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Small molecules with antimicrobial activity
against E. coli and P. aeruginosa identified by
high-throughput screening

R De La Fuente, ND Sonawane, D Arumainayagam and AS Verkman

Departments of Medicine and Physiology, Cardiovascular Research Institute, University of California, San Francisco, CA, USA

Background and purpose: New antimicrobials are needed because of the emergence of organisms that are resistant to
available antimicrobials. The purpose of this study was to evaluate a high-throughput screening approach to identify
antibacterials against two common disease-causing bacteria, and to determine the frequency, novelty, and potency of
compounds with antibacterial activity.
Experimental approach: A high-throughput, turbidometric assay of bacterial growth in a 96-well plate format was used to
screen a diverse collection of 150,000 small molecules for antibacterial activity against E. coli and P. aeruginosa. The statistical
Z0-factor for the assay was X0.7.
Key results: Screening for inhibition of E. coli growth gave a ‘hit’ rate (460% inhibition at 12.5 mM) of 0.025%, which was
more than 5-fold reduced for P. aeruginosa. The most potent antibacterials (EC50o0.5 mM) were of the nitrofuran class
followed by naphthalimide, salicylanilide, bipyridinium and quinoazolinediamine chemical classes. Screening of 4250 analogs
of the most potent antibacterial classes established structure-activity data sets.
Conclusions and Implications: Our results validate and demonstrate the utility of a growth-based phenotype screen for rapid
identification of small-molecule antibacterials. The favourable efficacy and structure-activity data for several of the antibacterial
classes suggests their potential development for clinical use.
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Introduction

Many of the currently available classes of antibacterials were

developed between the 1940s and 1960s (Labischinski, 2001;

McDevitt and Rosenberg, 2001; Spellberg et al., 2004).

Sulphonamides, penicillins and streptomycins were discov-

ered in this ‘golden age’ of antibiotics, followed soon

thereafter by tetracyclines, macrolides, glycopeptides and

cephalosporins (Chopra et al., 2002; Finch, 2002; Walsh,

2003). However, only one new class of antibiotics, Zyvox,

has been introduced since 1962, with the remainder of the

compounds introduced since that time being modifications

of known antibiotics (DeVito et al., 2002; Barrett and Barrett,

2003). Zyvox is a nalidixic acid derivative and progenitor of

the fluoroquinolone antibiotics (Xiong et al., 2000; Norrby,

2001).

A variety of reasons, including inappropriate and excessive

use of antibiotics, has led to the emergence of pathogenic

bacterial strains that are highly resistant to most or all

current antibiotics (Silver and Bostian, 1993; Bax et al., 2000;

Alanis, 2005; Norrby et al., 2005). There is thus a significant

need for discovery of new types of antimicrobials to treat

infections caused by resistant organisms. However, there

has been relatively limited interest by the pharmaceutical

industry in discovery and clinical development of

novel types of antimicrobials because of the adequacy of

existing antibiotics to treat the majority of infections,

the small market at present for newer antimicrobials,

the high development costs, and the potential for develop-

ment of bacterial resistance (DiMasi et al., 2003; Projan,

2003).

Various phenotype- vs target-based approaches have been

proposed for discovery of new classes of antimicrobials
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(Bauer et al., 1966; Isenberg et al., 1971; Silver and Bostian,

1993; Read et al., 2001; DeVito et al., 2002; Zolli-Juran et al.,

2003), although large-scale phenotype screening of chemi-

cally diverse collections of small molecules has not been

reported, so far.

As proof-of-concept, we describe here a turbidometric,

high-throughput screening (HTS) assay of bacterial growth

and its use to screen 150 000 small (low molecular weight)

molecules against Escherichia coli (E. coli) and Pseudomonas

aeruginosa (P. aeruginosa). These bacteria are common patho-

gens in human disease, yet are safe and easily cultured in a

laboratory setting. Enteropathogenic strains of E. coli (ETEC)

produce toxins that cause secretory diarrhoea, commonly

called Travellers’ diarrhoea (Nataro and Kaper, 1998; Chen

and Frankel, 2005). P. aeruginosa causes wound and other

infections, and is the principal cause of pneumonias and

chronic lung deterioration in cystic fibrosis (Lyczak et al.,

2002). The data reported here establish the utility of a

bacteria growth-based screen to identify small-molecule

antimicrobials and provide data on the hit rate, potency

and novelty of active compounds.

Methods

Bacterial strains and culture

E. coli (ATCC 25922) and P. aeruginosa (ATCC 15692) were

obtained from the American Type Culture Collection

(ATCC). Bacteria were cultured at initial concentration of

105 CFU ml�1 in LB medium (Sigma-Aldrich, Poole, Dorset,

UK) in a shaker-incubator at 371C and 250 r.p.m. For high-

throughput screening, bacteria were pre-inoculated on a

shaker-incubator and aliquots placed into 96-well clear flat

bottom plates (Corning-Costar Corp., Corning, NY, USA) at

optical density (OD) at 600 nm of 0.005 (E. coli) and 0.1

(P. aeruginosa). Bacterial growth kinetics was measured in

96-well plates in LB sterile medium at 371C without shaking

for 48 h.

Compounds

A total of 150 000 compounds tested in the primary screen-

ing were purchased from ChemBridge Corp. (San Diego, CA,

USA) and ChemDiv (San Diego, CA, USA). These libraries

contained synthetic drug-like compounds with a molecular

size generally in the range 250–500 Da and high chemical

structure diversity, with tens of thousands of distinct

chemical scaffolds. Of the 150 000 compounds, 96% had

polar surface area o120 A2, 54% satisfied all four require-

ments of Lipinski’s Rule-of-Five (Lipinski et al., 1997), and

30% satisfied three of the requirements. Compounds for the

secondary screening were purchased from commercial

sources (ChemBridge and Asinex, Moscow, Russia). Com-

pounds were in 96-well plates (Corning-Costar) as 10 mM

solutions in dimethylsulphoxide (DMSO). For primary

screening the compounds were mixed and tested in groups

of four per well to maximize throughput and reduce costs.

Antibiotics used as controls, at 0.8 mg ml�1 final concentra-

tions, included kanamycin (Roche Diagnostics, Indianapolis,

IN, USA) and carbenicillin (Sigma-Aldrich).

Screening procedures

Compounds were screened for antibacterial activity using

a customized screening system (Beckman Coulter, Inc.,

Indianapolis, IN, USA) consisting of the SAGIAN Core system

integrated with SAMI software. The Sagian Core System

consists of 96-channel head Biomek FX, plate carousels

capable of holding up to 100 plates, an ORCA arm for

labware transport, plate washer, CO2 incubator, bar code

reader, delidding station, and two FLUOstar fluorescence

plate readers (BMG Labtechnologies, Durham, NC, USA).

For primary and secondary screening, E. coli and

P. aeruginosa were cultured in LB medium overnight to

stationary growth phase, and then sub-cultured in the same

medium after dilution to OD600 of 0.5 until they reached an

OD600 of B1. These bacteria, which were in exponential

growth phase, were diluted to OD600 of 0.005 (E. coli) and 0.1

(P. aeruginosa), and placed (200 ml per well) into 96-well clear

flat bottom plates. Compounds were added at a final

concentration of 12.5 mM. In all plates, the OD600 was

measured before and after 16 h (E. coli) or 7 h (P. aeruginosa)

incubations at 371C. Negative controls (1% DMSO vehicle)

and positive controls (kanamycin or carbenicillin) were run

in each plate. The percentage bacterial growth inhibition was

computed as: percentage inhibition¼100� (ODnegative control�
ODtest compound)/(ODnegative control�ODpositive control). EC50

values were derived from analysis of concentration–response

data, with serial dilutions of the active compounds.

Mammalian cell toxicity

Toxicity of compounds was assayed on HeLa cells (ATCC No.

CCL-2) cultured using standard procedures. Cells were

seeded in 96-well plates until B90% confluence, washed

three times with phosphate buffer solution (PBS), and cell

culture medium (containing 1% serum) with test com-

pounds was added. Test compounds were tested between

25 and 0.05 mM making 1:2 serial dilutions in DMSO. Cells

were incubated for 6, 12 and 24 h at 371C in humidified air/

5% CO2 atmosphere. After incubation, cytotoxicity was

evaluated by direct visual inspection by phase-contrast

microscopy, and cell counting.

Results

Development and validation of turbidometric screen

Bacterial growth kinetics was measured to optimize a

turbidometric assay for antibacterial screening. E. coli and

P. aeurginosa were inoculated on 96-well plates at optical

densities of 0.005, 0.05, 0.1, and 0.2 in LB medium at 200 ml

final volume and incubated at 371C without agitation. OD

was measured hourly for 48 h. Positive control measure-

ments (growth inhibition) were carried out identically

except for inclusion of antibiotics (kanamycin for E. coli;

carbenicilin for P. aeruginosa) at a final concentration of

0.8 mg ml�1 (Boyle et al., 1973). Also, effects of DMSO were

studied, as DMSO was the vehicle for compound addition.

The growth of both bacterial strains detected by turbidome-

try showed an exponential phase followed by a plateau

(Figure 1a). There was little effect of DMSO up to 2% on the
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growth kinetics (not shown). The antibiotics fully inhibited

bacterial growth. The initial bacteria concentration for

inoculation onto 96-well plates was chosen as 0.005 for

E. coli and 0.1 for P. aeruginosa to give exponential growth

phase without lag and a large dynamic range in optical

densities. As shown by the dashed lines in the growth curves

in Figure 1a, the times chosen for assay were 16 h for E. coli

and 7 h for P. aeruginosa.

The goodness of the screen was assessed by determination

of the statistical Z0-factor, which is 40.5 for a good screen

(Zhang et al., 1999). Figure 1b shows frequency distributions

of OD values for positive (with antibiotic) and negative (no

antibiotic) controls. Computed Z0-factors were 0.8 and 0.7

for the E. coli and P. aeruginosa assays, respectively.

Primary screening and hit verification

Primary screening was done with test compounds at 12.5 mM

final concentration. Figure 1c shows the distribution of

percentage growth inhibition for full library screens for

E. coli and P. aeruginosa. Compounds producing 460%

inhibition were selected for verification by repeat screening

at 12.5 mM. The individual compound responsible for activity

in each group was determined using the same procedure

(12.5 mM final concentrations). The hit rate, as defined by

60% or more growth inhibition at 12.5 mM concentration,

was 0.024% for E. coli and 0.005% for P. aeruginosa.

The nine most active classes of compounds identified from

the primary screening against E. coli are summarized in

Table 1, which reports the number of analogues of each class

identified, percentage growth inhibition for E. coli and

P. aeruginosa at 12.5 mM, and EC50 values. EC50 values were

determined from concentration–response measurements

using the turbidometric assay, with original data shown in

Figure 2. The most potent molecules were nitrofurans with

EC50 values of 0.42 mM, followed by benzoxazines, naphtha-

limides, guanidones and salicylanilides. The primary screen

for antimicrobials against P. aeruginosa produced fewer hits,

all of which were found in the E. coli screen (benzoxazines,

bipyridiniums, cyanines and naphthalimides). As summar-

ized in Table 1, these compounds were less potent against

P. aeruginosa than E. coli.

Preliminary evaluation of mammalian cell toxicity was

done by visual inspection of cultured HeLa cells at 6 and 24 h

after addition of compounds to the culture medium. The

cyanine compounds showed high toxicity and so were not

studied further, and the salicylanilides and guanidones

were moderately toxic to the HeLa cells at concentrations

of 6 mM and above. The other hits did not show toxicity at

concentrations up to 50 mM.

Figure 1 Antimicrobial screen against E. coli (top) and P. aeruginosa (bottom). (a) Bacterial growth kinetics. Growth of these bacteria is
expressed as optical density at 600 nm (shown as a.u. (600 nm)) for cultures on 96-well plates over 48 h at 371C without and with antibiotics
(kanamycin for E. coli and carbenicillin for P. aeruginosa). Initial OD was 0.005 for E. coli and 0.1 for P. aeruginosa. (b) Histogram of ODs
measured at 16 h for E. coli and 7 h for P. aeruginosa without and with antibiotic. (c) Histogram of bacterial growth inhibition from primary
screening of compounds.

Table 1 Classes of small-molecule antimicrobials identified by high-
throughput screening

Chemical class % Inhibition at 12.5 mM EC50 (mM) Number of
analogs tested

E. coli P. aeruginosa

Benzoxazine 495 475 1.2 0
Bipyridinium 495 45 5.7 10
Cyanine 100 50 Not done 0
Guanidone 495 0 3.4 0
Naphthalimide 100 40 1.7 13
Nitrofuran 100 25 0.4 107
Quinazolindiamine 65 o20 6.9 40
Quinolamine 70 o30 Not done 0
Salicylanilide 495 0 4 93
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Structure–activity relationship analysis

SAR analysis was carried out by assay of commercially

available analogues of nitrofuran (107 analogues), salicyla-

nilides (93 analogues), quinazolindiamine (40 analogues),

naphthalimide (13 analogues) and bipyridinium (10 analo-

gues) chemical classes. The assay data are given in Table 2

and conclusions from SAR analysis are summarized in

Figure 3. The 5-nitrofuranylamides contained various sub-

stitutions on the phenyl ring with a wide range of

lipophilicity and polarity. Among the furan analogues, only

compounds containing a nitro group at their five positions

showed antimicrobial activity. A wide range of mono-

substitutions on the phenyl ring were tolerated, including

2/3-alkyl (compounds A-102, A-103), 2/4-halo (A-104

through A-109), 2/3/4-nitro (A-110-112), 2/4-alkoxy (A-113,

A-114), 2/4-carboxy esters (A-115, A-116), and 3/4-acetyl

(A-117). Nitrofurans with mono-substitutions such as

2/4-dimethylamine/diethylamine, 3-n-butyl, 3/4-hydroxy,

3/4-sulphonamide, were inactive. Bulky heterocyclic sub-

stitutions such as oxazolopyridin-2-yl at 4-postion were

tolerated, whereas substitution at 3-position reduced anti-

microbial activity. Other heterocyclic substitution such as

coumarinyl, morpholino, piperazino and piperidinyl gave

reduced activity (Figure 3).

Active nitrofuranylamides contained di-substitutions

like dimethyl (A-119), dimethoxy (A-120, A-121), dichloro

(A-122, A-123), dicarboxy-ester (A-126) and combination of

chloro with other groups like nitro (A-124) and methoxy

(A-125), were allowed (Table 2). All active compounds

contained a 5-nitro function and carboxy amide function

at the 2-position. Alkylation of the amide nitrogen or

replacement by tertiary nitrogen produces loss of activity,

indicating the requirement of amide N–H as hydrogen bond

donor. The nitrofurans of Class A-2 also required a 5-nitro

function in the furan ring for activity, with no substitutions

allowed except at the 2-position by ethenyl (Table 2,

Figure 3). A wide range of substitutions such as thiazoles

(A-201), bezimidazoles (A-202, A-203) and fused rings like

imidiazolones (A-204), thiazolidinones (A-205) and fura-

nones (A-206, A-207) were tolerated at the 2-position of the

ethenyl group.

SAR of salicylanilides indicated that halogen substitutions

on either (B-104, B-105) or both phenyl rings (B-101-103)

are well tolerated (Table 2, Figure 3). Activity was lost in

the presence of phenoxy, naphthoxy and benzoyl groups

on the aniline moiety, and replacement of salicylic acid by

naphthoic acid and carbazole analogues.

Class C compounds required presence of 4-((tetrahydro-

furan-2-yl)methyl)amino (C-101, C-102) or 4-((furan-2-yl)-

methyl)amino (C-103) functions for antibacterial activity.

Activity was lost with dialkylation or no alkylation of

4-amino group. For Class D compounds the presence of a

methoxy group (D-101, D-102) or a cyclic ether (D-103)

group is necessary for antibacterial activity. Active com-

pounds of Class E contained either a free N-hydroxy group

(E-101) or an acylated N-hydroxy function (E-102), whereas

activity was lost with other substitutions including

O-alkylation, O-arylation or O-sulphoxy aromatic ester.

Discussion

We describe a robust HTS method for rapid assay of

antibacterial activity. Growth phenotype was assayed by

turbidometry in a 96-well plate format. Assay conditions,

including bacterial preparation, initial concentrations,

growth conditions and measurement methods were opti-

mized to maximize assay quality, which was excellent as

judged by reproducibility and Z0-factor analysis (Zhang et al.,

1999). Our turbidometic assay is based on the classical

correlation between bacteria growth and turbidity, first

reported in 1952 (Barret, 1952). During the development of

this assay, we compared turbidometry to measurement of

green fluorescent protein (GFP) fluorescence in GFP-expres-

sing bacteria. Growth kinetics was measured for E. coli and

P. aeruginosa expressing GFP using fluorescence vs turbidity

readouts. The GFP-based assay was judged to be much

inferior to turbidometry based on the poor correlation

between GFP signal and bacteria number, which was due in

part to the finite time need to develop GFP fluorescence

following bacterial division as well as the variable GFP

expression over time.

Several procedures have been described previously to assay

antimicrobial activity. The classical method involves agar

Figure 2 Concentration–response analysis of bacterial growth
inhibition. Data shown for E. coli and P. aeruginosa for the most
potent compound of each class: (a) benzoxazine; (b) bipyridinium;
(c) nitrofurans; (d) salicylanilide; (e) guanidone; (f) quinazolindia-
mine; (g) naphthalimide. Compound structures shown with
corresponding dose–response curves. (h) carbenicilin and (i)
kanamycin are the antibiotic controls for P. aeruginosa and E. coli,
respectively, shown for comparison.
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Table 2 Structure-activity analysis of nitrofurans, salicylanilides, quinazolindiamines, benzylphenylethylamines and naphthalimides

Class A-1: Nitrofuranylamides

N
H

O

R3

O2N

O

R1

R2

R4

Active compounds

Compound R1 R2 R3 R4 EC50 (mM)

A-101 H H H H 1.2
A-102 CH3 H H H 5.5
A-103 H CH3 H H 2.5
A-104 H CF3 H H 2.5
A-105 Cl H H H 3.5
A-106 H H Cl H 1.4
A-107 F H H H 4.0
A-108 H H F H 0.8
A-109 H H I H 2.5
A-110 NO2 H H H 0.5
A-111 H NO2 H H 2.5
A-112 H H NO2 H 1.2
A-113 OCH3 H H H 1.2
A-114 H H OEt H 4.0
A-115 COOCH3 H H H 0.8
A-116 H H COOEt H 4.0
A-117 H H COCH3 H 2.5
A-118 H H oxazolo[4,5-b]-

Pyridin-2-yl H 5.0
A-119 H CH3 CH3 H 6.2
A-120 OCH3 H OCH3 H 2.5
A-121 H OCH3 H OCH3 3.5
A-122 Cl H Cl H 6.0
A-123 H Cl Cl H 1.5
A-124 H NO2 H Cl 3.5
A-125 H Cl OCH3 H 2.5
A-126 H COOCH3 H COOCH3 5.0

Inactive compounds
Monosubstituted Ph: R2: chloro, dimethylamine, diethylamine, R3: n-butyl, hydroxy, sulphonamide, dimethyl amine, coumarinyl morpholino,
piperazino, piperidinyl
Disubstituted Ph: R1 and R2: chloro, CF3, R1 and R3: difluoro
Compounds with tertiary amide nitrogen or without 5-nitro function

Class A-2: Nitrofuranylethenyl
R1 O

NO2n
R2

Active compounds
Compound R1 R2 n EC50 (mM)

A-201 4-(4-nitrophenyl)-thiazol-2-yl CN 0 3
A-202 Benzimidazole-2-yl CN 0 6
A-203 Benzimidazole-2-yl CN 1 0.5

R1 and R2 combined
A-204 8-(2-(N-piperidine)-ethyl) -benzimidazolo[2,3-b]imidazol-2-one-3-yl 0 8
A-205 3-Methyl-2-thioxo-4-thiazolidinone-5-yl 0 5
A-206 5-(2,4-dimethylphenyl)-furan-2-one-3-yl 0 1
A-207 (5-(2,4-dimethoxyphenyl)-furan-2-one-3-yl 0 5

Inactive compounds
Benzo[b]thiazol-2-yl CN
Substituted glycineamide, glycine esters, quinoline-2yl, quinazolin-4-one-
2yl, malononitrile dimer

Monosubstituted Ph: R2: chloro, dimethylamine,diethylamine, R3: n-butyl, hydroxy, sulphonamide, dimethyl amine, coumarinyl morpholino, piperazino,
piperidinyl
Disubstituted Ph: R1 and R2: chloro, CF3, R1 and R3: difluoro
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Class B: Salicylanilides

N
H

O

R4

R5

R6

R7

R1

R2 OH

R3

Active compounds
Compound R1 R3 R4 R5 R6 R7 EC50 (mM)

B-101 Br Br H Cl Cl Cl 9
B-102 Br Br H Cl H H 412.5
B-103 Br Br H H Cl H 10
B-104 H H OH Br H Br o12.5
B-105 Cl H H H NO2 H o12.5

Inactive compounds
Compounds without halogen substitutions
Aniline: presence of substitutions such as phenoxy, napthoxy, benzoyl groups
Replacement of salicylic acid by 1/3-hydroxy-2-napthoic acid, 2-hydroxycarbazole-3-carboxylic acid

Class C: Quinazolindiamines

N

N

N
H

R3

R2

HN R1

Active compounds
Compound R1 R2 R3 EC50 (mM)

C-101 2-(tetrahydro furyl) OCH3 H 5
C-102 2-(tetrahydro furyl) H H 412.5
C-103 2-Furyl H Br 7

Inactive compounds
Compounds without alkylation of 4-amino group or with with 4-N,N-dialkylation

Class D: Benzylphenylethylamines

N
H

R1

R2
R3

R4

Active compounds
Compound R1 R2 R3 R4 EC50 (mM)

D-101 OCH3 OCH3 F H o12.5
D-102 H OCH3 3–CH3 OCH3 o12.5
D-103 –O–CH2–O– H C2H5 5

Inactive compounds
N-alkylation, phenyl ring replacement by carbazole

Table 2 Continued

Active compounds

Compound R1 R2 R3 R4 EC50 (mM)
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diffusion assays in which the antibiotic is placed on the

surface of an agar plate that has been inoculated with test

bacteria. During the incubation the antibiotic diffuses,

creating a concentration gradient that produces a zone of

bacteria growth inhibition (Bauer et al., 1966; Kahan et al.,

1979). In the early 1970s, automated systems were developed

for assay of bacterial antibiotic susceptibility (Isenberg et al.,

1971; Isenberg and MacLowry, 1976). These systems were

an automated version of the classical procedures in which

the antibiotic is added to a liquid bacteria culture and

growth measured. In the 1990s, with the introduction of

chemical libraries, methodologies for antimicrobial HTS

were developed (Gootz, 1990; Blondelle and Houghten,

1996; Blondelle et al., 1996). So far, assay methods used for

antimicrobial screening include growth based-phenotype of

whole microorganisms (Gaweska et al., 2004; Li et al., 2004;

Brown and Wright, 2005), and cell-free, target-based bio-

chemical assays (Dandliker et al., 2003; Zolli-Juran et al.,

2003). Also, pharmacogenomics has been used to identify

new targets from bacterial genome databases (Allsop, 1998;

McDevitt et al., 2002).

The automated screening method described here allowed

rapid assay of 150 000 small molecules for antimicrobial

activity against E. coli and P. aeruginosa. For E. coli the hit rate

was 0.024%, in the range found for many ‘druggable’ targets.

Interestingly, the hit rate was substantially lower for

P. aeruginosa, with many of the hits identified for E. coli

having little or no activity against P. aeruginosa. The greater

genomic complexity of the latter, with more redundancy

and more efficient drug extrusion mechanisms, may account

Class E: Naphthalimides

N

O

O

O

RO2N

Active compounds
Compound R EC50 (mM)

E-101 H 6
E-102 CH3CO 7

Inactive compounds
4–NH2, 4,7–di–NH2, 5–COOH substitutions; O-alkylation or O-arylation

Figure 3 SAR analysis of nitrofuranylamides, nitrofuranylethenyls, salicylanilides, N-benzylphenylethylamines, quinazolinediamines and
naphthalimides.

Table 2 Continued
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for the lower hit rate for P. aeruginosa. Most of the confirmed

hits for E. coli fell into nine chemical classes: nitrofurans (two

classes), bipyridiniums, salicylanilides, guanidones, benzox-

azines, quinolamines, quinazolindiamines and naphthali-

mides. Only benzoxazine, bipyridinium and naphthalimide

derivatives had substantial activity against P. aeruginosa.

Although cyanines were active against both bacterial strains,

they were toxic to mammalian cells, as is well-known.

Cytotoxicity has also been described for benzoxazine

(Urbanski et al., 1956), bipyridinium (Bony et al., 1971) and

naphthalamide derivatives (Awada et al., 2003).

Several of the classes of antimicrobials identified here have

been reported previously to have antibacterial activity,

sometimes in the older chemical literature or only in the

patent literature. Nitrofurans are used clinically (furazidine

and furantoin) and have been investigated extensively

(Guay, 2001). SAR analysis of Class A-1 nitrofurans here

indicated that 5-nitro and amide functions were essential for

activity whereas Class A-2 nitrofurans required a conjugated

double bond at their C2 position together with a 5-nitro

function. The requirement of the nitro group supports the

previously described mechanism of antibacterial action,

involving reduction of the nitro group to an amine, followed

by damage to bacterial DNA (Pires et al., 2001). Antimicrobial

efficacy of compounds A-101, A-103, A-104 and A-113 are in

agreement with their previously reported activities (Snyder

et al., 1967). Other recent studies suggest that nitrofurans

such as A-101, A-103, A-125 and the 3-chloro analogues of

A-105 and A-106 are active against Mycobacterium tuberculosis

(Tangallapally et al., 2004).

As compared to Class A-1, active compounds in Class A-2

had a wide range of substitutions at the ethenyl group, such

as thiazoles, benzimidazoles and fused rings such as

furanones and benzimidazolones. This flexibility suggests

that substitutions at the 2-ethenyl position are not critical

for activity, giving considerable chemical space to modify for

selective targeting and improving bioavailability. Nitrofurans

A-201 and A-203, with an extended double bond have not

been reported as antibacterials, although activities measured

here for compounds A-202 and A-207 are in agreement with

previous data (Fujita et al., 1966; Ishii, 1967).

Salicylanilides required halogen substitutions on either

or both rings. The antibacterial properties of halogenated

salicylanilides identified here have been reported previously

(Schuler, 1957; Rotmistrov et al., 1970; Ozawa et al., 1984).

Compound B-103 has been reported to have antibacterial

and fungicidal activity (Schuler, 1957), whereas 40-bromo

analogues of B-102 and B-103 were shown to inhibit E. coli

growth (Rotmistrov et al., 1970).

High-throughput screening yielded relatively few active

compounds belonging to Classes C, D and E. Compounds

C-101 and C-103 have not been not reported as antibacter-

ials, although a few related compounds have been reported

to show antimicrobial and antimalarial properties (Davoll

et al., 1972; Genther and Smith, 1977). For Class D

compounds, the methoxy group in D-101 and D-102, or

the cyclic ether group in D-103 were necessary for anti-

bacterial activity. Several analogs of D-101 and D-102 have

been reported to inhibit growth of E. coli by inhibiting

phenylalanyl-tRNA synthetase (Anderson and Santi, 1976).

The naphthalimide E-101 and related compounds of Class E

are known to inhibit bacterial DNA gyrase and DNA

topoisomerase, possibly accounting for their antibacterial

activity (Amegadzie et al., 1998).

In summary, we have validated a high-throughput turbi-

dometric assay for bacterial growth, and identified several

classes of small-molecule antibacterials against E. coli and

P. aeruginosa. Where prior data were available, often in the

older or patent literature, antibacterial activities and SAR

analysis derived from our present HTS were in agreement

with these data. Our results also provide useful information

about hit rates for small-molecule antibacterial screening, as

well as compound potency, diversity and novelty.
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