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The opportunistic pathogen Pseudomonas aeruginosa employs the type III secretion system (T3SS)
and four eﬀector proteins, ExoS, ExoT, ExoU, and ExoY, to disrupt cellular physiology and subvert
the host's innate immune response. Of the eﬀector proteins delivered by the T3SS, ExoU is the
most toxic. In P. aeruginosa infections, where the ExoU gene is expressed, disease severity is
increased with poorer prognoses. This is considered to be due to the rapid and irreversible
damage exerted by the phospholipase activity of ExoU, which cannot be halted before
conventional antibiotics can successfully eliminate the pathogen. Here we explore what is
currently known about ExoU and its potential as a therapeutic target, highlighting some of the
small molecule ExoU inhibitors that have been discovered from screening approaches.
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1. Introduction
Although the mechanisms of ExoU regulation are not fully understood, evidence for ubiquitinbinding as an activator and recruitment to the plasma membrane and oligomerisation followed by
phospholipase A2 activity have been described in ExoU associated pathology[1][2]. The interactions
of certain eukaryotic co-factors with ExoU results in multiple dynamic conformational changes that
could potentially be targeted by small molecules to attenuate ExoU activity in clinical infections
(Figure 1)[3][4][5][6].

Figure 1. Mechanism of ExoU toxicity and potential for targeting with small molecules. 1. P.
aeruginosa binds to the target cell, which stimulates T3SS assembly. 2. ExoU is injected to the host
cell via the T3SS. 3. Once in the cellular cytoplasm, it interacts with the eukaryotic host co-factor
ubiquitin. 4. ExoU localises to the plasma membrane and oligomerises to stimulate full catalytic
activity, leading to cellular lysis. The linker region links the catalytic domain to the 4-helical
membrane localisation domain (MLD) and is the proposed binding site for ubiquitin. The 4-helical

MLD domain is in the C-terminus of the protein and is responsible for interaction with PIP2 and
insertion into the host cell plasma membrane. Compounds that could potentially subvert ExoU
mediated cytotoxicity could: prevent ExoU secretion from P. aeruginosa, bind to the substratebinding site in the catalytic domain, prevent ubiquitin-binding, or inhibit multimerisation and
association with PIP2.
In 2003, methyl arachidonyl ﬂuorophosphonate (MAFP), an irreversible active site-directed
promiscuous phospholipase inhibitor, was shown to protect Chinese Hamster Ovary (CHO) cells
from ExoU mediated cell lysis after infection with the PA103 clinical isolate strain of P.
aeruginosa[1] . The arachidonic acid analogue MAFP is a pan PLA2 inhibitor (Figure 2), which
possess a phosphate group that covalently binds to the phospholipase catalytic serine residue.
Although high concentrations of MAFP (67.5 μM) were required to achieve measurable inhibition of
CHO cell lysis, this was the ﬁrst empirical proof that ExoU catalytic activity could be targeted by a
small molecule inhibitor. This also validated the assertion that clinical phospholipase inhibitors,
developed to target endogenous human phospholipases across a broad spectrum of diseases[7]
could potentially have ExoU inhibiting activity. Such compounds could be repurposed to
circumvent the pathological consequences of ExoU expression[8].
A subsequent study employed a high-throughput screen to discover compounds that could inhibit
T3SS mediated cytotoxicity, with ExoU as the only cytotoxic eﬀector[6] . By maintaining CHO cell
viability in the presence of ExoU expressing strains of P. aeruginosa, 9H-ﬂuorene-4-carboxamide,
the designated pseudolipasin A (Figure 2), was identiﬁed as a promising compound lead. Further
experimentation conﬁrmed that pseudolipasin A did not inhibit type III secretion or type III
injection of ExoU into CHO cells, but rather inhibited ExoU downstream of injection by the T3SS[6].
Relatively high concentrations of pseudolipasin A (5–10 µM) were required to subvert the lytic
eﬀects of ExoU after CHO cells were infected with P. aeruginosa. This was in agreement with a 7
μM reported IC50 value for inhibition for ExoU catalytic activity in vitro, which was determined by a
phospholipase assay using recombinant ExoU expressed in E. coli.
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ﬂuorophosphonate) is a non-speciﬁc PLA2 inhibitor, which is an analogue of arachidonic acid.
Chemical structures of compounds previously distinguished to inhibit ExoU from two independent
screens are also illustrated.
In an independent screen, an arylsulphonamide was found to be eﬀective at reducing the cytotoxic
eﬀect exerted by induced recombinant ExoU expression in yeast[9]. Saccharomyces cerevisiae

were transformed with pDH105, which encoded ExoU cDNA. Upon induction with copper, ExoU
expression led to S. cerevisiae lysis except in the presence of 5 µM of a ‘hit’ arylsulfonamide
compound (Figure 2)[9]. Synthesis of a small series of arylsulfonamides, comprising the N(naphthalen-1-yl)benzenesulfonamide core, validated that this scaﬀold, when coupled to various
commercially available sulfonyl chlorides, yielded compounds with diﬀerential abilities to mitigate
ExoU mediated cell death[9]. Even though none were as eﬀective as pseudolipasin A, the ﬁnding
highlighted a novel pharmacological scaﬀold that could potentially be developed as an inhibitor of
ExoU activity. A full biochemical exploration of the inhibitory mechanisms of these compounds
remains to be undertaken, and it is not known whether or not these arylsulphonamides inhibit
ExoU phospholipase activity in vitro.
Aside from modulating catalytic activity by binding to the ExoU active site, alternate modes of
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conformational rearrangement, oligomerization, or phospholipid binding (Figure 1). It also remains
to be tested whether or not the arylsulphonamide compounds can eﬀectively protect mammalian
cells after P. aeruginosa infection in vitro[9].
In order to capitalise on pseudolipasin A and certain arylsulphonamides as potential drug leads,
further avenues of structure–activity relationships require exploration. As well as understanding
mechanisms and conformations relevant to compound binding, structure-guided drug design could
be used to modify pseudolipasin A[6] and the arylsulphonamides[9] to generate selective and more
potent ExoU inhibitors. Analogues of the former compound, with a ﬂuorene scaﬀold, appear to
have cytotoxic eﬀects on mammalian cells[9], which could preclude further development of
pseudolipasin A as an ExoU inhibitor. Prospectively, the arylsulfonamide potential ExoU inhibitors
display limited cytotoxicity in HEK293T cells[9]. Crystal structures of ExoU in complex with
ubiquitin, phospholipid and/or compounds would be valuable for informing structure-guided design
of such compounds. ExoU appears to be a dynamic protein, and the study of such conformations
associated with cofactor and ligand binding might be explored by cryogenic electron microscopy
(cryo EM). As ExoU is catalytically inactive when bound to its cognate chaperone SpcU[10] , the
already available co-crystal structures of ExoU and SpcU (PDB entries 3TU3 and 4AKX)[2][11] could
potentially serve as a foundation for structure-based design of inhibitors or peptides that mimic
the interface between the N-terminal domain of ExoU and SpcU. Perhaps the structures of ExoU
and SpcU could be explored by in silico-based screening approaches in order to discover novel
potential ExoU ligands.

2. Allosteric Inhibitors
In order to ﬁnd novel ExoU inhibitors, multiple screening strategies could be explored to evaluate
compounds’ ability to inhibit phospholipase A2 ExoU activity, translocation through the T3SS, and
interaction with host co-factors. Allosteric inhibitors of ExoU may oﬀer distinct eﬃcacious and
selective advantages over small molecules occupying the phospholipase substrate-binding pocket.
Molecules that bind to conserved regions of the active site, encompassing the Serine-Aspartic acid
catalytic dyad, may have limited selectivity and produced unwanted ‘oﬀ-target’ cytotoxic eﬀects.
Indeed, pseudolipasin A does not inhibit any of human group IID, IIE, V, X, or XII PLA2
phospholipases tested [6]. Allosteric inhibitors exert their eﬀects either by indirectly targeting
catalytic activity or by modulating non-catalytic function, such as interactions with activating cofactors. They generally achieve better target precision through binding to speciﬁc residues,
outside of the conserved active site. Such approaches have become popular for pharmacological
targeting of disease-associated protein kinases[12]. Exploiting the ubiquitin-binding site of ExoU,
which has been modelled in silico with the use of biophysical analysis and available
crystallographic evidence [3], could serve as a point of allosteric inhibition that is selective and
potent to ExoU activity inhibition. Such inhibitors could oﬀer the advantage of being non-substrate
competitive and, therefore, potentially, achieve superior potency. To this end, screening

approaches to interrogate ExoU interaction with ubiquitin and PIP2 in the presence of prospective
compounds would need to be developed.
An example of allosteric targeting of phospholipases is compound VU0364739. This is a
phospholipase D2 (PLD2)-selective inhibitor, which occupies an allosteric site and blocks PIP2
binding[13]. The selectivity of this compound was evidenced by a starkly increased IC50 value for
inhibition of the closely related PLD1 isoform of 1500 nM compared to the IC50 value for PLD2 of
20 nM. VU0364739 is structurally similar to previously reported piperidine benzimidazolone-based
allosteric inhibitors of AKT[14]. The PIP2-binding site forms a hydrophobic pocket in the pleckstrin
homology (PH) domain of PLD2, and the mode of inhibition is proposed to be akin to that
facilitated by allosteric AKT compounds [13][15]. Perhaps a similar allosteric mechanism of inhibition
of ExoU could be discovered, whereby certain classes of compound occupy a site within the Cterminal domain of ExoU in order to mitigate interaction with PIP2.

3. Ligand Repurposing Approaches
The activities of phospholipase A2 enzymes is a contributing factor to various inﬂammatory
pathological

conditions,

including

arthritis,

cardiovascular,

and

autoimmune

diseases[7].

Modulation of their catalytic activity has become of major interest to pharmaceutical companies in
recent years for the development of novel therapeutics[7]. De novo drug discovery, usually
performed in the pharmaceutical industry, is an expensive and long process. Drug repurposing
approaches have been used across a broad spectrum of diseases[16], where many “repurposed”
drugs, such as antibiotics, antivirals, and kinase inhibitors, have had clinical success in treatment
areas beyond their originally intended use. In a recent study, certain kinase inhibitors, including
an inhibitor of PDK1, were able to function as an adjuvant in colistin-resistant bacteria,
potentiating the antimicrobial eﬀect in Gram-negative and Gram-positive bacteria[17]. This
demonstrates that cross-reactivity of inhibitors originally intended to target eukaryotic proteins
may be extended to target prokaryotic virulence eﬀectors. Repurposing of clinical eukaryotic
phospholipase inhibitors, to instead target the phospholipase A2 activity of ExoU, may have the
advantage of entering the clinic more quickly, as they have already been tested for safety in
human beings[8].
There may yet exist phospholipase A2 inhibitors that are cross-reactive with ExoU, which could be
utilised when ExoU expression by P. aeruginosa is a driver of disease progression. Compounds
exhibiting such cross-reactivity with ExoU could potentially serve as a foundation for the
development of more selective ExoU inhibitors. Medicinal chemistry approaches, including in silico
modelling, organic synthesis, and the study of structure-activity relationships may provide new
chemicals as potential novel anti-ExoU pharmaceutical agents.
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