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ABSTRACT
We exploited bacterial infection assays using the fruit fly Drosophila melanogaster to identify anti- 
infective compounds that abrogate the pathological consequences in the infected hosts. Here, we 
demonstrated that a pyridine-3-N-sulfonylpiperidine derivative (4a) protects Drosophila from the 
acute infections caused by bacterial pathogens including Pseudomonas aeruginosa. 4a did not 
inhibit the growth of P. aeruginosa in vitro, but inhibited the production of secreted toxins such as 
pyocyanin and hydrogen cyanide, while enhancing the production of pyoverdine and pyochelin, 
indicative of iron deprivation. Based on its catechol moiety, 4a displayed iron-chelating activity 
in vitro toward both iron (II) and iron (III), more efficiently than the approved iron-chelating drugs 
such as deferoxamine and deferiprone, concomitant with more potent antibacterial efficacy in 
Drosophila infections and unique transcriptome profile. Taken together, these results delineate 
a Drosophila–based strategy to screen for antipathogenic compounds, which interfere with iron 
uptake crucial for bacterial virulence and survival in host tissues.
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Introduction

Multidrug-resistant (MDR) bacterial pathogens have 
spread worldwide at an alarming rate and causing many 
types of diseases [1,2], which is one of the major public 
health challenges especially in this era of pandemic infec-
tions. ESKAPE pathogens (Enterococcus faecium, 
Staphylococcus aureus, Klebsiella pneumoniae, 
Acinetobacter baumannii, Pseudomonas aeruginosa, and 
Enterobacter species) are of particular concern, in that 
they are associated with MDR nosocomial infections, 

escaping the currently available antibiotic regimen [3]. 
In that the resistance emergence especially in the 
ESKAPE pathogens is inevitable due to the selective 
mutation and/or horizontal acquisition for resistance, 
new-paradigm approaches rather than the traditional 
ones have received much attention for antibacterial dis-
covery [4]. One increasingly compelling approach is to 
attenuate bacterial virulence without killing or inhibiting 
the growth of bacteria, as it is thought to confer limited 
selective pressure for the resistance emergence [5].
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Bacterial pathogens exploit an arsenal of virulence 
factors to cause diseases in the human host. These 
factors are any bacterial determinants involved in the 
various stages of bacterial pathogenesis, which include 
adhesion, invasion, colonization, and toxin production 
[5,6]. The factors required to resist or tolerate the host 
defenses are also important for pathogenesis, and thus 
the target for antipathogenic strategy. Among those 
virulence factors, the quorum-sensing systems are note-
worthy, in that they are responsible for regulation of 
multiple virulence factors, involving the secreted che-
micals called quormones, which could be targeted even 
without entry into the target pathogens [7,8]. Recently, 
we have identified a chemical hit to compromise the 
peroxide-sensor, OxyR through structure-based virtual 
screening [9] and developed an antipathogenic peptide 
that is derived from a phage protein targeting the 
bacterial motility and acute virulence [10,11].

In contrast to the target-based approaches, research-
ers have been developing the phenotype-based 
approaches using small-scale live non-mammalian 
model host infections to screen for new classes of anti- 
infective chemicals such as antipathogenic ones [12,13]. 
The main readout of the live animal infection screens is 
the survival of the infected hosts rather than the death 
of the infecting bacteria. Moreover, using live animals 
offers an in-assay counter-screen against the com-
pounds with toxicity and poor pharmacokinetics, 
which would be another advantage of these live animal 
infection screening platforms [14,15], as developed 
using the nematode Caenorhabditis elegans and the 
zebrafish Danio rerio [16,17].

In this study, we exploited the fruit fly Drosophila mel-
anogaster-based screens using a set of in-house chemicals 
with a hope to identify antipathogenic hits against either of 
two ESKAPE pathogens, P. aeruginosa and methicillin- 
resistant S. aureus. As a result, a pyridine-3-sulfonamide 
derivative (4a) was identified as a hit that possesses anti-
pathogenic activity against P. aeruginosa, affecting not the 
growth but the toxin production of this bacterium. 4a 
contains a catechol moiety which provides iron-chelating 
activity to reduce the iron availability for the bacterial 
virulence. Comparison with other chelating drugs and its 
nonfunctional sulfonamide analogs revealed the unique 
feature of 4a as an antipathogenic iron-chelator.

Materials and methods

Chemical compounds

All of the commercial chemicals and solvents are of 
reagent grade and were used without further purifica-
tion. Iron chelating drugs, deferoxamine (DFA) and 

deferiprone (DFP), were purchased (Sigma). In-house 
chemical compounds were synthesized and purified by 
column chromatograpy. Their structures were verified 
throwth 1H and 13C NMR spectra and mass spectro-
metry. Both UV and IR equipments were provided by 
Advanced Bio-Interface Core Research Facility at 
Sogang University, Seoul, South Korea.

Bacterial strains and culture conditions

The bacterial strains used in this study are Pseudomonas 
aeruginosa PA14, Vibrio cholerae N16961, Staphylococcus 
aureus SA3 [18]. Cells were grown at 37°C using Luria- 
Bertani (LB) (0.5% yeast extract, 1% tryptone, and 1% 
NaCl) broth, Müller-Hinton (MH) broth, and M9-citrate 
minimal medium (0.05% NaCl, 0.1% NH4Cl, 1.2% Na2 

HPO4, 0.3% KH2PO4, 2 mM MgSO4, 0.1 mM CaCl2, and 
0.4% citrate) or on 2% LB agar plates. In general, over-
night-grown cultures were used as inoculum (1.6 × 107 

cfu/ml) into fresh LB and grown at 37°C in a shaking 
incubator until the logarithmic phase (i.e. OD600 of 0.7), 
and then used for the experiments.

For growth curve determination, P. aeruginosa PA14 
cells were used as inoculum (2.0 × 108 cfu/ml) into LB 
broth with or without 500 μM 4a and the cultures were 
incubated in the microplate reader (EPOCH2, USA) at 
37°C for 16 h. OD600 was measured at every 20 min 
during the incubation The viability was also assessed 
by spotting ten-fold serial dilutions (3 μl) of the 16-h 
cultures onto an LB agar.

Drosophila experiments

Drosophila melanogaster (Oregon R) was grown and 
maintained as described previously [19], using corn 
meal-dextrose medium [0.93% agar, 6.24% dry yeast, 
4.08% corn meal, 8.62% dextrose, 0.1% methyl paraben, 
and 0.45% (v/v) propionic acid]. For Drosophila-based 
screening, small-scale systemic infection was performed 
as previously described [20] with slight modification. 
Briefly, 4- to 5-day-old flies were infected by pricking at 
the dorsal thorax with a 0.4 mm needle, which had been 
dipped into PBS-diluted bacterial suspension contain-
ing P. aeruginosa PA14 (107 cfu/ml), V. cholerae 
N16961 (5 × 107 cfu/ml) or S. aureus SA3 (107 cfu/ml) 
grown to the OD600 of 3.0. Groups of six infected flies 
were transferred to the fly medium containing one 
(500 µM) out of 444 in-house chemicals and drugs 
from various sources and then monitored up to 50 h. 
The tubes with more than two survivors were selected 
as containing primary hits. For the secondary screen-
ing, antibacterial efficacy of the chemicals was assessed 
as described elsewhere [10]. The female flies were pre- 
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incubated in a new medium overlaid with a chemical 
(500 µM) and then infected as above. Survival rates of 
the infected flies were monitored for up to 50 h post- 
infection. Flies that died within 12 h for PA14 and SA3, 
6 h for N16961 were excluded in mortality determina-
tion. Each result shown is a pool of data from three 
independent biological replicates.

Measurement of minimal inhibitory concentrations

Minimal inhibitory concentrations (MICs) for 4a, gen-
tamicin, and carbenicillin were determined in MH 
broth by broth microdilution according to NCCLS 
guidelines, as described elsewhere [11]. The medium, 
with a 2-fold serial dilution of each compound (4a, 3.9  
µM to 1 mM; carbenicillin, 9.8 µM to 2.5 mM; gentami-
cin, 7.8 µM to 2 mM) in MH broth, was subjected to 
inoculation with PA14 (5 × 105 CFU/ml) that had been 
grown at 37°C to OD600 of 1.0 and then incubated at 
37°C. The MIC values were recorded as the lowest 
concentration of the chemical at which no signs of 
growth were observed, based on the OD600 value of 
less than 0.05 after 18 h of incubation. The MIC values 
were confirmed by three independent experiments.

Measurement of pigment production

Production of pyocyanin (PYO) and pyoverdine (PVD) 
was colorimetrically enumerated using late stationary 
phase or overnight-grown cultures of PA14 as described 
elsewhere [21,22]. For PYO measurement, chloroform 
(1 eq) was added to the cell-free supernatant to extract 
PYO into the chloroform layer. The chloroform layer 
was mixed with 0.2 N HCl (1 eq), which was subjected to 
OD510 measurement. For PVD measurement, the cell- 
free supernatant was appropriately diluted in 0.1 M Tris- 
HCl (pH 8), which was subjected to OD405 measure-
ment. The corresponding OD600 values were used to 
normalize the measured values [23].

Iron repletion and chelation

M9-citrate media without trace element solution were used 
for iron repletion at the indicated concentrations of either 
FeSO4 or FeCl3. For iron chelation assay, serial 2-fold dilu-
tions of FeSO4 or FeCl3 were prepared in TDW (from 0.6  
μM to 10 mM) and mixed with 500 μM of iron chelators. 
The iron chelates were precipitated by centrifugation.

RNA sequencing and transcriptome analysis

RNA was isolated from the logarithmic-growth phase 
cultures (OD600 of 0.7) of PA14, suing Trizol 

(Invitrogen). In addition, we treated eluted RNA with 
DNase I for 1 h at 37°C Ribosomal RNA was removed 
using Ribo-Zero Magnetic kit (epicenter, Inc., USA) from 
total RNA (5 μg). Library construction followed by the 
subsequent experimental steps for HiSeq2500 (illumina, 
Inc USA)-based high-throughput RNA-sequencing was 
carried out by a local company (ebiogen, Korea).

Two biologically independent experiments were per-
formed. Bacterial-Seq reads were aligned using Bowtie2 
software tool. Differentially expressed genes (DEGs) 
were determined based on counts from unique and 
multiple alignments using EdgeR [24]. Quantile nor-
malization method was used for comparison between 
samples. Gene classification was based on DAVID 
(https://david.ncifcrf.gov).

Statistics

GraphPad Prism version 8.0 (GraphPad Software, 
USA) was used for statistical analysis. Data sets for 
each analysis represent more than three independent 
replicates. Statistical significance between the groups is 
indicated, based on a p value of less than 0.001 (***, p <  
0.001) by using Kaplan–Meier log-rank test or 
Student’s t test. Error bars represent the standard devia-
tions. Gene expression changes were identified with 
statistical significance, based on the Mann–Whitney 
U test, with a cutoff p value of 0.05 [25].

Results

An antibacterial hit identified from Drosophila 
screens is not growth-inhibitory

We established a Drosophila melanogaster-based infec-
tion model to discover new anti-infective chemicals 
[15]. V. cholerae (N16961), S. aureus (SA3) and 
P. aeruginosa (PA14) were systemically infected by 
pricking at dorsal thorax of the flies, placed in 
a medium containing a chemical compound to screen 
for the compounds that enhanced the survival rate of 
the infected flies. The overall screening strategy is sum-
marized in Figure S1. As a result, a hit (4a) (Figure 1a) 
was identified with antibacterial efficacy in the infec-
tions caused by N16961 and PA14, but not by SA3 
(Figure 1b). 4a is ((3,4-dihydroxybenzylidene)hydrazi-
nyl)pyridine-3-N-sulfonylpiperidine, whose congeneric 
sulfonamides have been studied as anticancer com-
pounds [26]. 4a contains a catechol moiety that is 
presumably involved in iron chelation [27]. Notably, 
4a did not display antibacterial activity against PA14 
in vitro (Figure 1c,d and S2), suggesting the antibacter-
ial efficacy in vivo should be attributed to either 
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Figure 1. Identification of an antipathogenic hit (4a). (a). Chemical structure of 4a, (E)-4-((2-(5-(piperidin-1-ylsulfonyl)pyridin-2-yl) 
hydrazono)methyl)benzene-1,2-diol. (b). Antibacterial efficacy of 4a in Drosophila systemic infection model. The flies were systemi-
cally infected with P. aeruginosa PA14, V. cholerae N16961, or S. aureus SA3 (MRSA). The infected flies were fed with either nothing 
(empty) or 500 μM 4a (filled) and their survival rates were determined over time. The dotted lines represent the time required to 
reach 50% mortality. The statistical significance based on a log-rank test is indicated (***, p < 0.001). (c). Growth of P. aeruginosa 
PA14 in the presence of 4a. PA14 cells were grown in either LB broth (-) and LB broth containing 500 μM 4a. OD600 values were 
measured every 20 min for 16 h. The presented values are averages from the three independent experiments with standard 
deviations. n.s. indicates non-significant based on a p value of over than 0.05 by using Mann–Whitney test. (d). Viability of the 16-h 
cultures from (c). Ten-fold serial dilutions from the 16-h PA14 cultures in either LB broth (-) or LB broth containing 500 μM 4a were 
spotted onto an LB agar plate. The numbers indicate the log(cfu) values of the applied bacterial spots, which were calculated from 
the OD600 values.

Figure 2. Pigment production by 4a. (a) and (b). Pyoverdine (PVD) and pyocyanin (PYO) production upon 4a treatment in LB broth. 
PA14 cells were grown in LB broth with either nothing (-) or 500 μM 4a. Pigment production of the 18-h cultures was assessed by 
visual inspection (a) or by quantification of PVD and PYO (b). The amounts of extracellular PVD (yellow, left y axis) and PYO (green, 
right y axis) were measured as OD405 and OD520 respectively. (c). PVD and PYO production upon 4a treatment in M9-citrate broth 
under iron depletion (-) or repletion with either 5 μM FeSO4 (Fe2+) or FeCl3 (Fe3+). The amounts of extracellular PVD (yellow, left 
y axis) and PYO (green, right y axis) were measured as OD405 and OD520 respectively under 4a treatment at the indicated 
concentrations. Pigment production of the cultures by visual inspection was shown at the bottom of the graphs.
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antipathogenic or immunomodulatory properties of 4a, 
which will be further discussed below.

4a affects pigment production in P. aeruginosa
In order to address the bioactivity of 4a, we investigated 
the growth of PA14 in LB broth containing 200 µM 4a. 
As shown in Figure 2a, the blue-green pigment pyocya-
nin (PYO) production was dramatically reduced. PYO is 
a redox-active compound considered as an important 
virulence factor in P. aeruginosa infections. PYO is gen-
erally reduced inside the cell and are oxidized outside the 
cell by iron (III) [28], which could facilitate iron solubi-
lization into iron (II) and subsequently enhance the iron 
accessibility for the bacterial cells [29]. Moreover, the 
yellow-green fluorescence mostly attributed to pyover-
dine (PVD) was apparently increased (Figure 2a). This 
observation was validated by quantification of both pig-
ments (Figure 2b). Unlike LB medium that contains ~16  
µM iron [30], PVD production was observed in the 16- 
hours culture of PA14 that had been grown in M9 mini-
mal medium without iron supplementation as an iron- 
depleted medium (Figure S3). The amendment of either 
iron (II) or iron (III) at different concentrations to M9 
gradually restored the production of PYO, indicating 
that iron supplementation at 10 µM would be exploited 
for further experiments.

We examined the effect of 4a on the pigment produc-
tion in 16-h culture of PA14 under iron-depleted and - 
repleted conditions using M9 (Figure 2c). Unlike that in 
the iron-depleted condition, the culture in the iron- 
repleted conditions with either iron (II) or iron (III) 
exhibited different PYO and PVD production profiles: 
both iron (II) and iron (III) reduced PYO production, 
whereas only iron (III) enhanced PVD production. This 
result substantiated the impact of 4a on the secreted 
pigment production in P. aeruginosa, most likely by alter-
ing iron availability in the culture media.

4a chelates both iron (II) and iron (III) in vitro
To verify the iron chelation by 4a, potential iron- 
chelated products were fabricated by using 4a and 
both iron (III) (FeCl3.6 H2O) and iron (II) 
(FeSO4

.7 H2O) to generate 7a and 7b, respectively, as 
described in Supplementary Methods. After fabrication, 
the 4a-iron complexes were subjected to IR and UV- 
visible (UV-Vis) spectroscopy. As shown in Figure 3a 
the formation of iron chelation was verified by a strong 
stretching vibrational band at about 592 cm−1 (7a) and 
591 cm−1 (7b) in the IR spectra, as the hall mark of the 
Fe-O bond formation [31]. Moreover, the absorption 
bands near 486 nm in the UV-Vis absorption spectra of 
7a and 7b could be associated with a change in electro-
nic distribution due to d-d transition (Figure S4) [31]. 

To further verify that 4a does indeed chelate iron 
through its catechol moiety, we have synthesized two 
analogous chemicals (Figure S5): one is 4b with two 
hydroxyl groups substituted by two methoxy groups, 
and the other is 6 with the catechol moiety with the 
hydroxamate moiety. It is well-known that hydroxamate 
is also capable of iron chelation exploited in some side-
rophores such as ferrichrome. In addition to these two 4a 
analogs, other well-known chelating drugs and chemicals 
were as well used for comparison, which include defer-
iprone (DFP, a second-line drug in thalassemia syn-
dromes), deferoxamine (DFA, a drug for acute iron 
intoxication and chronic iron overload due to transfu-
sion-dependent anemias), and ethylene-diamine- 
tetraacetic acid (EDTA, a strong chelator for divalent 
cations). As shown in Figure 3b, 4a displayed the most 
efficient chelating activity as assessed by insoluble preci-
pitate formation. It chelates at 9.8 µM of both iron (II) and 
iron (III), whereas the chelating ability of DFP was 4-fold 
lower than that of 4a. DFA displayed no less chelating 
activity that DFP toward iron (II), but 2-fold lower than 
that of DFP toward iron (III). As expected, EDTA che-
lated only iron (II), which was 4-fold less efficiently than 
4a did. It should be noted that 4b did not display any 
chelating activity, suggesting that the catechol moiety is 
indeed required for the iron-chelation of 4a. Moreover, 6 
showed inferior activity toward iron (II), but superior 
activity toward iron (III) than 4a, dissecting the chelating 
activities toward iron (II) and iron (III), based on the 
configurations that differ in 4a and 6.

Next, these compounds were tested for their bioac-
tivity first regarding the pigment production under the 
iron-depleted and -repleted conditions as in Figure 2c 
(Figure 3c). It is quite interesting that unlike 4a, the 
two iron-chelating drugs did not affect pigment pro-
duction at all: DFP was rather growth-inhibitory at over 
500 µM, whereas DFA had no effect on the growth 
either. The result for DFA was not surprising, since 
DFA may readily deliver iron to bacteria as 
a xenosiderophore [32]. It is evident that the iron- 
chelating activity in test tubes did not simply translate 
into the bioactivity in culture condition. It should be 
noted that 4b had no effect on the pigment production, 
whereas 6 apparently affected pigment production, 
which was deemed different from that by 4a especially 
in those iron-repleted conditions.

Catechol moiety of 4a is required for antipathogenic 
activity in Drosophila
The data in Figure 3 prompted us to evaluate the anti-
bacterial efficacy of those compounds in Drosophila infec-
tions. We first investigated whether those compounds 
could rescue the mortality of the PA14-infected flies, 
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which were killed without antibacterial feeding within 50  
h in our experimental condition. Figure 4a revealed the 
antibacterial activity of the 4a analogs, where 4b did not 
display antibacterial efficacy at all, suggesting that the 
catechol moiety of 4a is crucial for its antibacterial effi-
cacy. Since no growth inhibition was observed for PA14 
even at the saturated concentration (~2 mM), the anti-
bacterial activity of 4a involving the catechol moiety is 
most likely due to its activity to chelate iron and thus to 
attenuate the virulence of PA14, substantiating that 4a is 

a novel antipathogenic hit, although the mechanistic 
details into its mode of action need to be further investi-
gated. We found that 6 was slightly toxic in Drosophila 
with any antibacterial activity examined, despite its iron- 
chelating activity (Figure 3). The two iron-chelating drugs 
(DFP and DFA) were also evaluated for the antibacterial 
efficacy, but they displayed no antibacterial activity in 
Drosophila infections (Figure 4b). It should be noted 
that DFP inhibited the growth of PA14 in vitro unlike 
4a (Figure 3). These results suggest that the antibacterial 

Figure 3. Iron chelation and pigment production by iron chelators. (a). IR spectra of the 4a chelated with irons. The peaks at 
592 cm−1 (left) and 591 cm−1 (right) in the spectra could be allocated to the Fe-O bond formation in 7a and 7b, which has been 
generated as described in SI. (b). Iron chelation activities. Serial 2-fold dilutions of FeSO4 (Fe2+) or FeCl3 (Fe3+) were prepared in TDW 
(from 0.6 μM to 10 mM) and mixed with 500 μM of the designated compounds at the left: DFP, deferiprone, DFA, deferoxamine, 
EDTA, and ethylene-diamine-tetraacetic acid, as well as with the 4a derivatives (4b and 6). The minimum concentrations of chelation 
for the compounds are designated at the right, with the vertical red lines denoting the boundaries between the minimum 
concentrations of chelation and the maximal concentrations at which no chelation was observed. (c). Growth and pigment 
production upon the chemical treatment in M9-citrate broth under iron depletion (-) or repletion with either 5 μM FeSO4 (Fe2+) 
or FeCl3 (Fe3+). The growth and the pigment production of the PA14 cultures under chemical treatments at the increasing 
concentrations (0, 100, 200, 500, and 1,000 μM) was assessed by visual inspection.
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activity of 4a is not attributed only to its iron-chelating 
property. Considering the data from 6, the iron-chelating 
activity should be on the appropriate configuration for 
this antibacterial pharmacophore.

We also examined the chemicals for their in vivo 
antibacterial activity against V. cholerae. As shown in 
Figure 4c,d, the data paralleled those from the PA14 
infections (Figure 4a,b). This result indicates that the 
similar mode of action might work for 4a in V. cholerae 
as well, despite the lack of visible pigments like PYO 
and PVD in this bacterium.

Transcriptomic response to 4a is complex, compared 
with those to other chelators
As an attempt to get an insight into the antipatho-
genic property of 4a as a chelating agent, we carried 
out transcriptome profiling in response to the chelat-
ing agents. Figure 5a represents the transcriptomic 
snapshot from the PA14 cells that had been treated 
with 4a in comparison with that from the cells trea-
ted with either DFP or EDTA (at 200 µM) due to the 
bactericidality of DFP and EDTA at 500 µM. EDTA 

treatment provoked the changes in relatively many 
genes, which might be attributed to its broad chelat-
ing spectrum [33]. 

4a and DFP at 200 µM showed similar gene expression 
profiles. Unlike DFP, however, 4a significantly affected 
many genes (Figure 5a). The functions of representative 
differentially expressed genes (DEGs) are designated in 
Figure 5b, all of which are those upregulated by 4a. For 
example, those for PVD and PCH synthesis and side-
rophore transporters such as FpvA and FpvB were sig-
nificantly upregulated, clearly indicative of the iron 
starvation response upon iron depletion caused by 4a. It 
is noteworthy that the pcaGH operon for protocatechuate 
3,4-dioxygenase was highly upregulated (~40 folds), 
which is involved in protocatechuate cleavage for hydro-
carbon degradation. It is presumable that the pcaGH 
upregulation is not directly associated with the iron star-
vation response, but with the catechol moiety of 4a. 
Moreover, the three hypothetical genes in a row 
(PA14_03490, PA14_03510, and PA14_03520) were 
upregulated by over 100 folds, the function of which is 
yet to be discovered.

Figure 4. Antibacterial efficacy of other iron chelators. Mortality of infected flies upon administration of iron chelators were 
measured. The flies were systemically infected with P. aeruginosa PA14 (a and b) and V. cholerae N16961 (c and d). The infected 
flies were fed with either nothing (empty) or the designated chemicals as in Figure 3 and their survival rates were determined 
overtime. The dotted lines represent the time required to reach 50% mortality. The statistical significance based on a log-rank test is 
indicated (***, p < 0.001).
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The down-regulated DEGs did not qualitatively differ 
between 4a and DFP, despite some quantitative differ-
ences in fold changes, which needs to be further eluci-
dated. The genes required for PYO biosynthesis was 
clearly down-regulated and those for known virulence 
factors such as hydrogen cyanide and the secreted toxin 
(ExoY) were down-regulated only by 4a, which might 
account for the antipathogenic property of 4a. The 
genes involved in respiratory electron transport and 
those for oxidoreductases (e.g. PA14_44260) belong to 
the highly down-regulated genes, which might be asso-
ciated with the iron depletion caused by 4a. Taken 
together, the transcriptomic response to 4a should com-
prise the iron-sparing response, substantiating the func-
tion of 4a in iron depletion, although it is still enigmatic 
that 4a-mediated iron depletion would not lead to bacter-
ial killing unlike DFP-mediated iron depletion, which will 

be further unveiled possibly by focusing on the unique 
DEGs upon 4a.

Discussion

In this study, inspired by a previous review article [15], 
we first exploited Drosophila-based non-mammalian 
model host infections to identify a new antibacterial 
hit, 4a, which is a pyridine-3-N-sulfonylpiperidine, 
some related congeners of which have anti-metastatic 
activity in breast and melanoma cancer cell lines [26]. 
4a (the compound 3i in the previous study) exhibited 
no cytotoxic activity and more importantly no toxicity 
in Drosophila feeding even at the saturated concentra-
tion (~2 mM) in the cornmeal media. Despite its struc-
tural similarity to the antifolates, sulfa drugs, 4a did not 
inhibit the bacterial growth with its minimal inhibitory 

Figure 5. Transcriptome upon 4a. (a). Scatter plots for the transcriptomes of the cells treated with 4a, DFP, or EDTA. The x-axis 
represents the normalized data (log2) from the un-treated bacteria and the y-axis represents those from the bacteria treated with 4a, 
DFP or EDTA at 200 µM. (b). Representative 4a-responsive genes and operons in a. Genes with over 2-fold changes in the counted 
number per gene are marked as red (upregulated) and blue (downregulated) with the intensity scale at the right. The brackets 
indicate the highest or lowest expressed genes in a gene cluster with description. Each gene cluster is drawn to scale.
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concentration undetermined. Although the chemical 
details regarding the bioactivity of 4a are yet to be 
revealed, it became clear that the ability of 4a- 
mediated attenuation of virulence is dependent on the 
iron-chelating activity of the 1,2-dihydroxybenzene (i.e. 
catechol) moiety, rather than other structural features. 
The structure–activity relationship study focusing on 
the sulfonamide substituents and/or the hydrazone lin-
kers would help the unique bioactivity of 4a in com-
parison with other iron-chelating drugs and congeners 
used in this study.

As a phenotype-based approach for a new class of anti- 
infectives, we hypothesized that a Drosophila-based 
screen could enable identification of small molecules 
that inhibit the virulence pathways of the bacteria or 
enhance the immune pathways of the Drosophila. In 
both cases, the identified hits could not directly inhibit 
the bacterial growth. Moy et al. [34] first identified anti-
microbial compounds against Enterococcus faecalis using 
C. elegans-based live animal infection. They could classify 
the hit compounds as anti-infectives rather than tradi-
tional antibiotics because they rescued the infected ani-
mals without affecting the bacterial growth. They further 
validated this screen using live animal infection could 
reveal chemicals with novel modes of action and serve 
as a proof-of-concept study of complex biological pro-
cesses in the interface between bacterial pathogens and 
host animals [14,34]. Despite the lack of automation and 
subsequently the difficulty of high throughputness as in 
C. elegans screen, our work is noteworthy, considering 
several advantages of Drosophila infections over C. elegans 
infections: Drosophila exhibits closer evolutionary relat-
edness to human than C. elegans in regards to innate 
immunity: for example, C. elegans lacks the canonical 
TLR signaling pathways for NF-κB activation, whereas 
Drosophila possess orthologous pathways (Toll and 
Imd) to activate Dorsal, Dif and Relish [35]. More micro-
bial infection models have been established for Drosophila 
than for C. elegans [36]. More importantly, polymicrobial 
infection models could be more readily established for 
Drosophila based on the complicated organ and micro-
biome structures [19,37,38].

The most interesting and puzzling observation in this 
work is that 4a-mediated iron depletion would not result in 
bacterial killing. This is quite unique to this compound in 
that DFP and EDTA are bactericidal. It is also understand-
able that DFA did not affect the growth at all, since it is 
a well-known xenosiderophore [32]. This may lead us to 
a simple hypothesis that 4a would act as a xenosiderophore 
as well. Siderophores that chelates insoluble iron (III) 
become imperative for many bacterial pathogens in the 
host environments and ablation of this system significantly 
attenuates the pathogenesis [39,40]. It is possible that 4a 

could attenuate virulence at certain concentrations, 
although it would indeed function as a xenosiderophore 
at other concentrations for P. aeruginosa. Alternatively, the 
impact of 4a-mediated iron chelation might lie in perturb-
ing the iron homeostasis during bacterial growth and sur-
vival, based on its chelating activity toward both iron (II) 
and iron (III) at similar efficiency. Although iron is an 
essential element for the growth and survival for most 
microorganisms, high levels of free iron (III) may result in 
progressive cell damage via the Fenton reaction that gen-
erates hydroxyl radicals under certain circumstances. Thus, 
due to the nature of iron as a two-edged sword, the effect of 
iron (II) and (III) chelation by 4a needs to be more quanti-
tatively investigated both in vitro and in vivo to understand 
the antipathogenic property of 4a. The comparison 
between the transcriptomic responses to 4a and EDTA, 
which does not chelate iron (III), might be helpful to under-
stand the unique feature of 4a. Moreover, the examination 
of the synthetic congeneric compound, 6 (containing 
hydroxamate rather than catechol) which chelates iron 
(II) and iron (III) at different efficiency, would enable us 
to delve into the mechanistic details of 4a effect.
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