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Brucella spp. are pathogenic intracellular Gram-negative bacteria adapted

to life within cells of several mammals, including humans. These bacteria

are the causative agent of brucellosis, one of the zoonotic infections with

the highest incidence in the world and for which a human vaccine is still

unavailable. Current therapeutic treatments against brucellosis are based

on the combination of two or more antibiotics for prolonged periods,

which may lead to antibiotic resistance in the population. Riboflavin (vita-

min B2) is biosynthesized by microorganisms and plants but mammals,

including humans, must obtain it from dietary sources. Owing to the

absence of the riboflavin biosynthetic enzymes in animals, this pathway is

nowadays regarded as a rich resource of targets for the development of

new antimicrobial agents. In this work, we describe a high-throughput

screening approach to identify inhibitors of the enzymatic activity of ribo-

flavin synthase, the last enzyme in this pathway. We also provide evidence

for their subsequent validation as potential drug candidates in an in vitro

brucellosis infection model. From an initial set of 44 000 highly diverse

low molecular weight compounds with drug-like properties, we were able

to identify ten molecules with 50% inhibitory concentrations in the low

micromolar range. Further Brucella culture and intramacrophagic replica-

tion experiments showed that the most effective bactericidal compounds

share a 2-Phenylamidazo[2,1-b][1,3]benzothiazole chemical scaffold. Alto-

gether, these findings set up the basis for the subsequent lead optimization

process and represent a promising advancement in the pursuit of novel and

effective antimicrobial compounds against brucellosis.

Introduction

Brucellosis is one of the major zoonotic infections

worldwide, causing devastating economic losses to the

livestock industry and deleterious effects in humans

[1–3]. It is caused by the pathogenic intracellular

Gram-negative bacteria Brucella spp. and is transmit-

ted to humans through direct contact with infected
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animals or by consumption of infected, unpasteurized

animal-derived products. The disease is essentially

endemic in marginalized populations in low-income

countries, reason why the World Health Organiza-

tion has recently classified it as a neglected zoonotic

disease [4].

With an estimated rate of 500 000 infections per

year [5], there is still no available vaccine against

human brucellosis. Current recommended antibiotic

treatments involve prolonged administration regimens

with two or more antimicrobial drugs to prevent

relapses, which can cause undesired side effects on the

patients and lead to antibiotic resistance in the popula-

tion [2,6]. In addition, brucellosis may be complicated

by life-threatening conditions such as endocarditis,

neurobrucellosis or osteoarticular infections, which

may require even longer or more aggressive therapeu-

tic treatments [7,8]. Therefore, to deal with all these

issues, there is a need for the development of new and

effective antimicrobials against brucellosis.

Riboflavin (vitamin B2) is the precursor for the

biosynthesis of flavin mononucleotide and FAD [9],

two key redox cofactors involved in a variety of cellu-

lar metabolic processes [10]. While bacteria, plants,

and fungi are able to biosynthesize riboflavin, humans

and animals must obtain it from their diet, positioning

riboflavin biosynthetic enzymes and regulatory factors

as promising specific targets for antimicrobial therapies

[11]. In fact, riboflavin biosynthesis has been shown to

be essential in many pathogenic bacteria that lack

riboflavin transporters, such as Mycobacterium tuber-

culosis, Brucella abortus and some Salmonella and

Escherichia species [12–16].
The biosynthetic riboflavin pathway has been

described in detail [9,17–19]. lumazine synthase (LS, EC

database: 2.5.1.78) catalyzes the penultimate step, allow-

ing the condensation of 5-amino-6-ribitylamino-2,4

(1H,3H)-pyrimidinedione with 3,4-dihydroxy-2-butanone-

4-phosphate to generate 6,7-dimethyl-8-ribityllumazine.

Riboflavin synthase (RS, EC database: 2.5.1.9) catalyzes

the last step, which corresponds to the dismutation of

two molecules of 6,7-dimethyl-8-ribityllumazine (a and

b) to yield one molecule of riboflavin c, with the regener-

ation of one molecule of 5-amino-6-ribitylamino-2,4

(1H,3H)-pyrimidinedione d (Fig. 1A).

Our laboratory has studied in detail these enzymes

from B. abortus. For the former, we have identified

two isoenzymes (RibH1 and RibH2/BLS) and charac-

terized their tertiary and quaternary structures as well

as their biochemical properties [20,21]. We have also

assayed the relevance of the RibH enzymes in bacterial

infection and demonstrated that the presence of at

least one functional LS enzyme is essential for

intracellular survival and that RibH2/BLS is necessary

for mice colonization. Moreover, RibH2/BLS consti-

tutes a major candidate for the development of a sub-

unit vaccine against brucellosis [14,22–24]. On the

other hand, RS has been proposed as another impor-

tant immunogenic candidate protein for the develop-

ment of a brucellosis subunit vaccine [25]. More

recently, our group has described the crystallographic

structure of RS, both as apo-protein and in complex

with a few ligands of interest, namely one of the prod-

ucts of the reaction (riboflavin) and two product ana-

logues [roseoflavin and 5-nitro-6-ribitylamino-2,4

(1H,3H)-pyrimidinedione], which lead to the descrip-

tion of its active site (Fig. 1B) [26].

The structure-based design and synthesis of com-

pounds with inhibitory activity against LS and RS

have long been studied [27–36]. However, those com-

pounds are very polar and thus not suitable for drug

development. Interestingly, a high-throughput screen-

ing (HTS) hit compound targeting M. tuberculosis RS

demonstrated antibiotic activity in vitro, although an

off-target effect could not be totally discarded [37]. We

here describe the development of a HTS assay for the

identification of compounds with inhibitory activity

against Brucella spp. RS and validate them in an

in vitro model of brucellosis infection. We have identi-

fied a series of five hit compounds with drug-like prop-

erties sharing a common 2-Phenylamidazo[2,1-b][1,3]

benzothiazole (PABT) chemical scaffold. These com-

pounds also displayed in vivo bactericide activity

against B. abortus and impaired bacterial replication in

macrophagic cells. These results constitute a promising

starting point for the rational design of effective drugs

against brucellosis and other relevant infectious

diseases.

Results

Development of a mobility shift-based screening

assay (MSA) for RS inhibitors

We developed a mobility shift-based screening assay

(MSA) based on the competitive binding of both ribo-

flavin and inhibitor compounds to the active site of

the enzyme. The screening uses microfluidic technology

and is based on the differential migration of substrate

and product in an electrophoretic separation. Thus,

the presence of compounds with RS inhibitory activity

was detected as a decrease in the fluorescence signal of

riboflavin.

The MSA primary screening was performed over a

highly diverse library of 44 000 low molecular weight

(MW) compounds with drug-like properties. This
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screening was run under initial velocity conditions pre-

viously determined by both HPLC and the microflu-

idic system (Figs 2 and 3). A fluorescent peptide

(JAK3) was used as an internal standard to compen-

sate for the weak fluorescence of the substrate and to

quantify product formation. A primary output of the

run is shown in Fig. 4 as an example. The assay was

developed in an off-chip mode and at a single com-

pound concentration of 30 lM. As the hit calling crite-

rion, the threshold value was set to 30% inhibition,

resulting in a total of 163 hits (Fig. 5). Subsequently,

the primary screening was validated by determining

50% inhibitory concentrations (IC50) values by per-

forming dose–response curves. Table 1 shows the 10

most potent compounds found by this approach. The

IC50 values range between 2 and 32 lM, with IA-79-

AF08 (inhibitor 1) being the most potent with an IC50

of 2.4 lM. The dose–response curves obtained for IA-

79-AF08 and the other selected compounds are shown

in Fig. 6.

Structural analysis of the hits

The chemical structures of the 10 compounds with the

highest RS inhibitory activities in the dose–response
secondary screening are shown in Fig. 7. According to

their structure, these molecules can be clustered into

two groups. The first group, which is presented in the

upper row of Fig. 7 (inhibitors 4, 5, 6, 9, and 10),

comprise compounds that share a common chemical

scaffold, namely a 2-PABT core formed by a heteroaro-

matic system of three rings linked to a phenyl group

and two principal substituents: an alkyl or ethoxide

group at position R1 and an aliphatic group with a ter-

minal tertiary amine at position R2 (Fig. 8). On the

other hand, the bottom row of Fig. 7 shows the rest of

the studied compounds (inhibitors 1, 2, 3, 7, and 8),

without major chemical similarities, and which includes

the most potent of the in vitro series, namely IA-79-

AF08.

Nowadays, the probability of a small molecule to

become an effective drug is established by the Lipinski

‘rules of five’and other criteria that evaluate the

physicochemical properties of the compounds accord-

ing to: (a) MW ≤ 500 Da; (b) lipophilicity index clogP

≤ 5; (c) number of hydrogen bond acceptors (HBA)

≤ 10; (d) number of hydrogen bond donors (HBD)

≤ 5; (e) number of rotatable bonds (nRot) ≤ 10 and (f)

the bioavailability descriptor topological polar surface

area (tPSA) < 140 �A2 [38–41]. A comprehensive analy-

sis of the physicochemical properties of the selected

hits revealed that, while compounds 1, 2, 7, and 8

Fig. 1. RS catalysis and structure. (A) Reaction catalyzed by RS. A donor 6,7-dimethyl-8-ribityllumazine molecule a transfers a four carbon

atom moiety to an acceptor 6,7-dimethyl-8-ribityllumazine molecule b generating riboflavin c and the side product 5-amino-6-ribitylamino-2,4

(1H,3H)-pyrimidinedione d. (B) Crystal structure of Brucella abortus RS (as apo enzyme) determined by our group (PDB: 4FXU) [26]. The

inset shows a model of the putative location of the substrate molecules in the active site.
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presented slightly higher values in some of the

properties, the PABT subset fulfilled the criteria estab-

lished for drug-like candidates (Table 2). In particular,

the PABT compounds presented lower tPSA values

(< 90 �A2), suggesting that they might display higher

membrane passive diffusion rates in vivo [42].

Inhibition of B. abortus growth in culture

The inhibition of the RS activity in vivo is expected to

abolish the capacity of Brucella to grow in a regular

medium that does not contain high amounts of ribofla-

vin. Thus, we evaluated whether the 10 selected RS

inhibitors had an antibacterial effect on B. abortus on

liquid cultures. We observed that the five compounds

of the PABT subset were effective in decreasing the

bacterial growth throughout the entire duration of the

experiment (Fig. 9A). Remarkably, cultures treated

with inhibitor 4, 6 or 10 completely abolished bacterial

growth. On the other side 1, the compound that

showed the highest in vitro inhibition activity on RS,

was unable to inhibit Brucella growth. This observa-

tion may be due to the fact that inhibitor 1, along with

2, 7, and 8, have higher tPSA values that could corre-

late with a reduced permeability to cross the bacterial

membrane.

In order to determine the inhibitory potency of each

of the compounds of the PABT subset, dose–response
curves on B. abortus cultures were performed. Fig-

ure 9B shows that the observed inhibitory effect of the

PABT compounds is concentration dependent. The

IC50 values range from 27.9 to 85.7 lM, being com-

pounds 4 and 10 the ones with the lowest IC50 values

(Table 1).

Considering that the OD600 measurements do not

allow discerning whether these compounds exert a bac-

tericidal or a bacteriostatic effect, we subsequently

evaluated whether the PABT compounds can affect

the ability of Brucella to generate colony-forming units

(CFU). For this purpose, B. abortus cultures were

treated with the three PABT compounds that showed

the highest potency in liquid cultures and the CFUs

after 24 h of incubation were determined. Bacteria

treated with inhibitors 4, 6, and 10 showed a decrease

in 4.5, 2.9, and 2.7 log units in CFU per mL with

respect to the initial culture, respectively (Fig. 9C). As

expected for a 24 h Brucella culture, the DMSO con-

trol showed an increment of ~ 4.0 log units in CFU

per mL relative to the inoculum (Fig. 9C). Altogether,

these results demonstrate that the PABT compounds

can exert a bactericidal effect on B. abortus.

Fig. 2. Determination of the Km value for 6,7-dimethyl-8-ribityllumazine by HPLC. (A) RS (8 nM) was incubated with serial dilutions of the

6,7-dimethyl-8-ribityllumazine substrate (0–100 lM) and reactions were stopped at different times during 80 min at RT. Product formation

was quantified using a riboflavin standard curve. (B) Km determination by curve fitting at t = 80 min.

Fig. 3. Enzymatic generation of riboflavin in the MSA format. The

conversion rate is shown for different RS concentrations. The

optimal enzyme concentration chosen for the HTS was 8 nM.
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In vivo RS specific targeting by the PABT

compounds

Although the experiments described above successfully

proved the inhibitory activity of the PABT compounds

on B. abortus growth, they did not demonstrate

whether this effect is in fact associated with the inhibi-

tion of riboflavin biosynthesis. To rule out off-target

effects, B. abortus was grown in tryptic soy broth

(TSB) medium supplemented with riboflavin or 6,7-

Fig. 4. Representative illustration of the primary output of the detection system. The RS activity was calculated from the areas of the

product and substrate peaks in the presence of an internal fluorescent peptide standard (JAK3).

Fig. 5. MSA primary screening for

Brucella abortus RS inhibitors. Distribution

frequency of the 44 000 compounds tested

for inhibitory activity. The HTS library was

screened at a single concentration of 30 lM.

The cut-off value was set at 30% inhibition

(dotted line). Inset, zoomed view of the 163

unique hit compounds selected from this

assay.
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dimethyl-8-ribityllumazine, and treated with the indi-

cated PABT compounds for 24 and 48 h. Indeed, the

addition of exogenous riboflavin counteracts the effect

of the inhibitors on bacterial growth after 48 h of

treatment (Fig. 10A), while the supplementation with

6,7-dimethyl-8-ribityllumazine could not revert the

bactericidal effect of the PABT compounds (Fig. 10B).

Taking these results together, we conclude that the

observed antibacterial effect of the PABT inhibitors on

B. abortus can be attributed to their specific targeting

of the RS enzyme.

RS inhibitors prevent intracellular B. abortus

replication

In the search for effective antimicrobial agents against

brucellosis, it is not enough to achieve bacterial inhibi-

tion in culture. Successful drugs should be able to pen-

etrate the host cell to reach the intracellular growth

niche of the pathogen. Thus, we subsequently mea-

sured the effect of the two most active compounds

identified above (4 and 10) on the intracellular replica-

tion of B. abortus. For this purpose, we first estab-

lished the nontoxic concentration ranges of inhibitors

4 and 10 on the J774A.1 cell line. In general, both

compounds displayed a similar concentration depen-

dent cytotoxicity effect, with concentrations above

30 lM producing death on most of the cultured cells,

and no appreciable toxic effects at 10 lM (Fig. 11A).

Thus, although these results indicate that there is a

narrow working range, we still proceeded to test the

efficacy of the compounds in intracellular Brucella

infection assays. Remarkably, Fig. 11B shows that

treatment of infected macrophages with 10 lM of

inhibitors 4 or 10 results in a significant reduction in

viable intracellular bacteria (25 and 14-fold reduction,

respectively). Therefore, inhibition of bacterial growth

both in liquid and macrophage cultures indicate that

the drug candidates 4 and 10 can efficiently cross the

macrophage membrane, the Brucella intracellular niche

and the bacterial membranes, to finally reach the cyto-

plasmic RS target.

Discussion

Targeting of metabolic pathways absent in mammals

is an attractive strategy for the development of

antibacterial therapeutic compounds. Histidine and

branched-chain essential amino acid biosynthetic path-

ways have been targeted in Brucella spp. with some

success [43,44]. Another example of enzymes targeted

for anti-Brucella drug development corresponds to the

carbonic anhydrases (CA). These enzymes are suscepti-

ble to selective inhibition over human CA II by a wide

range of classical aromatic and heteroaromatic sulfon-

amides as well as carbohydrate-based compounds,

affecting Brucella growth [45].

The riboflavin pathway is a very attractive target for

antibiotic discovery since it is essential for the survival,

intracellular trafficking and persistence of B. abortus

[44]. Cushman and coworkers have reported the struc-

ture-based design and synthesis of several bacterial

and fungal LS and RS antimetabolites with strong

in vitro enzymatic inhibitory activity [27,29–33,36,46–51].
However, although these studies generated insight about

these targets, most of the discovered compounds were

hydrophilic and thus not suitable to penetrate cell mem-

branes and exert their antibiotic activity.

A compound able to inhibit the growth of intracel-

lular pathogens should pass through several mem-

branes. Thus, is very important that the compounds

assayed comply with the Lipinski rules to sustain a

successful development pathway [52]. In consequence,

a HTS approach using a library composed of com-

pounds with drug-like properties is nowadays consid-

ered a very powerful and direct approach to find

effective drug candidates against intracellular bacteria.

In fact, a series of trifluoromethylated pyrazole com-

pounds directed to RS with the capacity to inhibit the

growth of both replicating and non-replicating M. tu-

berculosis were discovered using a commercial library

HTS [37,53]. However, off-target effects on other bac-

terial enzymes such as M. tuberculosis CYP51,

CYP121 and UDP-galactopyranose mutase could not

be ruled out [54–56].
We have previously shown that riboflavin biosynthe-

sis is essential for Brucella intracellular survival and

Table 1. In vitro and in vivo effect of the 10 selected inhibitor

compounds (sorted by IC50 value in RS inhibition in ascending

order). nd, not detemined.

Compound

commercial

name

Compound

number

IC50 (lM)

(RS inhibition)

IC50 (lM)

(Bacterial

growth inhibition)a

IA-79-AF08 1 2.35 nd

OA-70-DS97 2 19.12 nd

YC-52-NV98 3 19.15 nd

QF-00-MV19 4 25.64 44.7

SC-03-QQ19 5 26.38 76.0

GF-00-MG19 6 27.80 54.7

IF-03-LB24 7 29.64 nd

UF-56-IL24 8 30.53 nd

WC-03-QM19 9 31.18 85.7

KA-06-JQ17 10 31.87 27.9

aCalculated as percentage of inhibition relative to controls vs. inhibi-

tor concentration.
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Fig. 6. Secondary screening of the

selected hits against RS from

Brucella abortus. Dose–response curves

of the 10 compounds with the lowest

IC50 values in the primary screening.
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replication in its niche, the brucellosome [14]. Thus, an

ideal antibiotic to treat chronic brucellosis patients

should attack bacteria in this reservoir, where Brucella

can survive for decades. The present work summarizes

the results obtained in a HTS by designing an

automatable reaction to measure the RS inhibitory

activity and using a large library with drug-like prop-

erties. This strategy allowed us to identify a family of

compounds sharing a 2-PABT chemical scaffold,

which showed inhibition of Brucella RS with IC50 val-

ues ranging from 2 to 30 lM. These IC50 values are in

a similar range to the inhibition constants (Ki)

described for some antimetabolites against RS and LS

reported by Cushman and coworkers [28,31]. In

addition, our RS inhibitors showed antimicrobial

activity against B. abortus growth in culture, which

was reverted by supplementing the medium with ribo-

flavin, ruling out off-target effects. Most importantly,

these compounds were further tested for antimicrobial

activity in an in vitro infection model, demonstrating

its antibiotic potential against mammalian intracellular

pathogens.

These promising PABT hits can be further opti-

mized. Based on our previous crystal structures of RS

as apo-enzyme and in combination with different sub-

strates and product analogues [26] and ongoing crys-

tallization and NMR structural studies of RS : PABT

complexes, we expect to develop structure-activity rela-

tionships (SAR) in order to direct the rational design

of a lead compound. In particular, these studies may

allow us to modify the R1 and R2 groups and/or the

scaffold to (a) improve their complementarity to the

RS active site; (b) make the compounds more effective

to cross cellular membranes and reach the brucel-

losome; and (c) avoid bacterial efflux systems. SAR

also can be used to decrease the toxicity of PABT hits

for healthy cells.

An interesting point to discuss is the observation

that adding riboflavin to the growth medium alleviates

the antibacterial activity of the PABT compounds

(Fig. 10A). This might suggest that these inhibitors

could have reduced efficacy in individuals having an

increased level of riboflavin in their diets. In a hypo-

thetical scenario where an antibacterial drug was

developed targeting the activity of Brucella RS, the

extracellular riboflavin could in principle bypass this

inhibition if it enters the bacterial cytosol. However,

on the one hand Brucella does not code for riboflavin

transporters and needs the vitamin to be in the extra-

cellular medium at millimolar concentration to diffuse

into the intracellular space [14]. On the other hand,

the plasmatic concentration of riboflavin in humans

lies at the nanomolar range [57] and the intracellular

Fig. 7. Chemical structures of the 10 inhibitors with the lowest in vitro IC50 values against Brucella abortus RS. The molecules that share

the same chemical PABT scaffold are located together in the upper row for clarity.

Fig. 8. The 2-PABT chemical scaffold. R1 corresponds to an alkyl

or ethoxide substituent whereas R2 corresponds to an aliphatic

tertiary amine.
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Fig. 9. Effect of the RS inhibitors on Brucella abortus growth. (A) Susceptibility of B. abortus to the ten selected compounds in TSB

cultures. Brucella abortus at OD600 = 0.01 were treated with the compounds (150 lM) for 24 and 48 h. Control: DMSO. (B) Dose–response

effect of the PABT series of RS inhibitors on B. abortus cultured in TSB. Bacterial cultures were treated with increasing concentrations of

the inhibitors for 24 h. (C) Bactericidal effect of the PABT RS inhibitors. Cultures of B. abortus at OD600 = 0.01 were treated with the

indicated compounds (150 lM) and the CFUs determined at t = 0 and 24 h, with DMSO as control. Each experiment from panels (A–C) was

performed independently at least three times, and the result of one representative experiment is shown. Values represent the mean � SD.

Fig. 10. In vivo RS specific targeting by the PABT compounds. Susceptibility of Brucella abortus to the selected RS inhibitors in TSB

cultures supplemented with 500 lM of (A) riboflavin or (B) 6,7-dimethyl-8-ribityllumazine and treated with indicated inhibitors (150 lM) for 24

and 48 h. DMSO was used as control. The means � SD of technical triplicates of one representative experiment out of two performed are

presented.

Table 2. Physicochemical properties of the 10 compounds with the lowest IC50 values against Brucella abortus RS enzymatic activity.

Compound

commercial

name

Compound

number MW (Da) clogP

HBA (sum

of N and

O atoms)

HBD (sum of

OH and NH groups) tPSA (�A2) nRot PABT subset

IA-79-AF08 1 491.6 4.57 5 1 107.2 10 NO

OA-70-DS97 2 448.5 3.53 6 1 122.4 11 NO

YC-52-NV98 3 446.5 3.95 6 1 66.9 6 NO

QF-00-MV19 4 462.6 4.71 4 1 87.1 8 YES

SC-03-QQ19 5 462.6 4.68 4 1 87.1 7 YES

GF-00-MG19 6 450.6 4.94 4 1 87.1 10 YES

IF-03-LB24 7 447.5 3.72 9 0 124.3 11 NO

UF-56-IL24 8 330.3 3.24 1 7 95.3 6 NO

WC-03-QM19 9 448.6 4.37 4 1 87.1 7 YES

KA-06-JQ17 10 420.6 4.73 3 1 77.9 8 YES
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concentration is even lower, in attomolar quantities

[58]. Increasing the riboflavin intake in the diet could

eventually lead to an increase in its plasmatic level yet

remaining below the micromolar range [59]. Therefore,

during a hypothetical anti-brucellosis treatment with

RS inhibitor drugs, the riboflavin concentration inside

the host is not expected to allow the bacteria to live

neither in plasma nor inside the host cells.

In summary, we have performed a HTS and found

several compounds that are effective inhibitors of

B. abortus RS. We have demonstrated that five of these

compounds are biologically active against Brucella by

inhibiting its growth in culture, with two of them also

inhibiting bacterial growth within the host cell. Taken

together, our data suggest that RS from B. abortus con-

stitutes a suitable target for alternative antibacterial

therapy, notably against strains resistant to conven-

tional antibiotic treatments. Finally, as RS is highly

conserved across pathogenic microorganisms, the

potential application of the compounds reported here

might also be effective for other infectious diseases.

Materials and methods

Chemicals and biological reagents

Riboflavin, b-Glycerophosphate disodium salt hydrate, BSA

fraction V 96%, Sodium orthovanadate (Na3VO4), HEPES

and DTT were purchased from Sigma–Aldrich (St. Louis,

MO, USA). Coating reagents CR-3 and CR-8 were purchased

from Caliper Life Sciences (Hopkinton, MA, USA). Tween

20 was purchased from Bio-Rad (Hercules, CA, USA) and

trifluoroacetic acid (TFA) from Pierce (Dallas, TX, USA).

30% Aqueous Solution BRIJ 35 was purchased from Cal-

biochem (San Diego, CA, USA). The 5-carboxyfluorescein

labeled peptide JAK3 (122.6 kDa) was obtained from Biosyn-

tan GmbH (Berlin, Germany) and the 6,7-dimethyl-8-ribityl-

lumazine substrate (326 Da) was kindly provided by M.

Fischer from the University of Hamburg, Germany.

RS expression and purification

RS from B. abortus (69 kDa) was expressed and purified as

described previously [26]. In short, the protein was

expressed in Escherichia coli BL21(DE3) cells (Stratagene,

San Diego, CA, USA) and purified by affinity chromatog-

raphy with a HisTrap HP column followed by a size exclu-

sion chromatography step in a Superdex 200 column (all

columns from GE Healthcare, Chicago, IL, USA). Frac-

tions corresponding to the protein were pooled, concen-

trated to 60 mg�mL�1 in 10 mM Tris, 25 mM sodium

chloride, pH 7.4, and stored at �80 °C until use.

Mobility shift-based screening assay (MSA)

The MSA was performed on a Caliper LabChip 3000 Drug

Discovery instrument (Caliper Life Sciences, Waltham,

MA, USA) in an off-chip mode. The reaction buffer con-

tained 50 mM HEPES, 0.02% Tween 20, 1 mM DTT, 0.02%

Fig. 11. Inhibition of Brucella macrophages infection by compounds 4 and 10. (A) Cytotoxic activity assay of the RS inhibitors on murine

macrophagic J774.1 cells. For this experiment, cells were treated with increasing concentrations of compounds 4 and 10 for 24 h, and then

cell viability was determined by the Trypan Blue exclusion assay. Values represent percent mean � SD, relative to the control treatment

without inhibitor (n = 3). (B) Efficacy of the inhibitors 4 and 10 against intracellular Brucella infection. At 24 h post infection, J774.A1 cells

were treated with 2, 6 and 10 lM of compounds 4 or 10. After a 24 h treatment, cells were washed, lysed and Brucella abortus CFU were

determined. Values represent the mean � SD of two independent experiments and are expressed as the logarithm of the CFU of

intracellular bacteria per ml. The statistical analysis was performed by a one-way ANOVA followed by a Bonferroni’s post hoc test

(*P < 0.01, ***P < 0.001), comparing each condition with respect to the control.
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BSA, 10 lM Na3VO4, and 10 mM b-Glycerophosphate, pH

7.5. The NIBR Drug Discovery Incubator library for external

collaborations comprises 44 000 pure chemical compounds

accessible from the Hit Finding Unit of Novartis Pharma AG

(Basel, Switzerland). The compounds were selected according

to their chemical diversity and drug-like properties, and their

purity was assessed by LC-MS (data not shown). A quantity

of 90 nL of the compound stock solutions [at 10 mM in 90%

(v/v) DMSO/water] was placed in a 384-well assay microtiter

plate (Corning Inc., Corning, NY, USA) prior to the addition

of 4.5 lL of RS (16 nM) and the fluorescent peptide JAK3

(400 nM) in 19 reaction buffer. Subsequently, 4.5 lL of the

6,7-dimethyl-8-ribityllumazine substrate at 40 lM in 19 reac-

tion buffer were added. The final compound concentration

was 30 lM and the DMSO concentration was 0.9% (v/v). The

microtiter plates with the assay solution were incubated for

60 min at 30 °C and 95% humidity, prior to the addition of

1.2% (v/v) TFA/buffer solution to stop the enzymatic reac-

tion. The assay plate was subjected to the Caliper LabChip

3000 reader, equipped with a 12-sipper chip. The reaction

mixture was sampled for 1 s for electrophoretic separation of

the 6,7-dimethyl-8-ribityllumazine and riboflavin peaks at a

pressure of �2.1 psi and an upstream voltage of �750 V and

a downstream voltage of �2500 V.

The Caliper technology requires a standardization of the

runtime and peak height. For this purpose, the 5-carboxyfluor-

escein labeled peptide JAK3 (a reference dye successfully

applied in previous HTS experiments at Novartis) was used as

an internal standard (kexcitation = 493 nm, kemission = 517 nm).

The conversion rate (r) was defined as the height of the

product peak divided by the sum of the peak heights from

product and substrate. The effect of a test compound on

the enzymatic reaction was quantified using the Novartis

proprietary software package HELIOS (Novartis, Basel, Swit-

zerland). The inhibition percentage was calculated relative

to the high and low controls as:

%Inhibition ¼ 100� 1� ðr � r low controlÞ
ðrhigh control� r low controlÞ

� �

where the low controls corresponded to 100% inhibi-

tion the presence of 5.5% TFA and the high controls

to the absence of inhibitor compounds.

The quality of the assay was assessed by calculating the

Z0 factor value using the following equation: [60]

Z0 ¼ 1�
�ð3SD of high controlÞ þ ð3SD of low controlÞ�
jðmean of high control�mean of low controlÞj :

Validation of screening hits by 50% inhibitory

concentrations (IC50) values

IC50 values for selected primary screening hits were deter-

mined from dose–response curves. Typically, reactions were

performed in 384-well microtiter plates in reaction buffer at

0.008 lM RS and eight concentrations of the compounds

(0.015–32 lM). The IC50 values were calculated from the plot

of percentage of inhibition relative to controls vs. inhibitor

concentration by a logistics fit using the HELIOS software.

Bacterial growth conditions

Brucella abortus 2308 strain cells were grown in TSB or on

tryptic soy agar plates at 37 °C, on a rotary shaker

(200 r.p.m.) or incubator, respectively. All work with viable

B. abortus was performed on a biosafety level 3 laboratory.

Susceptibility of B. abortus to the RS inhibitor

compounds

RS inhibitor compounds were dissolved in DMSO at a

final concentration of 20 mM prior to use. The determina-

tion of the susceptibility of B. abortus to these compounds

was carried out by measuring the optical density at 600 nm

(OD600) of treated liquid cultures as a function of time

compared to a control (DMSO only treatment). Overnight

cultures were diluted in TSB at OD600 = 0.01, then the

individual inhibitors were added to a final concentration of

150 lM and the resulting OD600 were measured at 24 and

48 h postincubation. When indicated, the cultures were

diluted in TSB supplemented with 500 lM of riboflavin or

6,7-dimethyl-8-ribityllumazine.

To perform the dose–response assays of the inhibitors 4,

5, 6, 9, and 10, B. abortus cultures were diluted to

OD600 = 0.01 and incubated with 2-fold serial dilutions of

the indicated compounds. Optical densities were measured

24 h later. Bacterial viability of cultures treated with the

compounds 4, 6, and 10 for 24 h was assessed by plating

serial dilutions of B. abortus cultures and counting the

resulting CFU 24 h later. Cultures incubated with DMSO

were used as control.

Macrophage toxicity assay

Murine macrophage-like cells J774A.1 (ATCC, Manassas,

VA, USA) were seeded at a density of 1.5 9 105 cells per

well in 24-well plates (Corning) with Dulbecco’s modified

Eagle’s medium (DMEM) and 10% FBS (Gibco, Waltham,

MA, USA) at 37 °C under 5% CO2 24 h prior to treat-

ment. Thereafter, the macrophage cells were incubated with

2, 10 and 30 lM of inhibitors 4 or 10 for another 24 h

under similar conditions. Cell viability was measured by

counting the number of viable cells after Trypan blue stain-

ing using a gridded hemocytometer. In all cases, at least

100 cells were counted to determine the percentage of live

cells. Assays were performed in duplicate wells. The results

represent the averages from at least three independent

experiments.
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Infection of J774A.1 cells

Murine macrophage-like J774A.1 cells were plated at a den-

sity of 1.5 9 105 cells per well in 24-well plates and grown

in DMEM added with 10% FBS for 24 h at 37 °C and 5%

CO2 prior to the infection. Then, cells were infected with

B. abortus in triplicate wells at a 100 : 1 multiplicity of

infection. After 1 h, cells were washed with PBS and incu-

bated with DMEM added with 25 lg mL�1 gentamicin.

After 1 h (time 0), the monolayers were washed with

DMEM and incubated for another 24 h with complete med-

ium containing 10 lg mL�1 gentamicin with the addition of

2, 6 or 10 lM of inhibitors 4 or 10. Thereafter, the infected

macrophages were washed with PBS and lysed with 0.1%

Triton X-100 (Sigma-Aldrich). Intracellular B. abortus

CFUs were determined by plating serial dilutions of the

lysates and counting the bacterial colonies after 24 h of

incubation. The results represent the average ratio between

the CFU per mL obtained from the treated wells and the

control wells, which were incubated only with DMSO.

Statistical analysis

Statistical analyses were performed with One-way ANOVA

with a Bonferroni’s multiple comparison post hoc test using

GRAPHPAD PRISM5 (GraphPad Software, San Diego, CA,

USA). Data are presented as mean � standard deviation

(SD). P-values of 0.05 or lower were considered as signifi-

cant. Statistical significance levels were defined as follows:

*P < 0.05; **P < 0.01; ***P < 0.001.
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