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1. INTRODUCTION

The discovery of penicillin in the 20th century and the further development of other 

antibiotic therapies revolutionized medicine and contributed to longevity and quality of life1 

However, the increase in antimicrobial resistance (AMR) worldwide represents a serious 

threat to those achievements, as well as to public health2. Nowadays, approximately two 

million people are infected with antibiotic-resistant bacteria yearly in the USA3, and about 

25,000 people die every year in Europe, due to infections caused by drug-resistant bacteria 4. 

The situation is even worse in low and middle-income countries where AMR claims the life 

of 214,000 newborns per year5. Apart from the huge impact on human lives, AMR also 

imposes high financial costs on patients and healthcare systems6. This scenario depicts an 

unmet medical need and a market opportunity for big pharma industries, however the 

interest in antibacterial research and development decreased significantly in the last decades. 

The underlying reasons for the antibacterial pipeline draught have been thoroughly 

discussed 7,8 and most authors agree that regulatory and economic issues, along with the fact 

that novel drugs might became useless within months due to AMR, are key components for 

the current lack of big pharma interest9. Therefore, very few novel classes of antibiotics have 

been discovered in the past couple of decades and the pipeline of agents under development 

is rather limited10 (Figure 1).

Once regulatory guidelines are not expected to change nor antibiotic stewardship 

programs11,12, overcoming AMR seems to be the only alternative to prevent apocalyptic 

predictions about the return of a “pre-antibiotic era” situation.13
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Although resistant bacteria have existed before the discovery and widespread prescription of 

antibacterial drugs, the evolutionary pressure caused by their introduction has significantly 

increased the number of resistant strains found in hospital settings and in the 

community14,15. Unfortunately, this is an expected consequence of their mechanisms of 

action, which often target bacterial growth or viability 16. Although AMR has been the focus 

of thousands of publications in the last decades, this is still an unsolved problem that 

requires further research. For instance, an alternative approach to fight AMR is the search 

and/or design of anti-virulence drugs, which would decrease the aggressiveness of the 

pathogen towards the patient, but would not be affected by AMR, as these drugs would not 

target essential survival mechanisms 17,18.

Several excellent reviews19,20,21,22 have already been published on this subject, but as far as 

we are aware, only one discusses the druggability of potential targets from a structure-based 

point of view23. Hence, this review paper aims at shedding light on this subject, explore 

recent advances on the field and highlight the importance of considering the druggability of 

putative targets during the drug design campaigns.

1.1. Pseudomonas aeruginosa as a model organism for anti-virulence drug development

Pseudomonas aeruginosa is a ubiquitous gram-negative bacterium with the ability to cause 

serious infections in humans. It can colonize burns and surgical wounds, it is a main cause of 

hospital-acquired infections, such as ventilator-associated pneumonia and poses a threat to 

cystic fibrosis patients24-26. P. aeruginosa infections are challenging to overcome, due to the 

intrinsic and acquired resistance mechanisms in action, including its outer membrane low 

permeability, numerous efflux pumps, expression of beta-lactamases, and growth in 

biofilms27,28. An increasing number of P. aeruginosa strains that are resistant to 

aminoglycosides, cephalosporins and quinolones has been observed in the last decade 4. To 

make matters worse, there have been reports of P. aeruginosa clinical isolates that are 

resistant to all antipseudomonal drugs tested29. All these factors contribute to P. aeruginosa 
being included in the ESKAPE group of multi-resistant pathogens (Enterococcus faecium, S. 
aureus, Klebsiella pneumoniae, Acinetobacter baumannii, P. aeruginosa, and Enterobacter 
species)30 and being included by the World Health Association in the global priority list of 

antibiotic-resistant bacteria to guide research, discovery, and development of new antibiotics 
31,32.

Anti-virulence therapy has emerged as a promising alternative to overcome AMR in P. 
aeruginosa because this class of drugs would not lead to bacterial death or growth inhibition, 

as it is expected to pose a reduced selective pressure on the bacteria20,22. The expression of 

several virulence factors depends on cell-density regulated mechanisms, known as quorum 

sensing (QS) systems. In these systems, a small molecule, the auto-inducer (AI), is produced 

by the bacteria and, as the population increases, it reaches a concentration threshold that 

allows it to bind to a regulatory target, often a transcriptional activator, that turns on the 

expression of several genes, including virulence factors and other regulators, in a positive 

loop33. P. aeruginosa has three well-characterized QS systems, Las, Rhl and PQS, whose AIs 

and their molecular targets, the transcription factors LasR, QscR, RhlR and MvfR/PqsR have 

been extensively studied. More recently, a fourth system has been described as integrating 
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the QS hierarchy, but the molecular target of the novel AI IQS is still elusive34,35. Because 

the QS systems are crucial for the expression of a variety of virulence factors, including 

proteases, siderophores and secretion systems that target the host cells, they are promising 

targets for drug development20. Under QS regulation are also the genes which products are 

required for the synthesis of the phenazine pyocyanin, a secreted virulence factor that 

renders the P. aeruginosa cultures their blue-green appearance when the AI threshold is 

reached. Therefore, the production of pyocyanin is a useful marker of the functionality of the 

QS systems and it has been used for the characterization of QS inhibitors36-40,41.

However, how druggable the QS targets are is a vital information that has been neglected in 

the search for anti-virulence compounds. The Aeropath database42 was designed as a 

resource to aid the prioritization of targets from the genome of P. aeruginosa on overcome 

this knowledge gap. According to that database, only the transcriptional activator LasR and 

the enzyme PhzB2, which belongs to the pyocyanin biosynthetic pathway were druggable 

targets within the QS cascade. However, the discovery of nanomolar inhibitors of MvfR43 

and PqsD44 suggests that the criteria employed by those authors were too stringent. The 

availability of a larger number of X-ray structures, updated genomic data and improved 

druggability prediction methods prompted us to revisit this subject and highlight how the 

information gathered from structure-based druggability assessment can be employed to 

guide the development of drugs to reduce P. aeruginosa virulence. In order to understand, in 

detail, the importance of answering this question, some concepts regarding druggability and 

its importance to drug-development campaigns are provided in the next section.

1.2. The relevance target druggability evaluation for anti-virulence drug development

Incorrect target selection has been considered a key component for the high attrition rate of 

several drug development projects 23,45,46 and several criteria have been employed to 

handpick high quality targets 47. In general, the first requirement is that the macromolecular 

target takes part in a biochemical pathway that is responsible for the patient symptoms or for 

the cure, as is the case for infectious diseases. Accordingly, the first target selection criteria 

used considers how essential the protein is to bacterial survival. Gene knockout and RNA 

interference were largely employed to guide target selection at this level, but it soon became 

clear that not all essential targets are amenable to modulation by drug-like molecules. 

Moreover, anti-bacterial drug discovery programs that follow this model relies on screening 

assays that employ the minimal-inhibitory concentration (MIC) value as the selection 

criteria for hit identification and lead optimization. Obviously, the discovery of compounds 

that reduce the bacterial virulence, without affecting its viability, cannot follow this classical 

paradigm.

Another approach to select high quality targets relies on previous information from 

sequence-related or structure-related targets whose ligands are known48. As might be 

expected, the comparison of two highly conserved proteins, e.g. >70% sequence identity, 

shows that they bind to chemically related compounds and catalyze similar reactions. 

Consequently, ligands/inhibitors of the first protein should be useful to design ligands/

inhibitors for the second one. Although this strategy proved to be very effective to well-

studied targets, such as eukaryotic GPCRs, it is not very useful for innovative projects that 
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deal with scarcely explored biochemical pathways. The enzymes responsible for the 

pyocyanin biosynthesis, per se, can be included in this category. Another pitfall of this 

approach is that the entire sequence/structure is considered for target comparison, whereas 

the region where the ligand binds is composed of just a few residues in the structure (i.e. the 

active site). Thus, the druggability assessment or comparison of putative targets should 

consider only with the binding sites, not the whole protein tridimensional structure.

1.2. Structure-based assessment of anti-virulence targets in P. aeruginosa

Although the structure of several proteins that participate in the P. aeruginosa QS systems 

and pyocyanin biosynthesis pathway are available on the Protein Data Bank (PDB) (Tables 

1-3), not all of them have their binding sites fully characterized. For instance, LasI, PhzB, 

PhzG, PhzM and PhzS were solved only with no ligand in the active site and PhzD had its 

sequence mutated to allow crystallization with the ligand (PhzD mutant PDB ID=1NF8).

In contrast, the X-ray structure of some targets have been solved in the presence of ligands/

inhibitors: PDBind (http://www.pdbbind.org.cn/) has affinity data for five ligands that bind 

to four targets (MvfR, PqsE, PhzD and PhzF) whereas MOAD (http://bindingmoad.org/) 

shows data for just two of these targets (PhzD and PhzF). For these targets, identifying the 

binding site is straightforward. However, it is not so trivial to state how druggable the 

binding sites are, because some of the ligands have only micromolar potency towards their 

target (i.e. MvfR ligand QZN presents IC50=5μM). The situation is complicated by the fact 

that most of these targets have no sequence-related structures available in PDB databank. 

PhzG might be considered an exception to that rule, once the X-ray structure of PhzG from 

P. fluorescens in complex with hexahydrophenazine-1,6-dicarboxylic acid (PDB ID: 4HMT 

-residues 18-222) and tetrahydrophenazine-1-carboxylic acid (PDB ID: 4HMV and 4HMU- 

(residues 20-222)) are available in PDB databank. However, the structure of P. aeruginosa 
PhzG (PDB ID: 1T9M), which accounts for residues 4-414 is apo.

In order to make a fair comparison of how easy it is to block the anti-virulence targets from 

P. aeruginosa, one could make use of in silico tools that ranks binding pockets according to 

their druggability.

1.3 In silico structure-based assessment of P. aeruginosa anti-virulence targets

The in silico approaches to identify putative binding pockets employ geometry- , 

information-, and/or energy-based algorithms49. Next, the putative pockets have their 

druggability ranked, mostly, according to their H-bonding ability, hydrophobicity profile 

and/or pocket volume 50,51,52,53,54; 55,56 . Druggability prediction models on known pockets 

affords good results57. However, the performance of models based on pocket estimation 

methods varies considerably58,59. In order to overcome this limitation, PockDrug-Server 

allows the user to employ either pre-defined pockets (from holo structures) or to use Fpocket 

to identify putative binding sites in the protein that will be classified as druggable or not, 

according to a model develop by Borrel et al.58 (Figure 2). Briefly, the server employs a 

linear discriminant analysis, with 52 geometrical and physicochemical descriptors, to make a 

consensus prediction of the pocket druggability. According to the authors, druggable pockets 
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have an average 0.87 ± 0.15 score, whereas less-druggable pockets have an average of 0.18 

± 0.15 score 47.

In silico solvent mapping has also been employed for the identification of putative binding 

sites, as well as for their druggability assessment with high success rate60,61,62. FTMap is a 

freely available server that carries out solvent mapping by identifying low energy clusters of 

probe molecules (solvents) on protein surfaces. Wherever 16 or more probes are found 

together (Consensus site- CS), a hotspot that can be explored for drug design is present 60,63.

Hot spots can be defined as regions nearby residues that account for a significant change in 

binding affinity62. According to Kozakov and coworkers, the number of probes found in the 

CS is the first and foremost feature of a druggable binding site (S>16). Additional features 

include connectivity or compactness of the consensus sites (e.g. mean distance of 5-6 Å 

between CS centers) and the size of the hot spot region (<10 Å). Taking these three 

parameters into account, binding sites can be classified as: druggable using druglike 

compounds (D); not druggable due to weak hot spots (N); druggable only by large 

chemotype such as macrocycle or foldamer (DMF); druggable only by peptide, macrocycle, 

or charged compound (DPM); borderline druggable (at most micromolar affinity) using 

druglike compounds (BD); borderline druggable (micromolar affinity) by large chemotype 

such as macrocycle or foldamer (BMF) and borderline druggable (micromolar affinity) by 

peptide, macrocycle, or charged compound (BPM).

A major difference between these methods is that PockDrug employs an empirical method 

to predict how druggable is the binding site, whereas FTmap relies on physical principles to 

accomplish the same task. Each approach has its pros and cons, therefore targets that are 

considered as druggable by both software should provide a higher success rate in drug 

design campaigns. Accordingly, all proteins from P. aeruginosa involved in QS mechanisms 

or pyocyanin biosynthesis, with X-ray coordinates available in PDB databank, had their 

druggability predicted by these two approaches in this review paper (Figure 2). When no X-

ray structure was available, homology-based models available in MOD base (https://

modbase.compbio.ucsf.edu/modbase-cgi/index.cgi) were employed. This approach is 

supported by the work of Sarkar and Brenk which shows that structural homologues can be 

employed to predict the druggability of targets for which the X-ray structure is not available 
23. However, those authors have shown that sequence similarity, either global or in the active 

site, have no influence in the success rate of the druggability prediction. For this reason, the 

reader is advised to consider the predictions for homology models, presented in this review 

paper with caution.

The druggability assessment carried out with pockDrug and hot spots identified by FTmap 

are summarized in Tables 1-3 and discussed in the next sections, but it is worth mentioning 

that: 1) All QS receptors are considered druggable by PockDrug, but the classification 

according to hot spots criteria is a bit more variable (e.g. MvfR and QscR vary from DPM to 

D) (Table 1). As LasR and MvfR have been extensively explored as anti-virulence drug 

targets and they were classified mostly as druggable, section 4 will focus on how the 

information provided by these servers might be employed to improve the potency of 

available ligands; 2) LasI, PqsA and PqsD are deemed druggable by both servers, whereas 
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RhlI seems to be a difficult target (pockDrug= 0.5 ± 0.02 and FTmap= DPM). PqsE 

classification depends on the 3D structure employed for the analysis (Table 2). This 

variability might be due to conformational changes upon ligand binding, which allows a 

larger number of probes to bind to the CSs. Then, section 5 will focus on druggability 

predictions from apo structures and their reliability.

As mentioned before, several anti-virulence drug-design efforts rely on pyocyanin inhibition 

as a readout64,65,66,67 , surprisingly very few efforts have been made to target enzymes that 

are responsible for the biosynthesis of this virulence factor. Therefore, the assessment of the 

pyocyanin biosynthetic enzymes as druggable targets remains to be determined. In order to 

shed some light on this subject, section 6 describes how pockDrug and FTmap results (Table 

3) can be employed to select the best target(s) from this pathway and the challenges to 

design potent inhibitors for those targets.

1.3. Main druggable quorum sensing regulators from P. aeruginosa

The understanding of the mechanism of signal perception by the LuxR-type homo serine 

lactone (HSL) receptors has been largely been based on the structural data from TraRAt68, 

QscR69102 as well as the HSL-binding domain from LasR70 and the enteropathogenic 

Escherichia coli homologue SdiA71. These receptors are composed of two domains linked 

by a flexible loop which allows a variety of relative orientations for those domains. Like 

other LuxR proteins, LasR is stabilized by the ligand72. Then, all crystallographic data 

available was obtained either in the presence of HSL or an inhibitor molecule. In fact, LasR 

has received significant attention as a drug target due to its role in QS regulation33,34. 

PockDrug analysis shows that the substrate binding site is mainly hydrophobic (Kyte 

Hydrophobicity index= 0.64-0.78) and that the available volume for binding ranges from 

2062.45 Å3 to 2325 Å3. Most of the hydrophobic interactions occur within the alkyl chain 

binding pocket, which is identified as the main hot spot in crystallographic structure of LasR 

in complex with 3-oxo-dodecanoyl-homoserine lactone (Figure 3- upper left panel). 

Although several homoserine lactones (HSL)-based antagonists73 explore that hot spot and a 

consensus site nearby, the lactone ring not only is unstable at pH above 7, but it is also 

metabolized by mammalian lactonases74,75. Hence, this chemical scaffold poses several 

challenges for future drug development efforts.

The discovery of a different class of LasR agonists (TP1, Figure 3 - upper right panel)76 

brought some hope that antagonists could be developed from the initial hit. In order to 

achieve this goal, a series of triphenyl- derivatives was designed to further understand the 

chemical requirements for LasR modulation77. It has been shown that substituents in the 

ortho-position of ring A are required for LasR affinity and structural changes in the ring C 

are responsible for losing the agonist profile, no triphenyl derivative with potent LasR 

antagonist activity has been reported. The analysis of LasR hot spots, when TP1 is bound, 

suggests some modifications that might be explored to achieve this goal. For instance, 

addition of a substituent on position 5´ of ring C (para to NO2 moiety). Although TP-1 

derivatives bearing di and tri-substituted C-rings have already been synthesized, position 5´ 

was probed only with Fluor atom, which does not fully explore the hot spot region shown in 

Figure 3. Nevertheless, this derivative (number 34 in the original paper) shows a small 
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decrease in the agonist activity (TP1– 105% vs 34-89%) without significant change in the 

EC50 value (approx. 0.35 μM).

While the molecular basis for HSL-dependent QS on P. aeruginosa has long been studied77, 

the alkyl quinolone (AQ)-type QS was discovered later78: 2-Heptyl-3-hydroxy-4(1H)-

quinolone (commonly known as Pseudomonas Quinolone Signal, PQS) and its precursor (2-

heptyl-4- hydroxyquinoline, HHQ) are the most important AQs responsible for MvfR 

activation79, 80. The fact that MvfR mutations lower P. aeruginosa virulence in animal 

infection models81 and the presence of AQs in the sputum of patients with cystic fibrosis 

suggests that blockage of the AQ-type QS is a promising strategy to reduce P. aeruginosa 
virulence82. Initial efforts to achieve this goal either targeted enzymes that increased PQS 

metabolism83 or that are responsible for its synthesis (see section 5).

An alternative target is the MvfR protein itself, which belongs to the LysR family of 

transcriptional regulators (LTTRs)84, 85. LTTR proteins generally possess a highly conserved 

DNA-binding domain but a poorly conserved ligand binding domain (LBD). Luckily, the 

LBD of MvfR has been solved both in apo form and in complex with several ligands79,85. 

The X-ray structure of MvfR LBD in complex with NHQ reveals that the substrate occupies 

two different pockets: the quinolone pocket is composed of Tyr258, Ile186, Val170, Leu189 

and Ile236 and the alkyl-chain pocket is lined by Leu207, Leu208, Ile236, Ile149, Ala168 

and Phe221. Those two pockets have 1603.42 Å3 volume and a Kyte Hydrophobicity 

index=2.59, according to the PockDrug server. These features along with frequency of polar 

(0.16) and aromatic (0.11) residues guarantee the highest druggability score for this target.

FTmap analysis not only confirms that prediction but also shows that alkyl-chain binds to 

the strongest hot spot (S=23) whereas the quinolone rings reaches another hot spot (19 

probes) that is located within 5.39Å (center to center) distance (Figure 4 - lower left panel). 

Modifications in the quinolone ring afforded compounds with antagonist activity such as 3-

amino-7-chloro-2-nonylquinazolin-4(3H)-one79 and the benzoimidazole derivative M6443, 

which bioactive conformation takes advantage of all hot spots within MvfR binding site 

(Figure 3- lower right panel). As expected, this compound has high affinity towards its 

macromolecular target.

Hot spots strength and location change according to the structural flexibility of the protein. 

Hence, the true impact of the information provided by PockDrug and FTmap is best 

evaluated if apo structures are employed for the analysis. In order to highlight the strengths 

and limitations of such approach, the next section not only describes druggable targets that 

are responsible for either HSL or PQS biosynthesis, but also discusses if those targets would 

be considered as druggable if just apo structures were considered.

1.4. Druggable targets within HSL and PQS biosynthetic pathways: opportunities and 
limitations of structure-based in silico druggability prediction methods.

Among the three HSL synthase families identified so far (LuxI, HdtS, and LuxM), LuxI is 

the most common in Gram-negative bacteria and the two P. aeruginosa HSL synthases, LasI 

and RhlI, belong to this family .35,75. Before the X-ray structures of EsaI (PDB ID= 1K4J) 

LasI (PDB ID= 1RO5) and TofI (PDB ID=3P2H and 3P2F(APO), the role of individual 
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residues in the substrate recognition and catalysis were based on mutational analyses86, 87. 

Nowadays, it is known that Arg23, Glu42, Asp44, Asp47, Arg70, Arg104 and Gly68 are 

involved in S-adenosylmethionine (SAM) recognition, whereas the acyl-chain binding site is 

formed by Met79, Phe105, Thr142 and Thr14488. Differences in hydrophobic side chains 

sizes as well as minor rearrangements in α6 and α8 orientation might explain the closed 

acyl-chain pocket in EsaI versus the “tunnel”-like binding site proposed for LasI. However, 

it has been argued that such tunnel is not accessible and that the real acyl-chain binding site 

is yet to be identified89. Although this point requires further investigation, the availability of 

the LasI structure in the apo form allows PockDrug and FTmap to be employed in a real-life 

situation that mimics the early stages of drug developments campaigns. For instance, 

structural overlay of LasI (apo) and TofI (holo) (Figure 4) shows that loop 30–36 shifts to a 

closed conformation when SAM is absent. Hence, hot spots in that region would not be 

predicted correctly from the apo structure. Moreover, the success rate of binding site 

identification has a direct impact on how useful the druggability assessment really is. Taking 

these points into consideration, Pockdrug server predicts LasI to have one pocket with at 

least 14 residues (P0 volume 1306.24 Å3), two pockets with 10–14 residues (volume= P1 

462.13 and P4 536.05 Å3) and three decoy pockets. The substrate binding site is formed by 

residues from P0 (Druggability score= 1.0) and P1 (Druggability score= 0.92 ± 0.05), which 

are considered as druggable (Table 2).

FTmap supports that classification, because the first hot spot (S=24) is located 7.05 Å 

(center-to-center distance) from the second hot spot and both of them are within this pocket 

(Figure 4). In contrast to LasR, the hot spots on LasI do not overlap the alkyl-chain of the 

HSL. This suggests that the chemical features of LasI inhibitors should be quite different 

from a LasR antagonist, despite both macromolecules bind HSL. The reader should not 

consider this as hard-evidence about the chemical differences of LasR antagonists and LasI 

inhibitors, although molecules that bind the first have never been reported to inhibit the 

second and vice-versa.

Instead of a single step, the synthesis of PQS requires five enzymes that are encoded in the 

pqsABCDE operon90. The PQS biosynthesis starts from anthranilic acid which is linked to 

acetyl-CoA by PqsA. This intermediate is then condensed to malonyl-CoA, by the action of 

PqsD and the unstable product of that reaction is hydrolyzed to 2-aminobenzoylacetate (2-

ABA) by PqsE. Next, the PqsB-PqsC hetero complex builds the quinolone core from 2-ABA 

and octanoyl-CoA to afford HHQ. After that, PqsH adds a hydroxyl moiety to the position 3 

of the quinolone scaffold.90

The fact that knockout mutants lacking PqsA show attenuated virulence in acute murine 

infection models as well as reduced biofilm formation91 along with the consensus 

classification of this macromolecule as a druggable target by pockdrug and FTmap, strongly 

suggests that PqsA inhibitors may have a huge impact on the virulence of P. aeruginosa.

In contrast, the PqsE druggability score, according to PockDrug, is close to the minimum 

acceptable value for a druggable target. FTmap druggability classification for this target 

varies from non-druggable to druggable, depending on which X-ray structure is employed 

for analysis. As pointed out before, this wide classification variability is due to 
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conformational changes that either exposes hidden hot spots or bring them closer together. 

As a consequence, PqsE seems to be a trick target, whose structure-based druggability 

assessment, at this point, is highly speculative.

1.5. Unexplored druggable targets from pyocyanin biosynthesis pathway

Pyocyanin (PYO) is a blue-green pigment from Pseudomonas aeruginosa that is involved in 

the regulation of ion transport, bacterial cell movement, redox balance as well as host 

immune response through the modulation of cytokines expression and mucus secretion in 

the airways 92-95. In fact, acute and chronic lung infection models in mice show that bacteria 

survival is reduced when PYO biosynthesis is impaired96. Thus, pyocyanin plays a pivotal 

role in P. aeruginosa virulence and inhibiting its biosynthesis has been accomplished by 

modulation of QS targets. It is quite surprising that the enzymes responsible for the 

biosynthesis of this pigment have received much less attention97, despite all the knowledge 

that has been accumulated in the last decade. From a genetic point of view, the biosynthesis 

can be split in two parts; first the genes found in two homologous operons 

(phzA1B1C1D1E1F1G1 and phzA2B2C2D2E2F2G2) encode the enzymes responsible for 

PCA synthesis. Then, PhzM and PhzS, which are coded by separated genes98 carry out the 

final steps of pyocyanin biosynthesis. From a biochemical perspective, PYO biosynthesis 

begins with the conversion the chorismic acid to 2-amino-4-deoxychorismic acid (ADIC) by 

PhzE99. ADIC is then reduced to 2,3-dihydro-3-hydroxyanthranilic acid (DHHA) by 

PhzD)100. Next, PhzF catalyzes the isomerization of DHHA to (1R,6S)-6-amino-5-

oxocyclohex-2-ene-1 carboxylic acid (AOCHC) via (1 R,6S)-6-amino-5-hydroxy-2,4-

cyclohexene-1-carboxylic acid (AOCHC) by [1,5]-hydrogen shift followed by a 

stereospecific tautomerization step101. The condensation of two AOCHC molecules, 

catalyzed by PhzB, affords the unstable intermediate hexahydrophenazine-1,6-dicarboxylic 

acid (HHPDC), which undergoes rapid oxidative decarboxylation to produce 

tetrahydrophenazine-1,6-carboxylic acid (THPCA)102. The last step in the synthesis of the 

phenazine nucleus is carried out by PhzG103. Then, phenazine-1-carboxylic acid (PCA) is 

converted to pyocyanin (PYO) by the concerted action of PhzM and PhzS104. When PhzM is 

absent (or inhibited), PCA can either be converted to phenazine-1-carboxamide by PhzH, or 

PCA to 1-hydrophenazine by the action of PhzS104. Several of those enzymes have their X-

ray structure available in the PDB databank and one of the reasonable explanations for not 

exploring this biochemical pathway to develop anti-virulence drugs is the lack of studies 

regarding the druggability of the putative targets. One exception to that rule is PhzB2, which 

has been suggested to be a druggable target 23. Taking all this information into 

consideration, the following paragraphs explore the druggable targets from this pathway, 

according to PockDrug server and FTmap hot spot criteria (Table 3).

Although the coordinates of PhzB from P. aeruginosa are available in the PDB databank 

(PDB ID 3FF0), the details of this crystallographic structure have never been published. As a 

consequence, most of the date presented next are derived from the crystallographic structure 

of PhzA/B from Burkholderia cepacia R18194 102.These enzymes share 62% sequence 

identity, and both have a large central cavity where the substrate binds. According to 

PockDrug, the binding site has approximately 3435.91 Å3 and a Kyte hydrophobicity 

index=0.23, if only one monomer is employed for the calculation. However, PhzB is a 
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dimeric enzyme, whose C-terminal residues from chain A may occlude the binding site of 

the other subunit, during catalysis, and thus increase the hydrophobicity. In the absence of 

the substrate, this flexible-lid is disordered. So it seems reasonable to employ just one 

monomer for the druggability assessment described here. The hot spot with highest number 

of probes (S= 24) overlaps with the position of an unknown electron density within the P. 
aeruginosa PhzB binding site (Figure 5), which is compatible to a benzoic acid (or nitro-

benzene), according to the remark in the PDB entry. Next to this location, there is another 

hot spot (5.74Å center-to-center distance) that would allow a drug-like molecule to bind 

with high affinity to PhzB. The analysis of the residues surrounding these two hot spots 

reveals that a putative ligand might be anchored by hydrophobic interactions to Leu50, 

Ile61, Trp73m Phe78 and Phe121, whereas H-bonds to His70, Glu137 (major hot spot) 

and/or Tyr117 might be explored to increase its selectivity.

The second druggable target, according to pockDRug server and Hot spot criteria is PhzD. 

This enzyme has a buried active site at the C-terminal end of a β -sheet and near the dimer 

interface105. The crystal structure of the mutant D38A in complex with isochorismate 

reveals the substrate is hold into place by hydrophobic interactions to I4, W94, F43, Y125, 

Y151, L154 and F180, whereas Q78, R87, G155, Y151 and K122 form hydrogen bonds105. 

Overall, the binding site is smaller and less hydrophobic than the one in PhzB (1304.28 Å vs 

3435.91 Å and kyte hydrophobicity index= −0.07 vs 0.23). As a consequence, FTmap does 

not identify hot spots within the binding site and it suggests that by peptide-like, 

macrocycles or charged compounds might bind to a superficial pocket in the protein surface 

(Figure 6).

Therefore, PhzD is a classic example of binding site prediction mismatch. In case the user 

explicitly tells FTmap where to look for hot spots (around the ligand), the software finds a 

strong one (S=20) that overlaps with the carboxy-vinyl moiety at position 5 of the 

cyclohexadiene ring. A secondary hot spot (5 probes), located 7.57 Å (center-to-center 

distance) from the first, overlaps with the hydroxyl at position 6 and suggests that blocking 

the binding site entrance is the best strategy to inhibit PhzD. This strategy might have the 

additional benefit of disrupting the protein-protein interaction network, due to the binding 

site location at the dimer interface.

CONCLUSION

Structure-based druggability assessment of anti-virulence targets is an invaluable tool to 

select suitable targets for drug development efforts. When this strategy is employed along 

with in silico solvent mapping, additional information is provided, for instance, which 

chemical modifications can be made to better explore the hotspots within the binding site. 

However, both FTmap-based nor Pockdrug-based approaches have limitations that might be 

minimized by consensus prediction of the targets druggability. The examples described in 

this review highlight some, but not all, of the insights provided by PockDrug and FTmap 

servers towards the development of anti-virulence drugs, which shall be useful to overcome 

the worldwide antimicrobial resistance issue.
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Figure 1: 
“Discovery void of antibotics”. Number of antibacterials drugs discovered by decade 

(medicine botlles) and published papers about “bacteria resistance” in pubmed [MESH 

terms='antibiotic resistance'[All Fields]
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Figure 2. 
In silico steps for druggability assessment of P. aeruginosa anti-virulence targets using 

pockDrug or FTmap. Boxed-FTmap indicates that probes more than 4.0 Å apart from the 

ligand where not considered during the in silico solvent mapping. As a consequence, only 

the hot spots surrounding the ligand were employed for the duggability assessment. Prox 5.5 

indicates that only pockets within 5.5 Å of the ligand where considered for druggability 

assessment within PockDrug.
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Figure 3. 
Main hot spots within LasR (upper panel) and MvfR (lower panel) substrate binding sites 

identified by FTmap, when the search is focused around the ligand. Upper Left -The 

substrate alkyl chain occupies one hot spot (red mesh) that is close to a weaker consensus 

site (orange 12 probes). Upper right – The LasR agonist TP1 (2,4-dibromo-6-({[(2-

nitrophenyl)carbonyl]amino}methyl)phenyl 2-chlorobenzoate) reaches two hot spots that are 

close to each other (red). In addition, there is a weaker consensus site (orange 8 probes) 

bridging the hot spots. Lower left -The substrate alkyl chain occupies one hot spot whereas 

the quinolone ring binds the second hot spot within the binding site (red mesh). Lower right 

– The conformational rearrangement caused by MvfR antagonist 2-[(5-nitro-1H-

benzimidazol-2-yl)sulfanyl]-N-(4-phenoxyphenyl)acetamide (M64) reveals additional 

connected hot spots (red-warm pink mesh), within the substrate binding site, that are 

completely fulfilled by this compound.

Froes et al. Page 19

Curr Protein Pept Sci. Author manuscript; available in PMC 2020 March 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4: 
Structural insights to develop LasI inhibitors. A) Overlay of LasI (gray), EsaI (orange), TofI-

HOLO (yellow) and TofI-APO (wheat) reveals that the LasI SAM binding site is occluded 

by loop 30-36 (green); B) Pockdrug predicted pockets (P0 surface, P1 mesh) that line the 

substrate binding site; C) The first two consensus sites (red and orange mesh, respectively) 

from FTmap, which allow for drug-like molecules to bind to LasI, overlap with Acyl-ACP 

binding site. No Consensus Site was observed in SAM binding site due to steric clashes with 

loop 30-36 (green).
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Figure 5. 
Druggability assessment of P. aeruginosa PhzB active site. A) Central cavity where the 

substrate is expected to bind. B) Hot spots (red and orange mesh) found within the central 

cavity allow drug-like molecules to form H-bonds and hydrophobic interactions to 

surrounding residues.
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Figure 6. 
PhzD binding site druggability assessment. A) FTmap does not find hotspots with more than 

16 probes in PhzD active site, if default parameters are employed; B) Druggable hotspot 

identified by FTmap when the coordinates of the active site are provided (boxed-FTmap); C) 

Zoomed views of the hotspot overlaid on the ligand from the mutant PhzD.
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