3.56 0.19 0
24 � 1.24 0.69 0
48 � 5.31 0.20 0
48 � 1.91 1.78 0

a Intracellular growth of B. abortus 2308 was quantified by lysis of macro-
phages, dilution, and plating (replication is shown on a logarithmic scale). The
toxicity of B8I-2 was assessed using the cytotox96 kit (Promega). Averages from
two replicates with three wells per replicate are shown.

b �, present; �, absent.

TABLE 4. Impacts of VirB8 interaction inhibitors on intracellular
replication in macrophagesa

Compound Concn (�M) Avg replication SD

DMSO NA 4.98 0.20
C12-HSL 5 0.17 0.41
B8I-1 12.5 5.18 0.31
B8I-1 5 5.36 0.20
B8I-2 12.5 1.17 1.61
B8I-2 8 1.17 1.83
B8I-2 5 3.85 0.23
B8I-2 4 4.09 0.37
B8I-2 1 4.84 0.26
B8I-3 12.5 5.56 0.25
B8I-3 5 5.44 0.31
B8I-4 5 4.61 0.39
B8I-6 12.5 4.46 0.40
B8I-6 5 4.39 0.44
B8I-8 12.5 3.99 0.60
B8I-8 5 4.33 0.57
B8I-9 12.5 4.74 0.53
B8I-9 5 4.69 0.46
B8I-10 12.5 4.87 0.44
B8I-10 5 4.71 0.51
B8I-11 12.5 3.99 0.67
B8I-11 5 4.48 0.73
B8I-12 12.5 4.23 0.85
B8I-12 5 4.13 0.41
B8I-14 12.5 4.73 0.60
B8I-14 5 4.33 0.83
B8I-15 12.5 5.15 0.33
B8I-15 5 5.18 0.26
B8I-16 12.5 5.13 0.05
B8I-16 5 5.16 0.07
B8I-17 12.5 5.13 0.20
B8I-17 5 5.18 0.24
B8I-20 12.5 5.53 0.27

a Intracellular growth of B. abortus 2308 after 48 h was quantified by lysis of
macrophages, dilution, and plating (replication is shown on a logarithmic scale).
Averages from three replicates with three wells per replicate are shown. NA, not
applicable.

1040 PASCHOS ET AL. INFECT. IMMUN.



controls. Our choice of a cell-based screen using an assay in
Gram-negative bacteria was aimed at isolating molecules that
do not inhibit vital cell functions in bacteria, and it was there-
fore not surprising that VirB8 interaction inhibitors were gen-
erally not toxic for Brucella. However, only one of the mole-
cules (B8I-2) had a significant impact on the intracellular
growth of B. abortus 2308 in macrophages, suggesting that the
other molecules may not be sufficiently potent or that they may
not be able to penetrate into mammalian cells. We did not
measure penetration into mammalian cells in the context of
this work, but the analysis of the negative impact of VirB8
interaction inhibitors on VirB protein levels and virB operon
transcription suggests that many of them reach their target in
B. abortus. A notable exception was molecule B8I-1, which
inhibited the VirB8 interaction in the BTH assay. In contrast to
B8I-2 and many other molecules, B8I-1 did not reduce VirB
protein levels in B. abortus, suggesting that it does not pene-
trate into the cells. Alternatively, the inhibitor may be able to
bind to VirB8 alone as in the BTH assay, but not in the context
of an assembled T4SS in which VirB8 interacts with other
proteins. This explanation may apply equally to other mole-
cules that are active in the BTH assay but not effective in
Brucella. It will be interesting in future to modify this molecule
and others by chemical synthesis in order improve their po-
tency as inhibitors and their ability to penetrate into cells.

The molecule B8I-2 is the most promising inhibitor resulting
from these studies, and several features underline this conclu-
sion. First, it inhibited intracellular growth of B. abortus 2308 in
J774 macrophages at relatively low �M concentrations, which

compares very advantageously with the secretion system inhib-
itors isolated by others, which require high �M concentrations
for biological effects. Second, B8I-2 is a salicylidene acylhydra-
zide and is structurally similar to a class of molecules that have
broad-spectrum activity against T3S systems (34). This similar-
ity may be fortuitous, as benzylidene acylhydrazides are com-
mon building blocks in chemical libraries generated for HTS
experiments, and T3S systems do not contain VirB8 ho-
mologs that could serve as targets. Also, the most active
molecules isolated here did not have broad-spectrum activ-
ity against other T4S systems, arguing for a specific target
interaction. However, the T3S target could have structural
similarities to VirB8, and it will therefore be interesting to test
the effect of B8I-2 on the T3S and, reciprocally, to test the
effect of T3S inhibitors on VirB8 interactions and T4S system
function. Third, the observation that B8I-2 and several other
VirB8 interaction inhibitors reduce virB operon transcription
in B. abortus 2308 is intriguing, since similar observations were
reported in the case of salicylidene acylhydrazide T3S inhibi-
tors (33, 38). However, in contrast to the active T3S inhibitors,
the 20 molecules that are VirB8 interaction inhibitors in the
BTH assay described here belong to different chemical classes,
and they were all identified based on their specific activity
against one common target, VirB8. Therefore, it is very un-
likely that they all inhibit different alternative targets with the
common result of reduced transcription of the virB operon in
B. abortus 2308. A more likely explanation for the effect on virB
gene transcription is that the inhibition of dimerization inhibits
VirB8 interactions (VirB8-VirB8 and in many cases also

FIG. 7. Sedimentation equilibrium analysis of the dimerization of VirB8. Analytical ultracentrifugation to analyze the self-association of
wild-type VirB8 alone (WT) or in the presence of B8I-2 (WT � B8I-2) and of the dimer site variant VirB8M102R (M102R). The lower graphs show
a representative fit of the experimental data to a monomer/dimer model in the case of VirB8 and to a single-species (i.e., monomer) model in the
case of VirB8 plus B8I-2 and M102R. The upper graphs show the residuals of the fit. The representative fits shown here were taken from the data
obtained for proteins at an A280 of 0.5 and rotor speeds of 20,000, 24,000, and 28,000 rpm in a Beckman Coulter XL-A analytical ultracentrifuge.
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VirB8-VirB10), and as a consequence, other T4SS components
do not assemble properly and are destabilized. The accumula-
tion of misfolded and improperly assembled proteins may in-
duce a feedback loop, e.g., similar to the envelope stress re-
sponse system, such as CpxA/CpxR, and this response may
reduce virB gene transcription. A CpxA/CpxR system regulates
Dot/Icm components and T4S substrates in Legionella (1), but
until now, little was known with regard to the implications of
such systems for T4S-related processes in Brucella. The fact
that C12-HSL and B8I-2 have qualitatively similar negative
effects on virB gene transcription and that they modestly re-
duce levels of the vjbR mRNA suggests that the quorum-
sensing regulon may be involved. In future studies, it would be
interesting to conduct comparative transcriptome analysis to
assess whether VirB8 interaction inhibitors and HSLs drive
similar responses. The regulation of virB operon transcription
is complex, and nutrient deprivation and quorum sensing are
the best-characterized effectors (42). The work described here
may lead to the discovery of another regulatory circuit and
thereby advance understanding of virulence gene regulation in
Brucella.

In conclusion, using a target-based HTS in a cell-based as-
say, we have isolated a series of potent hit molecules that may
have potential as leads for the development of antivirulence
drugs. The development of biochemical assays to measure tar-
get interaction and structural studies (analysis of VirB8 inhib-
itor complexes) are the next steps required on the path to drug
development. Given the abundance of structural information
on secretion systems, similar approaches to identify inhibitors
of type III or other secretion systems should discover hit mol-
ecules that are suitable for leads and drug development in
future. In addition to their potential as drugs, secretion system
inhibitors could prove to be valuable tools for investigating the
mechanisms of secretion systems or the time course of T4S
activity during infection (14).
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