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Abstract

About 1 in 8 U.S. women (=12%) will develop invasive breast cancer over the course of their lifetime. Surgery, chemotherapy,
radiotherapy, and hormone manipulation constitute the major treatment options for breast cancer. Here, we show that both a natural
antimicrobial peptide (AMP) derived from wasp venom (decoralin, Dec-NHj), and its synthetic variants generated via peptide
design, display potent activity against cancer cells. We tested the derivatives at increasing doses and observed anticancer activity at
concentrations as low as 12.5 umol L™! for the selective targeting of MCF-7 breast cancer cells. Flow cytometry assays further
revealed that treatment with wild-type (WT) peptide Dec-NH; led to necrosis of MCF-7 cells. Additional atomic force microscopy
(AFM) measurements indicated that the roughness of cancer cell membranes increased significantly when treated with lead peptides
compared to controls. Biophysical features such as helicity, hydrophobicity, and net positive charge were identified to play an im-
portant role in the anticancer activity of the peptides. Indeed, abrupt changes in peptide hydrophobicity and conformational propen-
sity led to peptide inactivation, whereas increasing the net positive charge of peptides enhanced their activity. We present peptide
templates with selective activity towards breast cancer cells that leave normal cells unaffected. These templates represent excellent

scaffolds for the design of selective anticancer peptide therapeutics.
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Introduction

Approximately 12% of U.S. women develop breast cancer ac-
cording to the U.S. Breast Cancer website (http://www.breast-
cancer.org/symptoms/understand bc/statistics). The current

treatment approaches, which include surgery, chemotherapy,
radiotherapy, and hormone manipulation, are highly invasive
and present numerous deleterious side effects. Therefore, alter-
native anticancer therapies are needed both to destroy cancer

cells and to avoid toxicity towards normal host cells.

Antimicrobial peptides (AMPs) are produced by the innate
immune system of virtually every organism on Earth. These
agents represent promising anticancer candidates since, in addi-
tion to their activity vs bacteria [1], viruses, parasites [2-8], and
fungi [1,9,10], they can kill cancer cells [11]. So far,
>2,500 AMPs have been described in the literature and only
~10% of those are known to exhibit anticancer activity, accord-
ing to the Antimicrobial Peptide Database (http://aps.unmc.edu/

AP/main.php). In total, there are around 600 anticancer/antitu-
moral peptides according to the Database of Anticancer

Peptides and Proteins (http://crdd.osdd.net/raghava/cancerppd/).

Those AMPs with anticancer activity have been termed anti-
cancer peptides (ACPs). Since their initial discovery, ACPs
have constituted a promising alternative to conventional chemo-
therapy [11,12]. ACPs are promising anticancer compounds as
they offer advantages such as higher specificity and lower inci-
dence of acquired resistance in comparison to existing thera-
pies [12-14].

ACPs derive from various sources and consequently share low
homology [15-18]. These peptides have similar characteristics
such as a positive charge, amphipathic structure, defined sec-
ondary structures in hydrophobic environments, and rapid anti-
cancer activity [12,19]. Helical structures are the most common
structural motifs of ACPs. Their stable amphipathic structures
tend to be key for their anticancer activity, as they enable mem-
brane binding [20]. Their anticancer activity typically occurs at
micromolar concentrations [21] and is not usually accompanied
by hemolytic activity probably because there are structural
differences between the membranes of red blood cells and
cancer cells, which are zwitterionic and negatively charged, re-
spectively. Structure—activity relationship studies have identi-
fied amphiphilicity and polar angle as the most important physi-
cochemical properties required for ACPs to invade cancer cells

or disturb their membranes [22,23].

In 2007, Konno et al. described decoralin (Dec-Ser-Leu-Leu-
Ser-Leu-Ile-Arg-Lys-Leu-Ile-Thr), an a-helical AMP from
Oreumenes decoratus wasp venom [24]. In addition, the authors
described its amidated analog (Dec-NH,), which displayed
higher activity than its parent molecule against Gram-positive
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bacteria, Gram-negative bacteria, fungi, and protozoa. Howev-
er, both peptides presented high hemolytic activity, which
limited their use as potential therapies.

Torres et al. synthesized Dec-NH, analogs with single and
double substitutions, which exhibited increased resistance to
degradation and lower hemolytic activity [9,10]. The two Dec-
NH, analogs designed to fit a leucine zipper (LZ) template
[25,26] presented the lowest hemolytic activity against red
blood cells and maintained the antimicrobial activity of the
parent template molecule vs Gram-positive bacteria, Gram-
negative bacteria, and fungi. The authors attributed these activi-
ties to the helical propensity of the designer peptides [9].
Another study further reengineered Dec-NH; to generate seven
analogs containing single or double substitutions [10]. These
derivatives were designed to preserve specific physicochemical
features, such as net positive charge, hydrophobicity, and
amphipathicity, which are known to be important for inter-
acting with membranes, exerting bioactivity against microor-
ganisms and cancer cells, and suppressing unwanted hemolytic
activity [10].

Since the aforementioned peptides were designed to target
negatively charged bacterial membranes, we reasoned that their
activity would translate to cancer cells, whose membranes also
possess a net negative charge. We hypothesized that their con-
formational tendency and physicochemical properties would
enable interactions with tumor cell membranes, leading to
subsequent death. In the present study, we investigated Dec-
NH,, its LZ template and single/double substituted derivatives
for their ability to selectively kill MCF-7 breast cancer cells.

Results and Discussion
Peptide design, chemical synthesis,

purification and physicochemical analyses

Dec-NH, is a cationic a-helical antimicrobial and antiparasitic
peptide [9,10,24] that is rich in Leu residues. We took into
account these characteristics and designed two of the analogs
proposed here using to a leucine zipper template, on which Leu
residues were present in both ‘a’ and ‘d’ positions of the heptad
sequence. This template design favors helical stabilization via
Leu-side chain interactions [25,27] (Figure 1 — [Leu]8-Dec-NH,
and [Leu]lO-Dec-NHz). The remaining Dec-NH, derivatives
were engineered by rationally introducing single and double
substitution mutations (Figure 1). To introduce a net positive
charge into the peptide sequences [28], we used Lys rather than
Arg due to its superior flexibility, lower propensity in poten-
tially toxic cell-penetrating peptides [29], and decreased hydro-
phobic side chain, which is associated with cytotoxicity [30].

Moreover, Lys residues are more frequent than Arg residues in
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[Phe]?-Dec-NH:

[Pro]*-Dec-NH2
K

[Phe]®Des-[Thr]"'-Dec-NHz [Phe]°[Phe]®-Dec-NH:

P - Hydrophilic

N - Hydrophobic

Figure 1: Helical wheel projections of Dec-NH and its analogs, where the yellow circles refer to the hydrophobic amino acid residues, the blue ones
to the cationic charged residues, the purple circles to the polar uncharged residues and the green circle to a proline residue. The black line denotes
hydrophilic and hydrophobic faces of the amphipathic structures. Red arrows show the mutation positions.

naturally occurring wasp venom peptides [31]. Hydrophobicity
was incorporated into the sequence via the substitution of
residues from the wild-type sequence by Leu and Phe. Leu was
chosen because a minimal amount of energy is required for it to
adopt a helical structure [28], which favors antimicrobial activi-
ty, and it occurs at high frequency in wasp venom peptide se-
quences [31]. On the other hand, Phe was chosen because of its
bulk and higher hydrophobicity values [30], making it possible
to evaluate the effect of adding an aromatic residue to the
hydrophobic face on structure and biological function. Addi-
tionally, unlike Trp, Phe residues are not major components of
cell-penetrating peptides [32], which are typically cytotoxic, so
we chose to synthesize a Trp-containing analog as well.

The changes in the designed analogs led to slight differences in
specific physicochemical features (Table 1), such as hydropho-
bicity, hydrophobic moment, and net positive charge, character-
istics that are known to be important for peptide—-membrane
interactions [10]. Some of these changes decreased the hemo-
lytic activity against human red blood cells of Dec-NHj, re-
ported by Konno et al. [24], and retained the antimicrobial ac-
tivity described by Torres et al. [9,10] and the conformational

tendency of peptides. In addition, the modifications led to an in-
creased charge [9,10], an important feature that correlates with
the improved therapeutic index of the Dec-NH, derivatives and
with the activity against microorganisms such as bacteria and
fungi. Furthermore, Dec-NH; and its analogs were hemolytic at
concentrations above their MIC values for the different micro-
organisms studied [9,10].

MTT cytotoxicity assays

MTT assays were performed to determine the toxicity of
designer peptides against MCF-7 cancer cells and MCF-10A
normal cells. MCF-10A cells were used as a control as they
have the same genetic background as the MCF-7 cancerous cell
line used here. Both cell types were treated with increasing con-
centrations of peptide for 2 and 24 h. ACPs are known to first
interact with negatively charged membranes (i.e., cancer cell
membranes) via electrostatic interactions, after which they tend
to adopt helical conformations, which causes cell membrane
permeabilization or even membrane disruption that may lead to
necrosis [33]. These peptides may also be internalized into the
cell, leading to the disruption of the mitochondrial membrane

and causing apoptosis [33]. Torres et al. [9] described similar
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Table 1: Theoretical physicochemical properties and hemolytic activity of decoralin and its synthetic analogs.?

peptide sequence H UH q MHC (umol L™1)P ICs0 (umol L~1ye
Dec-NH» SLLSLIRKLIT-NH, 0.78 0.65 +3 1.56 12.5
[PI‘O]4-DeC-NH2 SLLPLIRKLIT-NH, 0.85 0.58 +3 12.50 25.0
[Arg]'-Dec-NH, RLLSLIRKLIT-NH, 0.69 070  +4 25.00 50.0
[Phe]?-Dec-NH, SFLSLIRKLIT-NH, 0.79 066  +3 3.12 50.0
[Phe]6-Dec-NH2 SLLSLFRKLIT-NH, 0.78 0.65 +3 3.12 >50
[Phelf-Des[Thr]'-Dec-NH, ~ SLLSLFRKLI-NH, 0.83 039  +3 12.50 50.0
[Trp]'1-Dec-NH SLLSLIRKLIW-NH 0.96 049  +3 1.56 25.0
[Leul3-Dec-NH, SLLSLIRLLIT-NH, 1.03 048  +2 50.00 >50
[Leu]'O-Dec-NH, SLLSLIRKLLT-NH, 0.77 065 +3 25.00 125

aH (hydrophobicity), uy (hydrophobic moment), and q (charge) were calculated through heliquest freeware. MHC (maximal non-hemolytic concentra-
tion in umol L="). PMaximal non-hemolytical concentration obtained by Torres et al. [9,10]. ®ICsq values against MCF-7 in 24 h.

helical structure propensity and physicochemical properties for
Dec-NH, and [Leu]'%-Dec-NH,. The main difference between
these two peptides in terms of their biological function was the
substantially lower hemolytic activity of the [Leu]!?-Dec-NH,
analog, which yielded a higher therapeutic index. The antimi-
crobial activity of these peptides was nearly equivalent

(107! umol L™1). In contrast, the [Leu]®-Dec-NH, analog
presented a lower helical-structure tendency and almost no
hemolytic activity vs human erythrocytes (Table 1), retained the
antimicrobial activity of the WT, but was two orders of magni-
tude less active (10! pmol L™1) than the [Leu]'%-Dec-NH, de-
rivative. In Figure 2, it can be observed that, after 2 h, Dec-NH,

MCF-7 (2 h)

50
25
12.5
6.25
3.12
1.56
0.78
0.39
0.19
0.09
Control

50
25
125
6.25
3.12
1.56
0.78
0.39
0.19
0.09
Control

Peptide Concentration (umol L)

21!

MCF-7 (24 h)

200

150

100

200

(%) Aungein 1190

150

100

Figure 2: MTT assays using Dec-NH, and its synthetic analogs after 2 and 24 h of exposure to MCF-7 cancer cells. Experiments were done in tripli-

cate.
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caused lysis of more than 50% of the cancer cells at
3.12 pmol L7, and after 24 h, the LDs value increased to
12.5 pmol L7, [Leu]!%-Dec-NH, behaves similarly to the tem-
plate molecule, achieving >50% of cancer cell lysis at
25 umol L™! after 2 h of exposure and at 12.5 pmol L™! after
24 h. Their cytotoxicity levels were similar when tested against
MCF-10A normal cells (Figure 3), showing no significant cyto-
toxicity even at higher concentrations (=100 umol L™1). On the
other hand, [Leu]®-Dec-NH, did not present significant activity
against MCF-7 cells when compared to the negative control
(Figure 2), and intriguingly was cytotoxic towards normal
MCF-10A cells even at the lowest concentration tested
(25 pmol L™!, Figure 3). This cytotoxicity is due to large differ-
ences in the values of the [Leu]®-Dec-NH, physicochemical pa-
rameters that were analyzed, e.g., hydrophobicity related fea-
tures, and lower net positive charge, compared to either
[Leu]!%-Dec-NH, or the wild-type molecule, since the Leu sub-
stitution was made at the hydrophilic face of the amphipathic
helical structure.

All the other analogs were designed by tuning some of the
physicochemical features that contribute to peptide—membrane

Beilstein J. Org. Chem. 2018, 14, 1693-1703.

interactions in order to preserve the activity of the native se-
quence. Some of these changes decreased the hemolytic activi-
ty of Dec-NH, towards human red blood cells reported by
Konno et al. [24] and retained its antimicrobial activity. Ac-
cording to Torres et al. [10], the conformational tendency and
increased charge are important contributors to improving the
therapeutic index of Dec-NH, and its derivatives against micro-
organisms such as bacteria and fungi. Furthermore, Dec-NH;
and its analogs were hemolytic at concentrations above their
MIC vs the microorganisms tested. As observed in Figure 2,
some of the peptides in this family showed promising results,
causing substantial inhibition of cancer cell growth at a dose of
~50 umol L e.g., Dec-NHj, [Pro]*-Dec-NH,, [Arg]l-Dec-
NH,, [Phe]?-Dec-NH, and [Phe]®-Des[Thr]!!-Dec-NH,.

The analogs presented similar antitumor activity in growth inhi-
bition assays with MCF-7 breast cancer cells. Dec-NH;, Trp-
and Phe-substituted analogs were described as the most hemo-
lytic peptides of their family [23]. Treatment with peptide
[Arg]!-Dec-NH, led to significant decreased cell viability 2 h
post-exposure (Figure 2) but was not as effective vs MCF-7
cells as its parent peptide. This peptide was selected for cyto-

100

Peptide Concentration (umol L)

100

50

25
Control

MCF-10A (2 h)
200
150
100 T
[¢]
O
E:
50 <
(@)
¢
MCF-10A (24 h) <
200 T
E
=
150 ~—
100
50

Control

Figure 3: MTT assays evaluating the toxicity of Dec-NH; and its derivatives towards MCF-10A normal cells after 2 and 24 h. Experiments were per-

formed in triplicate.
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toxicity assays against normal cells because it was not as hemo-
lytic as the wild-type and the other derivatives evaluated
(Table 1) and presented higher antimicrobial activity when
compared to the other analogs that also exhibited anticancer ac-
tivity, such as [Pro]*-Dec-NH; and [Phe]®-Des[Thr]!!-Dec-NH,
(Figure 2).

We also observed noticeable differences among the Phe-substi-
tuted peptides. For instance, [Phe]?-Dec-NH, and [Phe]®-
Des[Thr]'!-Dec-NH, inhibited cell viability the most, at
50 umol L™! after 2 h (Figure 2). On the other hand, [Phe]®-
Dec-NH; did not show significant inhibition after 2 h and
[Phe]®-[Phe]'%-Dec-NH; did only show significant inhibition
after 24 h (Figure 2). [Phe]®-Des[Thr]!!-Dec-NH, did not
present helical tendencies, as analyzed by Torres et al. [10], and
was not as hemolytic as the other Phe-substituted analogs
(Table 1).

[Pro]*-Dec-NH, was described as an unstructured peptide even
in helical promoter media [34,35] by Torres et al. [10] and was

Beilstein J. Org. Chem. 2018, 14, 1693-1703.

relatively hemolytic (Table 1) [10], but it decreased MCF-7
cancer cell viability more substantially after 24 h than after 2 h
(Figure 2). [Trp]!'-Dec-NH,, which had the highest hemolytic
activity among the peptides of the Dec-NH, family (Table 1),
significantly inhibited viability of MCF-7 cells at 25 pmol L™
after 2 h (Figure 2).

Cell death assays

Flow cytometry experiments were performed in an attempt to
obtain insight into the mechanism of peptide-mediated death of
cancer cells. For these proof-of-concept assays, we focused on
WT peptide Dec-NH,. We utilized Annexin V labeling FITC
(X axis) and propidium iodide (P, Y axis). Under these condi-
tions, (Annexin V+/PI+, right upper quadrant) were interpreted
as necrotic cells and (Annexin V+/PI—, right lower quadrant) as
apoptotic cells (Figure 4). As a positive control, we treated cells
for 1 h with a solution of 2.0 pmol L™ staurosporine (Figure 4).

Cells treated with 12.5 and 25 pmol L™! of Dec-NH, showed

approximately 16% of cells in the necrotic stage and around

“10.04% 0.01% | | 0.84% 54.35% | | 0.96%

10° 10* 10°

108

10’ i

0.29% 13.42%

10° -
8 100 10 109 16 104 10° 104
5 Negative Control 12.5 yM
o
£
2

4
2 1 2.01% 16.76% '] 3.06% 45.07% .,
[e] = ] ] " a A H
o 10* 10 o
10° 102 5/
i
' 10' "
13.91% 16.15%
103
108 104 10? 10 108 10° 104
50 pM
Annexin V

Figure 4: Cell death analysis using flow cytometry. Dot plot graphs from left to right, show cells treated with: (negative control) MCF-7 cells labeled
with Annexin/Pl, and (positive control) 2.0 umol L~" staurosporine labeled Annexin V-FITC and PI. Dot plot of MCF-7 cells after exposure to 12.5, 25
or 50 umol L™! of Dec-NH5 for 24 h, and flow cytometry analysis with Annexin V-FITC versus PI. The divisions of the plots distinguish necrotic cells
(Annexin V+/Pl+, right upper quadrant) from apoptotic cells (Annexin V+/PI-, right lower quadrant).
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14% of cells in the apoptotic stage after 24 h of incubation.
However, the percentage of necrotic cells increased approxi-
mately three times (to 45%), when the concentration of Dec-
NH, was increased to 50 pmol L™!. This is consistent with the
MTT assay results obtained with the same peptide (Figure 2),
indicating that Dec-NH, triggers membrane disruption thus
leading to cell death and necrosis of cancer cells.

AFM measurements

AFM was used to quantify the cellular structure (i.e., mem-
brane roughness) of MCF-7 cells upon peptide treatment in
order to determine whether cell topology was disturbed, as
changes in topology would provide further insight into the
mechanism of action of our lead peptides. Cantilevers in con-
tact mode were used to obtain the topographic images from dif-
ferent areas of treated and untreated cell samples [36], and rep-
resentative results are shown in Figure SA—C. Peptides Dec-
NH, and [Leu]3-Dec-NH, were chosen as control peptides as
they were the most and least potent, respectively, vs MCF-7
cells as determined by MTT assays (Figure 2).

1.94 ym

1.60

1.40
1.20
1.00
0.80
0.60
0.40

:

0.00

0.6+ D
0.4+ * %
m‘ﬂ _l_
J
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pu— —
0.0 T T T
) R &
o & &
o <
>
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Exposure of MCF-7 cells to positive control peptide Dec-NH,
for 24 h increased cancer cell membrane roughness by approxi-
mately 100% compared with cells from the untreated control
group (Figure 5D,E). Conversely, treatment with negative
control peptide [Leu]8-Dec-NH, did not significantly change
membrane roughness (Figure 5D,E). Our data indicates that
peptide treatment leading to membrane disruption and subse-
quent cell death is associated with changes in the membrane of
cancer cells, specifically, greater roughness.

The AFM results are in line with the activity of the peptides ob-
tained in MTT assays, which highlights the importance of
certain physicochemical properties for the bioactivity of these
two peptides, in line with previous work by Torres et al. [9].
Currently, there is no consensus on how the biophysical proper-
ties of peptides influence their antimicrobial and antitumoral ac-
tivities. However, in the specific case of Dec-NH; and its
analogs, helical propensity, having higher hydrophobicity,
hydrophobic momentum, and displaying a net positive charge
appeared to correlate with improved antitumoral activity. These

0.6+ E
k%
1
& 0.4+ [
0.24 o [
p— — 1
0.0 T T T
& & N
°o° & &
o8 Q
>
A\

Figure 5: Topological images of untreated MCF-7 cells (A) and cells treated for 24 h with 50 umol L=" of Dec-NHj (B) or 50 pymol L~ of [Leu]®-Dec-
NH; (C). Roughness values of membranes of untreated MCF-7 cells and of those cells treated with peptides. (D) Data represent the mean values of
the surface relative to the center plane of measurements * standard deviations (n = 5). (E) The root mean square of the values and the standard devi-
ation of the area were analyzed. More than 5 points were measured per sample. Significant differences between peptide-treated and untreated cells

are given by p > 0.05 (*).
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results add to our current understanding of the structure—activi-
ty relationships of ACPs and may lead to novel insights about
the innate immune system and to new peptide-based anticancer

chemotherapies.

Conclusion

Current cancer treatments are associated with numerous
harmful side effects, which warrants the discovery of novel
forms of treatment. ACPs have been proposed as novel anti-
cancer therapies because of their potential for selectively
targeting cancer cells without harm to normal counterparts
[37-39].

Membrane phospholipids confer permeability to the cell and
regulate the flux of metabolites between the extracellular envi-
ronment and the intracellular content [40]. The membrane of
cancer cells is typically negatively charged due to a higher
expression of anionic molecules such as phosphatidylserines,
and negatively charged glycoproteins and glycosaminoglycans
[22,23]. Here, we devised a strategy to exploit the negatively
charged environment of cancer cells by targeting it with
cationic peptides. This strategy is based on the electrostatic
interaction of the peptides, through their cationic residues,
with the anionic phospholipids present in the membrane
[39,40]. The peptides accumulate in the membrane, leading to
perturbation of membrane integrity and subsequent cell death
[40-42].

We present results obtained with the naturally occurring peptide
Dec-NHj; derived from wasp venom and with its mutant analogs
containing single and double substitutions. These peptides,
which had been previously shown to display antimicrobial prop-
erties [9,10], exhibited anticancer activity against MCF-7 breast
cancer cells at concentrations ranging from 12.5 to 50 pmol L™!
(Figure 2). The lead anticancer peptides were tested against
healthy breast tissue from the same cell line background (MCF-
10A) and were shown to selectively target cancer cells. The
peptides’ selectivity observed towards cancer cells versus
normal cells is likely due to the acidic microenvironment that
accompanies cancer cells, and the increased net negative charge
of cancer cells versus normal cells, which display a net neutral
charge [12,20].

The mechanism of peptide-mediated cell death was further
analyzed using flow cytometry for the WT peptide (Dec-NH»).
Peptide treatment led to necrotic death of cancer cells. Addi-
tional AFM experiments revealed that the roughness of the
cancer cell membrane increased significantly when treated with
this peptide, when compared with untreated cells or cells treated
with the negative control peptide [Leu]®-Dec-NH,. These
results indicate that peptide treatment alters the ultrastructure of

Beilstein J. Org. Chem. 2018, 14, 1693-1703.

the cancer cell membrane, an alteration that is apparently part of

the observed anticancer activity.

The biophysical features of peptides play an important role in
peptide—membrane interactions. Here, we designed peptide
variants derived from Dec-NH>, taking into account key physi-
cochemical properties of ACPs, such as hydrophobicity, amphi-
pathicity, and positive net charge. Our results show that signifi-
cant changes in amphipathicity, net charge, and hydrophobicity
led to decreased activity against MCF-7 cancer cells ([Leu]3-
Dec-NH, and [Phe]®-Dec-NH, analogs) and, in some cases, to
unwanted effects, such as increased cytotoxicity against normal
MCF-10A cells (e.g., [Leu]®-Dec-NH,). In addition, we identi-
fied [Leu]'9-Dec-NH, as an excellent candidate with which to
pursue the use of ACPs for eventual clinical development, as it
displayed reduced hemolytic activity than Dec-NH, and exhib-
ited selective killing of cancer cells. The ACPs described here
represent excellent scaffolds for the generation of potent, non-
toxic, and selective anticancer agents.

Experimental

Peptide synthesis, purification and analysis
Peptides were synthesized by solid-phase peptide synthesis on
Rink Amide resin, with a substitution degree of 0.52 mmol g
on a 0.1 mmol scale, using the Fmoc strategy on a peptide
synthesizer (PS3 — Protein Technologies) as described by
Torres et al. [9,10].

Dry-protected peptidyl-resin was exposed to TFA/anisole/water
(95:2.5:2.5, v/v/v) for 2 h at room temperature. The crude
deprotected peptides were precipitated with anhydrous diethyl
ether, filtered from the ether-soluble products, extracted
from the resin with 60% ACN (acetonitrile) in water and
lyophilized.

The crude lyophilized peptides were then purified by prepara-
tive reversed-phase high-performance liquid chromatography
(RP-HPLC) in 0.1% TFA/90% ACN in water (A/B) on a Delta
Prep 600 (Waters Associates). Briefly, the peptides were loaded
onto a Phenomenex Cig (21.2 mm x 250 mm, 15 um particles,
300 A pores) column at a flow rate of 10.0 mL min! and eluted
using a linear gradient (0.33% B/min slope), with detection at
220 nm. Selected fractions containing the purified peptides
were pooled and lyophilized. Purified peptides were character-
ized by liquid-chromatography electrospray-ionization mass
spectrometry (LC/ESIMS).

LC/ESIMS data were obtained on a Model 6130 Infinity mass
spectrometer coupled to a Model 1260 HPLC system (Agilent),
using a Phenomenex Gemini C;g column (2.0 mm x 150 mm,
3.0 um particles, 110 A pores). Solvent A was 0.1% TFA in
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water, and solvent B was 90% ACN in solvent A. Elution with a
5-95% B gradient was performed over 20 min, 0.2 mL min™!
flow and peptides were detected at 220 nm. Mass measure-
ments were performed in a positive mode with the following
conditions: mass range between 100 to 2500 m/z, ion energy of
5.0 V, nitrogen gas flow of 12 L min™!, solvent heater of
250 °C, multiplier of 1.0, capillary of 3.0 kV and cone voltage

of 35 V.

Cell culture and treatment

MCEF-7 cells (ATCC) were maintained in RPMI 1640 medium
supplemented with 10% heat inactivated FBS and 100 pg mL™!
penicillin/10 pg mL™! streptomycin. One day before the assays,
the cells were plated in 96-well microtiter plates with a density
of 2.0 x 10% cells/well at 37 °C and 5% CO,. On the next
day, cells were treated with peptides serial dilutions
(0.09-50 pmol L), incubated in individual microtiter plates
for 2 and 24 h and MTT assays were performed after treatment.
Human breast epithelial cells MCF-10A (ATCC) were main-
tained in a mixture of Dulbecco’s Modified Eagle’s Medium
and Ham’s F12 nutrient mixture supplemented with 5% inacti-
vated horse serum, 10 pg mL™! insulin, 0.02 pg mL~! human
epidermal growth factor, 0.5 pg mL™! hydrocortisone,
0.10 pg mL™! choleric toxin, 100 U mL™! penicillin, and
100 pg mL™! streptomycin. The cells were preincubated for
24 h, plated in 96-well microtiter plates with a density of
2.0 x 10 cells/well at 37 °C and 5% CO,. On the next
day, cells were treated with peptides serial dilutions (25 to
100 pmol L™1), incubated in individual microtiter plates for 4
and 24 h and MTT assay was performed after treatment. Experi-
ments were performed in triplicate.

MTT assay

Briefly, MTT (Sigma-Aldrich) was dissolved in water and
filtered to make up a 5 pg mL ™! solution. 30 uL of this solution
were added to all the wells which already contained peptide-
treated cells and kept at 37 °C for 45 minutes. Subsequently, the
solution was discarded and replaced with 150 pL/well of
DMSO and followed by gentle shaking for 15 minutes. Finally,
the microplates were read on an ELISA reader at 570 nm. Ex-

periments were performed in triplicate.

Cell death assay

The percentage of cells undergoing apoptosis and necrosis was
determined by Annexin V/propidium lodide staining using the
ApopNexin™ FITC Apoptosis Detection Kit (Millipore) in a
flow cytometer (BD Facs Canto II - BD). MCF-7 cells were
seeded in 6-well plates and treated for 24 h with 12.5, 25 or
50 pmol L™ Dec-NH, solution and 2.0 pmol L™ staurosporine
in water (positive control). The apoptosis assay was performed

according to Matias et al. [36].

Beilstein J. Org. Chem. 2018, 14, 1693-1703.

AFM measurements

The AFM imaging of MCF-7 cells untreated (control) and
treated with peptide (50 pmol L™! solutions of Dec-NH, and
[Leu]®-Dec-NH,, which presented low activity when compared
to other analogs and was used here as a treated control) was per-
formed using an Agilent Technologies 5500 AFM/SPM micro-
scope that was in contact mode and a Nanosensors™ PPP-
CONT probe (NanoSensors; PPP-Cont-20, PointProbe-Plus
Silicon-SPM-Sensor). The material properties and dimensions
of the AFM tips used in this experiment were as follows:
resonance frequency of 6-21 kHz, force constant of
0.02-0.77 N m™!, cantilever length of 450 £ 10 um, cantilever
width of 50 = 7.5 um, cantilever thickness of 2 + 1 pum, tip
height of 10-15 pm and resistivity of 0.01-0.02 Q cm. The
assays were performed in triplicate; image processing and
roughness determinations were performed with the aid of the
Gwyddion software (http://gwyddion.net/download.php). In

order to compare the cell surface, we used two roughness pa-
rameters, the mean roughness (R,) and the mean square of Z
data (Ry), where N is the difference between the highest and the
lowest points in the analyzed area. These parameters should not
be considered as absolute roughness values because they strictly
depend on the tip used in the assays.

R, is the mean value of the surface relative to the center plane
of the measurements. This plane is defined by where the
volumes enclosed by the image above and below are equal and
it is given by Equation 1:

1 Ll
Ra—mfo [ 17 Cepl ddy, )

where f(x,y) is the surface relative to the center plane and, Ly
and Ly are the surface dimensions.

The root mean square of the Z values Ry is the standard devia-
tion of the N values in the area analyzed and is given by
Equation 2:

N (Zn_Zavg)2
R, = \/anl—N , @

where Z,y, is the average of the Z values in the given area, Z;, is
the current value, and N is the number of points in this area
[43].
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Quorum sensing (QS) is a cell-cell communication mechanism that enables bacteria to assess their population density and alter
their behavior upon reaching high cell number. Many bacterial pathogens utilize QS to initiate an attack on their host, thus QS has

attracted significant attention as a potential antivirulence alternative to traditional antibiotics. Streptococcus pneumoniae, a noto-

rious human pathogen responsible for a variety of acute and chronic infections, utilizes the competence regulon and its associated

signaling peptide, the competence stimulating peptide (CSP), to acquire antibiotic resistance and establish an infection. In this

work, we sought to define the binding pockets within the ComD1 receptor used for binding the hydrophobic side-chain residues in
CSP1 through the introduction of highly-conservative point mutations within the peptide. Optimization of these binding interac-
tions could lead to the development of highly potent CSP-based QS modulators while the inclusion of non-natural amino acids

within the CSP sequence would confer resistance to protease degradation, a requirement for drug candidates.

Introduction

Quorum sensing (QS), a cell-density mechanism utilized by
bacteria to assess their population density through the detection
of diffusible signal molecules, enables bacterial species to

synchronize their behavior and work as a multi-cellular organ-

ism at high cell numbers to achieve transformations that require
population-wide efforts [1,2]. Many symbiotic and pathogenic
phenotypes are regulated by QS, including bioluminescence,

root nodulation, sporulation, swarming, biofilm formation, viru-
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lence factor production and competence [3-5]. As such, QS has
attracted significant attention as a means to control bacterial
behaviors (i.e., promote productive processes while attenuating
harmful traits). Extensive work aimed at developing small mol-
ecule-based QS modulators against a multitude of Gram-nega-
tive bacterial species, including Pseudomonas aeruginosa,
Vibrio fischeri, Vibrio harveyi, Vibrio cholerae, and Acineto-
bacter baumannii has been conducted [6-10]. Contrary, with the
exception of the accessory gene regulator (agr) QS circuitry in
Staphylococcus aureus [11-16], Gram-positive QS systems are
underrepresented in the literature. To address this issue, our
research groups have been actively working to delineate the
molecular mechanisms of several Gram-positive QS circuitries,
including Enterococcus faecalis [17], Streptococcus gallolyticus
subsp. gallolyticus [18], Streptococcus pneumoniae [19], and
Lactobacillus plantarum. These circuitries are usually centered
on a peptide signal, rather than a small molecule, and are
fruitful ground for the development of peptide-based therapeu-
tics.

S. pneumoniae is an opportunistic human pathogen that is re-
sponsible for a variety of acute and chronic infections, includ-
ing pneumonia, bacteremia, sepsis, meningitis and otitis media,
resulting in >22,000 deaths and direct medical costs totaling
$3.5 billion a year in the United States alone [20,21]. The QS
circuitry of S. pneumoniae, known as the competence regulon,

is centered on the competence stimulating peptide (CSP,

CSP1:E1-M2-R3-14-S5-K6-F7-F8-R9-D10-F11-112- L13- Q14-R15-K16-K17
CSP2:E1-M2-R3-14 -S5-R6-17 -18 -L9 -D10-F11-L12-F13 -L14 -R15-K16-K17

comCDE

Figure 1: The competence regulon QS circuitry in S. pneumoniae.
ComC is processed and secreted by ComAB as the mature CSP
signal. Upon reaching a threshold concentration, CSP binds and acti-
vates the transmembrane histidine kinase receptor ComD. Upon acti-
vation, ComD phosphorylates ComE. Phosphorylated ComE then
autoactivates the competence QS circuit and upregulates the expres-
sion of genes involved in virulence factor production, biofilm formation
and attaining genetic competence through ComX. The sequences of
the two CSP signals identified in S. pneumoniae are shown at the top.

Beilstein J. Org. Chem. 2018, 14, 1769-1777.

Figure 1). S. pneumoniae utilizes the regulon to become compe-
tent and acquire antibiotic resistance from the environment,
initiate its attack on the human host through virulence factor
production, and protect itself from the environment by forming
biofilms [22-27]. The competence regulon in S. pneumoniae is
therefore a major regulator of pathogenicity and thus a poten-
tial target for attenuating S. pneumoniae infections. S. pneumo-
niae strains can be divided into two main specificity groups
based on the CSP signal that they produce (CSP1 and CSP2,
Figure 1) and their cognate receptors (ComD1 and ComD?2, re-
spectively), with minimal cross-talk between the groups [28].
The two CSP signals share approximately 50% homology and
differ mainly in hydrophobic residues in the central region of
the peptides, suggesting that these residues are involved in re-
ceptor binding and specificity [29].

Previously, Yang et al. conducted a systematic structure—activi-
ty relationship (SAR) analysis of the CSP1 scaffold and found
that the hydrophobic residues in positions 4, 7, 8, 11, 12 and 13,
along with Arg3, are important for ComD1 binding [19]. More-
over, three of these positions, 4, 7 and 8, were suggested by
Johnsborg et al. to confer specificity between the ComD recep-
tors [29]. Therefore, in this work, we aimed to define the hydro-
phobic pockets within the ComD1 receptor that are occupied by
the hydrophobic residues in positions 4, 7, 8, 11, 12 and 13 as a
means to enhance the binding interactions between CSP1 and
ComD1. To this end, we utilized highly conservative mutations
in these positions using both proteogenic and non-proteogenic
amino acids and assessed the effects of these mutations on both
receptor binding and specificity. Our analysis revealed that po-
sitions 4, 7, 8 and 11 are more resistant to modification than po-
sitions 12 and 13. Furthermore, it appears from our analysis that
the side-chain residues do not occupy 100% of the binding
pockets, thus these pockets can accommodate better elongated
side-chain residues compared to truncated side-chains or those
that introduce electrostatic effects. Finally, our results further
correlated helicity with bioactivity. Combined, the results of
this study can be used to design novel CSP-based QS modula-
tors with improved pharmacological properties that could be
applied to study QS in vivo.

Results and Discussion
Design and synthesis of CSP1 analogs

In this work, we aimed to define the binding pockets in ComD1
that accommodate the hydrophobic side-chain residues in CSP1
and determine their degree of occupancy as a means to opti-
mize CSP1-ComD]1 interactions and develop novel CSP-based
QS modulators with improved activities. When optimizing pro-
tein—peptide interactions, it is important to determine which key
side-chain residues within the peptide sequence fully occupy

their binding pocket within the protein and which ones do not
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optimally occupy their binding site, either by not occupying the
entire binding pockets or by having some unfavorable steric
clashes (Figure 2). To do so, one can either use computational
models, when structural information of the protein/receptor is

[ A B c

Good binding |Un0ccu9ied sgacel |Steric clash|
~ ” ~ ,i( SN
i i g

Optimized structure, Addition of a Elimination of
no change bulkier group the steric clash
Good binding
~ N \k/ ~ N

\ i 9 i 1 }

Figure 2: Assessment of protein—peptide binding pockets. Key side-
chain residues (black) can either fully occupy their binding pocket (A),
partially occupy their binding pocket (B), or have some unfavorable
steric clashes (C). As such, no optimization (red) is required in (A),
larger bulkier side-chain can be introduced to improve binding interac-
tions in (B), while smaller side-chain residue can be introduced in (C)
to eliminate steric clashes and improve binding.

CSP1
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available [30], or utilize conservative point mutations within the
ligand peptide to assess the occupancy level and degree of
specificity. Since no structural information is available for the
CombD receptors, we chose to assess the ComD1 binding pocket
by synthesizing a set of CSP1 analogs bearing highly conserva-
tive point mutation in key hydrophobic positions (4, 7, 8, 11, 12
and 13). Aliphatic hydrophobic side-chains, namely Leu or Ile,
were replaced with proteogenic and non-proteogenic aliphatic
residues (Ile, Leu, Val, norleucine (Nle), or norvaline (Nva)),
while aromatic hydrophobic residues (Phe) were replaced with
other aromatic residues (phenylglycine (Phg), homophenylala-
nine (hPhe), or Tyr; Figure 3). The CSP1 analogs were
constructed using standard solid-phase peptide synthesis (SPPS)
protocols (see Materials and Methods for SPPS procedures),
followed by purification to homogeneity by semipreparative
RP-HPLC (see the Supporting Information File 1 for full char-
acterization details).

Structure—activity relationships of CSP1

analogs

To assess QS modulation, we utilized the -gal reporter strains,
constructed by Lau and co-worker [31]. In these strains the lacZ
gene is under the control of QS (pcomX). Thus, upon QS acti-
vation, ComE will bind pcomX and transcribe /acZ (in addition
to upregulation of ComX). ComD modulation can therefore be
quantified by measuring p-gal activity. The peptides were first
screened for their ability to activate/inhibit the ComD1 and
ComD?2 receptors at high concentration (10 pM). Only analogs
that exhibited greater than 75% activation compared to the

E-M-R-L-S-K-F-F-R-D-F-I-L-Q-R-K-K

lle Leu Nle

Val Nva

o o o o) o
HZN\;)kOH HzN%OH HzN\;)J\OH HzN\;)J\OH HzN\;)J\OH

Sl Y

Phe Phg

-~

hPhe Tyr

o) o) o) o)
HzN\-_)kOH HZN\;)kOH HZN\;)J\OH HzN\.)J\OH

© O

Figure 3: Design of CSP1 analogs. The CSP1 sequence is presented using the one-letter amino acid code. Residues in red were replaced by all the
other red residues, while residues in blue were replaced by all the other blue residues. Nle, norleucine; Nva, norvaline; Phg, phenylglycine; hPhe,

homophenylalanine.
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native signal (CSP1 or CSP2) or greater than 50% inhibition of
the maximal signal induced by the native peptide were further

evaluated to determine their EC50/ICs( values, respectively.

Starting with the ComD1 receptor, generally, it appears that the
binding sites of the CSP1 aromatic residues are optimally occu-
pied, leading to a more significant reduction in potency when
the side-chain residue is changed compared to the aliphatic
binding pockets (Table 1). Looking at the aliphatic residues in
CSP1, the binding pocket for the fourth residue, leucine, can
accommodate elongation of the aliphatic chain by one methy-
lene (Leu — Nle) as well as movement or loss of chain-
branching (Leu — Ile, Nle or Nva; Table 1). Contrary, trunca-
tion of the aliphatic chain by one carbon (Leu — Val) resulted
in significant reduction in potency, suggesting that important
binding interactions are occurring between the & carbon of the
Leu residue in CSP1 and the ComD1 binding pocket. Regarding
the 12th position, Ile, it appears that the protein—peptide
interface is more promiscuous, accommodating all types of
modifications (Table 1). It seems that elongation by one carbon
(Ile — Nle) as well as repositioning of branching (Ile — Leu)
are slightly more tolerated than truncation (Ile — Val) or

Table 1: Biological and structural characterization of the CSP1 analogs@.

Peptide name ComD1

ECs (nM)° 95% CI°
CSP1 10.3 6.27-16.8
CSP1-L4l 10.2 6.74-15.4
CSP1-L4NL 13.5 6.38-28.5
CSP1-L4ANV 5.74 2.94-11.2
CSP1-L4V 113 74.1-171
CSP1-F7FG 81.3 35.1-188
CSP1-F7HF 81.7 61.8-108
CSP1-F7Y 344 155-764
CSP1-F8FG 884 514-1520
CSP1-F8HF 434 35.1-53.5
CSP1-F8Y 85.0 72.2-100
CSP1-F11FG >1000 -
CSP1-F11HF 65.8 41.8-104
CSP1-F11Y 95.6 59.4-154
CSP1-112L 8.56 5.42-13.5
CSP1-112NL 6.68 3.52-12.6
CSP1-112NV 13.8 11.8-16.2
CSP1-112V 15.3 6.72-34.9
CSP1-L13I 9.12 5.96-13.9
CSP1-L13NL 18.6 7.95-43.3
CSP1-L13NV 15.2 7.56-30.3
CSP1-L13V 31.0 20.8-46.1
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removal of branching (Ile — Nva). However, these changes
were subtle (about 2-fold; Table 1). Overall, it appears from the
results that the binding pocket of the 12th residue is not fully
occupied by the side-chain residue and can be further opti-
mized. Moving to the 13th position, Leu, this binding pocket
also accommodated changes in carbon length and connectivity
relatively well. In this case, relocation of branching (Leu — Ile)
was most tolerated, followed by removal of branching,
either with or without chain elongation (Leu — Nle or Nva;
2-fold reduction in potency). Truncation was least tolerable
(Leu — Val; 3-fold decrease in potency). Combined, these
results suggest that all three sites can be further optimized with
an emphasis on utilizing longer, bulkier substituents. Moreover,
the decreases in potency observed with the introduction of Val
indicate that side chains containing & carbons (at minimum) are

required to preserve QS activity.

Turning to the aromatic residues, all of which are Phe, reposi-
tioning of the benzene ring at the seventh position (truncation or
elongation, Phe — Phg or hPhe, respectively) led to an 8-fold
reduction in potency. These results suggest that this ring sits in
a relatively tight pocket (Table 1). Moreover, addition of a

CombD?2 Helicity (%)?

ECso (NM) 95% Cl

526 498-556 20.1%
>1000 - 34.8%
>1000 - 29.2%
627 332-1180 34.0%
€ - 30.1%
828 512-1340 26.3%
317 148-682 26.7%
e - 31.8%
€ - 13.4%
>1000 - 19.4%
-© - 25.7%
>1000 - 15.9%
>1000 - 32.3%
-€ 29.2%
537 384-752 34.1%
>1000 - 24.7%
853 748-973 25.6%
¢ - 29.0%
705 426-1170 27.7%
>1000 - 17.3%
>1000 - 30.9%
-© - 25.8%

aSee experimental section for details of reporter strains and methods. See Supporting Information File 1 for plots of agonism dose response curves
and CD spectra. All bioassays were performed in triplicate. PECsq values determined by testing peptides over a range of concentrations. °95% confi-
dence interval. 3Percent helicity determined from CD spectra in 20% TFE using the absorbance at 222 nm [32]. ®ECs not determined due to the

analog’s low induction in primary agonism screening assay.
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hydroxy group (Phe — Tyr) resulted in a 33-fold reduction in
potency, providing further support regarding the specificity of
the binding pocket, specifically with regards to electronic/polar
effects. The eighth position exhibited an interesting trend where
truncation of the side-chain (Phe — Phg) was not tolerated
(>80-fold reduction in potency) while elongation of the chain
(Phe — hPhe) resulted in only a modest reduction in potency
(4-fold change; Table 1). In this case, even the addition of a
polar hydroxy moiety (Phe — Tyr) was relatively tolerated, re-
sulting in an 8-fold reduction in potency. Together, these results
suggest that the binding pocket for the eighth residue is not as
optimally occupied as the one for the seventh residue. An iden-
tical trend to the 8th residue was also observed for the 11th
residue, with only modest variations in potencies (Table 1).
Combined, these results suggest that the binding pockets for the
aromatic residues are mostly occupied and the benzene ring
must be far enough from the CSP backbone in order to main-
tain helicity (see Structural Analysis below) and effectively
interact with the binding pocket. Thus, pending no unexpected
enhancement from isosteric substitutions (e.g., pyridylalanine,
cyclohexylalanine, etc.), they are likely not ideal positions for
further optimization.

With regards to the ComD?2 receptor, since we performed
highly-conservative mutations to the CSP1 scaffold, we did not
expect significant changes in potencies against the ComD?2 re-
ceptor, compared to CSP1. Indeed, most of the analogs exhib-
ited similar activities to CSP1 against ComD2 (Table 1; <2-fold
change). Interestingly, two mutations were not tolerable and
resulted in significant loss of activity: These were Phe — Tyr
for positions 7, 8 and 11, as well as Leu/Ile — Val for positions
4, 12 and 13. The valine substitution results are in agreement
with the trend observed for the ComD1 receptor and further
highlight the importance of the chain-length for effective
binding, while the tyrosine substitution results suggest that the
binding pockets within the ComD2 receptor cannot accommo-
date polar/electron-rich substituents.

Structural analysis of CSP1 analogs

Next, we wanted to assess the impact our modifications to the
CSP1 scaffold had on its conformation. We utilized circular di-
chroism (CD) spectroscopy to evaluate the main structural
motifs of the different analogs. Since only conserved modifica-
tions were introduced to the CSP1 sequence, we did not expect
significant changes to the overall structural characteristics.
Indeed, all the analogs exhibited a-helix CD spectra in mem-
brane mimicking conditions (20% trifluoroethanol (TFE) in
PBS buffer; Figure S4, Supporting Information File 1). Quan-
tification of the helix content using both the mean residue ellip-
ticity at 222 nm [32] and the BeStSel method [33] yielded simi-
lar trends (Table S2, Supporting Information File 1). Important-
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ly, the two analogs that exhibited the lowest percent helicity,
CSP1-F8FG and CSP1-F11FG, were the least active analogs
against the ComD1 receptor (Table 1), supporting the hypoth-
esis that an a-helix is required for effective ComD1 binding.

A helical wheel representation of the CSP1 sequence revealed
that, with the exception of L13, all the residues discussed above
(4,7, 8, 11 and 12) occupy the same face of the helix (Figure 4).
This result suggests that only one face of the CSP1 helix is
directly interacting with the ComD]1 receptor. Interestingly, L13
is predicted to be positioned on the opposite face of the helix,
away from the proposed binding interface between CSP1 and
ComDl1. It is therefore not clear why this residue was found to
be important for effective receptor binding. In-depth structural
analysis of CSP1 in membrane mimicking conditions using
NMR revealed that CSP1 adopts a kinked a-helix conformation,
pointing the Leul3 side-chain more closely to the other hydro-
phobic side-chain residues than predicted by the helical wheel
diagram (Yang et al. unpublished results). The kinked a-helix
conformation may explain the importance of Leul3 in receptor
binding. Alternatively, since the ComD receptors are predicted
to dimerize upon activation, Leul3 may have a role in stabi-
lizing the dimerization process prior to phosphorylating the
response regulator, ComE. Lastly, it is possible that CSP1 inter-
acts with the ComD1 receptor using more than just a single
helical face. Additional structural studies are needed to test
these hypotheses and conclusively determine the role of Leul3
in ComD1 binding and activation.

Conclusion

In conclusion, we incorporated highly conservative point muta-
tions to the CSP1 sequence in order to define the hydrophobic
binding pockets within the ComD1 receptor. Our analysis
revealed that the binding pockets of the 4th, 12th and 13th posi-
tions in CSP1 are likely not optimally occupied by the current
side-chain residues and can thus be the focus for optimization in
order to obtain more potent CSP-based QS modulators. Our
analysis also revealed that the binding pockets of the aromatic
side-chains in CSP1 are likely optimally occupied by the cur-
rent residues (Phe) and should thus be retained to maintain high
affinity to the ComD1 receptor. Lastly, structural analysis using
CD spectroscopy of the CSP1 analogs provided additional
support that an a-helix conformation is required for effective
ComD1 binding by CSP1. We believe that the insights revealed
in this study are valuable to the development of highly potent
CSP-based QS modulators with enhanced pharmacological
properties.

Materials and Methods
Chemical reagents and instrumentation. All chemical
reagents and solvents were purchased from Sigma-Aldrich and
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Figure 4: Helical wheel representation of CSP1. The CSP1 residues are presented using the one-letter amino acid code. The presentation reveals
that, with the exception of L13, all the hydrophobic residues occupy the same face of the helix. Image produced using the NetWheels application

(http://Ibgp.unb.br/NetWheels/).

used without further purification. Water (18 MQ) was purified
using a Millipore Analyzer Feed System. Solid-phase resins
were purchased from Chem-Impex or P3 Biosystems.

Reversed-phase high-performance liquid chromatography (RP-
HPLC) was performed using two Shimadzu systems each
equipped with a CBM-20A communications bus module, two
LC-20AT pumps, an SIL-20A auto sampler, an SPD-20A
UV-vis detector, a CTO-20A column oven, one with an FRC-
10A fraction collector and one without. Matrix-assisted laser
desorption ionization time-of-flight mass spectrometry
(MALDI-TOF MS) data were obtained on either a Bruker
Autoflex or Bruker Microflex spectrometer equipped with a
60 Hz nitrogen laser and a reflectron. In positive ion mode, the
acceleration voltage on lon Source 1 was 19.01 kV. Exact mass
(EM) data were obtained on an Agilent Technologies 6230 TOF
LC/MS spectrometer. The samples were sprayed with a capil-
lary voltage of 3500 V and the electrospray ionization (ESI)
source parameters were as follows: gas temperature of 325 °C at

a drying gas flow rate of 3 L/min at a pressure of 25 psi.

Peptide synthesis. All the CSP1 analogs were synthesized on a
4-benzyloxybenzyl alcohol (Wang) resin (0.65 mmol/g) pre-
loaded with Fmoc-L-Lys(Boc). With the exception of the
phenylglycine and norvaline derivatives, the CSP1 analogs were
synthesized using standard Fmoc-based solid-phase peptide

synthesis (SPPS) procedures [34]. Phenylglycine and norvaline
derivatives were prepared on a CEM Discover microwave
synthesizer, with diisopropyl carbodiimide (DIC) as the cou-
pling reagent along with Oxyma Pure. The ratio of DIC:Oxyma
Pure:AA was 3.6:3:3 dissolved in N,N-dimethylformamide
(DMF) for a final DIC concentration of 0.2 M. Reactions were
run at 50 W at a temperature of 75 °C for 8 minutes, followed
by 2 x 3 min deprotection with 20% piperidine in DMF.

Peptide purification. Crude peptides were purified with
RP-HPLC. The crude peptide was dissolved in ACN/H,O (1:4)
and purified in 2.0-2.4 mL portions on either a Phenomenex
Luna (5 pm, 10 mm, 150 mm, 100 A) C18 column or a
Phenomenex Kinetex (5 um, 10 mm, 250 mm, 110 A) C18
column with a flow rate of 5 mL/min; mobile phase A = 18 MQ
water + 0.1% TFA and mobile phase B = ACN + 0.1% TFA.
The collected fraction was lyophilized overnight and dissolved
again in ACN/H,0 (1:4) for a second prep run. Preparative
HPLC methods were used to separate the crude peptide mixture
to different chemical components using a linear gradient
(first prep 15% B — 45% B over 30 min and second prep
25% B — 35% B over 30 min) as described in [19]. Then,
either an analytical Phenomenex Luna C18 column (5 pm,
4.6 mm, 150 mm, 100 A) or an analytical Phenomenex Kinetex
C18 column (5 pm, 4.6 mm, 250 mm, 110 A) was used to quan-
tify the purity of the desired fraction using a linear gradient
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(5% B — 95% B over 22 min or 27 min, respectively). Purities
were determined by integration of peaks with UV detection at
220 nm. Only peptide fractions that were purified to homo-
geneity (>95%) were used for the biological assays. TOF-MS
was used to validate the presence of synthesized peptides. The
observed mass-to-charge (m/z) ratio of the peptide was com-
pared to the expected m/z ratio for each peptide (see Table S1,
Supporting Information File 1).

Biological reagents and strain information. All standard bio-
logical reagents were purchased from Sigma-Aldrich and used
according to enclosed instructions. Donor horse serum (defibri-
nated) was purchased from Sigma-Aldrich and stored at 4 °C

until use in bacterial growth conditions.

To examine the ability of the synthesized CSP analogs to
modulate the ComD receptors, and thus the QS circuit in
S. pneumoniae, B-galactosidase assays were performed using
D39pcomX::lacZ (group I) and TIGR4pcomX::lacZ (group II)

reporter strains as described in [19].

Bacterial growth conditions. Bacteria from a freezer stock
were grown as described in [19]. Briefly, the bacteria were
streaked into a THY agar plate supplemented with 5% donor
horse serum and chloramphenicol at a final concentration of
4 pg/mL. The plate was incubated for 8 h in a CO, incubator
(37 °C with 5% CO3). Fresh colonies (single colony for
D39pcomX::lacZ; multiple colonies for TIGR4pcomX::lacZ)
were picked into sterilized cultural tubes containing 5 mL of
THY broth supplemented with chloramphenicol at a final con-
centration of 4 pg/mL and the cultures were incubated in a CO,
incubator overnight (15 h). Overnight cultures were then diluted
(1:50 for D39pcomX::lacZ; 1:10 for TIGR4pcomX::lacZ) with
THY and the resulting solution was incubated in a CO; incu-
bator for 3—4 hours, until the bacteria reached early exponential
stage (0.30-0.35 for D39pcomX::lacZ; 0.20-0.25 for
TIGR4pcomX::lacZ) as determined by using a plate reader.

p-Galactosidase assay. Activation assays. The ability of syn-
thetic CSP1 analogs to activate the expression of comX was de-
termined using reporter strains grown in THY as described in
[19]. Briefly, an initial activation screening was performed at
high concentration (10 uM) for all CSP analogs. 2 pL of | mM
solution of CSP analogs in dimethyl sulfoxide (DMSO) were
added in triplicate to a clear 96-well microtiter plate. 2 uL of
20 uM solution of CSP1 were added in triplicate and served as
the positive control for the group I strain (D39pcomX::lacZ),
while 2 pL of 100 pM solution of CSP2 were added as the posi-
tive control for the group II strain (TIGR4pcomX::lacZ). These
concentrations were chosen to afford full activation of the QS

circuit, as determined from the dose-dependent curves created
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for the native CSPs. 2 pL of DMSO was added in triplicate and
served as the negative control for both groups. Then, 198 pL of
bacterial culture was added to each well containing CSP and
analogs, the plate was incubated at 37 °C for 30 minutes, and
the ODggonm Was measured. In order to measure the B-galactosi-
dase activity in the pneumococcal culture, the cells were lysed
by incubating the culture for 30 minutes at 37 °C with 20 pL of
0.1% Triton X-100. In a new plate, 100 pL of Z-buffer solution
(60.2 mM NapHPOy, 45.8 mM NaH,;PO4, 10 mM KCI, and
1.0 mM MgSOy in 18 MQ H,O; pH was adjusted to 7.0 and the
buffer was sterilized before use) containing 2-nitrophenyl-p-D-
galactopyranoside (ONPG) at a final concentration of
0.4 mg/mL was added, followed by 100 pL of lysate, and the
plate was incubated for 3 hours at 37 °C. The reaction was
stopped by adding 50 pL of 1 M sodium carbonate solution, and
the ODy40nm and ODs50nm Were measured using a plate reader.
The final results were reported as percent activation, which is
the ratio between the Miller units of the analog and of the posi-
tive control. For calculation of Miller units, please see data
analysis below. Analogs that exhibited high activity in the
initial screening (see Figures S1 and S2, Supporting Informa-
tion File 1) were further evaluated using a dose-dependent assay
in which peptide stock solutions were diluted with DMSO in
serial dilutions (either 1:2, 1:3, or 1:5) and assayed as described
above. GraphPad Prism 5 was used to calculate the ECs
values, which are the concentration of a drug that gives half-

maximal response.

Inhibition assays. Analogs that exhibited low comX activation
in the initial screening (see Figure S2, Supporting Information
File 1) were evaluated for competitive inhibition as described in
[19]. Briefly, the ability of synthesized CSP analogs to inhibit
the expression of comX by outcompeting CSP for the receptor
binding site was evaluated using the same assay conditions as
described above, except that in this case native CSP (for this
purpose, CSP2) was added to every well in a set concentration
(250 nM). This concentration was chosen to afford full activa-
tion of the QS circuit, as determined from the dose-dependent
curves created for the native CSPs. 2 uL of a native CSP
(25 puM solution) and 2 pL of a 1 mM solution of each CSP
analog were added to the same well in triplicate in a clear
96-well microtiter plate. 2 uL of native CSP (25 pM solution)
and 2 pL of DMSO were added to the same well in triplicate
and served as the positive control. 4 uL. of DMSO was added in
triplicate and served as the negative control. Then, 196 pL of
bacterial culture was added to the wells and the plate was incu-
bated at 37 °C for 30 minutes. The procedure for lysis, incuba-
tion with ONPG and all the measurements were as described in
the activation assay. None of the analogs exhibited significant
competitive inhibition in the initial screening (Figure S3, Sup-

porting Information File 1).
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Analysis of activation/inhibition data. Miller units were

calculated using the following formula:

[ Absgyo— (1.75 x Absssg) |
(t X Vv X AbS600)

Miller Unit =1000 x

Absyy is the absorbance of ortho-nitrophenol (ONP). Absss is
the scatter from cell debris, which, when multiplied by 1.75 ap-
proximates the scatter observed at 420 nm. ¢ is the duration of
incubation with ONPG in minutes, v is volume of lysate in
milliliters, and Absggg reflects cell density.

Circular dichroism (CD) spectroscopy. CD spectra were re-
corded with an Aviv Biomedical CD spectrometer (model 202-
01) as described in [19]. Briefly, all the measurements were per-
formed with a peptide concentration of 200 uM in PBS buffer
(137 mM NacCl, 2.7 mM KCI, 10 mM NayHPOy4, 1.8 mM
KH,POy; pH was adjusted to 7.4) with 20% trifluoroethanol
(TFE). Measurements were performed at 25 °C with a quartz
cuvette (science outlet) with a path length of 0.1 cm. Samples
were scanned one time at 3 nm min~! with a bandwidth of 1 nm
and a response time of 20 s over a wavelength range (195 to
260 nm). Percent helicity (fy7) was calculated for all peptides
using the following equation:

fom [6],,, -
(051222 (1 —nj

[0]22> is the mean residue ellipticity of the sample peptide at
222 nm, [04]227 is the mean residue ellipticity of an ideal
peptide with 100% helicity (—44,000 deg cm? dmol™!) [32], n is
the number of residues in the potential helical region, and x is
an empirical correction for end effects (2.5) [32]. Secondary
structure contents were also calculated using the BeStSel (beta
structure selection) method (http://bestsel.elte.hu/) [33].

Supporting Information

Supporting Information File 1

Full details of peptide characterization, initial screening
results, dose response curves for CSP1 analogs, and CD
spectra of all the CSP1 analogs.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-14-151-S1.pdf]
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Abstract

The increasing emergence of multidrug-resistant pathogens is one of the biggest threats to human health and food security. The
discovery of new antibacterials, and in particular the finding of new scaffolds, is an imperative goal to stay ahead of the evolution
of antibiotic resistance. Herein we report the synthesis of a 3-decyltetramic acid analogue of the ureido dipeptide natural antibiotic
leopolic acid A. The key step in the synthetic strategy is an intramolecular Lacey—Dieckmann cyclization reaction of a linear pre-
cursor to obtain the desired 3-alkyl-substituted tetramic acid core. The synthesized analogue is more effective than the parent
leopolic acid A against Gram-positive (Staphylococcus pseudintermedius) and Gram-negative (E. coli) bacteria (MIC 8 pg/mL and
64 ug/mL, respectively). Interestingly, the compound shows a significant activity against Staphylococcus pseudintermedius strains
expressing a multidrug-resistant phenotype (average MIC 32 pg/mL on 30 strains tested). These results suggest that this molecule
can be considered a promising starting point for the development of a novel class of antibacterial agents active also against resis-

tant strains.

Introduction
The treatment of bacterial infections by antibiotics is widely  bacteria, mainly due to the abuse of antimicrobial molecules
regarded as one of the major achievements of the 20th century. (e.g., for treatment of bacterial skin diseases [1]), emphasises

However, the continued emergence of multidrug-resistant the urgent need for novel antibiotic families. In this regard,
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natural products are privileged compounds, as they possess bio-
logically validated structures, which could become suitable

leads in drug discovery [2].

Recently, our research group reported the first total synthesis of
leopolic acid A (Figure 1), a fungal metabolite from a terres-
trial-derived Streptomyces sp. isolated from the rhizosphere of
the plant Juniperus excelsa [3,4]. Leopolic acid A is endowed
with antibacterial activity against Staphylococcus aureus and
Staphylococcus pseudintermedius with a MIC of 16 pg/mL, and
against Escherichia coli with a MIC of 128 pg/mL [3,4]. In
terms of structural features, this compound contains a 4-decyl-
2,3-pyrrolidinedione ring linked to the ureido dipeptide L-Phe-
L-Val. The 2,3-pyrrolidinedione ring is a quite unusual
skeleton. A limited number of compounds containing this
system have been synthesized so far [5-7] and, to the best of our
knowledge, natural compounds with a 2,3-pyrrolidinedione
nucleus are quite rare [8-11]. The lack of similar compounds
may be due to the instability of the 2,3 pyrrolidinedione moiety
[12]. Indeed, while developing the total synthesis of leopolic
acid A, we encountered several difficulties in the construction
of the ring, most of the intermediates being unstable [4].

In light of these results, we intended to investigate the role of
the 2,3 pyrrolidinedione ring by replacing it with a more stable
isomeric 2,4-pyrrolidinedione moiety. Actually, 2,4 pyrrolidine-
diones (tetramic acids) have recently attracted considerable
attention for their antibacterial, antiviral, antifungal and anti-
cancer activities [13]. More than one hundred of them have
been isolated from a variety of natural sources and numerous
analogues have been synthesized and studied for their multiple
biological activities [13]. For this reason, we planned the syn-
thesis of a leopolic acid A analogue containing the tetramic acid
moiety in place of the 2,3-pyrrolidinone ring (compound 1),
while maintaining unchanged all the other structural features of
the natural compound. The advantage of this substitution should
be a higher stability of the heterocyclic ring, hopefully coupled
with an increased activity due to the presence of the tetramic

acid core.

leopolic acid A

Figure 1: Structures of leopolic acid A and compound 1.

Beilstein J. Org. Chem. 2018, 14, 2482-2487.

In this paper we report the efforts made to develop a synthetic
strategy to compound 1, which may, in principle, have a value
in the preparation of various analogues for structure—activity
relationship (SAR) studies. The antibacterial activity of com-
pound 1 was tested on Staphylococcus pseudintermedius and
Escherichia coli strains chosen as representative of Gram-posi-
tive and Gram-negative bacteria. In particular, we demon-
strated the ability of compound 1 to inhibit Staphylococcus
pseudintermedius strains expressing a multidrug-resistant

phenotype.

Results and Discussion

The instability of most of the N-unsubstituted 2,3-pyrrolidine-
diones prepared for the construction of leopolic acid A [4]
forced us to develop a linear synthetic strategy consisting of
11 steps, not amenable for the preparation of analogues. Con-
versely, compound 1 appears well suited to a convergent syn-
thetic approach based around two fragments, the ureido dipep-
tide L-Phe-L-Val and the 3-decyltetramic acid core (Figure 1).

Initially, we focused on the synthesis of the 2,4-pyrrolidine-
dione core. A review of the existing literature on tetramic acids
syntheses revealed a considerable amount of papers regarding
the preparation of 3-acyltetramic acids [14-18], whereas the
synthesis of 3-alkyl-tetramic acids has been considerably less
investigated [19-22]. We envisaged that the most straightfor-
ward route to the 2,4-pyrrolidinedione system could be a
Lacey—Dieckmann cyclization starting from a N-acetoacetyl-a-
amino ester. Interestingly, the biosynthetic pathways of the
tetramic acid scaffold involves Lacey—Dieckmann cyclases [23]
or a spontaneous intramolecular Claisen condensation, which
occurs in the cytosol. To protect the a-amino ester nitrogen we
chose the p-methoxybenzyl (PMB) group, easily removable by
ceric ammonium nitrate (CAN). N-(4-Methoxybenzyl)glycine
ethyl ester (5) was obtained in 87% yield by reacting
4-methoxybenzylamine (3) with bromoacetic acid ethyl ester
(4) in THF (Scheme 1). The ester 5 was converted into com-
pounds 6a and 6b by condensation with monoethyl malonate

and monobenzyl malonate, in the presence of DCC and DMAP,
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Scheme 1: Synthesis of 3-decyltetramic intermediate 13. Reagent and conditions: a) TEA, THF, 0 °C to rt, 2.5 h, 87%; b) monoethyl malonate (for
6a), monobenzyl malonate (for 6b), DCC, DMAP, CH,Cly, 0 °C to rt, 24 h (for 6a), 12 h (for 6b), 6a: 80%, 6b: 83%; c) TBAF, Et,O, THF, 1-iodode-
cane, rt, 24 h, 7a: 22%, 7b: 30%; d) CAN, CH3CN/H,0 (3:1), 0 °C to rt, 1 h, 8a: 81%, 8b: 66%; e) dodecanoyl chloride, TEA, CHCI3, 0 °Ctort, 3 h,
90%; f) -BuOK 1 M in THF, THF, reflux, 1.5 h, 65%; g) benzyl tosylate, KHMDS 0.5 M in toluene, crown ether 18-crown-6, THF, 0 °C to rt, 3 h, 35%;
h) TFA, 60 °C, 2h; i) CAN, CH3CN/H,0 (3:1), 0 °C to rt, 1h; j) benzyl tosylate, KHMDS 0.5 M in toluene, crown ether 18-crown-6, THF, 0 °C to rt,

2.5 h, 30% over two steps.

in 80% and 83% yield, respectively. Starting from intermedi-
ates 6a and 6b, treatment with a tetrabutylammonium fluoride
solution in diethyl ether at room temperature induced the cycli-
sation and the formation of an enolate, which was subsequently
reacted with 1-iododecane and deprotected with ceric ammoni-
um nitrate to afford derivatives 8a and 8b, respectively. Unfor-
tunately, at this stage all attempts to decarboxylate compounds
8a and 8b failed [22]. To overcome the problem of decarboxyl-
ation, we planned to synthesize the alkyl-substituted tetramic
core in one single step by Lacey—Dieckmann cyclisation of
ethyl 2-(N-(4-methoxybenzyl)dodecanoylamino)acetate (9), al-
though this compound does not contain an active methylene
group. Thus, compound 5 was acylated with dodecanoyl chlo-
ride to obtain compound 9 in 90% yield. As expected, the cycli-
zation reaction was found to be quite troublesome. Several
attempts were made using different conditions (TBAF, Et,O, rt;
NaOEt, EtOH, reflux; NaH, THF, reflux; LDA, THF, =78 °C),

but they all were unsuccessful. Finally, we succeeded in prepar-
ing intermediate 10 by treatment of compound 9 with potas-
sium fert-butoxide (1 M in THF) in THF [24]. The optimisation
of reaction conditions, work-up and purification, allowed us to

obtain the desired compound in 65% yield.

Before removing the PMB group and installing the ureidodipep-
tide fragment, we needed to protect the oxygen at C-4 [15]. We
selected a benzyl protecting group, as it could be cleaved by
catalytic hydrogenation together with the benzyl ester of
L-phenylalanine in the ureidodipeptide fragment (see synthesis
of compound 20) by a one-pot reaction. To increase the reac-
tion rate toward O-alkylation, we used an aprotic polar solvent
like DMF, which weakly solvates the enolates. However, treat-
ment of compound 10 with benzyl bromide and K,CO3 in DMF
gave exclusively the C-3 alkylated derivative. Thus, we consid-

ered that a hard leaving group such as a sulfonate should play a
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key role in favouring O-alkylation. Moreover, we selected a
base containing potassium as a metal cation, which provides a
greater electron density to the nucleophilic enolate, thus
favouring O-alkylation. Satisfyingly, O-selective alkylation of
compound 10 was achieved by deprotonation with KHMDS fol-
lowed by alkylation with benzyl tosylate in the presence of
18-crown-6 ether [15]. The synthesis of benzyl tosylate was
accomplished using benzyl alcohol and freshly recrystallized
p-toluenesulfonyl chloride in the presence of anhydrous tri-
methylamine and DMAP, in anhydrous dichloromethane [25].

At this stage, all attempts to obtain the key intermediate 13
removing the p-methoxybenzyl group [24,26-28] from 11
failed. Finally, compound 13 was successfully obtained by
modifying the sequence of reactions. Deprotection of com-
pound 10 with TFA [24], followed by selective alkylation with
benzyl tosylate as previously described, afforded the desired
O-alkyltetramic acid 13 in 30% yield.

The synthesis of the activated ureido fragment was achieved in
four steps from suitably protected L-valine and L-phenylala-
nine. The benzyl protection of L-phenylalanine (14) was carried
out with PTSA and benzyl alcohol in toluene and the ester 15
was isolated as its p-toluensulfonic acid salt by recrystallization
with Et,O in 70% yield (Scheme 2). L-valine (16) was pro-
tected as tert-butyl ester 17 by using perchloric acid in ~-BuOAc
in 75% yield. The unsymmetrical urea 18 was synthesized using
triphosgene at room temperature in 50% yield. The tert-butyl

+
HoN OH HaN
12 © 15
b
OH
HZN —_— HQN\(;(O% F
o}
16 17 © F

T T
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ester was easily cleaved by trifluoroacetic acid in DCM at room
temperature to furnish the corresponding acid 19 (yield 95%),
which was activated by pentafluorophenol, DCC in EtOAc to
give the pentafluorophenylester ureido-dipeptide 20 (60%,
Scheme 2).

With both key fragments 13 and 20 in hand, we finally accom-
plished the N-acylation reaction using n-BuLi in THF at —60 °C
[15] in 60% yield. Removal of both protecting groups by cata-
lytic hydrogenation, gave the desired compound 1 in 72% yield
(Scheme 3).

Compound 1 was subjected to a preliminary study to evaluate
the antimicrobial activity against 80 strains of Staphylococcus
pseudintermedius and 25 strains of Escherichia coli. Bacterial
isolates of S. pseudintermedius and E. coli, previously identi-
fied using selective and differential cultural media (e.g.,
Mannitol Salt Agar; MacConkey Agar, Oxoid, Italy), were iso-
lated on blood agar plates (Tryptic Soy Agar plus 5% defibri-
nated sheep blood, Microbiol, Italy) to obtain pure cultures [29].
The isolated colonies were used to assess the phenotypic profile
of antimicrobial resistance. For this purpose, the Kirby Bauer
disk diffusion method was used in accordance to Clinical Labo-
ratory Standards Institute guidelines [30]. All the strains were
treated with a panel of antimicrobial molecules belonging to
five pharmacological categories: amoxicillin + clavulanic acid,
cephalexin, cefovecin, clindamycin, doxycycline, enrofloxacin

and marbofloxacin. Only for S. pseudintermedius strains,

o 00 o
O c wiNHlJ\NH ©
— 0
F

F F
00 4
NHlJ\NH ©
0

Scheme 2: Synthesis of dipeptide L-Phe-L-Val intermediate 20. Reagents and conditions: a) PTSA-H,0, benzyl alcohol, toluene, reflux, 10 h, 70%;
b) HCIOy, tert-butyl acetate, 0 °C, 1 h, then rt, 20 h, 75%; c) triphosgene, DIEA, DCM, rt, 3 h, 50%; d) trifluoroacetic acid, DCM, rt, 3 h, 95%;

e) pentafluorophenol, DCC, EtOAc, 0 °C, 1h, then rt, 3 h, 60%.
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Scheme 3: Synthesis of compound 1. Reagents and conditions: a) n-BuLi, THF, =60 °C, 220 min, 60%; b) H, Pd/C 10%, AcOEt, rt, 100 min, 72%.

oxacillin was also tested to assess methicillin-resistance (see
Table S1, Supporting Information File 1, for details). After
incubation, 30 strains of S. pseudintermedius revealed
resistance phenoptype to three or more pharmacological cate-
gories and were considered multidrug resistant (MDR) [31].
MICs (minimum inhibitory concentrations) of compound 1
were evaluated on each bacterial strain (E. coli and S. pseudin-
termedius MDR or not) as reported by CLSI guidelines [30,32].

The average MIC values of 1 against 50 Staphylococcus pseud-
intermedius isolates were 8 pg/mL and versus Escherichia coli
64 pg/mL, lower than the MICs shown by the parent leopolic
acid A (Staphylococcus pseudintermedius average MIC
16 pg/mL; Escherichia coli average MIC 128 pg/mL) [4]. Inter-
estingly, compound 1 showed a significant activity also against
Staphylococcus pseudintermedius strains expressing a
multidrug-resistant phenotype (average MIC 32 ug/mL on
30 strains tested).

Conclusion

The development of novel strategies to fight bacterial infec-
tions is an imperative goal, mainly due to the increasing num-
ber of bacterial strains resistant to a wide spectrum of antibiot-
ics. Aim of this work was the development of a synthetic
strategy for obtaining new natural compound-derived scaffolds
endowed with increased antimicrobial activity. Attention was
focused on 2,4-pyrrolidinedione derivatives, so-called tetramic
acids. As part of our search for new tetramic acid containing
scaffolds, we have synthesized the 2,4-pyrrolidinone analogue

of the natural compound leopolic acid A, by a convergent syn-

thetic strategy. Compound 1 is more effective than the parent
leopolic acid A against Staphylococcus pseudintermedius and
E. coli strains (MIC 8 pg/mL and 64 pg/mL, respectively) and
Staphylococcus pseudintermedius strains expressing a
multidrug-resistant phenotype (average MIC 32 pg/mL on
30 strains tested). The results confirm that the replacement of
the 2,3-pyrrolidinedione core with the tetramic acid nucleus
leads to an increase of antimicrobial activity even on MDR
strains, thus suggesting that the new scaffold can be considered
as a promising candidate for further investigation. Efforts to
synthesize analogues of compound 1 to deepen the structure—ac-
tivity relationship (SAR) study of this novel class of antibacteri-
al agents are underway.

Supporting Information

Supporting Information File 1

General experimental methods, synthetic procedures and
analytical data for the reported compounds, antimicrobial
activity evaluation procedures.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-14-224-S1.pdf]

Supporting Information File 2

TH NMR and !3C NMR spectra of the new compounds;
COSY spectra of compounds 1, 10; HDMS spectra of
compound 1.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-14-224-S2.pdf]
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Abstract

Pseudomonas aeruginosa relies on the quorum sensing (QS) signaling system as a central regulator mechanism of virulence expres-
sion that contributes to the formation and maintenance of biofilms and tolerance to conventional antimicrobials. QS Signaling mole-
cules (QSSMs) may be recognized and may function also within the host cells, being potentially involved in the progression of the
infectious process. In this study we evaluate the expression of adhesion and inflammatory molecules in endothelial cells treated
with P. aeruginosa QSSMs, in order to bring new insights on the mechanisms involved in the interaction of P. aeruginosa with host
cells during the infectious process. Endothelial cells were stimulated with 20 pM of main P. aeruginosa QSSMs (OdDHL = N-(3-
oxododecanoyl)-L-homoserine lactone, C4HSL = N-butyryl-L-homoserine lactone, PQS = 2-heptyl-3-hydroxy-4(1H)-quinolone
and HHQ = 2-heptyl-4-quinolone). Adherence to endothelial cells, inert substratum and biofilm formation was evaluated. The
expression of adhesion molecules (VE-cadherin, PECAM-1, ICAM-1, and P-selectin) and inflammatory response molecules (IL-1f,
IL-6, TNFa, TGFp, and eNOS) was assessed by qRT-PCR and flow cytometry. Our results showed that bacterial adherence to inert
substratum and biofilm were decreased in the presence of all tested QSSMs. The adherence index of PAOT1 laboratory strain to host
cells was decreased between 10—40% in the presence of QSSMs, as compared to untreated control. Expression of eukaryotic cells
adhesion molecules ICAM-1 and P-selectin was stimulated by QSSMs, whereas VE-cadherin and PECAM-1 levels were increased
only by C4HSL. The inflammatory response of endothelial cells was also modulated, as observed by the modified expression of
IL-1pB (for C4HSL, PQS and HHQ), IL-6 (for C4HSL and HHQ), TNFa (for C4HSL and HHQ), TGFp, and eNOS factors. Our
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results demonstrate that the main pseudomonadal QSSMs differentially modulate endothelial cells adhesion and proinflammatory

cytokine expression. These observations provide new insights in the mechanisms by which different QSSMs activate endothelial

cells and modulate the infectious process, and support the importance of recent studies aiming to develop anti-QS therapeutic strate-

gies to fight against P. aeruginosa infections.

Introduction

Pseudomonas (P.) aeruginosa is an opportunistic pathogen that
causes severe and persistent infections in immune compro-
mised individuals and in patients with bronchiectasis or cystic
fibrosis. The infections become chronic, as P. aeruginosa
develops resistance to conventional antibiotics due to its ability
to produce virulence factors and modulate immune defenses by
quorum sensing (QS) and biofilm production. Pseudomonas
aeruginosa is recognized as the principal pathogen responsible
of high morbidity and mortality in patients with cystic fibrosis,
one of the most common life-threatening autosomal recessive
genetic disease in Northwest European populations, determined
by mutations in the cystic fibrosis transmembrane conductance
regulator (CFTR) gene [1]. This mutation determines alteration
of ion transport and subsequent dehydration of the airway sur-
face liquid, resulting in a viscous mucus layer on the airway
surface of cystic fibrosis patients that deteriorate the mucocil-
iary clearance and enhance the infection, inflammation and
respiratory insufficiency [2]. P. aeruginosa pathogenesis is
multifactorial, as suggested by the large number and wide spec-
trum of bacterial virulence factors present either attached to the
cell wall or extracellular virulence factors capable of producing
massive tissue damage and blood dissemination of the infection
[3]. The regulation of the virulence factors expression is coordi-
nated by quorum sensing (QS), an intercellular communication
system based on cell density dependent molecules with autoin-
ductory properties that play a pivotal role in the pathogenesis of
various infections. P. aeruginosa produce two types of quorum-
sensing signaling molecules (QSSMs): N-acylhomoserine
lactones (AHL) and 2-alkyl-4-quinolone (PQS) derivatives. The
AHLs molecules described so far in P. aeruginosa belong at
two quorum sensing (QS) systems: /as and rhl systems whose
autoinducer (AI) molecules are N-(3-oxododecanoyl)homo-
serine lactone (OdDHL, 3-ox0-C12-HSL), and N-butyryl-L-
homoserine lactone (C4-HSL), respectively. AHL systems are
interconnected by a third mechanism that uses signaling mole-
cules such as 2-alkyl-4-quinolone (AQ), the most relevant one
being 3-hydroxy-4-quinolone (PQS = Pseudomonas quinolone
signal) and its immediate precursor 2-heptyl-4-quinolone
(HHQ) [4,5]. QS systems modulate numerous microbial viru-
lence features, such as bacterial adherence and biofilm forma-
tion. It was proved that QS signaling plays an important role in
cell attachment, in the differentiation of Pseudomonas biofilms

and even biofilm survival [6]. The /as system is indispensable

for the development of a normal biofilm, including the differen-
tiation of biofilm-like structures (such as “mushrooms” and
"columns") observed in biofilms developed in vitro [7]. Some
studies have shown that QS-deficient mutant strains initially
form biofilms with the same dense structure as wild strains. The
mutant strains produce even "mushroom"-like structures simi-
lar to wild strains that have as carbon source, glucose, but com-
pared to wild type, mature biofilms (10 or more days of devel-
opment) produced by QS deficient strains differ in size and
stability of the structure, being more flexible due to the produc-
tion of QS-regulated extracellular DNA [8], which acts as a
stabilizer of three-dimensional biofilm structure [8]. In patients
with cystic fibrosis, the growth of bacteria in biofilm deter-
mines aggravation of the disease. Recent studies have found
that the QS molecules interact with eukaryotic cells and modu-
late also host immune response [9]. But, although the roles of
the N-acylhomoserine lactones in the modulation of immune
response have been well studied, the results obtained until now
were contradictory, depending on the cell line, the concentra-
tion and the time of action [10]. Moreover, the effects of AQs
and other Pseudomonas molecules on the modulation of
immune responses are poorly understood. The elucidation of the
intimate QSSM mechanisms could contribute to the develop-
ment of new anti-QS therapeutic strategies against P. aerugi-

nosa infections, which are very difficult to treat.

The vascular endothelium is crucial for cell and tissue homeo-
stasis and regulation of inflammatory response. The loss of its
integrity causes plasma, proteins and cells to build up in the
interstitial space, resulting in inflammation [11]. In order to
avoid both chronic and acute inflammatory disease, e.g., athero-
sclerosis or loss of vascular volume, such as in septic shock, the
soundness of the vascular permeability barrier is essential. The
barrier function of the endothelium is strictly controlled by
intercellular adherence junctions (AJ) and tight junctions (TJ),
interconnected with cytoskeletal proteins. 30-C12-HSL in-
duces breaks in the epithelial barrier, disrupting cell junction
and enhanced permeability by alterations in the phosphoryla-
tion status of TJ and AJ proteins [12]. The transmembrane pro-
tein vascular endothelial cadherin (VE-cadherin) is the major
structural component of endothelial AJ with a pivotal role in en-
dothelial barrier integrity. LasB protease released by P. aerugi-

nosa during infection determines VE-cadherin cleavage and
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facilitates type III secretion system toxicity in endothelial cells
[13]. ICAM-1 (intercellular adhesion molecule 1) and
PECAM-1 (platelet endothelial cell adhesion molecule 1) are
endothelial- and leukocyte-associated transmembrane proteins
that permit transmigration of leukocytes into tissues and are in-
duced by interleukins (IL-1, IL-8), tumor necrosis factor (TNF),
nitric oxide (NO), and other inflammatory and stress factors.
The investigations of the role of QSSM produced by P. aerugi-
nosa on vascular endothelial cells (EC) are poorly investigated.
The aim of this study was to evaluate the expression of adhe-
sion and inflammatory molecules in endothelial cells treated
with P. aeruginosa quorum-sensing (QS) molecules, in order to
elucidate their role in the occurrence of tissue damages, in
which endothelial cells are involved, such as: wound healing,
transepithelial migration of neutrophils, lung inflammation and
permeability. Also, we highlighted the impact of QSSMs on
microbial attachment at inert and cellular substrata and biofilm
formation in vitro.

Results and Discussion

Adherence and biofilm development

Even though there are numerous recent studies about the influ-
ence of bacteria QSSMs on host cells, their results are chiefly
about the effects of AHL molecules, whereas the interactions
between host cells and PQS have remained largely unknown.
As far as we know, this is the first publication showing how
both P. aeruginosa-derived AHL and PQS impact adhesion and
inflammatory parameters of endothelial cells. Also, the impact
of the main P. aeruginosa QSSMs on key bacterial virulence
factors such as attachment and biofilm formation was shown, as
these behaviors are very important for the progression of the in-
fectious process and represent the main host-pathogen interac-
tions. Bacterial adherence to inert substrata and biofilms de-
veloped at different periods of time (24 h, 48 h and 72 h) were
decreased in the presence of all tested QSSMs in PAO1 culture
(Figure 1). Adherence to inert substratum was decreased with
37.4% for OdDHL, 32.2% for C4HSL, 32.4% for PQS and with
60% for HHQ compared with PAO1 control (Figure 1a).
Biofilm formation was slightly inhibited by the presence of
most of the tested OSSMs; only HHQ slightly increased the de-
velopment of biofilm (21.7%) at 72 hours (Figure 1b).

The inhibitory effect of adherence was also observed for cellu-
lar substrate adherence. The adherence index of PAO1 strain to
endothelial cells was decreased in the presence of 20 pM
QSSMs compared to untreated control. The inhibitory effect
was observed in the case of OdDHL (40% inhibition) and
C4HSL (30% inhibition), and also a low inhibition (10%) was
observed in the case of PQS (Figure 2). HHQ had no signifi-
cant effect on the adherence index of P. aeruginosa to host en-

dothelial cells, but a change in the adherence pattern of bacteria
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Figure 1: Graphic representation of the bacterial adherence to inert
substrata (A) and biofilms developed after 24 h, 48 h and 72 h of incu-
bation (B) in the presence of 20 uM purified QSSMs (*P < 0.05, based
on ANOVA and Bonferroni post test of medians of 3 independent ex-
periments performed in triplicate).
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Figure 2: Graphic representation of the adherence index to cellular
substrata of PAO1 strain treated with 20 uM of tested purified QSSMs.

to the endothelial cells was registered, from aggregative
(control PAOL1) to diffuse aggregative. As seen in Table 1,
changes in the adherence pattern were observed in the presence
of all tested QSSMs. The main tendency of the tested QSSMs is
to disperse microbial aggregates attached on the host cells, since
it is clearly seen that the untreated PAO]1 control has a higher
aggregative potential, as compared to all other samples
(Figure 3).

Flow cytometry analysis of endothelial cells adhesion mole-

cules revealed that ICAM-1 and P-selectin production in-

creased for all QSSMs treated samples, as compared with
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Table 1: The adherence patterns to cellular substrate of PAO1 strain
treated with 20 pM purified QQSMs.

sample adherence pattern

control PAO1 aggregative

OdDHL diffuse aggregative
C4HSL localized aggregative
PQS diffuse aggregative
HHQ diffuse aggregative

control cells, the highest effect being observed in case of
OdDHL and PQS. ICAM-1 showed an increased expression in
endothelial cells treated with OdDHL (75.6% + 0.48), C4HSL
(21.7% £ 0.04), PQS (43.2% + 0.011), HHQ (52.1 £ 0.019), as
compared to control cells (13.7% =+ 0.50). P-selectin expression
was also increased for OdDHL (27.5% + 0.03) and PQS
(42.2% + 0.04) treated cells, while C4HSL (6.5% + 0.28) and
HHQ (4.4% + 0.02) treated samples provided lower values,
comparable to untreated control cells (10% =+ 0.19). The expres-
sion of PECAM-1 and VE-cadherin, were strongly positive for
all QSSMs treated cells, as they are in untreated control endo-
thelial cells (Figure 4). These results suggest an inflammatory/
reactive response of endothelial cells, explained by the stimula-

Beilstein J. Org. Chem. 2018, 14, 2580-2588.

tion of ICAM-1 and P-selectin expression which correlate with
an increased production of inflammatory cytokines (such as
IL-1, IL-8, TNFa). These data are confirmed by recent litera-
ture showing the immunomodulatory effects of OdDHL and
PQS signaling molecules [14]. It has been shown that OdDHL
determines the overexpression of mRNA for IL-8 and stimu-
lates the production of numerous active cytokines in fibroblasts
and human epithelial cells in vitro. High concentrations
(100 pM) of purified OdDHL activate the p42/44 MAPK
signaling pathway and subsequently the NFkB transcription
factor that stimulates the production of IL-8 proinflammatory
cytokines [15] in human lung or fibroblast bronchial cells.
3-Ox0-C12-AHL also activates extracellular signal-regulated
kinases (ERKs), which subsequently induces the activation of
NF«B transcription factor. Thus, activation of NFkB is essen-
tial for maximal IL-8 production following stimulation of
3-0x0-C12-AHL cells [16]. In addition, the same group later
demonstrated that P. aeruginosa can induce stimulation of
prostaglandin E2 (PGE2) production via the COX-2 cyclooxy-
genase pathway. In vitro studies on human lung fibroblasts have
shown that OdDHL causes overexpression of cox-2 but not
cox-1, and this effect appears to be related to NFkB activation.
These autoinducers (Als) stimulate the production of mem-

Figure 3: Fluorescence microscopy images of QSSMs treated euckariote cells, revealing attachment patterns. (Ctrl- = untreated control cells,
P.a ctrl = P. aeruginosa control treated cells, ODdHL = P. aeruginosa + OddHL treated cells, C4HSL = P. aeruginosa + C4HSL treated cells,
PQS = P. aeruginosa + PQS treated cells, HHQ = P. aeruginosa + HHQ treated cells, ob. 100%, immersion oil.
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Figure 4: Flow cytometry assays for inflammatory (IL-1B, IL-6), and adhesion markers (ICAM-1, PECAM-1, P-selectin and VE-cadherin) in endotheli-
al cells treated with PAO1 and QSSMs (*P < 0.05, Bonferroni post test of medians of 3 independent experiments performed in triplicate (n = 3)).

brane-associated prostaglandin E (PGE) and PGE2 but not PGE
from cytosol. It is known that PGE2 plays a role in inducing
mucus secretion, vasodilatation and edema, acting as a lipid
mediator in immunomodulation [17]. These results indicate that
OdDHL contributes to the induction of inflammation and pul-
monary pathology in P. aeruginosa infections, which is mainly
visible in cystic fibrosis patients. PGE2 and COX-2 have been
shown to play an important role in suppressing the production
of reactive oxygen species by diminishing the bacterial clear-
ance process by macrophages. For these reasons, both PGE2
and COX-2 have been proposed as future therapeutic targets for
the treatment of severe pneumonia produced by P. aeruginosa
[18].

Another signaling molecule produced by P. aeruginosa has
been shown to have immunomodulatory effects in the host cells
[14,19]. PQS inhibits cellular proliferation without affecting
IL-2 cytokine release when T cells are activated. PQS and
OdDHL significantly reduce the ability of human peripheral

mononuclear cells to respond to Con-A and to anti-CD3 and
anti-CD28 antibodies. PQS does not affect cell viability while
OdDHL inhibits cell proliferation and viability [20]. In addition,
OdDHL inhibits the release of IL-2 and TNFa while PQS stim-
ulates the release of these cytokines [21]. OdDHL can control
PQS production, demonstrating that both molecules, while inde-
pendent, with similar or different effects, act together [22]. The
expression of adhesion molecules VE-cadherin and PECAM-1
was evaluated by qRT-PCR assay, and the obtained results
sustained the flow cytometry data, suggesting the ability of
QSSMs to modulate adhesion of host cells. An increased
expression by 9 and 11 fold, respectively, was obtained when
endothelial cells were treated with C4HSL (Figure 5). Migra-
tion of leukocytes from vessels into infected tissues involves
interaction with endothelium through adhesion molecules.
Adhesion molecules such as integrins (Cd11/Cd18) and ICAMs
are usually involved in the inflammatory process during infec-
tion. P. aeruginosa-activated mast cells produce IL-1a and
IL-1B, which stimulate the expression of ICAM-1 and
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Figure 5: Expression levels (fold change) in gRT-PCR experiments for IL-1B, IL-6, TNFa, TGF, eNOS, VE-cadherin and PECAM-1 molecules per-
formed on endothelial cells treated with PAO1 cultures and purified QSSMs (P < 0.05, based on ANOVA and Bonferroni post test of medians of 4 in-

dependent experiments performed in triplicate (n = 3)).

E-selectin in endothelial cell, this process being required for
transendothelial migration [23]. Furthermore Lins et al. showed
2010 that ICAM-1 expression is modulated by ExoU cytotoxin
injected via the type III secretion system, being involved in en-
dothelial damage and bacterial dissemination [24].

Inflammatory markers

Proinflammatory cytokines and chemokines such as IL-1a,
IL-1B, IL-6 and TNFa are produced by vascular cells such as
endothelial cells and leucocytes within hours after P. aerugi-
nosa infection. Flow cytometry assay showed elevated levels of
IL-1B and IL-6. The level of IL-1f was increased after the stim-

ulation with 20 uM QSSMs. The most significant IL-1 expres-
sion stimulation was observed in the sample treated with
OdDHL (21.8% + 0.09), as well C4HSL (21% + 0.03), fol-
lowed by HHQ (15.3% + 0.3). PQS showed no effect in the pro-
duction of IL-1f in endothelial cells (Figure 4). The expression
of IL-6 was also increased after cellular treatment with OdDHL
(55% £ 0.02), PQS (85.2% £ 0.015), HHQ (55% + 0.02), while
C4HSL showed no significant effect in the modulation of IL-6
expression (Figure 4). QRT-PCR results showed that the pres-
ence of C4HSL, PQS and HHQ molecules increased the expres-
sion level of IL-1p, while the PAO1 and OdDHL did not affect
the level of IL-1p. IL-6 expression was slightly increased in the
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presence of all QSSM (0.5-2.3 fold), the differences being more
significant for C4HSL and HHQ. The expression of TGFf,
eNOS was significantly increased in the presence of all QSSMs,
by 1.5-2.0 fold (TGFp) and 1.2-3.2 fold (eNOS), respectively,
suggesting an activated phenotype of endothelial cells. The
expression levels of adhesion molecules such as VE-cadherin
and PECAM-1 were stimulated by the QSSMs, high levels
being observed in the cells grown in the presence of C4HSL
(Figure 5). Though there are numerous recent studies focusing
on the influence of bacteria QSSMs on host cells, they are
chiefly about the effects of AHL molecules, whereas the inter-
actions between host cells and PQS have remained largely
unknown. As far as we know, this is the first publication
showing how both P. aeruginosa-derived AHL and PQS impact
adhesion and inflammatory parameters of endothelial cells.

Thomas et al. in 2006 tested the ability of natural 3-oxo0-C12-
AHL and 4 synthetic analogues to modulate cytokine produc-
tion in the host cells and the results demonstrated that these
soluble mediators stimulate the production of TNFa and nitric
oxide (NO) in equine and murine macrophages [25]. The mech-
anism of action of QSSMs leads to the activation of NFkB
signaling cascade, resulting in the upregulation of pro-inflam-
matory cytokines IL-6, IL-8, and TNFa. However, our results
demonstrated that TNFa expression is inhibited by all tested
QSSMs, excepting HHQ (Figure 5). The expression of inflam-
matory molecules is tissue dependent and seems to be influ-
enced by soluble virulence factors produce by P. aeruginosa
during infection. Previous studies showed that most P. aerugi-
nosa QSSMs increases the level of IL-6 in vitro. While HHQ is
significantly stimulating IL-10 secretion by more than 20-fold,
PQS has no significant effect on IL-10 secretion in mesenchy-
mal stem cells [10]. Bacterial lipopolysaccharides (LPS) and
phospholipase C (PLC) induces high levels of TNFa, IL-18,
IFNy, MIP-1 and MIP-2 in lung cells, but they do not affect
IL-18 levels [26]. In the tracheal epithelium LPS stimulates
TLR2 and TLR4, while flagellin stimulates TLRS expression.
Alveolar epithelial cells respond to P. aeruginosa by releasing
IL-1B, IL-6, IL-8, MIP-2 while alveolar macrophages are pro-
ducing IL-1pB and IL-18 [27].

Conclusion

This is the first article about how P. aeruginosa derived QSSMs
influence human endothelial cell adhesion and cytokine profile.
Our findings demonstrate that the major pseudomonadal AHL
and PQS auto-inducers differentially modulate bacteria adher-
ence to inert and cellular substrata and biofilm formation, but
also endothelial cells adhesion and pro-inflammatory cytokine
expression. These observations may help in gaining insights
into understanding host—pathogen interaction and communica-

tion and may have an impact on the development of new anti-
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QS therapeutic strategies to fight P. aeruginosa infections.
Specifically, our results bring new information to help elucidat-
ing the mechanisms by which different QSSMs activate the host
endothelial cells and promote epithelial lesions during P. aeru-

ginosa infections.

Experimental

Adherence assay to inert substrate and biofilm formation was
assessed by the adapted microtiter method [28]. Overnight
PAOI cultures were grown with QSSMs in 96 multi-well plates
containing Tryptic Soy Broth (TSB) for 24 h, 48 h and 72 h at
37 °C. After each period of time, the plates were subsequently
emptied and washed three times with phosphate buffered saline
(PBS). The adherent cells were then fixed with cold methanol,
stained with an alkaline 1% crystal violet solution for
15 minutes, washed with distilled water and resuspended in a
33% acetic acid solution. The intensity of the suspension was
spectrophotometrically assessed, the amount of adhered
biomass being proportional to the absorbance value read at
492 nm.

Adherence assay to cellular substrate

Cell culture. Endothelial cell line EA.hy926 was cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM, Sigma-
Aldrich, St. Louis, MO, USA) containing 10% heat inactivated
fetal bovine serum (FBS), 100 U/mL penicillin, 100 pg/mL
streptomycin, and 50 pg/mL neomycin. Cell cultures were
maintained at 37 °C in a humidified atmosphere containing
5% CO, and 21% O,. To maintain optimal culture conditions,
the medium was changed twice a week. Prior the infection with
P. aeruginosa and adding QSSMs the endothelial cells were
cultured in a medium without antibiotics. Endothelial cells were
stimulated with P. aeruginosa PAO1 strain (control) and puri-
fyed QSSMs (20uM) (OdDHL = N-(3-oxododecanoyl)-L-
homoserine lactone; C4HSL = N-butyryl-L-homoserine
lactone; PQS = 2-heptyl-3-hydroxy-4(1H)-quinolone; and
HHQ = 2-heptyl-4-quinolone). For the adherence assay,
Cravioto’s adapted method was used [29]. Briefly, the endothe-
lial cells monolayers were washed with PBS (phosphate
buffered saline) and 1 mL of fresh medium without antibiotics
was added to each well. Suspensions of P. aeruginosa were ob-
tained from bacterial mid-logarithmic phase cultures grown in
nutrient broth adjusted to 107 CFU/mL and 1 mL were used for
the inoculation of each well in the presence of QSSMs. The
inoculated plates were incubated for two hours at 37 °C. After
incubation, endothelial cells were washed three times with PBS,
fixed with cold methanol and stained with 5 pg/mL propidium
iodide. The plates were washed, dried at room temperature and
examined immediately with a fluorescent microscope (Eclipse
TE300, with Digital Net Camera DN100, Nikon, Tokyo, Japan),
by using the 100%, immersion oil objective.
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The plates were examined microscopically to evaluate the
adherence index and patterns. The adherence index was
expressed as the ratio between the number of the eukaryotic
cells with adhered bacteria and 100 eukaryotic cells counted on
the microscopic field. The adherence patterns were defined as:
localized adherence (LA) when tight clusters of microorgan-
isms were noticed on the HeLa cell surface, aggregative
adherence (AA) when a microbial stacked brick pattern charac-
terizes the attachment, diffuse adherence (DA) when the
bacteria adhered diffusely, covering the whole surface of the
cell.

QRT-PCR assay

The gene expression level of adhesion and inflammatory mole-
cules in endothelial cells treated with PAO1 cultures and
QSSMs, was assessed by qRT-PCR. Total cellular RNA was
isolated using RNeasy Mini kit (Qiagen, Hilden, Germany) and
reverse-transcription reaction was performed using M-MLV
polymerase (Thermo Fisher Scientific, Massachusetts, USA).
The mRNA levels were quantified by amplification of cDNA
using a real-time thermocycler (Viia7 Applied Biosystems ther-
malcycler, Thermo Fisher Scientific, Massachusetts, USA) and
TaqMan chemistry using the following assays: IL-1B
(Hs01555410_m1), IL-6 (Hs00174131_ml), TNFa
(Hs00174128_m1), TGFB (Hs01086000_m1), eNOS
(Hs01574665 _m1), VE-cadherin (Hs00975233 m1), PECAM-1
(Hs01065279_m1), GAPDH (Hs03929097 gl). PCR reaction
had the following schedule: denaturation step at 95 °C for two
minutes, 40 cycles of denaturation at 95 °C, 15 seconds and
annealing at 60 °C, 40 seconds. The genes expression level was
normalized to GAPDH. The relative quantification was done
using the comparative CT method and expressed as arbitrary

units.

Flow cytometry assay

Endothelial cells were stimulated with P. aeruginosa PAO1
strain and QSSMs (20 pM) for 20 hours and the expression of
cell adhesion and inflammatory markers was assessed by flow
cytometry (Gallios, Beckman-Coulter) using 1 x 10° endotheli-
al cells stained with fluorochrome-conjugated (FITC - fluores-
cein-isothiocyanate and PE - phycoerythrin) primary antibodies
against IL-1f3, IL-6, ICAM-1 PECAM-1, P-selectin,
VE-cadherin (Beckman-Coulter). Endothelial cells were de-
tached using trypsin (Sigma-Aldrich, USA) and washed in PBS.
Cells were then incubated with the primary antibodies at room
temperature in the dark for 30 min. Further, the cells were
washed twice and centrifuged at 400g, 10 min, in PBS suple-
mented with 1% BSA. For negative controls, endothelial cells
were stained with the corresponding isotype-matched IgG anti-
bodies (Beckman-Coulter). Flow cytometry data were analyzed

using the Gallios software (Beckman-Coulter).
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Statistical analysis

One way analysis of variance (ANOVA) was used to analyze
the data (GraphPad software). Bonferroni post test was
used when appropriate. P values < 0.05 were considered signifi-

cant.
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The Gram-negative opportunistic pathogen Pseudomonas aeruginosa causes severe nosocomial infections. It uses quorum sensing

(QS) to regulate and coordinate population-wide group behaviours in the infection process like concerted secretion of virulence

factors. One very important signalling network is the Pseudomonas quinolone signal (PQS) QS. With the aim to devise novel and

innovative anti-infectives, inhibitors have been designed to address the various potential drug targets present within pqs QS. These

range from enzymes within the biosynthesis cascade of the signal molecules PqgsABCDE to the receptor of these autoinducers PqsR

(MvfR). This review shortly introduces P. aeruginosa and its pathogenicity traits regulated by the pqs system and highlights the

published drug discovery efforts providing insights into the compound binding modes if available. Furthermore, suitability of the

individual targets for pathoblocker design is discussed.

Introduction

In recent years, attempts to raise public awareness on antimicro-
bial resistance (AMR) and the large threat that it poses towards
modern health standards have been made [1]. It is an alarming
notion that at an increasing rate of available treatment options
proves ineffective in eradicating bacterial infections [2]. Espe-

cially in the case of Gram-negative bacteria, an urgent need for

novel medicines has been identified while the pipeline of drug
candidates is literally running dry and a desirable renaissance of
the golden age of antibiotic drug research in ‘big pharma’ is
currently not to be seen on the horizon [3,4]. Nevertheless,
some innovative strategies to be explored for their clinical ap-

plicability in combating bacterial infections have been devised
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in the last decades mostly driven by academic research [5-7]. In
contrast to addressing classical antibiotic drug targets involved
in vital processes of the bacterial cell, ‘antivirulence’ strategies
aim at abolishing pathogenic features without affecting cell
viability, providing the basis for a lower drug-induced selection
pressure [5,8,9]. Hence, a reduced rate of resistance develop-
ment is expected [9]. A clinical proof-of-concept for this uncon-
ventional strategy has been provided recently by the approval of
the toxin-neutralizing therapeutic antibody bezlotoxumab,
which is henceforth in clinical use for pre-emptive treatment of
recurring clostridial infections [10]. So, the potential of active
principles, which do not kill the bacteria through bactericidal or
bacteriostatic effects, but mediate their effect through pathogen-
specific action on virulence mechanisms, has been unveiled.
This short review focuses on the current knowledge of one par-
ticular antivirulence strategy against the important pathogen
Pseudomonas aeruginosa, which is based on the disruption of

the Pseudomonas quinolone signal quorum sensing system
(pgs QS).

Review
Antimicrobial resistance and clinical

relevance of Pseudomonas aeruginosa

P. aeruginosa is one of the threatening ESKAPE pathogens and
has regularly been attributed with the label ‘superbug’ [11]. In
2017, the World Health Organization (WHO) has published a
priority list for pathogens with urgent need for novel treatment
options and carbapenem-resistant P. aeruginosa was ranked in
the highest category ‘critical’ [12]. One of the main problems
we face regarding this Gram-negative bacterium is that it shows
a prominent ability to resist antibiotic treatment via several
mechanisms. First and foremost, it possesses an intrinsic resis-
tance to many antibiotics because of the low permeability of its
cell wall and due to the action of a number of efflux pumps as
well as B-lactamases. Efflux pumps in particular are nifty mo-
lecular machineries consisting of several protein components,
which in total span from the inner to the outer side of the cell
membrane. Their function is to expel a wide range of xenobi-
otics, among them antibiotics from the cephalosporin, carbapen-
em, fluroquinolone and aminoglycoside classes [13]. Through
this mechanism, these drugs cannot reach their intracellular
targets rendering them ineffective. f-Lactamases, on the other
hand, act specifically on compounds which carry the epony-
mous cyclic moiety as the activity-driving motif and their genes
are found to be encoded on the chromosomes of many
P. aeruginosa strains. Hence, these antibiotic-inactivating en-
zymes provide resistance against penicillins and cephalosporins
[14].

In addition to these intrinsic capabilities, P. aeruginosa is able

to acquire resistances toward antibiotics it has come in contact
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with. These acquired resistances can be the result of spontane-
ous mutations in genes encoding for the target protein. For ex-
ample, certain mutational changes within DNA gyrase will lead
to lowered susceptibility for fluoroquinolones [15]. Other exam-
ples are mutants leading to efflux pump overexpression [15]. If
the resistance determinant is located on a transferable plasmid,
it can be efficiently spread among bacteria via horizontal gene
transfer, which is probably the most frequent mechanism for the
development of acquired resistances [15]. In these cases, the
resistance determinant is inheritable and passed over to the next
generation of bacteria.

Furthermore, a mechanism has been discovered, which is re-
ferred to as adaptive resistance and describes the observation
that a persistent environmental stimulus can induce non-muta-
tional resistances [15]. Under continuous treatment regimes, the
antibiotic itself can of course be the stimulus. But, nutrient
deprivation, pH, anaerobiosis, as well as biocides, polyamines,
cations and carbon sources could also act as external triggers
leading to adaptive resistance. The common effect of these
stimuli seems to be an alteration in expression patterns ulti-
mately impacting, e.g., efflux pump or enzymatic activity, as
well as cell envelope properties or biofilm formation [15].

All the mechanisms described above help to explain the notion
that established chronic P. aeruginosa infections are notori-
ously difficult to eradicate. This ubiquitous opportunistic
pathogen is able to cause infections basically in every niche of
the human body where it finds enough moisture [16]. Common
sites of infection are the respiratory and urinary tracts, the eye
and wounds, e.g., those resulting from burn injuries [17]. These
occur frequently in hospitalized and especially immunocompro-
mised individuals. Patients with chronic lung diseases like
cystic fibrosis (CF) or bronchiectasis have a poor prognosis
when P. aeruginosa colonisation is detected, as this is usually
associated with loss of lung function, morbidity, and mortality
[18]. In 2013, it has been estimated, that by the age of eighteen
80% of the CF patients are Pseudomonas positive. Recently, ev-
idence has been provided that this ratio is reducing [19]. Never-
theless, with progression of age the majority of CF patients will
become chronically infected with P. aeruginosa and this is still
the major cause of death associated with this genetic disorder
[20]. Importantly, it has been described that the amount of
quinolone-based quorum sensing (pqs QS; vide infra) in those
patients correlates with a negative prognosis and might func-
tion as a possible biomarker for the severity of the infection
[21].

Quroum sensing (QS)

In general, the term quorum sensing describes a population-den-

sity-dependent cell-to-cell communication system making use
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of small diffusible molecules as signalling agents. By this
means, pathogenic bacteria can coordinate population-wide
changes to expression patterns and regulate concerted group
behaviours important in the infection process. Critical patho-
genicity traits like the production of virulence factors or biofilm
formation are under the control of these systems. Actually, title
pathogen makes use of four intertwined QS systems, referred to
as las, rhl, pgs, and igs [22]. These subsystems influence each
other establishing an intricate regulatory network with compen-
satory mechanisms ensuring environmental adaptability and
fine-tuned control of associated virulence genes (Figure 1). All
four have been studied in the pursuit of quorum sensing inhibi-
tors (QSI) to be used as blockers of P. aeruginosa patho-
genicity [11,23].

Typically, a QS system of Gram-negatives consists of a tran-
scription regulator, the signal molecules and one or several en-
zymes involved in the synthesis of the latter. The regulator
usually controls the transcription of the biosynthetic enzymes
and also functions as a receptor for the signal molecules them-
selves. As these are actually autoinducers (Als) and, hence,
have an agonistic activity toward their receptor, a positive feed-
back loop is created. In P. aeruginosa three different chemo-
types of Als have been identified, to date: alkyl homoserine

Beilstein J. Org. Chem. 2018, 14, 2627-2645.

lactones (AHLs) used by the las and rhl systems, alkyl-
quinolones (AQs) used by the pqs system and 2-(2-hydroxy-
phenyl)thiazole-4-carbaldehyde used by the igs system
(Figure 1). Strategies addressing las and rhl have been reviewed
elsewhere [5,11], while to date one study on igs inhibition has
been reported [23]. Many drug discovery efforts towards effec-
tive pathoblockers have been published based on the design and
optimisation of pgs targeting QSI, which is the topic of this

review.

The biosynthetic cascade of the pgs QS

system

PQS is the abbreviation for Pseudomonas quinolone signal and
actually refers to the signal molecule 2-heptyl-3-hydroxy-
quinolin-4(1H)-one (Figure 2). This quinolone-based Al and its
biosynthetic precursor HHQ (2-heptylquinolin-4(1H)-one) are
ligands of a transcription factor called ‘multiple virulence factor
regulator’ (MvfR), also referred to as PqsR. Through interac-
tion with this receptor, HHQ and PQS induce the transcription
of a variety of genes including their own biosynthetic enzyme
cascade (PqsABCDE). Together with PqsH and PqgsL, which
are under the control of LasR from the las QS system, these en-
zymes manage to build up PQS and related molecules from
anthranilic acid (Figure 2). This initial building block can be
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Figure 1: The four quorum sensing systems in P. aeruginosa las, igs, rhl, and pgs. Abbreviations: OdDHL, N-(3-oxododecanoyl) homoserine lactone;
1QS, integrating quorum sensing signal; BHL, N-butyryl-L-homoserine lactone; PQS, Pseudomonas quinolone signal. Positive control is represented
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provided either through the kynurenine pathway starting from
tryptophan or by anthranilate synthases from the PqsR-con-
trolled phnAB operon starting using chorismic acid as a source
[24]. Either way, the ligase PqsA starts PQS synthesis by
condensing anthranilic acid with coenzyme A [25]. The result-
ing activated thioester (anthraniloyl-CoA) is then transferred to
an active-site cysteine of the pf-ketoacyl-ACP synthase 111
(FabH)-type enzyme PqsD [26,27]. Subsequently, another CoA-
activated substrate comes into play. In analogy to fatty acid syn-
thesis, malonyl-CoA is reacted with the enzyme-bound thioester
to yield 2-aminobenzoylacetyl-CoA (2-ABA-CoA) under
decarboxylation [28,29]. In a next step, the pathway-specific
thioesterase PqsE generates 2-aminobenzoylacetate (2-ABA)
[29]. It has been shown, that also the broad-specificity
thioesterase TesB present in P. aeruginosa can catalyse this
reaction [29]. The quinolone core is formed by action of the
heterodimeric complex PqsBC. This time, CoA-activated
octanoic acid is used to preload an active-site cysteine of PqsC
with the fatty acid via a thioester linkage [30,31]. The previ-
ously produced 2-ABA is then consumed to from HHQ under
decarboxylative condensation [30]. Finally, PQS is produced
through hydroxylation of position 3 by the NADH-dependent
flavin mono-oxygenase PqsH [32].

This biosynthetic cascade is also responsible for the generation
of the pgs-related metabolites DHQ, 2-AA, and HQNO as well
as other AQs having different lengths of the alkyl chain [29,30].
Aforementioned enzyme PqsL is needed for the production of
HQNO, as it delivers the N-oxidised substrate 2-HABA for

PgsBC-mediated condensation with octanoyl-CoA analogous to
HHQ biosynthesis [27].

PQS-mediated pathogenicity traits and
molecular targets

P. aeruginosa makes use of an arsenal of virulence factors and
other pathogenicity traits to overwhelm and colonise the host in
the infection process [5] and pgs QS plays a crucial role in the
regulation of many of those. It is astonishing, that expression of
182 genes is altered in response to exogenous PQS [33]. Evi-
dence has been gathered, that these effects are mediated either
through direct PqsR-dependent action or by PqsR-independent
mechanisms, which are most likely due to the iron-chelating as
well as antioxidant properties of PQS [33]. Furthermore, it has
been unravelled that the thioesterase PqsE, whose biosynthetic
function is dispensable due to the presence of alternative
thioesterases in P. aeruginosa, is actually also a major effector
molecule of pgs QS [33]. Via a yet unknown mechanism, this
enzyme regulates 145 genes, while only 30 of these overlap
with the PQS regulon. It seems that these two are the main
mediators of pgs QS response. In terms of pathogenicity traits,
they are involved in the regulation of genes encoding for en-
zymes responsible for phenazine biosynthesis (pyocyanin pro-
duction), hydrogen cyanide synthesis, Lectins LecA and LecB
and additional genes involved in biofilm formation, enzymes
for rhamnolipid synthesis, a Resistance-Nodulation-Cell divi-
sion (RND) efflux pump encoded by mexGHI-opmD operon,
components of Type 3 and Type 6 secretion as well as the

exotoxin ExoS, and siderophore synthases [33].
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In addition to virulence regulation, some remarkable secondary
effects have been attributed to the PQS molecule [34]. This
autoinducer has been described to mediate iron acquisition,
cytotoxicity, outer-membrane vesicle biogenesis, and to exert
host immune modulatory effects [34,35]. Interestingly, PQS as
well as HHQ are able to interfere with nuclear transcription
factor-kB and hypoxia-inducible factor 1 (HIF-1) signaling
pathways and, thus, down-regulate host innate immune systems
[36,37]. Other PQS-related metabolites have been shown to
have additional effects. HQNO, for example, induces autolysis
and release of extracellular DNA thereby promoting biofilm
formation and increasing meropenem tolerance [38]. HQNO
acts through inhibition of complex III in the respiratory chain of
bacteria and mitochondria of eukaryotes and, hence, it can be
considered a general cytotoxic agent. DHQ, a shunt product of
the PQS biosynthetic pathway, is important for P. aeruginosa
virulence in a Caenorhabditis elegans model and also excerts a
growth inhibitory effect on epithelial cells [26,39]. Finally,
2-AA has been described to be important for persister cell for-
mation, a very important tolerance mechanism against antibiot-

ic treatment [40].

Among the virulence factors which are directly or indirectly
controlled by pgs QS, pyocyanin is one of the most prominent.
This redox-active pigment is responsible for the greenish-
blueish colour of P. aeruginosa cultures. It seems that genera-
tion of reactive oxygen species is a major mechanism of
pyocyanin cytotoxicity [41]. This tricyclic compound is known
to induce apoptosis in neutrophils, but also to enhance
neutrophil extracellular trap formation [42,43]. Both mecha-
nisms impair neutrophil-mediated host defenses. Additionally, it
has been hypothesised that pyocyanin functions as an extracel-
lular electron shuttle, contributing to redox homeostasis of
P. aeruginosa cells in biofilms with anaerobic conditions [44].

Due to these important virulence mechanisms, which are under
direct or indirect control of pgs QS, targeting this master regula-
tory system with small molecular compounds, thereby blocking
P. aeruginosa pathogenicity, is very attractive. However, this
complex network of biosynthetic pathways and effector mole-
cules renders selection of the perfect point for intervention diffi-

@COOH
NH,

Figure 3: Anthranilic acid (1) and derivatives thereof (2—4).
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cult. Due to their rather peripheral role in AQ synthesis, PqsH
and PqsL, have not been of significant interest for QSI
discovery to date. However, all enzymes of the primary biosyn-
thetic cascade pqsA—E as well as the signal molecule receptor
PgsR might be valuable drug targets. Also, agents capable of
modulating more than one target could be of interest. The ques-
tion is, which of these targets and/or combinations asserts the
most relevant virulence-attenuated phenotype after QSI treat-

ment.

PgsA inhibitors

Anthranilic acid analogues

Since anthranilic acid (1) serves as a PqsA substrate, the first
compound reported to inhibit PgsA is 6-FABA (2, Figure 3),
which was able to block this enzyme and successfully
suppressed the production of DHQ in PA14 strains at a rather
high concentration of 1.5 mM. Moreover, it was shown that
6-FABA had no impact on the bacterial growth. Lépine et al.
suggested that 2 competitively occupies the active site of PqsA
[45] and therefore serves as a substrate analogue of AA (1). It
was stated that the introduction of electron-withdrawing substit-
uents could prevent activation of the carbonyl group as a CoA-
ester.

In 2017, Witzgall et al. were able to co-crystallize 6-FABA-
AMP within the N-terminal domain of PqsA (Figure 4) [46].

Key interactions involve a water-mediated hydrogen bond be-
tween the amino function of the compound and Q162, as in
anthraniloyl-AMP. The reason why the fluorinated anthraniloyl-
AMP shows good affinity is the formation of a hydrogen bond
of the fluorine with the G279 backbone amide hydrogen and
furthermore an interaction with the N7 position of the adenine
moiety. Additionally a very typical fluorine/main-chain interac-
tion with G302 could be observed.

Various halogenated derivatives of AA could also reduce HHQ
and PQS levels. Especially 4- and 6-CABA (3, 4) showed
promising results in the suppression of signal molecules as well
as in an in vivo mouse survival model at a concentration of
1.5 mM [47].

Cl

QCOOH
I > NH,
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Figure 4: Crystal structure of 6-FABA-AMP in complex with PgsA.

Anthraniloyl-AMP mimetics

More recently, Ji et al. published two classes of sulfonyladeno-
sine inhibitors, more precisely the sulfamate/sulfamide inhibi-
tors 5-9 and the vinyl sulfonamide inhibitors 10 and 11
(Figure 5). While the latter showed very low affinity for the
protein, the former displayed K; values between 88 nM for com-
pound 7 and 420 nM for compound 9. Despite these
promising results, the designed molecules were not able to
reduce the signal molecules HHQ and PQS at satisfactory levels
(300 uM <ICs0 < 880 uM).

A plausible reason for this outcome might be low cell penetra-
tion and/or efflux pump mechanisms, which was supported by
compound accumulation studies [48].
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Figure 5: Structures of substrate mimetic PgsA inhibitors.
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PqsD inhibitors

PgsD, the second enzyme in the biosynthetic cascade, has been

studied intensely by the Hartmann group. Several design strate-
gies have been pursued leading to diverse structural classes of
inhibitors (Figure 6). Unfortunately, for none of these com-
pounds an X-ray structure in complex with PqsD has been re-
ported although the apoenzyme as well as a substrate-bound
form has been successfully crystallized [49]. Using these coor-
dinates, employing in silico methods allowed proposing plau-
sible binding poses for prototypic analogues of the respective
structural classes.

The first reported inhibitors of PqsD were 2-benzamidobenzoic
acids [50]. In a pioneering study on the biosynthetic function of

NH,
NN
&l
R O\\ ,/O o <N N/)
SN
H c
HO  OH
10 R = NH,
11R = OH

2632



=z NO, OH
HOOC ‘ D ge 2
X 2
R
10 RI-L
R LA o N
class benzamidobenzoic nitrophenylmethanol
acids derivatives
proposed . I
binding channel blocker active site binder
mode (tight binder)
HOOC NO, OH
typical SO,NEt,
congener
12
on target
potency 1.2uM 0.5 uM

Beilstein J. Org. Chem. 2018, 14, 2627-2645.

COOH

O~ § ;L e me
R2

carboxy ure|doth|ophenes caffeic acid derivatives

channel blocker channel blocker

{HSICOO“ W S
Hooc/L\/l::j
15
0.5 uM 9 uM

Figure 6: Structures and characteristics of prominent classes of PgsD inhibitors.

this B-ketoacyl-ACP synthase III (FabH)-type enzyme, known
blockers of FabH were described to also inhibit this related
target [50]. The claim that PqsD is directly responsible for HHQ
production by using anthraniloyl-CoA and f-ketodecanoate as
substrates, had to be revised later to also include PqsE and
PgsBC as participants in AQ biosynthesis in P. aeruginosa
(vide supra) [27]. Nevertheless, this conversion is indeed cata-
lysed by PgsD in vitro and was successfully exploited for
devising a valuable assay, which served as an SAR driver for
most of the literature-known PgsD-directed projects. Further
benzamidobenzoic acid derivatives were explored for their effi-
cacy and a binding mode was proposed based on SPR- and
STD-NMR-assisted docking [51]. These inhibitors appeared to
bind in the substrate channel in a slightly remote position from
the active site cysteine and, hence, termed channel blockers
[51]. Optimised hits exhibited a potency in the single-digit
micromolar range (12, Figure 6). However, it has been found
that similar compounds also showed activity against RNA poly-
merase, a popular target for the development of new antibiotics
[52,53]. Hitting such a target would jeopardise the principle of
pathoblockers, which should only disarm the bacteria and not
kill them. Hence, a follow-up study on PqsD/RNAP selectivity
was conducted providing insights into motifs granting selective
PgsD inhibition [52].

In a ligand-based approach, nitrophenylmethanol derivatives
were identified as fragment-sized inhibitors of PgsD. Initially,
these compounds where designed as transition state analogues
mimicking the tetrahedral reaction intermediate between PgqsD
and anthraniloyl-CoA [54]. Upon simplification and rigidifica-
tion through reduction in size as well as removal of rotatable
bonds inhibitor 13 was obtained carrying the characteristic sec-

ondary alcohol of this class. Notably, both enantiomers of 13

show similar potency, but different thermodynamic profiles as
measured via isothermal titration calorimetry (ITC) [55].
Despite its low molecular weight, 13 showed tight-binding
kinetics and was able to reduce production of HHQ, as well as
PQS. Furthermore, it was capable of attenuating biofilm pro-
duction [54]. All the information gathered via site-directed
mutagenesis combined with thermodynamic profiling, as well
as surface plasmon resonance (SPR) experiments with and with-
out covalent active site blockade, corroborated that the nitro-
phenylmethanol class directly binds to the active site near the
reactive cysteine of PgsD [55]. This is in line with the initial
transition state analogue design principle. Further structural
exploration of this class showed that this fragment-like size
helps to retain cellular activity [56]. While fragment growing
could increase target activity to the nanomolar range, a com-
plete loss of efficacy in the P. aeruginosa quorum quenching
assays was observed [56]. This highlights a notable issue
when addressing intracellular targets of this Gram-negative
bacterium, as permeating the outer and inner membrane while
escaping efflux and enzymatic deactivation may represent a true

challenge.

The elucidation of the binding mode of the nitrophenyl-
methanol class was then exploited to gain insights into the inter-
action profile of another chemotype of PqsD inhibitors — the
ureidothiophenes (Figure 6) [57,58]. An initial hit showing ac-
tivity against the enzyme in the single-digit micromolar range
was studied using a tailor-made SPR experiment including trun-
cated and elongated derivatives as well as nitrophenylmethanol-
based active-site blockers of different size as competitors.
These experiments combined with molecular docking (Figure 7)
led to the postulation of a plausible binding pose characterising

the ureidothiophenes as channel blockers. This model was suc-
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Figure 7: Comparison of docking poses of three prototypic PgsD inhibitors: benzamidobenzoic acid derivative 12 (green), nitrophenylmethanol deriva-
tive 13 (blue), carboxy ureidothiophene derivative 14 (white). Active site residues are labelled and the surface of the substrate tunnel is indicated by a

mesh.

cessfully used for further optimisation attempts and nanomolar
potency in the enzyme assay was achieved (14, Figure 6)
[57,58]. Notably, a nucleophilic warhead could be introduced
specifically reacting with the active-site cysteine through elon-
gation into the substrate tunnel [57]. The binding models of the
ureidothiophene and nitrophenylmethanol classes even allowed
for the generation of a merged inhibitor [58]. One major
liability of this class, however, was the general inefficacy
in whole cell assays, which could not be improved, even
through the attachment of a cell-penetrating peptide sequence
[58].

One additional class, which did show cellular activity, was
based on a catechol scaffold [59]. In analogy to the successful
discovery of PqsD inhibitors starting from known FabH-
targeting compounds (vide supra), ligands of another enzyme
with high similarity to the signal molecule synthase were inves-
tigated. Here, substrates of chalcone synthase CHS2 from
Medicago sativa were tested for their ability to block PqsD
function. Indeed, caffeic acid analogues, such as 15, were iden-
tified as hits and further characterized as channel blockers as
described before [59].

Further interesting starting points for the discovery of PqsD in-
hibitors have been provided by a dedicated screening campaign

involving fragment-based hit discovery, in silico screening and
a similarity-guided approach starting from FabH inhibitors [60].
The most potent hit 16 of this study showed activity in the
nanomolar range (Figure 8). Furthermore, a tetrazolopyrimidi-
none scaffold 19 has been reported to inhibit PqsD through a
putative blockade of the CoA binding site [61].

The Boéttcher group used a library of HHQ as well as PQS ana-
logues to screen for PgsD inhibition [62]. To this end, a novel
competition assay employing ‘clickable’ active-site-labelling
probes was developed. These compounds contain terminal
alkyne moieties, which can be exploited for straightforward
decoration via copper(I)-catalyzed alkyne—azide cycloaddition
(CuAAC), the prototypic click reaction. This facilitated the
discovery of novel PqsD-targeting compounds through
CuAAC-mediated conjugation of a fluorescent dye (Figure 9)
[62].

Finally, Sangshetti et al. reported the discovery of linezolid-like
Schiff bases, which showed promising anti-biofilm activity in
the double-digit micromolar range [63]. Notably, their potency
in attenuating biofilm formation was more pronounced than
ciprofloxacin and linezolid itself. A docking study suggested
PgsD to be the target of these compounds like 23 (Figure 10),
although this remains speculative.
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PgsE inhibitors

The pathway-specific thioesterase PqsE is not only responsible
for hydrolyzing 2-ABA-CoA to form 2-ABA, but moreover
also regulates bacterial virulence [29]. It has been shown that
PgsE is a key effector of the pgs system and required for full
P. aeruginosa virulence. One of its most prominent functions is
the upregulation of pyocyanin, which is mediated through the

rhl system. Notably, PgsE can still exert its function in absence
of an active pgs QS [64,65]. Its important role in virulence
regulation renders this enzyme an attractive target for
pathoblockers.

In 2016, Zender et al. reported their attempt to inhibit PqsE
through fragment-based screening. In order to block the
thioesterase activity of the enzyme, a library of 500 fragments
was screened via differential scanning fluorimetry (DSF) and
the hit fragments 24-26 (Figure 11) were further validated
using isothermal titration calorimetry (ITC) [66]. Binding to
PgsE could be confirmed with Kp values of 0.9 + 0.3 uM for 24
and 19.6 = 3.7 uM for 26.

The highly enthalpy-driven binding indicates a specific nonco-
valent interaction of 24 to the protein. To further investigate the
binding mode of the hit fragments in the protein crystallization

experiments were performed. Since the native substrate 2-ABA-
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Figure 11: Fragment-based PgsE-inhibitors 24-26.

CoA shows a short half-life, the reaction product 2-ABA was
used as a surrogate to compare its binding mode with that of the
hit fragments.

Even though the screening hits occupy the same binding site as
the native cleavage product 2-ABA, the binding mode is differ-
ent. The fragments bridge the two metal atoms in the binuclear
active center via a water molecule in contrast to 2-ABA, where
the carboxylate occupies this position (Figure 12). Moreover
both, 2-ABA and the ligands 24-26 are stabilized by hydro-
phobic interactions. Additionally, compounds 24 and 25 are
interacting with a histidine (His71) sidechain via n-stacking.
For the thiophene-containing fragment 26 a n—n interaction of
the sulfur with Phe195 can be observed.

In vitro evaluation was performed using a combined PqsDE
assay due to the aforementioned instability of 2-ABA-CoA

which in this scenario is generated in situ from anthraniloyl-

Beilstein J. Org. Chem. 2018, 14, 2627-2645.

CoA via PgsD-mediated condensation with malonyl-CoA. The
hit fragments were able to block the thioesterase in the micro-
molar range (e.g., ICsg (24) = 25 + 4 uM). When assessing the
hits on Pseudomonas cultures, thioesterase inhibition remained,
whereas none of the compounds had any impact on pyocyanin
production at a concentration of 500 pM. This means that the
regulatory function of PqsE is not linked to its hydrolase func-
tion. Since the regulatory function of the enzyme is not associ-
ated to its active site, it was hypothesized that it might be
involved in a macromolecule—macromolecule interaction, e.g.,
protein—protein or protein—DNA/RNA interaction, while the
exact molecular mechanism remains unclear. Even though
Zender et al. were not able to attenuate PA virulence via
blockage of PqsE, important new insights on this target were
made. The discovery that pathoblockers targeting PqsE
assumedly may not need to target the active site of the enzyme,
but rather a different pocket or surface. To this end, further
research on the exact molecular mechanism of the regulatory
activity of PqgsE is needed.

PqgsBC

The small molecule 2-AA (27), which is also a secondary
metabolite generated in the AQ biosynthesis pathway, was re-
ported to inhibit PqsBC [31]. In a PqsBC-based biochemical
assay it showed an ICsg in the micromolar range and was

proven to reduce virulence in an acute mouse infection model
[67].

Figure 12: PgsE co-crystal structures. (A) native product 2-ABA; (B-D) hit fragments 24-26.
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In 2017, Maura et al. synthesized inhibitors based on a benz-
imidazole scaffold (Figure 13) [68]. Starting from a PqsR inhib-
itor, changes of the electronic properties on the benzimidazole
by introducing an electron-donating group led to a higher
PgsBC inhibitory activity, while decreasing the affinity to PqsR
(compound 28).

Nevertheless, it was shown that blockage of PqsBC leads to a
reduction of HHQ but an accumulation of DHQ, which is re-
ported to be toxic for epithelial cells, and 2-AA, which is
involved in formation of persister cells [69]. In the same work,
compounds 29 and 30 were evaluated. Compound 29 was first
reported in a study aiming at the design of PqsD inhibitors,
showing only very weak activity against this target. However, it
showed surprisingly good effects on signal molecule produc-
tion in cell-based assays. Later it was found that this compound
actually gains its cellular activity through inhibition of PqsBC
[56,70]. As already expected from previous results these com-
pounds also showed a strong increase in 2-AA and DHQ pro-

duction, while not affecting the overall production of AQ’s.

PgsR

In 2017 Kamal et al. investigated the structure—functionality
relationship of compounds targeting PqsR. They differentiated
between agonists, neutral agonists, inverse agonists and
agonistic/antagonistic mixed profile compounds. It was shown
that only inverse agonists were able to reduce transcriptional
levels below basal and with that the production of pyocyanin.
This implies that the aim is to search rather for inverse agonists
than for antagonists [71].

Ligand-based design

Following a ligand-based approach Lu et al. modified the native
PgsR ligand HHQ (31) by introducing a strong electron-with-
drawing nitro group in the 6-position (compound 33) [72].
While displaying an ICsq of 51 nM in an E. coli-based reporter
gene assay, 33 was also able to reduce pyocyanin production to
44% at 15 pM. Further investigations showed that when con-
ducting the reporter gene assay in P. aeruginosa instead of
using the heterologous E. coli system activity of 33 was drasti-
cally reduced (only 60% inhibition at 10 pM). The reason for
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Figure 13: Structurally diverse PqsBC-inhibitors 27-30.
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this drop in activity was the cell-mediated oxidation of the
3-position of the quinolone core through action of the
P. aeruginosa enzyme PqsH (Figure 14), turning the inverse
agonist 33 into a strong agonist 34 (ECs( = 2.8 nM).
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Figure 14: Native PgsR ligand HHQ (31) which is converted into PQS
(32) by PgsH and synthetic inhibitors 33 and 35, former is also con-
verted by PgsH into the strong agonist 34.

This phenomenon was overcome by blocking the metabolic
susceptible 3-position with various functional groups
resulting in 35 which showed good activity in both E. coli
(IC59 = 35 nM) and P. aeruginosa (IC5y = 404 nM) based
reporter gene assays. Furthermore, this compound was able to
inhibit pyocyanin production with an ICsy of 2 pM and HHQ
levels were reduced to 54% at a concentration of 15 pM. Addi-
tionally the Hartmann group demonstrated that 35 enables
survival of PA14-infected Galleria melonella larvae [73].
Moreover, the optimised compound also benefited from a de-
creased clogP value compared to the parent compound 33,
which is reflected in an improved solubility [74]. In a recent
publication by Kamal et al. the pharmacological profiles of
several alkylquinolone compounds were investigated in a struc-
ture—functionality relationship manner, resulting in four differ-
ent profiles: (a) agonists, (b) antagonists, (¢) inverse agonists
and (d) biphasic modulators. These studies revealed that
pyocyanin production is only decreased significantly when the
QS modulators are inverse agonists. It was hypothesized that
the already mentioned 3-position is crucial for the functionality.
Depending on the groups installed in this position and, hence,
the different ligand—protein interactions they introduce, com-
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pounds are either agonists, antagonists, or inverse agonists. This
hypothesis was in accordance with a study made by Shanahan et
al. who synthesized various other C-3 substituted analogs [75].

Ilangovan et al. discovered a quinazoline scaffold as another
class of ligand-based hit compounds. Based on the C9-congener
of HHQ several substituted 2-alkyl-4(H)-quinazolines were syn-
thesized. The most potent compound 36 (Figure 15) showed
micromolar inhibition in P. aeruginosa and was able to de-
crease pyocyanin levels down to less than 0.5 pg/mL at
100 uM. Furthermore, AQ signal molecules could also be
suppressed. The crystal structure of the PqsR co-inducer
binding site in complex with 36 was solved at 2.95 A resolu-
tion (Figure 16), as well as a co-crystal structure of the native
HHQ C9-congener NHQ [76] demonstrating a competitive
binding mode.

O

N,NHZ
Cl N/)\n-CgH‘]g
36

Figure 15: Quinazolinone inhibitor 36 (QZN).

When compared to the native ligand NHQ, 36 shows similar
hydrophobic interactions (Figure 16). In addition, the chlorine is
able to occupy a vacant sub pocket. A hydrogen bond is found

Thr265

Figure 16: Crystal structure of QZN (36) in complex with PqsRCED.

Beilstein J. Org. Chem. 2018, 14, 2627-2645.

between the backbone oxygen of L207 and the 3-NH; hydro-
gen atoms. Interestingly, adding the chlorine substituent in
7-position of PQS leads to a 135 times more potent agonist, in-
dicating the importance of the vacant sub pocket next to T265.
This also indicates that the quorum quenching activity of 36
depends on slight conformational changes. The L1 loop main
chain and a rotation of the T265 side chain are hypothesized to
be important for antagonistic/inverse agonistic functionality of
PgsR-targeting QSIs.

More recently the same group used docking studies to select
compounds from a quinolone-based compound library
(Figure 17). The best fitting compounds 37-40 were then evalu-
ated in a whole bacterial cell-based P. aeruginosa screening

-0
/)

XNy, 0= NN

R1 N/ R2
37R'=Cl,R2=H
38 R'=Cl, R2= Me
39R"=CF3 R2=H
40 R' = CF3, R2=Me

Figure 17: Structures of best fitting compounds 37—40 obtained from
docking studies.

Leu207
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with ICsq values in the low micromolar range. Additionally,
they showed that compound 37 emerged as the most potent in-

hibitor of this series.

Compounds 37 and 39 furthermore exhibited inhibition of
HHQ, PQS and HQNO production in PAO1 strains when
treated with 3 x ICsg, whereas in PA14 a strong decrease in ac-
tivity could be observed, especially for 39.

Benzamide-benzimidazole (BB) series

In 2014, Starkey et al. performed a high-throughput whole-cell
screening and identified the benzamide-benzimidazole (BB)
motif as a promising scaffold for the inhibition of PqsR [77].
Starting from 41, which was not only able to suppress expres-
sion of AQs but also completely blocked pyocyanin production
at a concentration of 10 uM. Various analogues were synthe-
sized resulting in compound 42 (M64), where similar as in the
quinolones described by Lu et al., introduction of the electron-
withdrawing nitro function led to very potent inverse agonist
(Figure 18) [72]. M64 (42) proved a very potent inhibitor of
HAQ and pyocyanin production at 1 pM.

Further investigations revealed that M64 (42) also reduces
2-AA levels leading to a decreased rate of persister cells. The
compound also proved to be active in burn wound and lung
infection models in mice and increased survival rates especially
when applied in combination with sub-therapeutic doses of
ciprofloxacin. In an analytics-driven study by Allegretta et al.,
the compound was further profiled regarding suppression of the
PQS-related metabolites DHQ, 2-AA, HHQ, PQS and HQNO.
In brief, this study demonstrated that PqsR is an excellent target
for potent QSI compounds effectively suppressing AQ levels
and 2-AA production at reasonable concentrations [69]. Lately,
Maura and Rahme were able to demonstrate the effect of M64
(42) on biofilm formation [78]. Biofilm biomass was drastical-
ly reduced when treated with 1 and 10 uM of 42 compared to
the untreated PA14 control. Function of PqsR is involved in
regulation of HQNO-mediated autolysis and eDNA release,
which has been reported to be important for antibiotic tolerance
of biofilm-inheriting bacteria. Hence, Rahme and co-workers
investigated the effect of their compound 42 on the ability to
improve antibiofilm effects of two clinically relevant drugs.

\>—s
= O

Figure 18: Initial hit 21 and optimized compound 42 (M64).

hit modification

N
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When growing biofilms for 48 h in presence or absence of M64
(42), followed by treatment of 10 pg/mL of meropenem or
tobramycin for 24 h, the activity of the otherwise ineffective
antibiotics could be restored. Especially in the case of
meropenem, which did not have any effects at all on biofilm
viable cells, 42 lead to remarkable results. In 2018, Kitao et al.
solved the crystal structure for PqsR ligand binding domain in
complex with M64 (42) with a resolution of 2.65 A (Figure 19),
unravelling the exact interactions of the compound with the pro-
tein [79].

Indicated key interactions are m-stacking of Y258 with the
phenoxy moiety in the tail region and a hydrogen bond formed
between the Q194 side chain and the carboxamide in the linker
area. Furthermore the benzimidazole core shows hydrophobic
contacts with isoleucins 149 and 236. More hydrophobic inter-
actions were observed in the tail region, in particular with
leucins 189 and 208 as well as Y258. Mutations at these specif-
ic residues indicated that the n—m interactions of Y258 are
crucial for M64's full inhibition with respect to pyocyanin pro-
duction, which was only weakly inhibited in an Y258M
P. aeruginosa mutant strain. The importance of the phenoxy
substitutent was further supported by a congener of M64 that
lacks this motif and therefore is unable to be involved in
n-stacking resulting in a nine-fold increased 1Csq value com-
pared to M64. Even though there is no specific interaction ob-
served for the nitro function it is crucial for the activity and thus
believed to form an instable H-bond with T265. The Rahme
group already demonstrated in a former ITC assay that M64 is
directly bound in the PqsR LBD [77]. However, they were also
suggesting inverse agonistic effect of M64 based on mutation
experiments [79]. Moreover an in vivo cross-linking assay of
full-length PqsR and a corresponding 168F mutant was carried
out leading to the suggestion that upon binding of M64 the pro-
tein stability might be increased. Based on these results it was
proposed that M64 induces a change in conformation of the
PgsR-DNA binding domain, whereas the LBD is not affected

extensively.
Aryloxyacetindoles

Spero Therapeutics further optimized M64 (42), firstly by
changing the phenoxyphenylamide into a carbonyl-linked

2N\<jN
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A HNOOPh
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lle149

Figure 19: Co-crystal structure of M64 (42) with PqsRL-EP,

indole containing a hetarylether (43) [80]. Afterwards they
varied the linkage of the benzimidazole moiety (compound not
shown) [80]. In a follow-up patent they generated PqsR inhibi-
tor 45 as a front-runner compound [81], in which the benz-
imidazole headgroup was replaced by a substituted naphthalene
bearing a carboxamide, in analogy to a fragment 44 of Zender et
al. [82] and similar to the carboxamide-decorated nitro-quino-
line scaffold described by Lu et al. (Figure 20) [73].

Compound 45 was highly potent in inhibiting pyocyanin
production (stated ICsg in a range of 50-250 nM) and was
furthermore able to suppress PQS and HHQ production
(50 nM < IC5p < 250 nM). In a murine thigh infection model
using PA14, target engagement was demonstrated in vivo
measuring PQS and HHQ levels from the corresponding tissues
after treatment. Compound 45 was able to reduce PQS and
HHQ levels to 50% and 40%, respectively, 12 hours post-infec-
tion. Up to now no further optimization or development of these
compounds has been reported.

Fragment-based design

In 2012 Klein et al. obtained the benzamides 46 and 47, as well
as the hydroxamic acid 48 as hits within an SPR screening,
which were further evaluated in ITC experiments in order to
have a clearer view on the thermodynamic parameters
(Figure 21). The antagonists displayed activity in a low double-
digit uM range, but had only a marginal impact on the produc-
tion of the virulence factor pyocyanin [83].

Beilstein J. Org. Chem. 2018, 14, 2627-2645.

Further SPR screenings afforded hits 49—51 with ECs( between
7.5-17.8 uM. When compared to the benzamide class, com-
pound 49 shows no significant increase in affinity to the target
receptor but is able to inhibit pycocyanin formation by 46 + 9%
at a concentration of 250 uM, and is capable of reducing the
AQ’s HHQ and HQNO up to 43 + 3% at the same concentra-
tion [82]. With these fragments in hand further growing and
subsequent linking or merging may open new avenues for the

generation of new drug-like PqsR inverse agonists.

Dual target QS inhibitors

PqgsBC/PgsR

In an initial target assessment, Maura et al. found that com-
pound 52 showed an ambiguous profile. This raised the ques-
tion if this compound class could target additional targets of the
PQS-system besides PqsR [68]. Experiments with a PqsR
isogenic mutant strain revealed that 52 inhibits HHQ and PQS
production, while raising 2-AA levels, pointing at PqsBC as a
second target, which was corroborated via SPR studies. When
exchanging the chlorine to bromine 53 a high PqsR activity was
obtained while the affinity to PqsBC decreased (Figure 22).

The iodine-substituted derivative 54 showed both, a high PqsR,
as well as a high PqsBC activity. Exchanging the electron-with-
drawing nitro functionality with an electron-donating methyl
group turned the PqsR antagonist 53 into a very potent PqsBC
inhibitor while losing activity on the initial target PqsR. In addi-
tion to these mechanistic findings, it was also shown that the
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Figure 20: M64 (42) as the starting point for further optimization leading to 43, which was further modified and merged with the fragment 44 to give

compound 45.
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1= 2-H
46 R'=CI|, R 49R =CF,
47 R' = t-Bu, R2=H 50 R = Br
48 R' = t-Bu, R2=0OH 51 R=CN

Figure 21: Hit fragments from the benzamide (47—48) and oxadiazole
class (49-51).

dual inhibitors are capable of rescuing human lung epithelial
cells and macrophages at a concentration of 50 uM in cell-based
infection models. Also antibiotic activity of meropenem (dose:
10 pg/mL) in presence of 10 uM of dual inhibitors could be
partially reinstalled.

PgsD/PgsR

Thomann et al. showed that combining a PqsD and a PqgsR ac-
tivity synergistically affects pyocyanin production. Based on
these results combining fragments from a PqsR and a PgsD in-
hibitor belonging to a sulfonyl-pyrimidine class, compound 56

was generated and its ability to reduce pyocyanin evaluated

Rﬁ”%

N—s (o]
N A
e

52 R' = NO,, R2= Cl
53 R' = NO,, R2= Br
54 R'=NO,, R2= |
55 R! = Me, R2=Br

Figure 22: Structures of dual inhibitors 52—55.

(Figure 23) [84]. While exhibiting IC5( values of 15 uM on
PgsR and 21 pM on PgsD, the compound was able to inhibit the
pyocyanin production with an ICs( of 86 uM. Moreover 56 also
proved to be efficient in blocking pyoverdine production,
another important P.aeruginosa virulence factor. When applied
at a concentration of 500 uM less than 10% of pyoverdine pro-
duction was remaining. At 100 uM the pyoverdine amount was
cut to a half. Since also the levels of extracellular DNA could
be reduced to a minimum with their dual inhibitor, the group in-
vestigated the effect of adding 56 to ciprofloxacin. The combi-
nation of this QSI together with the antibiotic significantly
increased antibiofilm activity at the used concentrations
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([CIPX] =1 uM, [56] = 50 uM). The compound also proved to
be active in a Galleria melonella survival assay being capable
of ensuring survival up to more than 50% after 4.5 d post-infec-
tion at a dosage of 1.25 nmol compared to untreated PA14-
infected larvae.

Z

N=n
NN

0.0
N. S.

\Ej/ R
_N

56 R = Me

57 R = n-Hex
58 R = 3,4-di-ClI-Ph

Figure 23: Sulfonyl pyrimidines 56—58 acting as dual PqsD/PgsR in-
hibitors.

Following the dual inhibitor concept, the class of sulfonyl-
pyrimidines further afforded compounds 57 and 58 with prom-
ising activity. While PqsR activity slightly decreased (50 uM
and 24 £+ 5 uM, respectively) 57 exhibited an ICs5g of 1.7 uM
and 58 displayed sub-micromolar activity of 0.4 + 0.1 uM. The
effects on biofilm formation and eDNA release were evaluated
at a concentration of 100 uM. Even if 57 was less potent on
both PqsR and PqsD compared to 58, it turned out to be more
efficient in inhibiting biofilm production. When assessed on
their ability to reduce extracellular DNA all three compounds
were equally potent. Nevertheless compound 58 only showed a
weak effect on the inhibition of pyocyanin (14% inhibition at
100 uM) [85].

Conclusion

In the past decade, the pgs QS system of P. aeruginosa has at-
tracted increasing interest by academic researchers. This is
certainly due to its prominent involvement in virulence regula-
tion of this important Gram-negative pathogen. Among the
various pathoblocker strategies, targeting a master regulator of
pathogenicity traits appears to have huge translational potential.
Hitting an array of virulence mechanisms at once instead of
addressing just singular factor holds great promise for future
discovery and development of pgs-targeting QSI. Compared to
the other QS systems present in P. aeruginosa the pgs system is
lacking some of the liabilities associated with the las and the rhl
systems. The former AHL-dependent regulatory circuit has
been described to be the first QS system to get lost upon chroni-
fication of P. aeruginosa infections [86]. However, chronic
lung infections are one of the major indications with a very high
medical need. In the case of addressing the rhl system, a non-
unidirectional virulence modulatory effect is observed. Agonists
of RhIR reduce pyocyanin, but induce rhamnolipid production,

while antagonists have the inverted effect [87]. This raises some
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concerns about the applicability of RhIR as an effective ‘stand-
alone’ pathoblocker target. A combination of rhl- and pqs-
targeting QSI, however, seemed to provide promising and clear-
cut antivirulence effects [88]. Finally, the potential of iqs-
targeting approaches remains to be investigated as more insight
in the function of this rather recently discovered regulator is
needed. The pgs system is active in chronically infected cystic
fibrosis patients and, according to the current knowledge,
blockade of this master regulator delivers an unambiguous
antivirulence effect.

In terms of published research, the most studied molecular
targets within the pqgs system are the signal molecule synthase
PgsD and the receptor PqsR (MvfR), while in the latter case
projects are currently in a clearly more advanced stage. When
comparing the reported antivirulence effects of PqsD- and
PgsR-targeting QSI, evidence is growing that hitting the tran-
scriptional regulator results in more pronounced pathoblocking
effects than addressing the biosynthetic enzyme cascade. How-
ever, a synergistic effect for dual-target inhibitors hitting PqsR
and PgsD or PqsBC simultaneously has been described [68,84].
Additionally, the authors believe that attempts to effectively
target PqsE are still worthwhile pursuing, given its prominent
involvement in pgs virulence regulation. However, this would
require elucidating the still unknown mechanism behind its

regulatory function.

In order to translate the promising hit and lead compounds de-
scribed above into the clinic, continuous discovery and develop-
ment efforts are required. Especially the lead optimization stage
is strongly dependent on integrated medicinal chemistry and
biological profiling teams. In addition to potency considera-
tions, drug-like properties aiming at favorable pharmacoki-
netics move into the focus [89]. Due to the complex nature of
virulence phenotype assays as well as ADME/T testing
cascades assembling the required teams, expertise, and
resources might be a challenge especially for academic groups.
Hence, often proclaimed drug discovery timelines for target-to-
candidate projects of about 6 years or less [90] are quite unreal-
istic in this field. This actually underpins the urgency for cur-
rent anti-infective discovery efforts to enable refilling the
pipeline in due time before available treatment options run out.
However, we believe the translational perspective for such
pathoblockers is quite promising. Specifically, it has been
shown that PqsR-targeting QSI are able to increase the suscepti-
bility of P. aeruginosa biofilms against antibiotics [78]. Hence,
adjunctive treatment approaches where a conventional back-
bone antibiotic therapy is potentiated by pathoblocking agents
appears quite attractive. In analogy to current antiviral and anti-
cancer strategies, more personalized pathogen-specific drug

combinations should be pursued also in the bacterial infections
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field. As a consequence, more advanced diagnostic tools have
to be devised to enable fast and reliable analysis of the pathogen
and its resistance profile. We are curious what future research
will uncover in this important, yet underexploited, drug
discovery field and believe exploring such strategies further will
be a worthwhile endeavour.
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Abstract

Siderophore—antibiotic conjugates consist of an antibiotic covalently linked by a tether to a siderophore. Such conjugates can
demonstrate enhanced uptake and internalisation to the bacterial cell resulting in significantly reduced MIC values and extended
spectrum of activity. Phenothiazines are a class of small molecules that have been identified as a potential treatment for multidrug
resistant tuberculosis and latent TB. Herein we report the design and synthesis of the first phenothiazine—siderophore conjugate. A
convergent synthetic route was developed whereby the functionalised phenothiazine component was prepared in four steps and the
siderophore component also prepared in four steps. In M. smegmatis the functionalised phenothiazine demonstrated an equipotent
MIC value in direct comparison to the parent phenothiazine from which it was derived. The final conjugate was synthesised by
amide bond formation between the two components and global deprotection of the PMB protecting groups to unmask the catechol
iron chelating groups of the siderophore. The synthesis is readily amenable to the preparation of analogues whereby the siderophore
component of the conjugate can be modified. The route will be used to prepare a library of siderophore—phenothiazine conjugates

for full biological evaluation of much needed new antibacterial agents.

Introduction

One of the biggest challenges facing the modern society is anti- new antibiotics, antibiotic targets and strategies to enhance the
biotic resistance and the prospect of current antibiotics efficacy of current antibiotics [2]. One novel strategy which is
becoming near redundant against previously treatable infec- receiving significant interest is the manipulation of bacterial

tions [1]. To meet this challenge there is a desperate need for iron transport pathways to deliver antibiotics to the bacterial
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cell [3]. Iron is essential for bacterial survival and bacteria
secrete high affinity iron chelating molecules to scavenge and
solubilise Fe3* from the extracellular environment [3]. The
siderophore—Fe complex is recognised by specific receptor pro-
teins on the outer membrane of the bacteria and internalised into
the bacterium cell by active transport [4].

Siderophore—antibiotic conjugates consist of an antibiotic cova-
lently linked by a ‘tether' to a siderophore. Such conjugates
overcome the bacterial membrane permeability barrier and
facilitate active transport of the antibiotic to its internal target.
Siderophore—antibiotic conjugates can demonstrate significant-
ly enhanced bacterial killing potencies and an extended spec-
trum of activity [5,6]. Although there has been success reported
with a number of antibiotics with differing targets the most
success to date has been achieved with beta-lactam-based
siderophore conjugates targeting membrane associated peni-
cillin binding proteins (PBPs) [7]. Cefiderocol (S-649266) is a
beta-lactam—siderophore conjugate currently in phase III clini-
cal trials which demonstrates enhanced potency against Gram-
negative bacteria including multidrug resistant (MDR) Gram-
negative pathogens [8]. One hypothesis for the success of
siderophore conjugates targeting PBPs, in comparison to other
antibiotic targets, is that PBPs are membrane associated and it is
not necessary for the siderophore conjugate to cross into the
bacterial cytoplasm [7].

Phenothiazines are a privileged scaffold in drug discovery most
noted for their use as antipsychotic drugs including chlorpro-
mazine, trifluoperazine, and thioridazine. However, such drugs
have also long been noted for their significant antimicrobial ac-
tivity particularly against Staphylococcus aureus and Mycobac-
terium tuberculosis [9,10]. The emergence of MDR-TB has led
to structure—activity studies to enhance the antitubercular activi-
ty of phenothiazines leading to the identification of chlorpro-
mazine analogue 1 (Figure 1) which demonstrates MIC values
comparable to first-line TB drugs in vitro [11]. However, the

potency of such phenothiazines, including 1, needs to be signifi-

Mtb MIC = 1.1 pg/mL

Figure 1: NDH-2 is a validated target for 1 with an MIC of 1.1 pg/mL
against M. tuberculosis.

Beilstein J. Org. Chem. 2018, 14, 2646-2650.

cantly increased to have more activity in vivo and direct clini-
cal application [11]. A validated target of 1 has been identified
as type II NADH dehydrogenase (NDH-2), a respiratory en-
zyme essential for growth in M. tuberculosis and other bacteri-
al species [11]. NDH-2 is absent in mammalian cells and simi-
lar to PBPs is associated with the bacterial membrane [12].
Considering the significant antibacterial activity of phenothia-
zines, in particular the anti-TB activity of 1, and their mem-
brane-associated NDH-2 target we hypothesised 1 may be an
interesting candidate for siderophore conjugation.

Results and Discussion

Typically siderophore—antibiotic conjugates consist of a linker
joining the siderophore and antibiotic components. As the target
is membrane-associated NDH-2 we decided to functionalise our
conjugate with a non-cleavable linker. A polyethylene glycol
(PEG) linker was selected as PEG linkers demonstrate en-
hanced water solubility in comparison to alkyl chain linkers.
We then had to make a decision on the position of attachment
for the PEG linker to compound 1. For siderophore conjugates,
it is crucial that the linker is attached to a position in 1 such that
the antibacterial activity is not compromised. Based on previous
structure—activity studies of 1 by Bate et al., whereby a me-
thoxy group was positioned on the para-position of the phenyl
ring of 1 without loss of activity, we hypothesised this may be a
suitable position for PEG linker attachment [13].

From commercially available 2-(2-aminoethoxy)ethanol the
amine functionality was Boc-protected under standard condi-
tions to give compound 2 (Scheme 1). Under basic conditions 2
underwent an Sy2 reaction with commercially available p-xyly-
lene dichloride to give 3. Complete conversion of starting mate-
rial was observed by '"H NMR, however, the isolated yield of 3
was poor possibly due to competing N-alkylation of the Boc
group. Isolation of the O-alkyl product 3 was confirmed by
13C NMR. Despite the poor isolated yield of 3 the mass
recovery was more than suitable to progress to the next steps.
Initially, the reaction of 3 with chlorpromazine (free base) was
attempted at room temperature; however, it was found refluxing
was required to drive the reaction to completion to generate
compound 4 in excellent yield. The final PEG-amine-function-
alised phenothiazine 5 was isolated after removal of the Boc
protecting group in TFA. Initial attempts at aqueous work-up
conditions to isolate the free base resulted in lower isolated
yields of 5 due to its high water solubility, and it was decided 5
would be progressed further as the TFA salt avoiding aqueous
work-up.

To determine if the antibacterial activity of the derivatised

phenothiazine was retained the MIC of compound 4 was deter-

mined in direct comparison to synthesised 1 against Mycobac-
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Scheme 1: Synthesis of phenothiazine-PEG-amine component.
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terium smegmatis (see Supporting Information File 1). M. smeg-
matis is commonly used as a first assessment for antitubercu-
losis activity. We were pleased to observe side by side com-
pound 4 exhibited equimolar MIC values to 1 (6.25 pM, 1 and
4) against M. smegmatis.

Next our attention turned to the siderophore component of the
conjugate. In our proof of concept study we chose to synthesise
the bis-catechol siderophore azotochelin. Catechol-based
siderophores can act as xenosiderophores and be recognised for
uptake by Gram-negative bacteria and mycobacteria [14,15].
Most commonly benzyl protecting groups are used in the syn-
thesis of catechol siderophores and cleaved in the final step by
palladium catalysed hydrogenation. However, as our final
conjugate contains an aromatic halide we wanted to avoid
hydrogenation as the final step and we instead chose to use the
para-methoxybenzyl (PMB) protecting group which can be re-
moved under acidic conditions.

PMB-protected benzoic acid building block 7 was prepared
following a literature procedure in two steps (Scheme 2) [16].

feeey

Building block 7 was coupled to commercially available
L-lysine methyl ester dihydrochloride to yield 8 in moderate
yield. The majority of the dicyclohexylurea byproduct could
be removed by cooling a solution of the residue dissolved in
acetonitrile; however, column chromatography was required
for analytical pure material. Ester hydrolysis proceeded
smoothly in excellent yield to give the protected siderophore
component 9.

Finally the phenothiazine component 5 and siderophore compo-
nent 9 where coupled together by amide bond formation using
HATU (Scheme 3). Although the isolated yield of 10 is poor the
reaction proceeded with good conversion to the desired product;
however, on purification an unknown contaminant was chal-
lenging to separate from 9 and we wanted to progress with only
analytically pure material for the final deprotection step. We
were also surprised to observe compound 10 had undergone
racemisation under these conditions. The exact cause of racemi-
sation is unknown, but may possibly be due to the four equiva-
lents of DIPEA used to ensure 5 is converted to its free base.
This will be investigated further for the synthesis of future
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Scheme 2: Synthesis of the azotochelin siderophore component.
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Scheme 3: Final conjugation and deprotection to yield a phenothiazine siderophore conjugate.

conjugates. In the final PMB global deprotection step we were
pleased to observe the formation of our desired final phenothia-
zine—sideophore conjugate in moderate yield. The addition of
anisole to the reaction mixture was found to be essential to
inhibit competing electrophilic substitution side reactions. A
number of techniques where investigated for purification in-
cluding standard chromatography, recrystallization and tritura-
tion as the crude "H NMR revealed the majority of the desired
product. However, purification by semi-preparative HPLC was
required to obtain analytically pure material for biological eval-

uation.

Conclusion

In conclusion we have developed a novel synthetic route to the
first phenothiazine—siderophore conjugate. This was achieved
by a convergent two component synthesis in a total of ten
synthetic steps. The work extends research into antibacterial
phenothiazines and siderophore-mediated antibiotic delivery.
A library of mono-, bis- and tris-catechol phenothiazine—sidero-
phore conjugates are currently being prepared using this route.
Their synthesis and MIC values against pathogenic mycobac-
teria, Gram-negative bacteria and Gram-positive bacteria, along
with compound 11, will be reported in due course.

Supporting Information

Supporting Information File 1

Full experiential protocols, characterisation of compounds
including 'H and '3C NMR spectra, and biological
evaluation of compound 4.
[https://www.beilstein-journals.org/bjoc/content/
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Abstract

Quorum sensing (QS) allows many common bacterial pathogens to coordinate group behaviors such as virulence factor production,
host colonization, and biofilm formation at high population densities. This cell—cell signaling process is regulated by N-acyl
L-homoserine lactone (AHL) signals, or autoinducers, and LuxR-type receptors in Gram-negative bacteria. SdiA is an orphan
LuxR-type receptor found in Escherichia, Salmonella, Klebsiella, and Enterobacter genera that responds to AHL signals produced
by other species and regulates genes involved in several aspects of host colonization. The inhibition of QS using non-native small
molecules that target LuxR-type receptors offers a non-biocidal approach for studying, and potentially controlling, virulence in
these bacteria. To date, few studies have characterized the features of AHLs and other small molecules capable of SdiA agonism,
and no SdiA antagonists have been reported. Herein, we report the screening of a set of AHL analogs to both uncover agonists and
antagonists of SdiA and to start to delineate structure—activity relationships (SARs) for SdiA:AHL interactions. Using a cell-based
reporter of SdiA in Salmonella enterica serovar Typhimurium, several non-natural SdiA agonists and the first set of SdiA antago-
nists were identified and characterized. These compounds represent new chemical probes for exploring the mechanisms by which
SdiA functions during infection and its role in interspecies interactions. Moreover, as SdiA is highly stable when produced in vitro,
these compounds could advance fundamental studies of LuxR-type receptor:ligand interactions that engender both agonism and

antagonism.

Introduction
In the fight against bacterial infections, microbes have a deci- infection imposes evolutionary pressures that drive rapid resis-
sive advantage over the medical community: evolution [1]. tance development and spread within and among bacterial

Using bacteriocidal or bacteriostatic chemotherapies to treat  populations [2,3]. Antibiotic resistant clinical isolates have been
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observed for almost every known antibiotic, and the pace of
new antibiotic discovery has lagged behind [4]. In recent years,
non-bacteriocidal approaches have emerged as a new thera-
peutic strategy to treat infection with potentially a lesser
propensity for resistance development and spread [4-6]. Inter-
fering with the regulation of virulence phenotypes represents
one such approach to complement antibiotics, and the intercep-
tion of quorum sensing (QS) in bacteria has attracted consider-
able attention in this regard [7-9].

QS, a type of intra- and interspecies chemical communication,
has been found to occur in many common bacterial pathogens
[10,11]. These pathogens use QS to coordinate group beneficial
behaviors such as virulence factor production, host coloniza-
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A A A

A
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tion, and biofilm formation at high population densities [12].
Gram-negative bacteria typically use N-acyl L-homoserine
lactone (AHL) signals for QS, which are produced by LuxI-type
synthases and sensed by intracellular LuxR-type receptors
(Figure 1A) [13]. The AHL signals are produced at a low, but
constant basal level, and rapidly diffuse into the local environ-
ment. As the population grows, so does the concentration of
AHL, and once it reaches a threshold intracellular level (and
thus a “quorum” has been achieved), productive AHL:LuxR-
type protein binding occurs that activates the transcription of
genes involved in various group behaviors. SdiA is a LuxR-type
receptor homolog found in Salmonella, Escherichia, Klebsiella,
Enterobacter, and Citrobacter genera [14]. Interestingly, these
species do not have LuxI-type synthases and do not produce

0o o o)
B L Apr A
DL-OOHL (3-0x0-C8)  © 0
EC50 =3nM

/\)OI\/?J\”/QO /\/\/\/\j\ﬁ/QO
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OH
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L
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Figure 1: A) Overview of Luxl/LuxR-type QS. The LuxI-type protein produces the AHL signal. The AHL diffuses out of the cell and into the environ-
ment and other neighboring cells. At high population density, the intracellular concentration of AHL is sufficiently high to productively bind to the LuxR-
type receptor protein. AHL binding typically promotes receptor homodimerization and binding to DNA at various promoters to activate transcription of
QS-controlled genes, often including /ux/ and /uxR (thereby autoinducing the QS system). B) Compounds previously reported to modulate SdiA (all
examined as racemates) [20]. Their reported EC5q values in a S. Typhimurium SdiA reporter system are shown. L-OOHL (3-oxo-C8), L-OHHL (3-oxo-
C6), L-OHL (C8), L-DHL (C10), and 1-octanoyl-rac-glycerol have been crystalized with SdiA from enterohemorrhagic E. coli (EHEC) [21,22]. C) The
solid-state structure of the SdiA homodimer (PDB 4Y15; monomers shown in green and grey) bound to OOHL (cyan) [22]. D) Selected residues sur-
rounding OOHL (cyan) in the SdiA ligand binding pocket (from PDB 4Y 15 [22]): hydrogen bond acceptors/donors (orange), hydrophobic residues
(grey), and a cysteine that potentially could be involved in inhibition (purple, see discussion below).
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AHLs; thus, SdiA represents an orphan [14] or “solo” LuxR-
type receptor, a class that is rapidly growing in number [15].
SdiA from the common foodborne pathogen, S. enterica serovar
Typhimurium (S. Typhimurium hereafter), has been a target of
research [16-19] and has high sequence identity with SdiA from
other genera: for example, S. Typhimurium (GeneBank
AAC08299.1) SdiA is 72% identical to Escherichia coli
(GeneBank AWF10864.1) SdiA, 67% identical to Klebsiella
pneumoniae (GeneBank CDO1572.1) SdiA, 71% identical to
Enterobacter clocae (GeneBank AFN80302.1) SdiA, and 84%
identical to Citrobacter koseri (GeneBank SQB29462.1) SdiA.

Early studies of SdiA in S. Typhimurium and E. coli identified
low levels of AHL-independent SdiA activity by overex-
pressing SdiA from a plasmid [23-26]. However, once Michael
et al. [16] discovered that SdiA in S. Typhimurium responds to
exogenously supplied natural AHLs, AHL-dependent SdiA
regulons were identified in both S. Typhimurium [27,28] and
E. coli [14,29-31]. In S. Typhimurium, SdiA promotes tran-
scription of pefl, srgA-E, and rck [28,32]. pefl and srgA are
members of the plasmid encoded fimbriae (pef) operon; Pefl
negatively regulates the pef operon and SrgA is a disulfide
oxidoreductase involved in correctly folding PefA, a fimbrial
subunit [33]. The functions of SrgB-D are unknown [28]. SrgE
is a type III secreted effector, but its target is unknown [19].
Lastly, rck (resistance to complement killing) has two known
functions that are critical for infection: rck confers resistance to
human complement and is responsible for the zipper mecha-
nisms by which S. Typhimurium invades host cells [34,35].

AHLSs produced by other species in the Salmonella and E. coli
environment are believed to be critical to SdiA function. For ex-
ample, SdiA in S. Typhimurium has been shown to be activated
in the presence of AHL-producing pathogens in the digestive
tract of mice (producing organism: Yersinia enterocolitica) [18]
and turtles (producing organism: Aeromonas hydrophila) [17].
Further, the introduction of a LuxI-type synthase (via a plasmid)
into S. Typhimurium provided the pathogen with a competitive
advantage in colonizing mice over bacteria that lacked the
plasmid [18]. Similarly, enterohemorrhagic E. coli (EHEC)
requires SdiA and AHLs produced by other species in the
bovine rumen in order to colonize cattle [19,36]. These results
strongly indicate the importance of SdiA in the virulence of this
family of pathogens. Despite these findings, however, the
precise roles of SdiA in QS and in promoting survival and host

colonization remain poorly understood.

What we lack in mechanistic understanding of SdiA’s role in
virulence is perhaps made up for by the ability to produce and
manipulate SdiA in vitro. Indeed, SdiA appears to be far more

stable and amenable to characterization in vitro relative to other

Beilstein J. Org. Chem. 2018, 14, 2651-2664.

LuxR-type receptors, and is poised for biophysical characteriza-
tion [21,22,37]. LuxR-type proteins consist of two domains:
a larger N-terminal ligand-binding domain (LBD) connected to
a smaller C-terminal DNA-binding domain (DBD). In 2006, the
structure of the EHEC SdiA LBD was solved by NMR in the
presence and absence of AHL and demonstrated increased
folding and structure upon ligand binding [37]. Recently, two
groups reported X-ray crystal structures of full-length EHEC
SdiA as a homodimer in the presence of four naturally occur-
ring AHLs (shown in Figure 1B) [21,22]. These studies reveal a
structure for the SdiA dimer that incorporates LBD and DBD
domains comparable to those of the other reported full length
LuxR-type proteins (i.e., TraR and QscR) [21,22], albeit with
different interdomain interactions that likely direct the final
assembly. Despite these reported structures, we still have a very
poor understanding of non-native ligand-receptor interactions
involved in LuxR-type receptor activation (or inactivation).
Most LuxR-type proteins are highly unstable in vitro in the
absence of an agonist ligand, and this instability is typically
heightened in the presence of an antagonist [38]. As such, the
observed stability of EHEC SdiA in vitro, both in the absence
and presence of AHLs, provides a new and potentially power-
ful pathway to begin to delineate the AHL:LuxR-type receptor
interactions that engender agonism, and possibly, antagonism
[21,22]. Such studies will require AHL-type ligands capable of

SdiA agonism and antagonism.

Non-native ligands that modulate the activity of many different
LuxR-type receptors have been utilized to delineate the mecha-
nism of various QS systems, to understand the roles of QS in
infection, and to attenuate virulence phenotypes in wild-type
bacteria in the absence and presence of their native hosts
[38-50]. The majority of these compounds have been based on
the AHL scaffold. The development of small molecule probes
for SdiA has lagged relative to these prior studies. Indeed, to
our knowledge, there have only been two reports of experimen-
tal studies of AHL-type ligand activity in SdiA in any bacterial
species, and no antagonists have been reported. The first
study involved the discovery by Michael et al. [16] that
S. Typhimurium actually responds to exogenous natural AHLs
(vide supra), demonstrated through the testing of the C4, Co,
C8, C10, and C12 AHLs as well as their 3-oxo analogs. In
2007, Janssens et al. characterized the potency of a small set of
AHLs (as racemic mixtures) in SdiA from S. Typhimurium with
varied tail lengths (4—14 carbons), oxidation levels at the tail
B-carbon, and lactone head group replacements [20]. One AHL,
N-(3-oxooctanoyl) DL-homoserine lactone (DL-OOHL, shown
in Figure 1B) was determined as the optimal natural AHL for
SdiA (ECs5p = 3 nM, as determined using a cell-based reporter
for SdiA), and its homocysteine thiolactone analog (Figure 1B)
was found to be three-fold more potent (ECsy = 1 nM). We
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sought to build on these prior studies in the current work and
identify an expanded range of synthetic ligands for SdiA.

Herein, we report the screening of a focused library of AHL
analogs for activity in the SdiA receptor from S. Typhimurium.
Compound efficacies and potencies were measured in agonism
and antagonism assays using an SdiA luminescence reporter
system, and follow-up studies were performed in an E. coli
SdiA reporter. The results provide a broad picture of the
types of AHL scaffolds that can agonize and antagonize
S. Typhimurium SdiA, allowing for the definition of key struc-
ture—activity relationships (SARs) for the modulation of SdiA
activity. These compounds represent new chemical tools for
exploring the role of SdiA and QS in S. Typhimurium infec-
tions, for characterizing the mechanisms by which non-native
AHLs interact with LuxR-type proteins, and for developing
pathways toward novel antivirulence strategies targeting SdiA.

Results and Discussion

Selection of the AHL library for screening. We sought to ex-
amine a range of AHL-type scaffolds for activity in SdiA. We
selected a series of sub-libraries from our in-house compound
collections for analysis with demonstrated activities in other
LuxR-type receptors, including TraR from Agrobacterium
tumefaciens [45,51-54]; AbaR from Acinetobacter baumannii
[47,55]; LasR [45,51-54,56], QscR [57], and RhIR [48,56] from
Pseudomonas aeruginosa; ExpR1 and ExpR2 from Pectobac-
terium carotovora [46,58]; and LuxR from Vibrio fischeri
[45,51-54]. The full set of 151 compounds tested is shown in
Supporting Information File 1. An overview of the structures in
each sub-library is provided below.

Sub-libraries A and H contained AHLs with differing acyl tail
lengths and oxidation levels at the tail B-carbon, including many
naturally occurring AHLs [51,55]. The B and D sub-libraries
were designed to test the effects of lactone stereochemistry,
substitution of a variety of more structurally diverse and non-
native functional groups on the acyl tail (e.g., alkyl, cycloalkyl,
and aryl), and alkyl linker length between the head group and
these functional groups [51]. The C and E sub-libraries con-
sisted of substituted phenylacetanoyl homoserine lactones
(PHLs), phenylpropionyl homoserine lactones (PPHLs), and
phenoxyacetyl homoserine lactones (POHLs), many of which
we have previously found to be highly active in a range of
LuxR-type receptors as both agonists and competitive antago-
nists [45,47,48,51,56]. The Q and R sub-libraries contain a
related group of substituted benzoyl homoserine lactones
(BHLs) [56]. Sub-library S probed the effects of branched alkyl
groups on the acyl tail [56]. The F sub-library contained a
variety of AHL analogs with alternative, often hydrolysis resis-

tant head groups coupled to native-like alkyl tails, or aryl tails
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from known active PHLs or POHLs [53,54]. Notably, this sub-
library contained a range of thiolactone analogs, including the
L-OOHL thiolactone analog, for comparison to the work of
Janssens et al. [20]. We also included a set of AHLs and non-
AHL-derived compounds (termed “library 1-22”) that have
been reported by our laboratory and others to be strong modula-
tors of LasR in P. aeruginosa [59]. As these compounds repre-
sent some of the best-characterized LuxR-type receptor modula-
tors reported, the examination of their activity profiles in SdiA
was also of interest. Lastly, we included compound 23,
1-octanoyl-rac-glycerol (Figure 1B), in our assays as X-ray
crystallographic studies revealed it was present in the AHL
binding site of SdiA (from EHEC) when purified in the absence
of AHL (i.e., a complex that originally was thought to be “apo”
SdiA [22]), and we sought to determine if it had any functional
activity in SdiA.

Biological assays for SdiA activity. Cell-based reporter strains
that rely on detecting the transcriptional activity of LuxR-type
receptors are commonly used to assess the activity of exoge-
nous ligands. We used the S. Typhimurium-pJNS25 reporter
strain constructed by Smith and Ahmer [27] and also used by
Janssens et al. [20] to examine SdiA activity. This strain natu-
rally produces SdiA and contains a reporter plasmid with the
promoter region for srgE fused to the luxABCDE operon of
V. fischeri (see Experimental section for details of all strains
and plasmids). SdiA activity is thus reported by the production
of luciferase and resulting bioluminescence. We also prepared
an SdiA reporter in E. coli (JLD271-pJN105SE-pSC11SE) to
examine S. Typhimurium SdiA activity in an alternate back-
ground and with a different reporter gene output. E. coli
JLD271 is the sdi4 mutant of K-12 E. coli [60]. This reporter
construct uses an arabinose inducible promoter to produce
S. Typhimurium SdiA and the promoter region for srgE fused to
lacZ to report SdiA activity. SdiA activity is then measured
using standard B-galactosidase assays [61]. In both reporter
strains, signal was normalized to the difference between the
positive control (10 uM OOHL) and the negative control
(1% DMSO; no compound).

We note that, due assumedly to its enhanced stability relative to
other LuxR-type receptors, S. Typhimurium SdiA was ob-
served to have activity in these reporter assays even in the
absence of exogenous AHL, leading to a higher background
signal from the negative control relative to that typically ob-
served in LuxR-type receptor reporter assays [38,59]. For the
S. Typhimurium reporter, the negative control was at 20% the
level of the positive control based on raw luminescence.
Further, for the E. coli JLD271 reporter, the negative control
was at 50% the level of the positive control; we reason that this

higher background relative to S. Typhimurium is due to the
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overexpression of SdiA in this reporter. Conditions for both
assays (length of incubation, temperature of incubation, and
B-galactosidase substrate for developing the E. coli assay) were
carefully optimized to maximize the signal-to-noise ratio be-
tween the positive and negative control in view of these high
background levels (data not shown) [62].

Initial screening results in the S. Typhimurium SdiA
reporter. All 151 compounds were screened for agonism (at
100 uM and 1 uM) and competitive antagonism (at 100 uM and
1 uM) in the S. Typhimurium SdiA reporter. The full assay
results are tabulated in Supporting Information File 1, and an
overview is provided in Figure 2. For agonism at 100 uM,
119 compounds (79% of the library), and at 1 uM, 71 com-
pounds (47% of the library), activated SdiA by at least 50%
(above the negative control). This level of promiscuity in terms
of agonist ligands is high for a LuxR-type receptor. For compar-
ison, RhIR and QscR were activated beyond 50% by only 23%
[56] and 11% [57] of a comparable in-house library at 100 pM
and 5 puM, respectively. General trends for SdiA agonism are
listed here. All natural AHLs with acyl tail lengths of
4-12 carbons, regardless of the oxidation state at the B-carbon,
were able to activate SdiA by greater than 50% at 100 pM.
Most of the PHLs, PPHLs, and POHLs were able to activate
SdiA more than 50% at 100 pM, but BHLs were not as well
tolerated. The D sub-library results suggested that a wide range
of functional groups and multiple ring systems could be toler-
ated on the acyl tail. Changing the head group to a phenyl or
cyclohexane was not well tolerated; however, cyclopentane,
thiolactones, and the alternative stereochemistry, D-lactone
were generally tolerated. Interestingly, 1-octanoyl-rac-glycerol
(23) showed no agonism in this reporter assay, suggesting it
does not act as an AHL signal surrogate in SdiA [22]. At 1 pM,
only 24 compounds (16% of the library) were able to activate
SdiA greater than 80%. To narrow this study, these 24 com-
pounds were selected for further characterization to determine
their relative potencies.

For the SdiA antagonism assays, compounds (at 100 pM) were
competed against the ECy of (enantiopure) L-OOHL (10 nM).
Only 4 compounds (3% of the library) were able to inhibit SdiA
activity in S. Typhimurium by greater than 65% under these
conditions (Figure 2). This is a lower percentage of inhibitors
than we typically identify for this AHL analog library, even
with the heightened stringency of testing against an agonist
(here, L-OOHL) at its ECg value. For reference, 24% and 12%
of a comparable in-house library were found to inhibit QscR
[57] (at 5 uM) and RhIR [56] (100 uM) by greater than 65%, re-
spectively. Lowering our cut-off, we found 23 compounds that
could inhibit SdiA by greater than 30%. These compounds
could be classified as follows: long chain AHLs
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@ 6 Compounds
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4 Compounds 119 Compounds
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0 uM 100 pM

mpounds
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100 pM

Figure 2: Overview of SdiA agonism and antagonism single-point
screening results in the S. Typhimurium reporter. Agonists are indicat-
ed in green. Antagonists are indicated in red. Compounds with less
than 10% agonism and antagonism (i.e., no activity) are indicated in
grey. All circles are scaled to their proportion of the library. Overlaps
largely indicative of overlapping compound sets.

(12-16 carbons); BHLs, PHLs and PPHLs with large substitu-
ents on the aryl ring; glycine ethyl ester replacements for the
lactone head group; and compound 11 (ITC-12), originally re-
ported by the Meijler lab [44], which has an isothiocyanate (itc)
at its acyl tail terminus installed for potential covalent capture in
the AHL-binding site (vide infra). These 23 compounds were
selected for further characterization to determine their relative
inhibitory potencies in SdiA.

Characterization of the efficacies and potencies of SdiA
agonists. The lead agonists were subjected to dose—response
analysis using the S. Typhimurium SdiA reporter as described
in the Experimental section (see Supporting Information File 2
for the full dose—response curves). The structures of the agonist
compounds are shown in Figure 3 and their maximal activities
(i.e., efficacies) and ECsq values (i.e., potencies) are listed in
Table 1.

Corroborating prior work by Michael et al. [16] and Janssens et
al. [20], SdiA was found to be most strongly activated by
natural AHLs with a six to eight carbon tail (2, A2; Figure 3).
The PHL class was also highly active in SdiA; of the 36 PHLs
tested, 30 showed greater than 75% activity at 100 uM. Based
on potency, PHLs with a meta substitution were favored for
SdiA agonism (F11, C8, C11, E7, C14, C6, ES, and E1), but
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Figure 3: Chemical structures of the most potent SdiA agonists. Com-
pound names (except for 11-Az) match those reported in our prior
publications. HSL = homoserine lactone, Z = O. HCL = homocysteine
thiolactone, Z = S. Compound 2 = L-OOHL. Compounds within each
cluster (indicated by hashed line box) are listed in order of highest to
lowest potency.

certain para (C10, F12) and ortho (C9) substituted PHLs were
also highly potent. The nature of the substituent at the meta po-
sition could vary, ranging from electron withdrawing (NO,,
F11) to electron donating (SCH3, E7), but larger substituents
were favored (e.g., I and Br over Cl). Many of these highly po-
tent PHL agonists of SdiA are also potent antagonists of other
LuxR-type receptors, most notably para-iodo-PHL C10, which
inhibits RhIR [56], AbaR [47], LuxR [45], ExpR1 [58], ExpR2
[58], and TraR [45]. Strikingly, the top agonist PHL structures
identified for SdiA are similar to those in RhIR; six of the eight
PHL SdiA agonists characterized are also RhIR agonists [56].
This correlation is interesting because sdiA is the descendent of
a horizontal gene transfer of »4/R [63]. Indeed, the sequence of
SdiA from Salmonella is 45% identical to RhIR, more than it is
to LasR (27%), QscR (33%), TraR (23%), LuxR (27%), or
CviR (32%) [21]. In further support of a possible similarity be-
tween SdiA and RhIR, the cognate AHL signal of RhIR,
butanoyl HL A1, is also a moderate agonist of SdiA, with 100%
maximal activation and an ECsg of 578 nM (see Supporting
Information File 2 for full dose-response curve).

The most intriguing class of SdiA agonists was the POHLs. All
three of the POHLs tested (E22, E15, and E16) tested and one
thiolactone POHL analog (RN22) activated SdiA by more than
75% at 1 uM. This finding is in stark contrast to our previous
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Table 1: Characterization data for SdiA agonists (listed by potency).2

compound activation (%) ECsg (nM) 95% CI (nM)P
F2 119 0.70 0.39-1.25
2 (L-OOHL) 110 1.03 0.549-1.92
F5 79¢ 2.28 1.42-3.67
F11 97 2.47 1.49-4.08
RN22 93 6.08 3.89-9.49
E22 108 104 6.68-16.1
(o] 96 19.1 13.8-26.3
c11 90 20.6 15.8-26.8
A2 81¢ 20.9 18.0-24.3
E7 91 26.0 17.8-38.0
A7d 85¢ 26.6 22.3-31.7
E15 98 33.0 20.6-52.9
F12 84 38.8 21.4-704
E16 100 43.3 33.1-56.8
Cc10 67¢ 47.2 35.7-62.3
B11 93 50.1 36.7-68.5
(of3} 95 51.9 38.8-69.6
B12 93 54.7 43.9-68.2
E5 73¢ 62.2 50.6-76.6
F8d 91 62.8 56.4-70.0
C9 103 63.5 50.4-80.1
E1 99 66.4 48.3-91.2
s7 89 106 60.7-185
11-Az 110 125 82.5-190

2All assays are biological triplicates of technical triplicates using the
S. Thyphmurium-pJNS25 reporter strain (see Experimental section).
bCl = confidence interval for the ECsq value. “Maximal activity was
significantly (p = 0.05) different than the positive control,

10 M L-OOHL (2). See ref. [62]. 9Hill slope in dose response curve
significantly different from 1 (p = 0.05). A7 = 0.84 +/- 0.05 (SD);

F8 = 1.24 +/- 0.07 (SD).

studies of POHLs in other LuxR-type receptors, as we have
largely only found them to be antagonists. For instance, para-
iodo E22, the most potent POHL agonist in SdiA, is an antago-
nist in RhIR [56], TraR, LuxR, and LasR [45]. POHL struc-
tures were not as well sampled in the assembled compound
library as PHLs; these data suggest the screening of additional
POHLs in SdiA in the future to better delineate SARs for this
structure class. Overall, the agonism reporter assay data support
SdiA as a less selective receptor for AHL-type agonists
(assuming these non-native ligands target the AHL-binding
site). Perhaps more interestingly, as SdiA appears to be acti-
vated strongly by non-native AHLs that typically inhibit other
LuxR-type receptors, these data underscore the potential value
of SdiA as a useful model system for investigating the interac-
tions these ligands can have with LuxR-type receptors in vitro.

Only one class of alternate head group-containing compounds

was present in the set of top SdiA agonists, the homocysteine

thiolactone, corroborating prior work by Janssens et al. [20].
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Because several thiolactone compounds (F2, F5, F11, RN22,
F12 and F8; structures shown in Figure 3) were quite potent
(ECs¢ values ranging from 0.7-91 nM), we sought to charac-
terize their lactone analogs (structures shown in Supporting
Information File 1) to determine if the thiolactone substitution
results in increased potency (comparison data in Table 2, see
Supporting Information File 2 for full dose-response curves).
While the potencies of thiolactones F2 and RN22 were not sig-
nificantly different than their lactone analogs 2 and E22, the
simple alkyl derivatives (thiolactones F8 and F5 vs lactones Al
and A3) and the PHL-type derivatives (thiolactones F11 and
F12 vs lactones C14 and C24) were nearly an order of magni-
tude more potent. As thiolactone hydrolysis can occur more
slowly than lactone hydrolysis in the AHL scaffold [53], these
compounds may find utility as chemical probes due to their
longer half-lives in biological media. These results suggest that
this structural motif could be installed to potentially improve
the potencies of other lactone-based SdiA agonists and antago-
nists.

Characterization of the efficacies and potencies of SdiA
antagonists. The lead antagonists identified in the single point
screens were subjected to dose—response analysis using the
S. Typhimurium SdiA reporter as described in the Experimen-
tal section (see Supporting Information File 2 for the full
dose-response curves). The structures of the lead SdiA antago-
nists are shown in Figure 4 and their maximal inhibition and

ICs values are listed in Table 3.

Several structural classes of SdiA antagonists emerged from this
study (Figure 4): long alkyl tail AHLs (AS, and A6) long alkyl
tail-functionalized BHLs (R7, R8, and R9) PHLs and PPHLs
with large aryl substituents (B4, C18, E6, E33, E34, and F13),
and PHL-type derivatives with glycine ethyl ester head groups
(F39, F40, F45, and F47). In addition, an AHL with an electro-
philic warhead for covalent modification (11, ITC-12) and
various non-AHL compounds (12, 13, 18, 19R, and 20) were
found to be SdiA antagonists. Most of the compounds that
displayed antagonistic behavior were actually classical partial
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Figure 4: Chemical structures of the most potent SdiA antagonists.
Compound names preceded by letters match those reported in our
prior publications. * Indicates an L-thiolactone head group. ** Indicates
a D-lactone head group. Compounds within each cluster (indicated by
hashed line box) are listed in order of highest to lowest efficacy
(maximal inhibition).

agonists of SdiA (i.e., capable of activating SdiA to a lower
maximal level, and then inhibiting to that same level when
competed against OOHL (2) [59]); maximal inhibition and
maximal activation are both listed in Table 3 to underscore this
activity profile. We note that 11 and R8 were observed to

Table 2: Comparison of selected lactone and thiolactone analog EC5 values in SdiA.2

lactone ECso (NM)  95% CI (nM)P corresponding thiolactone  ECsqg (nM)  95% CI (nM)P fold increase
2 (OOHL) 1.03 0.55-1.92 F2 0.700 0.39-1.25 1.47¢

A1 578 482-693 F8 62.8 56.4-70.0 9.20

A3 18.1 7.44-43.8 F5 2.23 1.42-3.67 8.12

C14 28.3 24.0-33.3 F11 247 1.49-4.08 11.5

C24 252 194-327 F12 38.8 21.4-70.4 6.49

E22 10.4 6.68—16.1 RN22 6.08 3.89-9.49 1.71¢

8All assays are biological triplicates of technical triplicates using the S. Thyphimurium-pJNS25 reporter strain (see Experimental section).
bCl = confidence interval for the ECsq value. °Not significantly different (p = 0.05).

2657



Table 3: Characterization data for SdiA antagonists (listed by efficacy).?

compound inhibition (%) activation (%)
11° 130d -33
R8 12092 24
16° 89 48
F45 87 26
R9 63¢ 6
A5 59¢ 57
F39 55¢ 50
20 53¢ 47
A6 52 208
F13 51 59
R7 51 6°
B4 50¢ 52
E6 498 74
19R¢ 44¢ 40
F47 42 61
C18 408 48
12 39¢ 12
18 37¢ 53
F40 33 56
S2 32¢ 63
E34 30¢ 66
E33 19 67
13 19¢ 57
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ICs0 (UM) 95% Cl (uM)P
0.32 0.12-0.85
44.2 17.2-114
44.6 11.7-17.0
28.5 17.4-46.8
_f _

1.75 1.08-2.83
2.35 0.781-7.08
3.10 1.57-4.18
27.8 10.0-77.3
9.64 3.25-28.6

3All assays are biological triplicates of technical triplicates using the S. Thyphimurium-pJNS25 reporter strain (see Experimental section).

bCI = confidence interval for the ICs value. CHill slope in dose response curve significantly different from -1 (p = 0.05). 11 = 0.40 +/- 0.08 (SD);
16 = -0.6 +/- 0.1 (SD); 19R = -0.2 +/- 0.3 (SD). dInhibition is listed as 100% minus the lowest % activity observed in the presence of

10 nM L-OOHL (2). Values >100% inhibition suggest that AHL-independent (background) SdiA activity is being inhibited. ®Compound insolubility
limited testing at higher concentrations; maximal observable activity reported. - = Non-linear fit to the data could not be completed.

inhibit SdiA beyond 100% in these competitive antagonism
assays. We speculate that this activity profile is due to the
ability of these compounds to inhibit both AHL-dependent and
AHL-independent SdiA activity, and return to this below.

Both C12 AHL A5 and C16 AHL A6 inhibited SdiA activity by
greater than 50%. Interestingly, C14 AHL H26 agonized SdiA
to 39% (at 100 pM), but failed to inhibit SdiA (see Supporting
Information File 1). Further, the 3-oxo analogues of AS and A6
displayed SdiA agonism: 1 (3-ox0-C12) fully activated SdiA at
100 uM and H25 (3-0x0-C16) activated SdiA to 57% at
100 uM, suggestive that contacts with the 3-keto group are im-
portant for receptor agonism. Antagonists R7, R8, and R9 are
all BHLs with long alkyl tails (10, 11, and 12 carbons, respec-
tively) in the para position. Of these three compounds, R8
displayed the greatest inhibitory activity in SdiA — inhibition to
120% with an ICsq of 44 uM. Interestingly, similar compounds
with shorter tail lengths are potent inhibitors in other receptors:
R6, with a 9-carbon tail, is a potent inhibitor of QscR and LasR,
and Q9, with an 8-carbon tail, is a potent inhibitor of QscR
[64]. A set of other compounds containing aryl tails with large

substituents (such as Br, I, and SCH3) also partially inhibit
SdiA; specifically, thiolactone 16 (mBTL), which has a long
(4 atom) linker between the amide and phenyl, inhibited SdiA
activity by 89% with an ICs of 45 pM. This compound was re-
ported by the Bassler lab to also display partial agonism in
RhIR in P. aeruginosa [50].

The defining features of these first three classes of SdiA antago-
nists are their relatively large tail groups. In the crystal struc-
ture of SdiA from EHEC bound to OOHL (2) [22], Nguyen et
al. observed that two residues in the ligand-binding pocket,
Phe59 and Leu77, were moved inward toward the alkyl tail of
2, effectively closing the binding pocket relative to the “apo”-
SdiA structure (bound to 1-octanoyl-rac-glycerol (23)). In
Salmonella SdiA, these side chains are switched (Leu59 and
Phe77), yet maintain bulky and hydrophobic character at these
positions. We speculate that closing of this binding pocket on
the AHL tail could differentiate the AHL-bound and highly
active SdiA structure from the “apo” and less active SdiA struc-
ture. The sterically larger tails of the SdiA antagonists uncov-

ered here could prevent the closing of the SdiA binding pocket
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and the transition to the more active state. While additional
studies are clearly necessary to support this hypothesis, it is
congruent with the SdiA structural data, the observation that
1-octanoyl-rac-glycerol (23) has no activity in the SdiA reporter
assay, and recently reported data for LasR suggestive of a
closed ligand-binding site for maximal activation [65].

All of the glycine ethyl ester head group compounds tested
exhibited SdiA antagonism despite varying between a range of
PHL- and PPHL-type tails with differing aryl substituents
(Figure 4; Table 3). Prior studies of these compounds in our lab-
oratory had shown they have minimal to low activity in LuxR-
type receptors [54], so this activity profile in SdiA was unex-
pected. The meta-iodo PPHL derivative F45 displayed the
strongest antagonism of this structure class: 87% inhibition with
an ICs( of 28.5 pM. Finally, itc-derivative 11 had the highest
efficacy and potency of any SdiA antagonist reported herein.
Compound 11 inhibited all AHL-dependent SdiA activity (and
all of the AHL-independent SdiA (or background) activity;
130% effective inhibition) with a sub-micromolar ICs
(318 nM). Compound 11 was originally designed by the Meijler
lab to react with a cysteine in the AHL-binding pocket of LasR,
thereby acting as an irreversible inhibitor [44]. SdiA does have
a cysteine in the binding pocket (Cys45, see Figure 1D), but it is
positioned near carbons 3 and 4 of the acyl tail in OOHL (2) in
the SdiA crystal structure, rather than near the terminus of the
alkyl tail [22]. We examine the possibility of 11 covalently
modifying SdiA as part of the additional biological assays de-
scribed next.

Heterologous SdiA reporter system and competition assay
data. We submitted the most efficacious antagonists from
above (11, 16, R8, and F45) to an E. coli SdiA reporter
(JLD271-pJN105SSE-pSCI11SE) to further characterize their
active profiles (see Experimental section for full assay details).
Specifically, we sought to determine whether their apparent ac-
tivities were due to directly inhibiting SdiA activity, indirectly
inhibiting the Sal/monella reporter by altering the level of SdiA
produced, inhibiting the activity of the enzymatic reporter,
luciferase, or some combination of these pathways. The assay
results in the E. coli SdiA reporter are summarized in Table 4
and full dose-response curves are in Supporting Information
File 2. Compounds F45 and 16 failed to display antagonistic ac-
tivity in the E. coli strain, while 11 and R8 were able to fully
inhibit SdiA activity (with 11 inhibiting most of the AHL-inde-
pendent activity as well). Compound 11 retained its high poten-
cy in the E. coli reporter (IC59 = 380 nM); the ICs( for R8
could not be determined due to solubility limitations at high
concentrations. These results suggest that R8 and 11 inhibit
both the E. coli and S. Typhimurium reporters at the level of
SdiA transcriptional activity, not by changing the expression of
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SdiA or by inhibiting the luminescence reporter. Conversely,
the inability of F45 and 16 to even partially inhibit SdiA in the
E. coli reporter system indicates that the means by which they
inhibit SdiA activity in the S. Typhimurium reporter is depend-
ent on either the expression of SdiA, the luminescence reporter
system, or other Salmonella specific targets that could alter
SdiA activity. None of these possible mechanisms of action
would be ideal for probing AHL-mediated SdiA activity, and
these follow-up studies underscore the value of using a hetero-
logous strain to validate the activity of possible LuxR-type re-
ceptors modulators.

Table 4: SdiA antagonism assay data for select compounds in the
E. coli reporter.2

compound inhibition (%) ICs0 (NM)  95% CI (nM)P
1 130¢ 380 175-822

R8 106 —d -

16 NA®

F45 NA

8All assays are biological triplicates of technical triplicates using the

E. coli JLD271-pJN105SE-pSC11SE reporter system (see Experimen-
tal section). °CI = confidence interval for the ICs value. CInhibition
greater than 100% suggests inhibition of AHL-independent SdiA
activity. 9— = Non-linear fit to the data could not be completed.

eNA = not active.

We also submitted compounds 11, R8, and F45 to competition-
type assays in the S. Typhimurium SdiA reporter to further
characterize their activity profiles. (Because thiolactone 16
displayed multimodal, or non-monotonic [59] activity in the
S. Typhimurium SdiA reporter (agonism at low concentrations
and antagonism at high concentrations; see Supporting Informa-
tion File 2) and did not display any activity in the E. coli
reporter, we chose not to include it in this initial competition
analysis.) In the competition assay, varied concentrations of the
antagonist were competed against OOHL (2) in a
dose-response-type analysis. If the EC5¢ of OOHL increased
with increasing concentration of antagonist, yet its maximal ac-
tivity was maintained, these results would be supportive of the
compound acting as a competitive antagonist of SdiA in the
reporter assay. However, if the maximal activity of OOHL de-
creased with the concentration of added antagonist, these results
would be supportive of the compound acting as a non-competi-
tive antagonist of SdiA. The results are shown in Figure 5
(EC5( and maximal activity values listed in Supporting Infor-
mation File 3). The glycine ethyl ester F45 showed a non-
competitive inhibition profile in these competition assays (de-
creasing the maximal activity to 20% in the presence of 100 uM
F45, Figure 5A), and as highlighted above, failed to inhibit
SdiA in the E. coli reporter. These results support a reporter de-
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Figure 5: Dose-response activity curves for OOHL (2) in competition against various concentrations of synthetic compounds in the S. Typhimurium
SdiA reporter. (A) Data for compound F45, (B), R8, and (C) 11. Figure legend in panel A applies to panels B and C. All assays are biological tripli-

cates of technical triplicates. See Experimental section for full assay details.

pendent, rather than SdiA dependent, inhibitory activity for
F45. BHL R8, which was an SdiA antagonist in both reporter
systems, yielded dose-response curves against OOHL (2)
largely supportive of competitive SdiA inhibition in the
S. Typhimurium reporter, increasing the EC5y of OOHL from
1.03 nM to 10.6 nM with only a small decrease in maximal ac-
tivity to 80% (Figure 5B). These results support the conclusion
that R8 inhibits SdiA activity by targeting SdiA directly.

Itc-derivative 11 showed both competitive and non-competitive
inhibition of OOHL (2) in the competition assay (Figure 5C):
the ECs¢ increased from 1.03 nM to 4.67 uM while the
maximal activity decreased to 20%. This activity trend is
consistent with 11 interacting with SdiA both reversibly (by
presumably outcompeting OOHL in the ligand binding site) and
irreversibly (by covalently modifying SdiA). Such a dual-activi-
ty mechanism was previously reported by the Meijler lab for 11
in LasR [44]. Because AHL-dependent and AHL-independent
inhibition was observed in both reporter systems, it is likely that
11 targets SdiA for covalent modification rather than some
other target that affects the reporter system. To further probe the
hypothesis that 11 binds competitively to the SdiA ligand-
binding site, we examined the structurally homologous, yet
unreactive azide analog of 11, Az-11 (structure shown in
Figure 3), in the S. Typhimurium SdiA reporter. Az-11 was
found to fully agonize SdiA with an ECsg of 125 nM (Table 1),
in contrast to the full antagonism and 318 nM ICsg of 11 in
SdiA, providing indirect support that 11 could bind in the
AHL-binding site. Further experiments are needed to charac-
terize the mechanism of SdiA inhibition by 11, and are
on-going.

Conclusion
In summary, a focused library of non-native AHL analogs was
screened in a cell-based reporter strain for agonism and antago-

nism of the LuxR homolog, SdiA, from S. Typhimurium. This

AHL library contained many scaffolds with demonstrated
agonism and antagonism activity in other LuxR-type receptors.
Despite the relative structural diversity of the library, nearly
80% of the compounds were able to activate SdiA by more than
50% at 100 uM. This level of promiscuity in terms of agonist
ligand is extreme in comparison to other well-studied receptors,
such as LasR. The most potent agonists of SdiA were found to
be AHLs with medium length acyl tails (7-8 carbons), PHLs
with meta substituents, and almost all of the POHLSs tested. This
study further underscores the “privileged” nature of the PHL
structural class as potent ligands for LuxR-type receptors, and
provides strong support for further analysis of the POHL class.
In almost every case, the substitution of a thiolactone for the
lactone head group increased the potency of the compound
either as an agonist or as an antagonist of SdiA.

The SdiA antagonists uncovered herein all had relatively bulky
acyl tails, suggestive that sufficient bulk on the AHL ligand can
deactivate SdiA activity. In fact, the majority of these com-
pounds were actually partial agonists of SdiA, but three types of
antagonists had the ability to fully inhibit SdiA in the
S. Typhimurium reporter system: BHLs with large alkyl substit-
uents exemplified by R8, glycine ethyl ester head groups exem-
plified by F45, and the itc-functionalized compound 11.
Analyses of these antagonists in a heterologous SdiA reporter
system and additional competition assays against OOHL (2)
supported the conclusion that R8 and 11 directly inhibit SdiA
activity. R8 acts by a competitive inhibition mechanism, while
11 displays a pattern of activity suggestive of both reversible
and irreversible inhibition of SdiA.

There were several important outcomes of this study. First, this
work provides the first set of chemical probes for SdiA, with a
broad range of agonistic and antagonistic activities, which will
provide a new entry into the study of QS in S. Typhimurium
and its role in infections. Second, we have found that many of
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the ligands identified herein as active in SdiA are also potent
agonists and antagonists of other LuxR-type receptors. In view
of the heightened stability of SdiA in vitro relative to these
other receptors, coupled with this overlap of active ligands, we
believe that the biophysical bases of these agonistic and antago-
nistic activities can now be explored in vitro using SdiA, for the
first time, to improve the fundamental understanding of the
modes by which ligand binding modulates LuxR-type receptor
activity. Third, several tactics have been identified that can be
used for developing second-generation AHL-type ligands with
enhanced potencies in SdiA: using electrophilic groups to target
the cysteine in the SdiA binding pocket (taking a possible cue
from 11); delineating the SARs for activity by the POHL class,
with an eye toward examining bulky substituents that should
engender antagonism; and the incorporation of thiolactone head
groups into lead compounds. Fourth and finally, in view of the
close homology of the known SdiA receptors in Escherichia,
Klebsiella, Enterobacter, and Citrobacter genera, the com-
pounds and tactics reported herein should be exportable to these
other bacteria, thereby significantly expanding their utility as

chemical approaches to study QS.

Experimental

Bacterial strains and growth conditions. The strains, plas-
mids, and primers used in this study are summarized in Table 5.
All biological media and reagents were obtained from commer-
cial sources and used according to the manufacturers’ instruc-
tions. All strains were grown in lysogeny broth (LB) at 37 °C
with shaking (at 200 rpm). Bacterial growth was assessed by
measuring cell culture density by absorbance at 600 nm
(ODgqp). S. Typhimurium-pJNS25 was grown in 20 pg/mL
tetracycline. E. coli JLD271-pJN105SE-pSC11SE was grown in
10 pg/mL gentamicin and 100 pg/mL ampicillin.

Table 5: Bacterial strains, plasmids, and primers used in this study.?

Beilstein J. Org. Chem. 2018, 14, 2651-2664.

Construction of E. coli JLD271-pJN105SE-pSC11SE. The
same promoter region used by Smith and Ahmer [27] to
construct pJNS25 was used for the promoter region in pSC11SE
[66]. 477 base pairs of the srgE (STM1554) promoter region
(=330 to +147) from S. Typhimurium (14028) were cloned into
pSC11, using the psrgE primers listed in Table 5 (cut sites are
lowercase). 723 base pairs of sdid from S. Typhimurium were
cloned into pJN105, using the sdid primers listed in Table 5
(cut sites are lowercase) [66]. PCR-generated fragments were
digested, ligated with cut vector, and transformed into E. coli
DH5a using standard restriction digest cloning methods as we
have reported previously [67]. These plasmids were then trans-
formed into E. coli JLD271.

Chemistry and compound handling. The compounds
tested were either synthesized as previously described
[44,45,53,54,57,64] or purchased. Compounds 1, 2, 3 and Al
were purchased from Sigma-Aldrich. The E. coli reporter assay
substrate, ortho-nitrophenyl-p-D-galactopyranoside (ONPG),
was purchased from DOT Scientific. Stock solutions of com-
pounds were prepared at 10 mM in DMSO and stored at —20 °C
in sealed vials.

Salmonella SdiA reporter assay. S. Typhimurium-pJNS25 was
grown 16-18 h overnight in LB, diluted 1:100 in fresh LB me-
dium, and then incubated for 6 h at 37 °C with shaking at
200 rpm in the presence of compounds (1% DMSO). For antag-
onism assays, OOHL (2) at its ECy( (10 nM, 0.1% DMSO) was
added to the subculture immediately prior to adding the com-
pound for testing. All compounds were screened at 100 uM and
1 uM in triplicate in agonism and antagonism assays. Raw lumi-
nescence values were divided by the ODgg and then normal-
ized to the controls; negative (DMSO) and positive (10 uM

strain, plasmid, or primer description reference
E. coli DH5a F~, A80dla£:Z ALV” 5A (lacZYA-ar_gF)'U169 deoR recA1 endA1 Invitrogen
hsdR17(rk™, mk™) phoA supE44 \™ thi-1 gyrA96 relA1

E. coli JLD271 K-12 AlacX74 sdiA271::Cam; CmR [60]

S. Typhimurium 14028 wild type S. enterica serovar Typhimurium ATCC
pJNS25 psrgE-luxCDABE transcriptional fusion reporter plasmid; TetR [27]
pJN105SE arabinose-inducible expression plasmid for sdiA; GmR this study
pSC11SE psrgE-lacZ transcriptional fusion reporter plasmid; ApR this study
psrgE forward primer CATgtcgacCTGGTTAATGACGCGTGATACAGTCG this study
psrgE reverse primer CATggatccGGGAGAGCTAATTAGCTCTTTCAGG this study
SdiA forward primer CATgaattcATGCAGGAAAATGATTTCTTCACC this study
SdiA reverse primer CATgaattcATGCAGGAAAATGATTTCTTCACC this study

aAbbreviations: CmR, chloramphenicol resistance; GmR, gentamicin resistance; ApR, ampicillin resistance; TetR, tetracycline resistance.
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OOHL) control samples were included in every assay plate and
used to normalize assay results, setting the positive control to
100% and the negative control to 0%. Luminescence was
measured using a Biotek Synergy 2 plate reader and Gen 5 soft-
ware (version 1.05). Dose—response analyses were performed
by preparing dilutions of compounds in DMSO and testing each
concentration in the agonism or antagonism assays. Competi-
tion dose—response assays (data in Figure 5) were performed in
the same manner as the antagonism assays, except instead of
OOHL being added to the subculture, the antagonist being
tested was added. Non-linear regression curve fits were gener-
ated using GraphPad Prism software (version 6) using variable
slope (four parameter) dose—response analysis.

E. coli SdiA reporter assay. The B-galactosidase assay using
the E. coli SdiA reporter was performed as reported previously,
with minor modifications [56,61]. The reporter strain was
grown 16—18 h overnight in LB, diluted 1:10 in fresh LB medi-
um, and incubated at 37 °C with shaking at 200 rpm until it
reached an ODgq of 0.25. Expression of SdiA was induced by
the addition of 4 mg/mL arabinose, and the culture was incubat-
ed in the presence of compounds (1% DMSO) for 4 h at 37 °C
with shaking at 200 rpm. For antagonism assays, the subculture
was supplemented with OOHL (2) at its ECs5¢ (1.5 nM,
0.1% DMSO) before addition of the compound for testing.
A 50 pL aliquot of culture from each well was lysed in 200 pL
of Z-buffer and 8 pL of chloroform, and a 100 pL aliquot of this
lysate was incubated with 25 pL of 4 mg/mL ONPG for 20 min
at 30 °C before reading absorption at 420 nm and 550 nm using
a Biotek Synergy 2 plate reader. Non-linear regression
curve fits were generated using GraphPad Prism software
(version 6) using variable slope (four parameter) dose-response
analysis.
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Abstract

A series of analogues of Pseudonocardia sp. natural products were synthesized, which have been reported to possess potent anti-
bacterial activity against Helicobacter pylori and induce growth defects in Escherichia coli and Staphylococcus aureus. Taking
inspiration from a methodology used in our total synthesis of natural products, we applied this methodology to access analogues
possessing bulky N-substituents, traditionally considered to be challenging scaffolds. Screening of the library provided valuable
insights into the structure—activity relationship of the bacterial growth defects, and suggested that selectivity between bacterial
species should be attainable. Furthermore, a structurally related series of analogues was observed to inhibit production of the viru-
lence factor pyocyanin in the human pathogen Pseudomonas aeruginosa, which may be a result of their similarity to the Pseudomo-
nas quinolone signal (PQS) quorum sensing autoinducer. This provided new insights regarding the effect of N-substitution in PQS

analogues, which has been hitherto underexplored.

Introduction
The quinolone core has long been implemented in structures  Structural optimisation of quinolones possessing intriguing
possessing formidable activity in a broad range of fields, includ-  properties can lead to the discovery of important drug classes,

ing antibiotics, bacterial signalling and iron metabolism [1]. as demonstrated by the fluoroquinolone antibiotics, which were
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inspired by the observation of an antibacterial quinolone side-
product generated during the synthesis of the antimalarial

chloroquine [2].

Given this high potential for the discovery of useful chemical
entities, we have recently been engaged in research regarding a
family of quinolone natural products which are produced by the
actinomycete Pseudonocardia sp. CL38489, and were first iso-
lated by Dekker et al. (1-8, Figure 1) [3]. The authors noted the
potent antibacterial activity of these compounds against Heli-
cobacter pylori, which is responsible for the generation of nu-
merous digestive disorders [4]. Furthermore, with the presence
of a lipophilic chain in the 2-position, there is a structural
resemblance to the Pseudomonas quinolone signal (PQS), and
its biosynthetic precursor 2-heptyl-4(1H)-quinolone (HHQ),
which are vital to the cooperative behaviour of the human
pathogen Pseudomonas aeruginosa via quorum sensing (QS).
This is a means by which bacteria alter their phenotype in
response to changes in population density, regulating virulence

Beilstein J. Org. Chem. 2018, 14, 2680-2688.

and biofilm formation when most impactful to the host organ-
ism [5]. This process is mediated by signalling molecules such
as PQS, and natural product structures 1-8 analogous to PQS
may provide interspecies QS-modulator chemical probes. It has
been proposed that such a strategy may perturb bacterial viru-
lence and pathogenicity associated with QS, thus conferring a
therapeutic benefit, without applying a selection pressure for
resistance [6]. Whilst recent experiments suggest that resis-
tance may still emerge, it has been proposed that this develop-
ment should be limited under certain conditions [7].

We wished to investigate the potential of 1-8 to modulate QS in
P. aeruginosa, however, the compounds are available in only
trace amounts from natural sources [3], and so we embarked on
the total synthesis of the compounds. We first developed a
strategy which constructed natural products 1-4 by uniting the
quinolone cores with the side chain by means of an sp?—sp?
Suzuki—Miyaura coupling reaction [8]. Whilst these com-

pounds unfortunately provided no modulation of PQS quorum

0}

PQS

N
H

HHQ

Figure 1: A family of quinolone natural products 1-8, which were first isolated from Pseudonocardia sp. CL38489 by Dekker et al. [3], shown along-
side the structure of the Pseudomonas quinolone signal (PQS), a key autoinducer used in quorum sensing signalling by the human pathogen
Pseudomonas aeruginosa, and 2-heptyl-4(1H)-quinolone (HHQ), the biosynthetic precursor of PQS.
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screening (as determined using a heterologous Escherichia coli
reporter system [9]), an intriguing effect upon the growth of
E. coli and Staphylococcus aureus was noted, which showed an
extended lag phase in response to the compounds (except 4,
which was inactive towards E. coli. It should be noted that in
this previous publication, the graphical data for compounds 3
and 4 was erroneously switched). It is tentatively proposed that
this is as a result of disruption of electron transport, as the com-
pounds bear resemblance to the menaquinones which are used
by bacteria for this purpose [10]. Following on from this, we
recently reported a divergent strategy which granted access to
remainder of the natural products 5-8, alongside offering more
efficient synthesis of 1 and 4 [11]. Allylic alcohols 5 and 6 were
accessed from a mutual precursor (constructed using methodol-
ogy adapted from that reported by Bernini et al. [12]) using an
acid-catalysed transposition, whilst 4, 7 and 8 were derivatised

from 1.

In this current work, we turn to the further elucidation of the bi-
ological activity of this class of compounds. In order to gain ad-
ditional insight into the associated structure—activity relation-
ships (SAR), it was desired to generate analogues of the natural
products. The chemistry developed towards the allylic alcohols
5 and 6, outlined in Scheme 1, seemed ideal to this end. A range
of alkynes 10 could undergo Sonogashira coupling with the
commercially available acid chloride 9. The resultant ynones 11
could then undergo conjugate addition with primary amines 12,
which following metal-catalysed cyclisation would give 1,2-
disubstituted quinolones 14.

Upon the successful synthesis of analogues of the form 14, bio-
logical evaluation of these and the natural products 1, 4 and 5-7
(synthesised during our previous study [11]) would then be
possible. In particular, it was desired to further probe the
intriguing growth defects which had been observed for natural

Beilstein J. Org. Chem. 2018, 14, 2680-2688.

products 1-4 in E. coli and S. aureus. Furthermore, exploration
of any effect on QS of the analogues 14 would be valuable, as
to our knowledge studies on the SAR of PQS analogues have
not yet thoroughly assessed substitution at the 1-position of the
quinolone system [13]. This is perhaps as a result of direct
alkylation at this position being very challenging, with low
yields and poor O- vs N-selectivity being encountered, particu-
larly with a sterically demanding substituent present in the
2-position [14,15].

As a measure of modulation of QS in P. aeruginosa, it was
desired to measure the amount of pyocyanin produced by bacte-
rial cultures after treatment with the compounds. This virulence
factor is known to be under the regulation of PQS signalling
system, and is capable of disrupting many important biochem-
ical processes [16]. This leads to numerous deleterious effects
on human cells, including inhibited respiration and ciliary
action [17]. These effects allow pyocyanin to play a critical role
in infection; indeed, mutant P. aeruginosa strains which are
unable to produce pyocyanin have been shown to be unsuccess-
ful in infecting the lungs of mice [18]. Being able to prevent the
production of pyocyanin could therefore be of great therapeutic
benefit.

Results and Discussion

In the implementation of the strategy outlined in Scheme 1,
alkynes 10a and 10b were first subjected to Sonogashira cou-
pling with commercially available acid chloride 9 according to
the previously reported conditions (Scheme 2) [12]. These
alkynes were chosen so as to allow access to valuable SAR data
regarding the side chain of the natural products 1-8. Commer-
cially available alkyne 10a would ultimately lead to a simple
saturated side chain of the same length as that observed natu-
rally, whilst 10b (itself synthesised according to a literature pro-
cedure [19]) would provide analogues possessing a truncated

Br O
H Sonogashira Br O
Cl X couplin
. \R1 pling §
R‘I
9 10 "
2
conjugate addition Br O R o
R2NH, (12) cyclisation N
s — L]
N R!
R2
13 14

Scheme 1: Proposed use of the chemistry developed towards the total synthesis of 5 and 6 for generation of natural product analogues. Modular
coupling of alkynes 10 and amines 12 with commercially available acid chloride 9 was proposed to give 1,2-disubstituted quinolones 14.
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H—— C8H17 10a Br (o]
or X
| o c \/\)\ 10b Z
11a, R = CgHy7, 77%
7 PACly(PPh3), (2 mol %) g fe®
9 Cul (4 mol %), EtsN

= )\ 0
THE, rt, 3 h 11b, R ‘1%/\ , 38%

Scheme 2: Sonagashira coupling of alkynes 10a and 10b with commercially available acid chloride 9 to give ynones 11a and 11b.

prenyl-type substituent. In the event, ynone 11a was obtained  These ynones were then subjected to a conjugate addition with
with good yield, however, a poorer yield resulted for 11b, an assortment of primary amines 12a—f (Scheme 3). The reac-
which was attributed to difficulties in obtaining its precursor tions proceeded with excellent yield in all cases, with aliphatic

10b with high purity which stemmed from its volatility. and aromatic moieties well tolerated. Given the high volatility
.R?
Br O RZNH2 Br (6] iN\
N 12a—f R
| N i
= R MeOH, 50-70 °C,
11a and 11b sealed tube, 1-3.5h 13
Br o HNT Br O HNTT
_— =
13aa, 99% 13ab, 100%
-iB B
Br O HNT" Br O HN"
= =
13ac, 100% 13ad, 85%2

Br O HN” “CHPh,
=

13ae, 92%?

B o HNPY Br O HNTY
g g W

13ba, 92% 13bb, 97%

_iB M

Br O HN™" Br O HN°
PP W

13bc, 100% 13bf, 97%

Scheme 3: Conjugate addition of primary amines 12a—f with ynones 11a and 11b. @Following concentration in vacuo, further purification using silica
gel flash chromatography was required.
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of most of the amine starting materials, the products 13 were in
general analytically pure following concentration in vacuo of
the reaction mixture. However, use of higher boiling-point
amines necessitated purification by flash column chromatogra-
phy, which may account for the slightly lower yields in these
cases (13ad and 13ae).

With the compounds 13 now in hand, their cyclisation to the
desired analogues 14 was explored. However, whilst the condi-
tions which had proved successful in the total synthesis of
natural products 5 and 6 proved satisfactory in most cases, some
optimisation was required for substrates possessing unsaturated
functionality attached to the amine (Table 1). When the palla-
dium-catalysed conditions were employed [20], a complex mix-
ture resulted, from which no product could be obtained
(Table 1, entry 1). Meanwhile, use of base-induced SyAr-type
conditions allowed a small amount of product to be isolated
(Table 1, entry 2) [21], but copper-catalysed conditions offered
a higher yield (Table 1, entry 3) [12]. This behaviour stands in
contrast to that noted for substrates bearing an alkyl substituent
in our previous study, for which these copper-catalysed condi-

tions resulted in dimerization [11].

Following the discovery of this substrate-dependent dichotomy
with respect to optimal reaction conditions, the entire library of
compounds was successfully cyclised. Whilst the yields ranged
from low to moderate (Scheme 4), sufficient quantities were ob-
tained to facilitate biological screening. It appeared that bulkier
N-substituents (e.g., 14ae) resulted in lower yields than less
bulky derivatives (e.g., 14bf), underlining the importance of
steric factors during cyclisation. Interestingly, the allyl-substi-
tuted substrates 13ab and 13bb underwent an isomerisation
under the reaction conditions, with the double bond moving into
conjugation with the amine to give inseparable mixtures of en-

Beilstein J. Org. Chem. 2018, 14, 2680-2688.

amine-type products 14ab and 14bb. Given the likely
hydrolytic instability of synthetic precursors possessing an en-
amine moiety, these compounds would likely be highly chal-
lenging to synthesise by other means. However, it is proposed
that the involvement of the nitrogen lone-pair in the aromaticity
of the quinolone system attenuates the susceptibility of 14ab
and 14bb towards hydrolysis.

Intriguingly, the employment of an excess of DMEDA in the
Cu-catalysed cyclisation of 13bb generated 14bg as a side-
product, which represents another interesting analogue for bio-
logical study (Scheme 5). This may putatively result from the
displacement of the allylamine in 13bb by the DMEDA ligand,
followed by heterocyclisation with concomitant N—>N’ methyl

transfer.

With the library of natural products and analogues in hand, our
attention turned to their biological activity. It was desired to
further explore the growth defects which had been previously
noted for natural products 1-4 against E. coli and S. aureus, and
so these species were grown in the presence of the compounds.
The results for E. coli ESS are shown in Figure 2, split into the
natural product series, the series of analogues with a saturated
side chain, and the truncated series of analogues. As can be seen
in Figure 2A, natural product 1 resulted in slowed bacterial
growth whilst 4 elicited no such effect, consistent with our
previous observations (although the later recovery in popula-
tion in the presence of 4 was less pronounced in the present
case) [8]. Meanwhile, 5 appeared to show a moderate growth-
slowing effect, which when compared to the stronger effect pre-
viously observed for 3, demonstrates that oxidation of the
geranyl side chain is deleterious to the biological effect under
investigation. The regioisomeric 6 showed a very small effect,
further showing the lack of tolerance of the effect towards side-

Table 1: Optimisation of conditions for the cyclisation of 13ad to natural product analogue 14ad.

o}
.Bn
Br O HN conditions
/ —_—
CgH17 |
N™ "CgHiz
Bn
13ad 14ad
entry conditions result
1 CsyCO3, Pdydbag, P(2-furyl)s, toluene, 100 °C, 24 h [20] complex mixture?
2 KOt-Bu, dioxane, 90 °C, 24 h [21] 13%P
3 Cul, DMEDA, NaOt-Bu, DMSO, 80 °C, 2 h [12] 22%?P

aAs determined by LCMS and "H NMR analysis of the crude reaction product. Plsolated yield.
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,  Cs2C03, Pdadbag, P(2-furyl)s 0
B 0 HNT toluene, 100 °C, 24 h [A]
_— R1 or |
Cul, DMEDA, NaOt-Bu N™ "R
DMSO, 80 °C, 2 h [B] R2
13 14
n Bu
14aa, conditions A 14ab, conditions B?
17% 26%
|Bu
14ac, conditions A 14ad, conditions B
26% o 22%
|
N
kCHth

14ae, conditions B

O
@fjj\/\/k -
|
N =

|
n-Bu

14ba, conditions A 14bb, condltlons BP
34% 52%
14bf d A IBU
’ cggo/ltlons 14bc, conditions A
° 35%

Scheme 4: Cyclisation of precursors 13 to natural product analogues 14 using palladium- or copper-catalysed conditions. Yields quoted are isolated.
a13ab used as starting material, £/Z ratio = 29:71 based on "H NMR data. P13bb used as starting material, £/Z ratio = 15:85 based on 'H NMR data.

/
Cul, NaOt-Bu
Br O HN DMEDA (excess) )\
)\ DMSO, 80 °C, 2 h
K/NMe2
14bg, 7%

13bb

+14bb, 52%

Scheme 5: Use of an excess of DMEDA in the Cu-catalysed cyclisation of 13bb resulted in the generation of 14bg as a side-product,
alongside 14bb.
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Figure 2: Growth of E. coli ESS with time in the presence of 200 uyM of
each compound. A) Natural product series. B) Saturated analogue
series. C) Truncated analogue series. Neg = negative control (DMSO
blank), Pos = positive control (gentamicin). Experiments were carried
out in triplicate, with the exception of 7, for which there was insufficient
material for repeats. Error bars refer to standard deviation.

chain oxidation. Finally, neither replacement of the N-Me of 4
with the methylthiomethylene substituent of 7, nor epoxidation
of 4’s side chain to give 8, offered any improvement in the bio-
logical activity. The result for 8 is particularly intriguing, as this
natural product was noted to have the strongest effect upon the
growth of H. pylori in the study by Dekker et al., which may
imply that these compounds are acting through different mecha-
nisms upon each bacterial species. Next, considering Figure 2B
and C, we see that none of the analogues were capable of
affecting the growth of E. coli, further demonstrating the impor-
tance of the geranyl side for biological activity against this
species. This observation is particularly striking for analogue
14bf, which possesses an identical quinolone core structure to
natural product 3, which was previously shown to be active.

Beilstein J. Org. Chem. 2018, 14, 2680-2688.

Meanwhile, Figure 3 shows the data for S. aureus 25923, which
is split into the same three series as before. Considering the
natural products (Figure 3A), we see that both 1 and 4 resulted
in a slowing of growth consistent with that reported previously,
although the effect for 1 was less pronounced in the present
case, operating for only the first three hours [8]. Whilst most of
the other natural products appeared to show only slight effects,
moderate activity was observed for 7, which stands in an inter-
esting contrast to the inactivity of this compound against E. coli.
This implies that the structural requirements for optimal activi-
ty differ between the species, a conclusion which is further
bolstered by the results for the saturated series of analogues
shown in Figure 3B. Whilst these compounds were completely
inactive against E. coli, in this case a strong effect was ob-
served, which for 14aa, 14ab and 14ac was comparable to the

A) 0.8
0.7
0.6
0.5
04

ODggo

0.3

0.2

0.1

0 2 4 6 8
Time / hours

08 14aa
14ae

-----Pos 14ab

14ac —14ad

0.7

ODggo

0 2 4 6 8
Time / hours
C)
0.8 -----Neg --—--Pos 14bb
0.7 —14bc 14bf
0.6
0.5
So4
[e]
0.3
0.2
0.1
0
0 1 2 3 4 5 6 7 8

Time / hours

Figure 3: Growth of S. aureus 25923 with time in the presence of

200 uM of each compound. A) Natural product series. B) Saturated an-
alogue series. C) Truncated analogue series. Neg = negative control
(DMSO blank), Pos = positive control (gentamicin). Experiments were
carried out in triplicate, with the exception of 7, for which there was
insufficient material for repeats. Error bars refer to standard deviation.
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positive gentamicin control over the timescale of concern.
These results show the high efficacy of the saturated side chain
against S. aureus, however, considering the data for 14ad and
14ae, we can observe that adding bulky aromatic moieties to the
N-substituent results in reduced activity, with smaller alkyl
groups in this position instead being optimal. Finally, the trun-
cated series of analogues appeared to show only small effects
upon the growth of S. aureus (Figure 3C).

Attention then turned to the ability of the compounds to modu-
late P. aeruginosa PAO1 QS, as measured by the production of
the virulence factor pyocyanin. Bacterial cultures were grown
for eight hours in the presence of each compound, followed by
extraction of the pyocyanin under acidic conditions [22]. This
was then quantified by measurement of the ODs;(, which corre-
sponds to absorption by the toxin. The results are shown in
Figure 4, normalised by the bacterial density as measured by
ODgqp (no significant effect on the overall growth of the
bacteria was observed for any of the compounds, see Support-
ing Information File 1 for details). The most promising results
were replicated to ensure validity (due to the large amount of
chemicals required for the assay, it was not practical to perform
this for every compound). Of the natural products, only 4
seemed to show attenuation of pyocyanin production relative to
the negative control. Meanwhile, whilst the truncated series of
analogues appeared to lack activity, a marked reduction in
pyocyanin production was noted for the compounds possessing
a linear octanyl side chain. We speculate that this is due to
the similarity to the heptanyl chain present in the native
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Figure 4: ODs5yq (absorption corresponding to pyocyanin) normalised
by the culture population (measured by ODgq) for cultures of

P. aeruginosa PAO1 grown in the presence of concentrations of

200 uM of natural products and analogues after 8 hours. WT = wild
type, no treatment added. DMSO = treated with DMSO blank. The ex-
periment for 7 was not performed due to lack of material. The most
promising results were replicated once to ensure validity, as shown by
error bars.
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PQS ligand. This observation is highly intriguing, as HHQ
(Figure 1), which differs from these analogues only by the lack
of an N-substituent and a slightly shortened side chain, is
known to activate P. aeruginosa QS (although it is incapable of
inducing full pyocyanin expression) [23]. It would therefore
appear that this inhibitory activity is likely due to the N-substi-
tution, an avenue which has been to our knowledge underex-
plored in the SAR analysis of PQS and HHQ. In particular, ana-
logues possessing smaller N-substituents (14aa, 14ab and 14ac)
appeared to elicit a stronger effect than those possessing larger
aromatic moieties (14ad and 14ae).

Conclusion

We have reported the synthesis of structural analogues of a
family of 4-quinolone Pseudonocardia sp. natural products,
which encompassed variation of both the side chain and N-sub-
stituent. This represented an extension of the chemistry which
we employed towards the natural products, utilising sequential
Sonogashira coupling, high-yielding conjugate addition, and
metal-catalysed cyclisation. A dichotomy in the optimal condi-
tions for the final step was discovered, depending on the nature
of the N-substituent. These analogues were then tested, together
with a number of previously synthesised natural products, for
their ability to bring about an intriguing “growth-slowing”
effect towards certain species of bacteria. Whilst the presence of
a geranyl side chain was shown to be vital for strong activity in
E. coli, analogues possessing a saturated side chain exhibited
marked inhibition of S. aureus growth. This intriguing result
implies that slightly different mechanisms may be at work in
each case, and suggests that it may be possible to attain selec-
tive therapeutic treatment of a specific species. Furthermore, the
saturated series of analogues were demonstrated to inhibit the
production of pyocyanin by P. aeruginosa, a virulence factor
known to be under QS regulation, providing valuable new SAR
insights regarding N-substitution of PQS and HHQ analogues.

Supporting Information

Supporting Information File 1
Experimental procedures and analytical data.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-14-245-S1.pdf]
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Interfering with bacterial cell-to-cell communication is a promising strategy to combat antimicrobial resistance. The natural prod-

uct hamamelitannin and several of its analogues have been identified as quorum sensing inhibitors. In this paper the synthesis of

pyrrolidine-based analogues of a more lead-like hamamelitannin analogue is reported. A convergent synthetic route based on a key

ring-closing metathesis reaction was developed and delivered the pyrrolidine analogue in 17 steps in high yield. Chemoselective

derivatization of the pyrrolidine nitrogen atom resulted in 6 more compounds. The synthesized compounds were evaluated in a

biofilm model, but were all inactive.

Introduction

Antimicrobial resistance is rapidly becoming a global threat
[1,2]. It is estimated that worldwide, at least 700 000 people die
every year from drug-resistant strains of common bacterial
infections. Strategies to deal with the global antimicrobial resis-
tance problem need to be multifactorial. Next to disease preven-
tion and the development of new antibiotics, it is essential to in-

vestigate innovative strategies to combat bacterial infections

[3,4]. Recently, targeting bacterial virulence has gained a lot of
attention [5-7]. It has been hypothesized that by “disarming” the
pathogen, rather than inhibiting its growth, selective pressure
for resistance development will be much lower. Furthermore,
reduction of bacterial virulence directly protects the host, and at
the same time renders the bacteria more susceptible towards the

host defense system and antibiotics.
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The Centers for Disease Control and Prevention (CDC) have
listed a number of bacteria that present serious, urgent and con-
cerning threats [8]. One of these problematic bacteria is methi-
cillin-resistant Staphylococcus aureus (MRSA), a human
pathogen that causes a wide range of clinical infections. In
S. aureus, virulence is mainly mediated by quorum sensing, a
bacterial cell-to-cell communication system based on the secre-
tion of signal molecules [9-11]. The natural product hamameli-
tannin (1) has been identified as a non-peptide analogue of RIP
(RNAIII-inhibiting protein), an inhibitor of the RAP/TRAP
(RNAIII-activating protein/target of RAP) quorum sensing
system in S. aureus (Figure 1) [12-14]. Furthermore, hamameli-
tannin has been shown to inhibit biofilm formation and to
potentiate the activity of antibiotics against staphylococcal
biofilms in vitro and in vivo [12,15]. Structural optimization of
hamamelitannin by our group resulted in several more potent
and more druglike analogues of which compound 2 emerged as
a promising starting point for further optimization and subse-
quent development (Figure 1) [16-19]. Our earlier work
revealed that the optimal side chain substituents are an
o-chlorobenzamide on the 5-position and a non-substituted
benzamide on the 2’-position. In absence of any structural infor-
mation of the inhibitor—target interaction, we were interested in
replacing the core tetrahydrofuran scaffold by a pyrrolidine ring
in order to further elucidate the structure—activity relationship.
The pyrrolidine nitrogen atom provides an extra point of diver-
sification, allowing further elaboration of the scaffold. Substitu-
ents on the ring nitrogen might lead to additional interactions
with the target and therefore provide more potent analogues.
Moreover, the O-to-N replacement is expected to increase solu-
bility and possible polar interactions with the target. In this
work we report the design, synthesis and biological evaluation

of a number of pyrrolidine-based hamamelitannin analogues.
The envisioned strategy for the synthesis of the target pyrrol-

idine-based hamamelitannin analogues is depicted in Scheme 1.
The synthesis of 4 as a key intermediate allows to gain access to

o

Om
o

HO
OH
1

hamamelitannin

ECSO =146 IJM
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EC50 =0.39 uM
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a diverse set of analogues by chemoselective late-stage derivati-
zation of the pyrrolidine nitrogen. Previously, we used the
iminosugar 5 to prepare a series of 2’-homoazanucleosides.
This possible precursor was synthesized convergently in
12 steps [20]. The pyrrolidine ring was constructed via alkyl-
ation of 6 and 7, followed by ring-closing metathesis. Stereose-
lective dihydroxylation of the resulting alkene then furnished
the protected iminosugar 5. However, using intermediate 5 as a
starting point for the hamamelitannin analogues would render
the synthetic route very linear and impractical to produce suffi-
cient amounts required to prepare a series of analogues.

Therefore, we envisioned a modification of the previously de-
veloped synthetic route, where the two fully functionalized side
chains are introduced prior to coupling and ring closure to
afford 8. This new synthetic route would be more convergent
and efficient for the preparation of 3. Retrosynthetic analysis
led to 9 and 10 as two key synthons, which would be assem-
bled via a Mitsunobu—Fukuyama reaction, and subsequently the
secondary amine converted to the pyrrolidine ring via a ring-

closing metathesis reaction [21].

Results and Discussion
Chemistry

The synthesis of fragment 9 is depicted in Scheme 2 and proved
to be challenging. It was essential to introduce the nosyl group
only in the last step, since several previous attempts to synthe-
size 9 failed due to side reactions caused by the strongly elec-
tron-withdrawing properties of the nosyl group. The successful
synthesis starts with a Pd-catalyzed dynamic kinetic asym-
metric transformation of racemic butadiene monoepoxide to 12,
employing phthalimide as nucleophile [22,23]. Attempts to
substitute the alcohol functionality of 12 via displacement of the
derived mesylate with NaNj failed, similar to previously re-
ported difficulties by Trost et al. [24]. The benzamide substitu-
ent was therefore introduced via Mitsunobu reaction with
N-Boc-protected ortho-chlorobenzamide 13. Removal of the

R
N

o
Om
o

HO  OH
O on ? 0 ?
o) OH N \g Z HN N \i Z HN
HO § B H § R O H ) O
H HO Cl HO OH cl H H
o}

2 3

this work

Figure 1: Structures of hamamelitannin (1), lead compound 2 and target compounds 3.
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Scheme 2: Synthesis of fragment 9. Reagents and conditions: a) phthalimide, Pdx(allyl)>Cly, ligand 15, Nap,COg3, CH,Cly, rt; b) i) 13, DEAD, PPhs,
toluene, 0 °C to rt; ii) TFA, CH»Cly, HoO, rt; c) i) ethylenediamine, EtOH/THF 7:3, reflux; ii) p-Ns-Cl, EtzN, THF, 0 °C.
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Boc-group with TFA resulted in 14. Next, the phthalimide was
removed via refluxing with ethylenediamine and the resulting
amine protected as para-nitrobenzenesulfonamide to obtain the

desired fragment 9.

The synthesis of 10 starts from commercially available 2-meth-
ylene-1,3-propanediol (16), which was selectively monopro-
tected in high yield as TBS ether (Scheme 3) [25]. The
remaining alcohol was then substituted for a phthalimide via
Mitsunobu reaction. Phthalimide deprotection, acylation with
benzoic acid, and removal of the silyl protecting group
furnished 10.

Fragments 9 and 10 were coupled under Mitsunobu conditions
(Scheme 4), affording 20 contaminated with Mitsunobu byprod-
ucts. Unfortunately, attempted ring-closing metathesis of 20
using the Grubbs—Hoveyda II catalyst failed to produce any
product, probably due to the insolubility of 20 in solvents suit-
able for metathesis reactions (1,2-DCE, toluene) and/or the
coordinating ability of the three (sulfon)amide functionalities
[26,27].

To circumvent this problem, we were forced to alter the initial
synthetic strategy and used a different eastern fragment for the
ring-closing metathesis reaction. The ortho-chlorobenzamide
substituent would then be introduced in a later stage. We chose
to protect alcohol 12 as TBS ether and used the derived nosyl-
protected fragment 23 as the coupling partner (Scheme 5).

Fragments 23 and 10 were coupled via Mitsunobu reaction,
yielding 24 in 49% yield (Scheme 6). Fortunately, ring-closing
metathesis of 24 now smoothly afforded 25 in high yield.

Cl

9 10

N NHNs N OH
H H
_

Beilstein J. Org. Chem. 2018, 14, 2822-2828.

HO/W(\OH -a, TBSO/W(\OH
92%

16 17
b ‘ 85%
TBSO ) TBso/\HA
71%
19
e J 89%

. N

Scheme 3: Synthesis of fragment 10. Reagents and conditions:

a) TBSCI, NaH, THF, rt; b) phthalimide, PPh3, DEAD, THF, 0 °C to rt;
¢) HoNNH3'H20, MeOH, reflux; d) BzCl, EtzN, CH,Cly, 0 °C; e) TBAF,
THF, rt.

Dihydroxylation selectively yielded the desired stereoisomer of
diol 26, which was subsequently protected as isopropylidene
acetal. In the next step, after removal of the TBS group and
mesylation, attempted substitution with NaN3 resulted only in
an elimination product. This led us to replace the electron-with-
drawing nosyl protecting group with a Boc group. After
removal of the TBS ether and mesylation of the resulting

alcohol, substitution with NaN3 now smoothly provided azide

ey s vs
Jr b
= o

o
21

Scheme 4: Coupling of 9 and 10 and attempted ring-closing metathesis. Reagents and conditions: a) PPhz, DEAD, THF/DMF 2:1, 0 °C to rt;

b) 5 mol % Grubbs—Hoveyda Il, 1,2-DCE, 50 °C.
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29. The azide was then reduced under classical Staudinger

o o conditions, followed by amide formation with ortho-chloroben-

zoic acid and a final acidic deprotection step to provide the

HO N a TBSO N desired analogue 4. Despite the change of the initial strategy
/j o) 91% //j/ o) and resulting elongation of the synthetic route, the overall syn-

thesis still proved to be very efficient, delivering 4 in 6% yield
12 22 in 17 steps from 16.

b, c‘ 80% (2 steps) The pyrrolidine nitrogen was then further derivatized with
several small substituents (Scheme 7). Reductive amination

NHNs with several aldehydes resulted in 3a—c. The N-methyl ana-

TBSO logue 3d was synthesized via methylation with Mel. The
j methanesulfonamide 3e and acetamide 3f, in which the cationic

character of the pyrrolidine nitrogen is removed, were also syn-

23 thesized.
Scheme 5: Synthesis of alternative eastern fragment 23. Reagents The correct stereochemistry of the synthesized analogues was
and conditions: a) TBSCI, imidazole, CH2Cly, rt; b) HoNNH,-H,0, unequivocally proven via X-ray structural analysis of com-

MeOH, reflux; ¢) p-Ns-Cl, EtzN, CH,Cly, 0 °C. i
) P 3 222 pound 3a (Figure 2).

NHN i 2 NS
TBSO y * N/\[(\OH - TBSO/j/ y
_ H 49% / N\[
0
23 10 24

b ‘ 84%

Ns Ns Ns
s DL x D N
T8SO” 7 HN 5 ~—— 130" X 7 HN - TBSO -

92% S 85%

OXO HO OH ° N;@

(0]
27 26 25
e f,g \ 71% (3 steps)
Boc Boc o] H
/\<NZ h i N ki A(Nz
HO HN ’ NmN 2y N HN
© 66% © 80% S °
OXO (2 steps) O><O (3 steps) cl HO OH
28 29 4

Scheme 6: Synthesis of 4. Reagents and conditions: a) PPh3, DEAD, THF, 0 °C to rt; b) Grubbs—Hoveyda Il (5 mol %), 1,2-DCE, 50 °C;

c) K20s04:2H,0, NMO, acetone/H,0 3:1, rt; d) 2-methoxypropene, CSA (cat.), THF, rt; e) PhSH, K,CO3, MeCN, 50 °C; f) Boc,0, EtsN, CHoCly, rt;
g) TBAF, THF, rt; h) Ms-ClI, Et3N, CH,Cly, 0 °C; i) NaN3, DMF, 60 °C; j) PMes, H,0, THF, rt; k) 2-chlorobenzoyl chloride, EtzN, CH,Cly, 0 °C;

1) conc. HCI, MeOH/H,0 1:1, reflux.

2826



Beilstein J. Org. Chem. 2018, 14, 2822-2828.

compound R = reaction conditions
(yield)
OH
1) H 3a r A (93%)
H L 0
cl HO OH
. 3b A A (46%)
conditions A, B, C, D 3c /C/O A (83%)
3d .-CHs B (52%)
R
Q N
NN Q0
H o} 3e S C (35%)
Cl HO OH
3a-f
O
3f ’JJ\ D (70%)

Scheme 7: Late stage functionalization of the pyrrolidine nitrogen. Reagents and conditions: A) (masked) aldehyde, NaBH3CN, AcOH, MeOH, 60 °C;
B) Mel, DIPEA, THF, 0 °C; C) Ms-Cl, Et3N, THF, 0 °C; D) AcOH, DIPEA, HATU, DMF, rt.

Conclusion

A convergent synthetic route for the synthesis of pyrrolidine-
based hamamelitannin analogues was developed. The origi-
nally envisioned strategy failed due to difficulties in the ring-
closing metathesis reaction, but modification of one of the cou-
pling partners solved this issue. The desired pyrrolidine-based
analogue was synthesized in 17 steps and chemoselective modi-
fication of the nitrogen atom provided 6 analogues. Unfortu-
nately, these analogues were inactive in inhibiting S. aureus

biofilm formation.

v Supporting Information

Supporting Information File 1

Figure 2: Molecular X-ray structure of 3a, showing thermal displace- Experimental details.
ment ellipsoids at the 50% probability level. Positional disorder of the

chlorophenyl ring and the water solvent molecule are not shown. [https://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-14-260-S1.pdf]
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Antibiotics are potent pharmacological weapons against bacterial infections; however, the growing antibiotic resistance of microor-

ganisms is compromising the efficacy of the currently available pharmacotherapies. Even though antimicrobial resistance is not a

new problem, antibiotic development has failed to match the growth of resistant pathogens and hence, it is highly critical to

discover new anti-infective drugs with novel mechanisms of action which will help reducing the burden of multidrug-resistant

microorganisms. Protein—protein interactions (PPIs) are involved in a myriad of vital cellular processes and have become an attrac-

tive target to treat diseases. Therefore, targeting PPI networks in bacteria may offer a new and unconventional point of intervention

to develop novel anti-infective drugs which can combat the ever-increasing rate of multidrug-resistant bacteria. This review de-

scribes the progress achieved towards the discovery of molecules that disrupt PPI systems in bacteria for which inhibitors have been

identified and whose targets could represent an alternative lead discovery strategy to obtain new anti-infective molecules.

Introduction

Bacterial infections are not only one of the most frequent
diseases in humans and livestock, but also one of the top ten
causes of death according to the World Health Organization [1].
The serendipitous discovery of penicillin and its introduction
into the clinic in the first half of the 20th century gave rise to
the “Golden Age” of antibiotics discovery and have unquestion-

ably represented one of the most important achievements in
medicine. Unfortunately, since their use is intrinsically linked to
the appearance of resistance, threatening antibiotic-resistant
bacteria levels are being observed, compromising the efficacy
of nearly all available antibiotics to cure infectious diseases
[2-4].
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The rise in the percentage of antibiotic-insensitive strains, the
steady decline in the number of new antibacterial drugs and the
insufficient investment in antimicrobial research and develop-
ment (R&D) by the major pharmaceutical companies have led
to a global health crisis in which the prospect of a future with-
out a safe and effective anti-infective compound is a very real
and alarming possibility [5,6]. Consequently, new antibacterial
drugs and treatment strategies are urgently needed to tackle the

increasing multidrug-resistance in bacteria [7].

To further accelerate antibiotics development numerous ap-
proaches have been put in place. For example, the WHO
recently published a list of global priority antibiotic-resistant
bacteria to help prioritizing the research and development of
new and effective antibiotic treatments [8]. In this list the
pathogens were ranked in three priority levels according to the
species and type of resistance:

1. Priority 1 — Critical:

* Acinetobacter baumannii, carbapenem-resistant

* Pseudomonas aeruginosa, carbapenem-resistant

» Enterobacteriaceae, carbapenem-resistant, 3rd genera-
tion cephalosporin-resistant

2. Priority 2 — High:

» Enterococcus faecium, vancomycin-resistant

o Staphylococcus aureus, methicillin-resistant, vanco-
mycin intermediate and resistant

* Helicobacter pylori, clarithromycin-resistant

» Campylobacter, fluoroquinolone-resistant

Salmonella spp., fluoroquinolone-resistant

Neisseria gonorrhoeae, 3rd generation cephalosporinre-

sistant, fluoroquinolone-resistant

3. Priority 3 — Medium:

* Streptococcus pneumoniae, penicillin-non-susceptible
* Haemophilus influenzae, ampicillin-resistant
* Shigella spp., fluoroquinolone-resistant

Given the prevalence of antibacterial drug-resistant pathogens,
one viable and promising strategy to combat these multidrug-
resistant bacteria is the development of antibiotic therapies with
novel unconventional targets [9], such as protein—protein inter-
actions [10,11].

This review covers the recent medicinal chemistry efforts
towards the discovery of antibacterial molecules that disrupt

protein—protein interactions (PPIs) by interacting directly to the

Beilstein J. Org. Chem. 2018, 14, 2881-2896.

protein—protein binding interface in both Gram-negative and
Gram-positive microorganisms. In order to encourage prospec-
tive drug discovery endeavours in this field, this study focuses
on four examples of bacterial PPIs for which inhibitors with
promising activities have been reported. For each of the targets
the structural features of the ligands, the discovery strategy, the
characterization assay, the biological activity, and, if applicable,
the SAR are discussed.

Review

Protein—protein interactions
Due to the fact that protein—protein interactions (PPIs) play a
pivotal role in many cellular processes, they have increasingly

become an attractive target over the past two decades [12-14].

PPIs are challenging targets because of their flat, large and
hydrophobic binding surface, in comparison with the well-
defined binding sites of more classical targets such as GPCRs,
enzymes or ion channels (Figure 1). Moreover, PPIs, unlike the
previous examples, do not have a small natural ligand which
can be used as a lead in a standard drug development
programme [15,16]. Despite the binding surfaces being large, it
is well known that not all the amino acid residues at the inter-
face contribute equally to the binding, but in fact there are focal
points (i.e., hot spots or hot segments) that contribute to the
majority of the binding energy [17,18]. Targeting these “drug-
gable” sites can therefore be used for the rational design of new
therapeutic compounds that can disrupt those critical interac-
tions. However, their identification requires detailed structure
elucidation, which in the end makes the design of an effective
PPI modulator both difficult and challenging [19-22]. PPI
modulation can be achieved through two opposite but comple-
mentary approaches: stabilization or inhibition (Figure 1). Al-
though so far the vast majority of protein—protein interaction
modulators execute their activity through inhibition, stabiliza-
tion of specific protein complexes could also be therapeutically
beneficial [23,24].

Even though historically PPIs have been considered to be
“undruggable”, recent remarkable medicinal chemistry efforts,
mainly due to the development and implementation of more
sophisticated screening methods and synthetic procedures, have
led to the identification and clinical development of chemical

entities that disrupt protein—protein interactions [15,25,26].

A selection of a few PPI modulators that have recently been ap-
proved or reached clinical validation can be found in Figure 2.
If we analyze their mechanism of action, nearly all of them are
currently being investigated as oncological treatments. For ex-
ample, navitoclax (1, Figure 2), a Bcl-2/Bcl-X inhibitor de-
veloped by Abbot Laboratories is currently in phase II for the
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drugtarget

Biological activity

Figure 1: lllustration of a PPl modulator (stabilizer or inhibitor) vs a traditional drug target.

treatment of several types of cancers [27]. Idasanutlin (2,
Figure 2) from Hoffmann-La Roche, targets the extensively
studied interaction between MDM?2/p53 and is currently in
phase III for the treatment of refractory acute myeloid leukemia
in combination with cytarabine [28]. LCL-161 (3, Figure 2), an
inhibitor of the interaction between Smac (second mitochon-
dria-derived activator of caspases) and IAP (inhibitor of apopto-
sis proteins) developed by Novartis, has recently entered phase
II for the treatment of leukaemia [29]. Another example is the
inhibitor of the BET (bromodomain and extra terminal) moli-
bresib (4, Figure 2), developed by GSK and currently in phase I
for the treatment of several carcinomas [30]. It is also worth
highlighting two PPI inhibitors that have recently been ap-
proved: lifitegrast (5, Figure 2) is an anti-inflammatory integrin
antagonist that disrupts the LFA-1/ICAM-1 interaction used for
the treatment of dry eye disease [31,32], and tirofiban (6,
Figure 2), a platelet glycoprotein IIb/IIla inhibitor indicated in
acute coronary syndrome [33]. In addition to small molecules,
natural products have been shown to be able to modulate pro-
tein—protein interactions and have validated PPI stabilization as
a biological target. One of the most prominent examples of PPI-
stabilizing natural products that are currently used in the treat-
ments of human diseases is rapamycin (7, Figure 2), an
immunosuppressant that inhibits the protein kinase TOR (target
of rapamycin) [34]. This natural product, isolated from Strepto-
myces hygroscopicus, was one of the first protein—protein inter-
action stabilizers reported: it first binds to its receptor (i.e.,
FKBP12) with high affinity, after which the FKBP12-

rapamycin complex will associate with TOR resulting in inhibi-
tion of the catalytic activity of the enzyme [23].

All these drug discovery successes have validated PPIs as a
target and, in conjunction with the elucidation and reconstruc-
tion of protein—protein interaction networks in bacteria, have
paved the way towards the development of novel and promis-
ing inhibitors of PPIs which may find application as anti-infec-
tive therapies.

Protein—protein interactions in bacteria

Like in eukaryotes, protein—protein interactions are essential in
prokaryotic cells in which they also have a central role. They
coordinate many bacterial physiological processes such as regu-
lation of gene expression, DNA replication, signal transduction,
virulence, etc. and therefore represent potential fruitful targets
for antibacterial drug discovery.

Recently, scientific efforts have helped towards the under-
standing and the deciphering of the protein-interaction networks
(PINs) that forge the bacterial interactome [35]. However,
despite the potential of these bacterial PPI maps, they have only
been studied in detail in a few microorganisms including
Escherichia coli (one of the best-studied model organisms in
this field) [36-39], Mycobacterium tuberculosis [40], Heli-
cobacter pylori [41], Pseudomonas aeruginosa [42], Campy-
lobacter jejuni [43], Treponema pallidum [44], the cyanobac-
terium Synechocystis spp. [45], Mesorhizobium loti [46] and
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Figure 2: Examples of protein—protein interaction modulators in clinical trials or in clinical use.

Mycoplasma pneumoniae [47]. Furthermore, partial PINs for ~ These hundreds of thousands of known interactions, and those
Bacillus subtilis [48] and Streptococcus pneumoniae [49] have  which are yet to be discovered, have been and will be essential
been reported recently, and many more are near completion  for identifying potential points of intervention in clinically rele-
[50]. vant pathogens that can serve as drug targets for antibacterial
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therapy. There are several reasons that support this argument:
they are essential for not only the growth but the reproduction
of the cells, they are conserved across many strains of
pathogens and, most importantly, they are specific to the
prokaryotic kingdom, meaning that either these interactions are
non-existent or substantially different from their corresponding
processes in eukaryotic cells [51].

Four examples of protein—protein interaction systems in
bacteria for which inhibitors have been discovered and that
could represent an alternative lead-discovery strategy to obtain
new antimicrobial molecules are presented below.

B-Sliding clamp

Sliding clamps are prokaryotic ring-shaped proteins that secure
DNA polymerases to the DNA template and slide along the
double helix, enabling enzyme activity at a specific region of
the DNA and increasing the rapid and processive DNA synthe-
sis [52-54]. The B-clamp interacts with many different proteins
such as several polymerases (e.g. L, I, III, IV, V and DnaE) and
other proteins involved in DNA replication including DNA
ligase and the replication regulatory protein Hda, all of which
contain the conserved binding pentapeptide motif QL(S/D)LF
(8, Figure 3) [55,56].

There are several reasons that make the bacterial clamp a prom-
ising and attractive target for the development of new antibiot-
ics: it is essential for DNA replication and repair, it is highly
conserved across the different bacterial pathogens and, most im-
portantly from a drug discovery perspective, its structure differs
significantly from the eukaryotic equivalent clamp (PCNA,
proliferating cell nuclear activity) [51,57].

O’Donnell et al. first identified the structure of an inhibitor of
the E. coli sliding clamp (ECSC) [58]. In the search for a mole-
cule that binds to the peptide-binding pocket of the p-clamp,
they carried out a fluorescence anisotropy titration screening
of the Rockefeller University chemical library containing
30,600 polar organic compounds which led to the discovery of
RU7 (9, Figure 3) with an inhibition constant of 10 pM. Pleas-
ingly, it was also found that RU7 selectively disrupts the E. coli
B-clamp without affecting its eukaryotic counterpart in Saccha-
romyces cerevisiae. In this same study, the co-crystal structure
of RU7 with the sliding clamp revealed that the inhibitor occu-
pies the deepest subsite (i.e., 1) of the two subsites that form the
binding pocket (Figure 4) [58,59].

Utilizing a virtual screening of two different databases (i.e., the
National Cancer Institute [60] and an in-house collection of
32,000 compounds), Wijfells et al. were able to identify a
small-molecule mimic of the des-amino-Leu-Phe (dLF) compo-

Beilstein J. Org. Chem. 2018, 14, 2881-2896.

nent of the ECSC 10 (Figure 3), which displayed an ICs( in the
low micromolar range (ICsy = 40 uM). X-ray crystallography
studies revealed that this biphenyl oxime derivative 10 also
occupies subsite I of the B-clamp [61].

In 2014, the Zenobia’s First Pass Screen fragment library con-
taining more than 350 fragments was screened by X-ray
crystallography leading to the identification of four fragment
hits. In an attempt to improve their binding affinities, another
library was searched for compounds displaying similarity to
these initial hits. After a docking-based screening followed by a
fluorescence polarization (FP) assay of the selected candidates,
the substituted tetrahydrocarbazole 11 (Figure 3) was found to
not only completely occupy E. coli SC subsite I with the highest
affinity (ICsp = 115 uM) and to inhibit in vitro DNA replica-
tion, but also to have antibacterial activity against several
Gram-positive and Gram-negative pathogens, namely Bacillus
subtilis, Staphylococcus aureus, Escherichia coli and Acineto-
bacter baylyi with MICs ranging from 39 to 78 uM [62]. A year
later, further SAR investigations from the same research group
led to the identification of another tetrahydrocarbazole deriva-
tive 12 (Figure 3) which displayed a >4-fold increase in its
affinity for E. coli SC [63].

Recent evidence suggests that non-steroidal anti-inflammatory
drugs (NSAIDs) have antimicrobial activity. Oakley et al.
studied the E. coli B-clamp binding affinity of commercially
available NSAIDs with the help of a FP competition assay. Of
the twenty compounds evaluated, five showed K; values in the
high micromolar range, but only vedaprofen, bromfenac and
carprofen (13—-15, Figure 3) displayed the strongest effects
(K; <300 uM) [64]. Similarly to the preliminary study by Yin et
al. [62] the antibacterial activity of the selected NSAIDs was
determined on four clinically relevant species, two Gram-nega-
tive bacteria (E. coli and A. baylyi) and two Gram-positive
(S. aureus and B. subtilis). In opposition to Yin’s studies, the
latter species showed higher susceptibility than the Gram-nega-
tive bacteria with minimal inhibitory concentrations as low as
44 ng/mL in the case of vedaprofen (13). Again, and in agree-
ment with previous studies, the compounds that most potently
inhibited E. coli B-clamp binding also showed the highest level
of antibacterial activity, supporting the correlation between
inhibition of the sliding clamp and the antibacterial effects.

In addition to small molecules, peptides have also been investi-
gated as disruptors of protein—protein interactions in the sliding
clamp.

A structure-based approach, using the natural pentapeptide

QL(S/D)LF (8, Figure 3) as a template, led to the identification
of the short peptide P6 (16, Figure 5) with enhanced affinity for
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Figure 3: Small-molecule inhibitors of PPIs in the B-sliding clamp.

the B-clamp (IC59 = 1.12 uM, measured by surface plasmon
resonance). This acetylated peptide was used as a lead and
further modified at the second position, where the leucine
residue was replaced by a cyclohexyl-L-alanyl group (Cha), and
also on the terminal phenylalanine benzyl ring, in which two
chlorine atoms where incorporated in the benzene ring to
achieve P14 (17, Figure 5) with a 15-fold increase of its binding

affinity for the sliding clamp and reaching the 10™® M range
(ICs59 = 0.077 uM) [65].

Recently, Labner-Olesen and co-workers screened a library of
peptides for their ability to disrupt PPIs in the B-sliding clamp
of Staphylococcus aureus. In this elegant study, from a library

0f 900,000 cyclic peptides, which was intracellularly generated

2886



S346

bR

Figure 4: Crystal structure of the RU7 (9)-sliding clamp complex (PDB
code 3D1G; adapted from Georgescu et al. [58]). Essential residues
R152, M362, S346 and R246 are highlighted (sticks).

using the split-intein circular ligation of peptides and proteins
(SICLOPPS) technology [66], three hits, peptides III-5, I11-6
and I11-7 (18-20, Figure 5), were identified to be able to disrupt
the DnaN—DnaN (B-clamp—f-clamp) interaction. Interestingly,
III-5 (18) and III-6 (19) were able to inhibit the growth of
Staphylococcus aureus with MIC values of approximately
50 pg/mL while their linear counterparts displayed no activity
[67].

Historically, natural products have been one of the most fruitful
sources to obtain antibacterial lead compounds [5,68,69]. Grise-
limycin, a cyclic depsidecapeptide isolated from Streptomyces
sp., was discovered fifty years ago, nonetheless, due to its poor
pharmacokinetic properties and the availability of other drugs
such as rifampicin, the optimization programme was aban-
doned [70]. Recently, the interest in neglected antibiotics with
anti-tuberculosis potential resurged and led to further optimiza-
tion and development studies around the griselimycin structure
(21, Figure 5) [71]. Miiller et al. discovered that griselimycin
and its metabolically more stable analogues (methyl-grise-
limycin, MGM, 22 and cyclohexyl-griselimycin, CGM, 23)
were active against M. tuberculosis in the low micromolar range
with MICs of 1, 0.6 and 0.06 pg/mL, respectively. To charac-
terize the target protein of griselimycins, surface plasmon reso-
nance (SPR) was used, analysis that demonstrated that they
bound with high affinity to the sliding clamps of M. tuberculo-
sis (Kq ranging from 1.0 x 10710 M to 2.0 x 107'9 M). Encour-
agingly, no binding was detected between griselimycins and the
human sliding clamp, and, hence, exhibiting an excellent selec-
tivity profile. Crystal structures revealed that GM (21) and
CGM (23) bind to a hydrophobic pocket between domains II
and III, the protein—protein interaction site responsible for the
recruitment of DNA enzymes by the sliding clamp, and there-
fore promisingly validating the sliding clamp as a feasible anti-

bacterial target.

Beilstein J. Org. Chem. 2018, 14, 2881-2896.

Single-stranded DNA-binding protein (SSB)

SSB is a class of proteins that coordinates fundamental cell pro-
cesses including DNA replication, recombination and repair,
and is, consequently, vital for cell survival. In addition, it also
mediates the binding to more than fourteen genome mainte-
nance proteins of the SSB interactome [72]. This latter activity
enables SSB to act as a conserved hub of proteins which
recruits their binding partners (e.g., exonuclease I, the DNA
primase DnaG and the DNA helicase PriA) to their site of
action [73].

Similarly to the aforementioned sliding clamp, the structural
arrangement of most bacterial SSBs differs significantly to its
homolog in eukaryotic cells (replication protein A, RPA) [74].
This dissimilarity could be beneficial from a drug discovery
perspective because it would enable selective targeting of the
bacterial interactome without impacting the eukaryotic cell pro-

CESSes.

Keck and co-workers identified four small molecules that
disrupt the Escherichia coli SSB interaction with one of its
well-studied binding partners, exonuclease I (Exol) [75]. The
screening by means of a high-throughput fluorescence polariza-
tion assay of 50,400 compounds from the Chemical Diversity,
Maybridge and Chembridge chemical libraries, and subsequent
dose-dependent evaluation of the disruption of the SSB/Exol
complex, led to the discovery of four inhibitors, CFAM, BCBP,
BOTP and MPTA (24-27, Figure 6), with ICsq values ranging
from 8-80 uM. Afterwards, the scientists were able to success-
fully obtain the crystal structures of the complexes of Exol with
both CFAM (24) and BCBP (25). From the crystallography
studies it was revealed that, even though both compounds bind
to the B site of Exol, only CFAM (24) is able to interact with
the crucial residues in the basic ridge which are known to be
essential for the in vitro complex formation of Exol with SSB
[73], a finding that supports the low ICs( value exhibited by this
molecule. Remarkably, these four compounds were also able to
disrupt the complex formation of SSB with some other binding
partners such as the DNA helicases RecQ and PriA but, unfor-
tunately, less potently.

In an attempt to prove the hypothesis that direct targeting of
PPIs, particularly SSB, could be an effective strategy for the de-
velopment of novel broad-spectrum antibacterial agents, the
colony formation evaluation of three of the previously
mentioned hits (namely 24, 25 and 27) was assessed against a
panel of bacterial strains that included Gram-positive microor-
ganisms Listeria monocytogenes, Staphylococcus aureus,
Mycobacterium smegmatis, Mycobacterium tuberculosis,
Mycobacterium avium paratuberculosis and Mycobacterium

bovis, and Gram-negative pathogens Escherichia coli (wt and
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AcQ1ChaD3L4diCIF P14 (17)
ICso E. coli = 0.077 uM

peptide 111-5 (18) 11-6 (19) 11-7 (20)
linear peptide VFLCGC SQGLFK GHVWVD
sequence
MIC (S. epidermidis) 683 mM 1228 mM 673 mM
peptide sglgthesmed CRVFLCGC CRSQGLFK CRGHVWVD
MIC (S. aureus) 50 uM 50 uM 20 uM

R = H, griselimycin (GM) (21)

Kg M. tuberculosis = 1 x 10719 M - MIC M. tuberculosis = 1 pg/mL

R = Me, methyl-griselimycin (MGM) (22)
Kg M. tuberculosis = 1.1 x 10719 M - MIC M. tuberculosis = 0.6 pg/mL

R = cyclohexyl, cyclohexyl-griselimycin (CGM) (23)
Kq M. tuberculosis = 2 x 10719 M - MIC M. tuberculosis = 0.06 pg/mL

Figure 5: Peptidic inhibitors of PPIs in the sliding clamp.

imp4213), Bacillus subtilis, Neisseria gonorrhoeae, Neisseria
meningitidis and Neisseria lactamica [76]. As a result, the com-
pounds were able to successfully inhibit the growth of some of
the bacteria tested. The authors also determined the growth
suppressive effects on model Gram-positive (B. subtilis) and
Gram-negative (E. coli imp4213) bacteria. The MIC values
against B. subtilis were found to be 40, 11, 16 uM for CFAM,
BCBP and MPTA, respectively, while the MIC values against
the membrane-compromised E. coli were found to be 36, 62 and

10 uM, respectively.

High-throughput screening initiatives have gained popularity in
the past two decades and have become the prevailing approach
to identify leads in medicinal chemistry research [77,78]. How-
ever, due to the intrinsic features of PPIs, these are not
amenable to the HTS approaches used to identify small mole-
cules which will typically target enzymes (e.g., kinases and
proteases) or extracellular receptors [79].

Recently, a HTS strategy to identify inhibitors of the Klebsiella
pneumonia SSB PPI was reported. Starting from a library of
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more than 72,000 compounds from Life Chemicals Inc.
(Munich, Germany), nine selective inhibitors of the SSB/PriA
interaction with ICsq values of <40 uM were identified by or-
thogonal fluorescence polarization assays. Of these nine initial
hits, two were observed to interact with PriA by thermal stabili-
sation in a differential scanning fluorimetry (DSF) assay [80].
Regrettably, no data was presented on the chemical structures of
these compounds or the antibacterial activity. Nevertheless, this
study reinforces the usefulness of integrating biophysical tech-
niques with HTS approaches in order to detect and investigate

SSB protein—protein interactions in bacterial systems.

In the same year, Oakley et al. implemented a fragment-based
drug discovery (FBDD) approach in order to identify disruptors

MIC E. coli imp4213 = 62 pM

Beilstein J. Org. Chem. 2018, 14, 2881-2896.

OH O

(0] z 0
S Br S HO
BOTP (26) MPTA (27)

ICso E. coli =28 uM ICs0 E. coli =80 uM

MIC B. subtilis = n.d.
MIC E. coli = n.d.

MIC B. subtilis = 12-16 uM
MIC E. coli imp4213 = 10 uM

to the interaction of SSB with another of its partners, the DNA
primase DnaG [81]. In this study, a SPR competition assay
and a saturation-transfer difference NMR (STD-NMR)
led to the identification of thirty fragments. Subsequent
2D-1N-'"H HSQC NMR returned four fragment hits 28-31
(Figure 7), with binding affinities, determined by NMR titra-
tion, in the low millimolar range.

Of all of the fragments, tetrazole 31 was chosen for further opti-
mization due to its physicochemical properties and its potential
for fragment growth. After virtual screening and binding
studies by STD-NMR studies, the authors were able to find
tetrazole 32 (Figure 7) which had a three-fold improved affinity
(K4 = 1.3 mM) compared to the initial hit 31. Later, the ZINC

OO0 OH
OH HN / <
O NJL M5 0
28 29

Kq E. coli = 1.1 mM Kq E. coli =3.1 mM

SWoH
©/ 0] F
30 31

Kq4 E. coli =2.8 mM Kq E. coli = 3.2 mM

32

Kq E. coli =1.3 mM

33

Kq E. coli =1.2 mM

Figure 7: SSB protein—protein interaction inhibitors identified by FBDD.
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database [82] was searched for structurally similar compounds
leading to the identification of the meta-substituted tetrazole 33
(Figure 7), which was found to have a similar dissociation con-
stant. Moreover, in order to predict the orientation of the frag-
ments in the binding site, molecular docking of 33 to DnaG was
predicted.

Finally, the fragments were also assessed against other SSB
partner proteins by means of STD-NMR. Although the affinity
values were not determined, all of them were satisfactorily
found to bind to E. coli PriA, E. coli RNAse HI and the
¥ subunit of E. coli and A. Baumannii DNA polymerase III, and
thus represent promising leads in the search for PPI inhibitors in
bacteria.

Filamenting temperature-sensitive protein Z
(Fts2)

FtsZ is a prokaryotic tubulin-like protein which plays a crucial
role in cell division in both Gram-positive and Gram-negative
bacteria [83]. This protein polymerizes into a ring structure (the
Z-ring) early at the division site and operates as a focal point for
the assembly of the other division proteins [84].

Beilstein J. Org. Chem. 2018, 14, 2881-2896.

There are several advantages of cell-division proteins as an anti-
bacterial target: first, their intrinsic characteristics and essen-
tiality for the multiplication and viability of bacteria, and
second, they are highly conserved in many bacterial species
[85].

Various studies have shown that Z interaction protein A (ZipA)
is one of the essential components that stabilize the Z-ring for-
mation and that it binds to FtsZ with high affinity. The interac-
tion between FtsZ and ZipA is essential for cell division in
E. coli and other Gram-negative bacteria, and therefore, it has
been suggested that disruption of the ZipA/FtsZ interaction can
be exploited to develop potential antibacterial molecules
[83,86].

The development of a small-molecule antibiotic that targeted
the ZipA/FtsZ protein—protein interaction was first investigated
by scientists at Wyeth Research. In this study, a fluorescence
polarization-based high-throughput screening of 250,000 corpo-
rate compounds led to the identification of pyridylpyrimidine 34
(Figure 8), which was shown to be the most potent with a Kj of
12 uM as measured by a FP competition assay [87]. Kenny et
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N._ N e N
B ~ 0 EI/
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N
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N//kN () N= __
H N-N
34 38 39

K; E. coli = 12 uM

COOCH
° O
N
N _ —
i DRaW,
N
H

35 36

ICs E. coli = 1170 uM

MIC S. aureus = 4-8 pg/mL

MIC B. subtilis = 4 ng/mL

MIC S. pneumoniae = 8-32 pg/mL
MIC E. faecalis = 8-16 ng/mL
MIC E. coli wt = 128 pg/mL

MIC E. coli imp =8 pg/mL

Figure 8: Examples of molecules that disrupt the ZipA/FtsZ interaction.

Kq E. coli = 73.9 uM

ICs E. coli = 192 uM

Kq E. coli =83.1 uM

0O

HoN 37

ICs E. coli = 296 uM
K E. coli = 105 uM

MIC S. aureus = 16 pg/mL
MIC B. subtilis = 16 pg/mL
MIC S. pneumoniae = 8 pg/mL
MIC H. influenzae = 64 ng/mL
MIC M. catarrhalis = 16 pug/mL
MIC E. coli imp =32 pg/mL
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al. succeeded in obtaining a crystal structure of 34 bound to
ZipA which provided detailed knowledge of the basis of the
binding mode. Interestingly, it was found that, although 34
occupies only half of the ZipA/FtsZ binding pocket, the phenyl,
the pyridine and the pyrimidine rings make critical hydro-
phobic interactions with residues in the shallow groove of the
pocket [87].

Nearly simultaneously, the same group reported the SAR
studies of a family of biphenylindole derivatives as inhibitors of
the same PPI. A structure-based design built on the indolo-
quinolizinone 35 (Figure 8), afforded the chimeric molecule
indole 36 (Figure 8) as an inhibitor of the ZipA/FtsZ interac-
tion with an improved, but still modest, ICsy of 192 uM. The
antibacterial activity of all the target compounds was also eval-
uated against a panel of microorganisms which included Gram-
positive pathogens Staphylococcus aureus, Streptococcus pneu-
moniae, Bacillus subtilis, Enterococcus faecalis and the Gram-
negative bacterium Escherichia coli (wt and an outer mem-
brane permeable strain). Gratifyingly, the antibacterial
screening showed that improved ICs( values correlated with im-
proved minimal inhibitory concentrations and that Gram-posi-
tive microorganisms are more susceptible, likely due to the
inability of molecules to permeate the outer membrane of
Gram-negative pathogens [88].

In a follow-up study, a combinatorial synthesis approach was
utilized to generate a library of small molecules whose inhibi-
tion properties were measured by a fluorescence polarization
competition assay [89]. Derivatization of the indole nitrogen
atom of lead compound 36 (Figure 8) returned the interesting
indole analogue 37 (Figure 8). The authors then confirmed that
the compounds were binding to the E. coli Zip A in the FtsZ
binding site by means of 2D-HSQC NMR experiments and later
submitted the selected compounds to cell division inhibition
assays and MIC determination against a broad panel of
bacterial strains which included S. aureus, B. subtilis, S. pneu-
moniae, H. influenzae, M. catarrhalis, and E. coli (imp). Unfor-
tunately, the most active compound, indole 37, exhibited an
IC509 = 296 uM and a dissociation constant of 105 pM which
undoubtedly make it a too weak inhibitor. Excitingly, the results
are consistent with the inhibition of the ZipA/FtsZ interaction
measured by FP and therefore indole 37 exhibited the best
profile of in vitro cell growth inhibition with MICs ranging

from 8-64 pg/mL.

Computational studies were also undertaken in an attempt to
identify new inhibitors of the interaction between ZipA and
FtsZ [90]. Utilizing the structure of the pyridylpyrimidine 34
(Figure 8) as a template, Rush et al. applied a shape-compari-
son program (rapid overlay of chemical structures, ROCS). This

Beilstein J. Org. Chem. 2018, 14, 2881-2896.

study led to the identification of three lead-like scaffolds among
which compound 38 (Figure 8) was the most active with a K of
73.9 uM. In spite of the fact that this molecule was less active
than the original lead, the authors argued that it had less devel-
opment issues. Finally, in order to confirm the binding mode of
these new structures, the crystal structure of 39 (Kg = 83.1 uM)
in complex with ZipA was solved. Excitingly, the X-ray
analysis revealed that ROCS very accurately predicted the
binding mode and therefore validated its use as an alternative
approach to identify new promising leads as inhibitors of this

protein—protein interaction.

Despite the reported advances, these compounds were not found
to be therapeutically relevant inhibitors of the ZipA/FtsZ pro-
tein—protein interaction, nonetheless considering the challenges
involved in targeting PPIs, it is significant that the authors
demonstrated by NMR that compounds from this library bind to
ZipA at the FtsZ binding site and that small molecule disrup-
tors of the ZipA/FtsZ interaction could inhibit cell division in
both Gram-positive and Gram-negative microorganisms, find-
ings that could be of value in the development of optimized
antagonists for potential use as antibacterials.

N-Utilization substances (Nus) B and E
Another point of therapeutic intervention to develop new anti-
infectives that target cell viability is bacterial transcription, a
process that is executed by the enzyme RNA polymerase
(RNAP) and regulated by several transcription factors.

Similarly to the previously described targets, bacterial transcrip-
tion represents a promising antibacterial drug target for several
reasons: it is essential to cell viability, RNAP and its transcrip-
tion factors are considerably conserved across many important
bacterial strains and both of them differ from their eukaryotic
homologs [91,92].

The transcription factors NusB and NusE and their interaction is
vital for the efficient transcription in all bacteria [93] and have
recently attracted interest as a potential target for a new antibi-

otic class.

In 2017, McCluskey and co-workers carried out the virtual
screening of 56,000 compounds from the mini-Maybridge
library which led to the identification of five synthetically
accessible hits [94]. In order to validate these in silico screened
hits, their ability to inhibit the Bacillus subtilis NusB/NusE PPI
was examined. Gratifyingly, compounds 40 and 41 (Figure 9)
exhibited an inhibition of the NusB/NusE interaction at 25 uM
higher than 50% and ICsq values in the low micromolar range
(6.1 and 19.8 uM, respectively). A subsequent antibacterial
screening showed that the lead pyrimidine 40 was also a moder-
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Figure 9: Inhibitors of the NusB/NusE interaction.

ate inhibitor of the growth of the Gram-positive pathogen
B. subtilis and the Gram-negative microorganism E. coli.

The same research group developed further SAR studies using
compound 41 (Figure 9) as lead of interest [95]. To this end,
four focused compound libraries based on this bis-ether were
developed leading to the identification of the rigidified cis-
butene aminoguanidine analogue 42 (Figure 9) as both a good
inhibitor of the NusB/NusE PPI (>50% at 25 uM) and a potent
antibacterial against not only Gram-positive pathogens such as
methicillin-resistant S. aureus and S. pneumoniae but also
Gram-negative bacteria strains such as P. aeruginosa and
A. baumannii (MIC < 3 pg/mL and <51 pg/mL, respectively)
[95]. In spite of the efficiency of the bis-aminoguanidine deriva-
tive 42, unfortunately, its toxicity was an issue. Nonetheless,
this study represents a step forward towards the potential devel-

opment of next-generation anti-transcription antibiotics and
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41

ICso B. subtilis = 19.8 uM

growth inhibition (200 uM)
B. subtilis = inactive
E. coli =17%

MC4 (43)

ICso B. subtilis = 34.7 uM

MIC S. aureus USA300 (methicillin resistant) = 64 ug/mL
MIC S. aureus 25923 = 8 pg/mL
MIC S. aureus ST239 (methicillin resistant) = 16 pg/mL

validates the correlation between the NusB/NusE PPI and the in
vitro antibiotic effect.

The first specific inhibitor against S. aureus, including MRSA,
was reported very recently by Ma et al. [96]. After an in silico
screening of a combination of the previously mentioned mini-
Maybridge library and the Enamine antibacterial library, seven
hits were identified. Among all of them, the nitrophenol deriva-
tive MC4 (43, Figure 9) was able to inhibit NusB/NusE binding
with an ICs( of 34.7 uM. Its antimicrobial properties were also
evaluated against a panel of clinically relevant microorganisms
such as Enterococcus faecalis, Klebsiella pneumonia, Acineto-
bacter baumannii, Pseudomonas aeruginosa, Enterobacter
cloacae, Escherichia coli, Proteus vulgaris and Staphylococcus
aureus. However, in spite of the fact that NusB and NusE are
highly conserved in bacteria, the compound exhibited preferred

antibacterial activity against S. aureus strains (including
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MRSA) with minimum inhibitory values as low as 8 pg/mL.
Pleasingly, unlike the aminoguanidine 42, compound 43 did not

display toxicity to mammalian cells.

Even though the NusB/NusE interaction is still in its infancy,
and further investigations are needed to both elucidate off-target
effects and apparent preferential inhibitory activity against
Gram-positive pathogens, the identification of promising small
molecules against these PPI (or other interactions involved in
bacterial transcription yet to be discovered and validated) may
have something to offer in the ongoing research towards the de-
velopment of new anti-infectives with novel mechanisms of
action.

Conclusion

Pathogenic bacteria are a leading cause of human mortality, par-
ticularly in Third World countries. Due to the fact that new
resistant microorganisms continue to emerge, combating these
infections has become a global challenge for which the
discovery and development of new antibacterial drugs is of crit-

ical importance.

Although progress has been made in order to address and over-
come drug resistance, there is an urgent need to develop new
antibacterial drug leads that operate through a novel mecha-
nism of action.

On the other hand, the past two decades have observed the
emergence of protein—protein interactions as a drug design
target. During this time, many important studies have been con-
ducted towards the identification and characterization of pro-
tein—protein interactions which have successfully resulted in
several modulators reaching the clinical stage (Figure 1). These
achievements would not have been possible without the utiliza-
tion of appropriate design and screening approaches to deter-
mine the interactions at a molecular level and hence the devel-
opment of PPIs as tractable targets.

To this end, interrogating interaction systems in prokaryotic
cells that are critical for bacterial survival have recently become
an attractive target which may offer therapeutically promising
perspectives for infectious diseases.

In this review, the most significant compounds which have been
found to disrupt protein—protein interactions in bacteria have
been highlighted. These chemical scaffolds target different bac-
terial processes such as replication (SSB and sliding clamp),
division (FtsZ) and transcription (NusB/NusE interaction). It is
hoped that the knowledge acquired in both discovering and
developing these inhibitors will lay the foundation for future

antibacterial drug development pipelines. Given that the pro-

Beilstein J. Org. Chem. 2018, 14, 2881-2896.

tein interactions systems described are conserved in prokary-
otes but not present in eukaryotes, it may be feasible to develop
inhibitors that selectively target the microorganism systems, and
therefore avoiding mechanism-related side effects. However,
these large sets of interactions remain poorly characterized and
targeting them is a challenge.

Thus far, extensive in silico and high throughput screening
campaigns of libraries of compounds, combinatorial synthesis
and structure-based design approaches, biophysical screening
techniques (i.e., fluorescence polarization, surface plasmon
resonance and differential scanning fluorimetry) in combina-
tion with structural elucidation by combination of NMR and
X-ray crystallography have played a pivotal role in identifying
and deciphering the crucial target—inhibitor interactions with the
aim of treating disease.

Although this review covers the description of PPI in bacteria,
there are other strategies that are being explored towards the
discovery of new antibiotics with novel mechanisms of action
such as for example inhibitors of host—pathogen interactions
and of the type 3 secretion system (T3SS) in Gram-negative
bacteria, nonetheless, the specific targets remain unknown or
ambiguous [97,98].

The challenge for new drug discovery efforts in the field of
PPIs, which is still in the early stage, is to learn their real poten-
tial in combating infectious diseases. It is expected that en-
hanced understanding of the biology of bacteria and the nature
of the PPI interfaces, in combination with medicinal chemistry
efforts, may result in an opportunity to obtain antibacterial mol-
ecules whose mechanisms do not overlap with those of existing
anti-infective drugs and consequently reduce the burden of
multidrug-resistant pathogens.
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Abstract

Antibiotic resistance threatens effective treatment of microbial infections globally. This situation has spurred the hunt for new anti-
microbial compounds in both academia and the pharmaceutical industry. Here, we report how the widely used antitumor drug
cisplatin may be repurposed as an effective antimicrobial against the nosocomial pathogen Pseudomonas aeruginosa. Cisplatin was
found to effectively kill strains of P. aeruginosa. In such experiments, transcriptomic profiling showed upregulation of the rec4
gene, which is known to be important for DNA repair, implicating that cisplatin could interfere with DNA replication in P. aerugi-

nosa. Cisplatin treatment significantly repressed the type III secretion system (T3SS), which is important for the secretion of
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exotoxins. Furthermore, cisplatin was also demonstrated to eradicate in vitro biofilms and in vivo biofilms in a murine keratitis

model. This showed that cisplatin could be effectively used to eradicate biofilm infections which were otherwise difficult to be

treated by conventional antibiotics. Although cisplatin is highly toxic for humans upon systemic exposure, a low toxicity was

demonstrated with topical treatment. This indicated that higher-than-minimal inhibitory concentration (MIC) doses of cisplatin

could be topically applied to treat persistent and recalcitrant P. aeruginosa infections.

Introduction

Pseudomonas aeruginosa is a leading nosocomial pathogen
which causes, among others, corneal, chronic otitis media,
urinary tract (UTI) and respiratory tract infections [1]. P. aerug-
inosa is also the main cause of fatal infections in patients with
cystic fibrosis (CF) [2] and cancer patients [3,4]. The success of
P. aeruginosa as a leading pathogen is attributed to its ability to
form resilient biofilms, resist antimicrobials and secrete viru-

lence products.

Microbial cells resident in biofilms are encased by an extracel-
lular matrix, which protects them from antimicrobial treatment
and the host’s immune clearance [5]. Clinical P. aeruginosa
isolates are mostly multidrug-resistant (MDR) strains [6], with
robust ability to form biofilms [7]. P. aeruginosa also secretes
virulence factors targeting important components of the
immune system, such as the type III secretion systems (T3SS),
which was shown to be associated with poor clinic outcomes in
patients with lower respiratory infections [8] and ventilator-as-
sociated pneumonia [9]. Identifying antimicrobial compounds
which actively target bacteria in the biofilm mode including
virulence mechanisms that cripple immune defenses, may offer
novel antimicrobial therapies against a variety of otherwise
persistent P. aeruginosa infections.

Here, we screened our in-house collection of FDA-approved
drugs and found that cisplatin was the most potent among
several other Pt(II)-based compounds to kill P. aeruginosa. It
was previously reported that cisplatin had antimicrobial effects
on nosocomial pathogens, such as Escherichia coli, Klebsiella
pneumonia and Staphylococcus aureus [10] and persister cells
[11]. Transcriptomic analysis was employed to reveal the mo-
lecular mechanisms on how cisplatin inhibits the growth and
production of virulence factors of P. aeruginosa. We also ex-
amined the effects of cisplatin treatment on in vitro P. aerugi-
nosa biofilms and in a mouse model of corneal infection
(keratitis). We showed that cisplatin is more effective than the
clinically used antibiotic tobramycin in eradicating biofilms. Al-
though cisplatin is highly toxic for intravenous applications, we
showed that it has low toxicity when applied topically to
wounds, as 25 mM (0.75 mg mL™") did not have adverse effect
on wound healing. This meant that higher doses (5-10 x MIC)
of cisplatin could be safely used for topical applications. Given

the low topical toxicity of cisplatin, it may be utilized as an

attractive therapeutic agent for prevention and treatment of

P. aeruginosa biofilm infections.

Materials and Methods
Bacterial strains and culture media

The bacterial strains used in this study are listed in Supporting
Information File 1, Table S3. Luria—Bertani (LB) medium was
used to maintain the bacterial strains. Growth assay and static
biofilm cultivation were carried out at 37 °C in ABTGC (ABT
minimal medium [12] supplemented with 0.4 g/L glucose and
0.4 g/L casamino acids). For marker selection in P. aeruginosa,
30 ug mL™! gentamycin (Gm), 50 pg mL™! tetracycline (Tc),
100 pg mL™! streptomycin (Strep) or 200 pug mL™! carbeni-
cillin (Cb) were used, as appropriate.

Platinum complexes and solution

preparation for MIC assay

Cisplatin, transplatin, cDPCP, oxaliplatin, K,PtCl4 and cis-
PtCl;(CH;3CN), were purchased from Sigma-Aldrich were used
as received. Platinum complexes cis-PtCly(Py), [13,14] and cis-
PtCl,(PPhj3), [15] were prepared according to the reported pro-
cedure. For minimal inhibitory concentration (MIC) assays,
cisplatin, cDPCP, oxaliplatin, K,PtCly and cis-PtCly(CH3CN),
were dissolved in saline solution (0.85% w/v) at 2.5 mM con-
centration, while transplatin, cis-PtCly(Py), and cis-
PtCl,(PPh3), were dissolved in DMF (v/v) at 2.5 mM concen-

tration.

Determination of minimal inhibitory

concentration (MIC)

The MIC assays were performed using a microtiter broth dilu-
tion method as previously described (=1 x 103 cells) in the
NACLAR guidelines [16]. Overnight cultures of bacterial
strains were diluted in ABTGC medium. Cisplatin and other
Pt-containing compounds were diluted from a stock solution
with ABTGC medium at a concentration 10 times higher than
the required range. 10 pL of each diluted solution of Pt com-
pounds were added to each corresponding well of a 96-well
microtiter plate (polypropylene, Costar) and 90 pL of diluted
bacterial culture in ABTGC medium were added before serial
dilutions. The plate was incubated at 37 °C for 16—18 h. MIC
was taken as the lowest concentration where no visual growth

(based on OD600) of bacteria was detected. The experiments
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were performed in triplicate and representative results were
shown.

RNA preparation

Bacterial cells were collected using the method described previ-
ously [17] with some modifications. Generally, PAO1 cells
were cultivated either with (1.5 puM) or without cisplatin. The
cells were harvested at the early-stationary phase (after approxi-
mately 8 h cultivation). Total RNA was extracted with an
RNeasy Protect Bacteria Mini Kit with on-column DNase
digestion (Qiagen). A Turbo DNA-free vigorous protocol was
used for a second round of DNase treatment (Ambion). The
16S, 23S and 5S rRNA was removed using the Ribo-Zero Mag-
netic Kit (Bacteria) (Epicentre).

RNA sequencing and data analysis

Gene expression analysis was conducted via Illumina RNA
sequencing (RNA-Seq technology). RNA-Seq was conducted
for two biological replicates of each sample. The rRNA-
depleted RNA was fragmented to 150-200 bp fragments, then
first and second strand cDNA were synthesized with a cDNA-
synthesis kit (ThermoScientific), followed by end repair and
adapter ligation. After 12 cycles of PCR enrichment, the quality
of the libraries was assessed using the Bioanalyzer (Agilent
Technologies, USA). The libraries were sequenced using the
[llumina HiSeq 2500 platform with a paired-end protocol and
read lengths of 100 nt.

The sequencing data was analyzed as described previously [12].
Sequence reads were mapped onto PAOI reference genome
using the CLC genomics Workbench 8.0 (CLC Bio-Qiagen,
Aarhus, Denmark). The differentially expressed genes were
identified by performing a negative binomial test using the
DESeq [18] package of R/Bioconductor [19], using the cut off
of fold-change larger than 2 and a BH (Benjamini-Hochberg)
adjusted P-value smaller than 0.05. The raw sequence reads
were normalized by size factors, then Logy(N + 1) transformed.
Hierarchical clustering analysis was performed using the trans-
formed reads, and a heat-map was drawn for the differentially
expressed genes between the cisplatin treated cells and control
cells, using the heatmap.2 [19] package of R. Function enrich-
ment analysis was conducted based on PseudoCAP Function
Class (http://www.pseudomonas.com), and a dot plots figure

was generated using the ggplot2 [20] package of R.

The RNA-Seq datasets are available at the NCBI Sequence
Read Archives: SRS1038085 and SRS1038089.

gRT-PCR analysis
Total RNA was extracted using RNeasy Mini Kit (Qiagen) with
on-column DNase digestion. The integrity, purity and concen-
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tration of the RNA were determined by NanoDrop spectropho-
tometry and Agilent 2200 TapeStation system.

Quantitative reverse transcriptase PCR (qQRT-PCR) was per-
formed using a two-step method. First-strand cDNA was syn-
thesized from total RNA using SuperScript III First-Strand Syn-
thesis SuperMix kit (Cat. No. 18080-400, Invitrogen). The
cDNA was used as a template for qRT-PCR with a SYBR
Select Master Mix kit (Cat. No. 4472953, Applied Biosystems
by Life Technologies) on an Applied Biosystems StepOnePlus
Real-Time PCR System with the specific primers (see Support-
ing Information File 1, Table S4). The three genes of GAPDH,
gyrB, rpoD were used as endogenous control. Melting curve
analyses were employed to verify the specific single-product
amplification.

P. aeruginosa killing assay

The ODgqq of overnight cultures of PAO1, ArecA and ArecA
complementation strains were measured and adjusted to 0.3 in
ABTGC medium with 0, 3.125, 6.25 and 12.5 uM cisplatin, re-
spectively. The strains were incubated at 37 °C with shaking at
200 rpm for 4 h. The cultures were then harvested, serially
diluted and plated on LB agar plates for incubation at 37 °C
overnight. Colonies on the plate were enumerated and colony
forming units (CFU) mL~! were tabulated as follows:
CFU mL™! = average number of colonies X dilution factor X
volume used to spread on LB agar plate. Experiments were con-
ducted in triplicate, and the results are shown as the mean =+ s.d.

P. aeruginosa biofilm killing assay by
cisplatin and tobramycin

Biofilms were grown in 24-well plates (Nunc, Denmark) at
37 °C, as previously described [21]. Biofilms were washed
3 times with 0.9% NaCl and treated with ABTGC medium with
0, 3.125, 6.25 and 12.5 uM cisplatin, respectively. For tobra-
mycin treatment, biofilms were treated with ABTGC medium
with 5.3, 10.6 and 21.2 uM tobramycin, respectively. The
treated biofilms were incubated at 37 °C for 4 h. The biofilms
were harvested by scraping with a cell scraper, homogenized in
1 mL 0.9% NaCl, serially diluted and plated on LB agar plates
for incubation at 37 °C overnight. Colonies on the plate were
counted and CFU mL™! was tabulated. Experiments were con-
ducted in triplicate, and results are shown as the mean + s.d.

RAW264.7 macrophage cytotoxicity assay

The murine macrophages (RAW264.7) were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) (Life
Technologies), supplemented with 10% fetal bovine serum
(FBS) (Gibco), in 75 cm? cell culture flasks at a density
of 1.0 x 10° cells mL™! at 37 °C, 5% CO, for 72 h. The
5.0 x 10° macrophages per well were seeded in 24-well plate
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(Nunc, Denmark) and grown at 37 °C, 5% CO; overnight. As
previously described [12], macrophages were washed once with
PBS and treated with PAO1 in DMEM medium with 0, 3.125,
6.25 and 12.5 pM cisplatin at a multiplicity of infection of
100 bacteria cells: 1 macrophage. As control, the macrophages
were treated with the T3SS deficient ApscJ mutant in DMEM
medium. The co-culture was incubated at 37 °C, 5% CO, for
2 h. The extracellular bacterial cells in DMEM were removed
and the infected macrophages were washed 3 times with PBS.
Fresh DMEM was added to the infected macrophages and a
further incubation of the macrophages at 37 °C, 5% CO, for 4 h
was ensued. A solution containing 20 uM propidium iodide (PI)
was added to the macrophages to stain for dead macrophages
killed by PAOL1 treated with cisplatin or ApscJ. Live and dead
macrophages were imaged by fluorescence microscopy (Zeiss,
Germany) at 200x and tabulated under % of dead macrophages.
Experiments were conducted in triplicate, and the results are
shown as the mean + s.d.

Rabbit corneal wound healing model

New Zealand White Rabbits (n = 4, weighing 2 to 3 kg) pur-
chased from National University of Singapore, were used for
this study. All animal experiments were conducted in compli-
ance with the ARVO statement for the Use of Animals in
Ophthalmic and Vision Research, the guide for the Care and
Use of laboratory animals (National Research Council) and
under the supervision of Singhealth Experimental Medical
Centre (SEMC).

Four rabbits were randomly grouped into two groups of two
rabbits each, comprising of the PBS control treated group and
0.75 mg mL~! cisplatin treated group. Intra peritoneal injection
of 1 mL of ketamine (100 mg mL™!) and 0.5 mL of xylazil
(20 mg mL~1) had been used to anesthetize the rabbits. Corneas
were then anesthetized by topical administration of xylocaine
1%. A corneal wound was made by using a 5 mm trephine and
mechanical removal of epithelial cells was carried out by sterile
mini blade (BD-Beaver) leaving the basal lamina intact [22,23].
All the groups were treated by topical administration of the
respective drug 3 times per day. Cornea wound was visualized
by the aid of cobalt-blue filter equipped slit lamp biomi-
croscopy (New-generation Zoom clinical Slit Lamp, NS-2D,
Righton), staining with Minims fluorescein sodium eye drops
(Bausch and Lomb, 2% w/v) which is used in ophthalmology
clinic for disclosure of wound on the ocular surface [24,25].
Residual wound area (pixel square) was measured during the
wound healing process by Image-J 1.440 version. Mann-
Whitney U Test was employed to determine if a difference in
re-epithelialization existed among the different groups by using
GraphPad Prism 6.02. A probability value of p < 0.05 was
considered statistically significant.

Beilstein J. Org. Chem. 2018, 14, 3059-3069.

Murine model for corneal infection

The corneas of the C57BL/6 mice were scratched with a
scraper to create wounds. 10 pL of PAO1 planktonic cells
(=1 x 10° cells) were dripped onto each cornea and incubated
for 24 h on the mice to allow the biofilms to form on the
scratched corneas as previously described [26,27]. About 10 pL
of cisplatin (final concentration 25 uM) or 0.9% NaCl as
control were dripped onto the cornea 3 times per day at 4 h
interval on the second day. The mice were kept for 72 h and
then sacrificed.

The corneas were harvested, and the biofilm was disrupted from
the corneas by crushing with mortar and pestle, followed by
vortexing with glass beads for 15 min. The homogenized
biofilm cells were serially diluted, plated on LB agar plates and
incubated at 37 °C overnight. The number of colonies was
counted, and CFU ml™! was tabulated. Experiments were per-
formed in triplicate, and the results are shown as the mean + s.d.

Results and Discussion
Cisplatin inhibits P. aeruginosa planktonic
growth

During our screening of in-house collection of FDA-approved
drugs against P. aeruginosa growth, we identified that cisplatin
had a minimal inhibitory concentration (MIC) of 6.25 uM
against the P. aeruginosa PAO1 lab strain (Figure 1). We
further tested the growth inhibitory effect of cisplatin against
another P. aeruginosa lab strain PA14 and a P. aeruginosa
mucoid multiple-drug resistant (MDR) CF clinical isolate
57388A and found that cisplatin had equivalent MIC at
6.25 uM against these two strains (Supporting Information
File 1, Table S3). We next evaluated several other Pt(Il)-based
compounds for their growth inhibitory effects on P. aeruginosa,
but these tested compounds had higher MIC against P. aerugi-
nosa as compared to cisplatin (Figure 1).

Mode of action

The growth inhibitory effects of cisplatin on both eukaryotic
cells and microbial cells are attributed to the interactions of
Pt(Il) in cisplatin with DNA [28-30]. To reveal the growth
arresting mechanisms and overall impact of cisplatin on the
physiology of P. aeruginosa, we performed an RNA-
sequencing (RNA-seq) based transcriptomic analysis on
P. aeruginosa PAO1 after cultivation in sub-lethal concentra-
tion (1.5 uM) of cisplatin for 8 hours and compared the tran-
scriptome with control transcriptomes of bacteria present in
cisplatin-free medium. Using a negative binomial test with a
BH adjusted P-value cut-off of 0.05 and a fold-change cut-off
of 2, we found that sub-MIC cisplatin treatment induced the
expression of 315 genes (Supporting Information File 1,

Table S1) while repressed the expression of 72 genes (Support-
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Figure 1: Structures and MICs of Pt-based compounds against P. aeruginosa PAO1.

ing Information File 1, Table S2) in P. aeruginosa. The heat-
map and function enrichment of the genes that were differently
expressed between cisplatin-treated and control P. aeruginosa

samples were illustrated in Figure 2 and Figure 3, respectively.

The cisplatin treatment triggered the expression of a large frac-
tion of the LexA-controlled SOS regulon [31], including genes
involved in DNA replication, recombination, modification and
repair (dnaE2, imuB, imud, dinG, recA, recN, recX) and genes
involved in pyocin synthesis (P40614-PA0648), whose expres-
sion were previously reported to be induced by ciprofloxacin
[31] and hydrogen peroxide treatments [32]. In addition,
cisplatin treatment induced the expression of a series of genes
involved in energy metabolism, which corroborated with
previous proteomics work showing that cisplatin could
interfere with stress response and energy metabolism in E. coli
[33].

To further validate the impact of cisplatin on DNA replication,
we compared the cisplatin sensitivity of the P. aeruginosa wild-
type PAOI strain and its DNA recombination-deficient recA
mutant and found that the rec recombination pathway was
essential for the cisplatin resistance in P. aeruginosa (Figure 4).
Together with the transcriptome profiling, this result confirmed
that cisplatin was able to interact with the P. aeruginosa DNA,
resulting in up-regulation of stress response genes. This mecha-
nism was also similar to the mechanism of action by another
DNA crosslinker, mitomycin C which kills bacterial persister
cells [34].

Anti-T3SS effect of cisplatin

Our transcriptomic analysis also revealed the expression of a
large number of the secretion related genes, including those of

the type III secretion system (T3SS), which were downregu-

lated in PAOL1 by cisplatin exposure (Table S2), which was sim-
ilar to that by ciprofloxacin exposure [31]. Our qRT-PCR analy-
sis confirmed that the expression of two selected T3SS genes,
exoS and pscG, were downregulated by cisplatin treatment com-
pared to control (Figure 5a). The downregulation of T3SS by
the LexA-controlled SOS response [35] could be attributed to
the induced expression of ptrB, a repressor of T3SS by cisplatin
treatment (Supporting Information File 1, Table S3).

The T3SS is one of the major virulence mechanisms employed
by P. aeruginosa and other microbial pathogens to impair the
host immune systems during infection [36,37]. T3SS activity of
P. aeruginosa was correlated with acute cytotoxicity to host
epithelial cells and immune cells such as macrophages and
neutrophils [38]. As we demonstrated that cisplatin treatment
was able to reduce the T3SS of P. aeruginosa, we further tested
the ability of cisplatin in attenuating the acute cytotoxicity of
P. aeruginosa to macrophages. Cisplatin treatment of P. aerugi-
nosa in the P. aeruginosa-macrophage co-cultures caused sig-
nificant less death of the mouse macrophages compared to
control samples (Figure 5b), suggesting the effectiveness of

cisplatin against P. aeruginosa infection.

Antibiofilm effect of cisplatin

P. aeruginosa is notorious for its biofilm formation capacity,
which might lead to persistent or recalcitrant infections. SOS
response and DNA recombination are required for development
of P. aeruginosa biofilm resistance [39-41]. Given cisplatin
treatment was able to interfere with DNA repair, we hypothe-
sized that cisplatin treatment could eradicate P. aeruginosa
biofilm cells. We compared the biofilm killing effects of
cisplatin and tobramycin at various concentrations. The MIC of
cisplatin and tobramycin against planktonic P. aeruginosa cells

were 6.25 pM and 2.65 pM, respectively. However, tobra-
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Figure 2: Transcriptomic analysis of control and cisplatin-treated PAO1 cultures. Heatmap comparing the transcriptomes of control and cisplatin-

treated PAO1 cultures.

mycin could not kill the biofilm cells at 2 x MIC due to its limi-
tation in biofilm penetration [42], while cisplatin was able to
kill substantial amount of biofilm cells with nearly 100 times
reduction of P. aeruginosa biofilm cells (Figure 6). This result
suggested that cisplatin might penetrate the biofilms better than
the otherwise eDNA trapped tobramycin to kill the P. aerugi-
nosa cells [42]. The 4 x MIC and 8 x MIC of tobramycin treat-
ment showed dose-dependent increase of biofilm killing

capacity (Figure 6). Interestingly, cisplatin had combinatory
effects with tobramycin in killing the PAO1 biofilms, as combi-
natorial treatment of 2 x MIC of cisplatin with 4 x MIC or
8 x MIC tobramycin killed the biofilm cells at a higher rate
compared to the mono-compound treatment (Figure 6). These
results suggest that combination of cisplatin and other conven-
tional antimicrobials could be a useful strategy for eradicating
persistent biofilm-associated infections.
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Figure 3: Function enrichment of differentially expressed genes from the transcriptomic analysis. A dot-lot figure was generated using ggplot2 the
package of R. Red circle highlights the genes involved in DNA replication and repair; blue circle highlights the genes involved in pyocin synthesis;

green circle highlights the genes involved in protein secretion (T3SS).

Cisplatin treatment attenuates P. aeruginosa

infection

As cisplatin could reduce the synthesis of T3SS-mediated viru-
lent products and kill biofilms of P. aeruginosa, we further
tested if cisplatin treatment was able to eradicate in vivo
P. aeruginosa infections using a mouse model of keratitis,
where P. aeruginosa cells have biofilm-like morphology
[26,27] and employ type III secretion during infections [43].
We firstly confirmed that cisplatin was not toxic and did not
interfere with wound healing, with no observable inflammation

or adverse effects, when applied topically on scratched corneas

with no bacterial infection (Supporting Information File 1,
Figure S1). We then allowed P. aeruginosa PAO1 to colonize
and establish infection in the scratched corneas of mice for 24 h.
10 pL of 1 x MIC (6.25 pM) of cisplatin and control 0.9%
NaCl were dripped at the site of P. aeruginosa infection 3 times
(4 hour interval) on the second day. The mice were sacrificed
on the third day and their corneas were harvested for CFU
count. Cisplatin showed efficient killing capacity on P. aerugi-
nosa cells from infected mouse corneas and there was a signifi-
cant reduction in the bacterial loads from the cisplatin treated

corneas as compared to the control corneas (Figure 7).
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Figure 4: Cisplatin fast-kill assay against the P. aeruginosa PAO1, ArecA mutant and the ArecACOM strain. P. aeruginosa strains were treated by
ABTGC medium with varies concentrations of cisplatin for 4 h. CFUs were determined for cisplatin-treated P. aeruginosa cultures. Means and s.d.

from triplicate experiments are shown.
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Figure 5: Cisplatin treatment represses T3SS associated virulence. (A) Cisplatin treatment downregulated the expression of T3SS gene revealed by
gRT-PCR analysis. Means and s.d. from triplicate experiments are shown. Student’s t-test was performed for testing differences between groups.

*P < 0.05. (B) Cisplatin treatment reduced cytotoxicity of P. aeruginosa PAO1 against mouse macrophage cells. Means and s.d. from triplicate experi-
ments are shown. Student’s t-test was performed for testing differences between groups. *P < 0.05.

Conclusion

Here, we have demonstrated how cisplatin displays antiviru-
lence and antibiofilm effects against the opportunistic pathogen
P. aeruginosa. Since biofilms are notoriously difficult to be
cleared by conventional antibiotics, cisplatin possesses the addi-
tional advantage of killing biofilms. This makes cisplatin a
more attractive antimicrobial for treating biofilm infections clin-

ically. Even though cisplatin is known for its toxic side effects

on cancer patients when administered intravenously, we showed
indications that cisplatin could be applied topically to infection
sites with low toxicity and minimal negative impact on
wound repair. Transcriptomic analysis revealed that the
working mechanism of cisplatin towards P. aeruginosa is rather
unique and distinct from other conventional antibiotics, which
may offer alternative therapeutic approaches towards persistent

infections.
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Figure 6: P. aeruginosa biofilm killing assay by cisplatin, tobramycin and their combinations. P. aeruginosa biofilms were treated by ABTGC medium
with varies concentrations of cisplatin and or tobramycin for 4 h. CFUs were determined for cisplatin and or tobramycin-treated P. aeruginosa biofilms.
Means and s.d. from triplicate experiments are shown. Student’s t-test was performed for testing differences between groups. *P < 0.05.
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Figure 7: Cisplatin treatment attenuates P. aeruginosa infections.
CFU mL~" of PAO1 obtained from corneas with and without cisplatin
treatment. Dotted horizontal lines represent limit of detection. The
mean and s.d. from six experiments were shown for in vivo biofilms.
Student’s t-test was performed for testing differences between groups.
*P<0.01.

In recent years, metal-containing compounds have been identi-
fied as antimicrobial agents. Gallium was shown to disrupt the
iron metabolism of P. aeruginosa and efficiently kill estab-
lished biofilm [44]. In addition, the gold-containing drug, aura-
nofin, was found to be a broad-spectrum bactericidal com-
pound, that targets the thiol-redox homeostasis of a range of
Gram-positive bacteria [45]. Further studies will be carried out

to better understand the resistance mechanism and structural
requirements of the Pt-based compounds as an alternative to the
conventional antibiotics. Such compounds could also be used
synergistically with specific enzymes that degrade the biofilm
matrix [46] or biofilm-dispersal agents to boost the eradication
of biofilms, to provide better treatment options for chronic and

persistent infections.
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