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6.1 Drug Discovery Targeting NTDs 

 

Neglected tropical diseases (NTDs) place a significant burden on populations across the 

developing world. They have long been neglected by pharmaceutical companies due to the 

limited scope they present for the retrieval of the costs of drug development. As a result 

many NTDs are being treated with antiquated and often dangerous drugs. However, in 

recent years a combination of factors have invigorated drug discovery efforts against NTDs: 

1) Resistance to the drugs used to treat NTDs;1 2) The increasing wealth of several countries 

in which NTDs are endemic;2 3) Increasing travel both to and from endemic countries has 

increased the population at risk from NTDs;3 4) Pharmaceutical companies are publically 

being held to account for the efforts they make to help treat NTDs by organizations such as 

the Access to Medicine Index; 5) A shift away from drug discovery and development funded 

by a single pharmaceutical company. Non-governmental organizations such as The Bill & 

Melinda Gates Foundation, the Drugs for Neglected Diseases initiative (DNDi) and Top 

Institute Pharma (TIPharma) have played a key role in the reinvigoration of NTD drug 

research by facilitating partnerships between pharmaceutical companies, governments, and 

academia in support of the development of novel NTD drugs.4  

 

Despite all these changes, minimizing the costs of the discovery, development, production 

and eventual deployment of drugs to treat NTDs is a priority. To ensure treatments will be 

cost effective in their delivery and administration to patients, the target product profiles of 

new drugs for NTDs often include oral availability, single dose or few dose treatments and 

synthetic simplicity of the drug molecule. To reduce discovery costs, consortia searching 

for treatments against NTDs caused by parasites may deploy phenotypic screening, as this 

provides clinically relevant hits without the costs of target identification and validation.5 

The costs may be further reduced by access to proprietary compound libraries for screening 

either through partnership with, or as donations from, pharmaceutical companies. However 

despite low initial investments to identify efficacious compounds, hit optimization, 

identification of the mode of action and identifying safety challenges can be a daunting task 

when working on phenotypic hits.  
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Another method to reduce the costs of drug discovery and development is to repurpose a 

drug currently on the market for a different therapeutic area for use against NTDs.6 

Alternatively, drugs that have failed to show efficacy during development for another 

therapeutic area may be repurposed to treat NTDs. The savings in development costs in 

these cases are obvious and huge, however successes are rare. One successful example is 

eflornithine, a drug originally developed to treat cancer, that has become part of the NECT 

treatment for HAT.7 More common is the repurposing of drug targets which have already 

been studied for the treatment of other diseases.8 Orthologues of human targets are 

identified in the parasites causing NTDs, allowing the available knowledge and tools to be 

deployed on the parasite target. The advantages in understanding the target class, 

structurally and functionally, and having an array of chemical starting points to work with, 

provide a cost effective boost to target validation, drug discovery and even drug 

development. However, these advantages come at a price, recycling human drug targets can 

make achieving selectivity a challenge. This is particularly true for a protein class with a 

highly conserved structure across various families. An example of this challenge is 

presented in this thesis. Phosphodiesterases (PDEs) are well known human drug targets and 

this brought both advantages and disadvantages to targeting them in parasites. 

 

6.2 Phosphodiesterases as Drug Targets for NTDs 

 

Although the precise contribution of the knowledge obtained in HsPDE projects to the 

development of TbrPDE inhibitors described in this thesis is difficult to quantify, the 

influence on significant milestones is evident. The potent TbrPDEB1 HTS hit PPS54019 

was originally discovered while targeting PDE4 and was identified from a compound 

library enriched with compounds from previous drug discovery efforts targeting human 

PDEs.9 The tools and techniques used to crystalize human PDEs, were successfully applied 

during the research described in this thesis to crystalize parasite PDEs.10 Structures of the 

target PDEs and anti-target PDEs, even when using homology models, have proven useful 

in optimizing hits and understanding selectivity. Were the project to continue into drug 

development, knowledge of the targets and anti-targets and the development of previous 
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PDE drugs, would continue to provide useful knowledge for experimental design and the 

identification of potential issues.  

 

The disadvantage of choosing a target class that is found in both humans and parasites was 

also evident from the start of the project. The activity of the ligands on HsPDE4 was a 

serious problem as this off-target activity induces nausea and vomiting. This would be an 

unacceptable side effect for patients already seriously weakened by infection with parasites. 

However, obtaining selectivity for TbrPDEB1 over HsPDE4 has posed significant 

challenges. From the 10 fold selectivity of PPS54019 for HsPDE4 over TbrPDEB1, to the 

500 fold selectivity of the core catechol phthalazinone scaffold for HsPDE4 over 

TbrPDEB1, the starting point of the project placed the discovery of parasite PDE selective 

compounds at a disadvantage.  

 

Methods to overcome the selectivity challenge were deployed with varying degrees of 

success. While crystal structures helped to identify the path to selectivity, through targeting 

the P-pocket, achieving that selectivity remained problematic for much of the project. It is 

clear that crystal structures can aid the understanding of selectivity, but they do not tell the 

whole story. Subtle differences in flexibility, electrostatics, water networks, protein-protein 

interactions, and others, can all affect binding, and even with crystal structures at hand the 

design of selectivity remains highly challenging. 

 

By collecting and collating the available PDE structural data and systematically subjecting 

each structure to analyses and aggregating and assessing the results, a view of the drivers 

of both inhibition and selectivity can be derived. The PDEStrIAn database presented in 

Chapter 2 provides the tools to understand and manipulate selectivity. The information in 

PDEStrIAn is not specific to parasite PDEs and will hopefully support drug discovery 

efforts targeting PDEs for a wide range of applications. 

 

PDEStrIAn not only contains protein information, but it also holds ligand information, 

including an annotation of the scaffolds and substructures that bind to specific regions of 

the PDE binding sites. This information can be valuable to efficiently probe PDE binding 
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sites. Early in the project the application of such structural data was used to support 

fragment merging from known PDE inhibitors to identify novel inhibitors of TbrPDEB1 

that were then grown to hypothetically address the P-pocket, as described in Chapter 3. 

This provided access to a potent series of pyrazolinone compounds with impressive potency 

both against TbrPDEB1 and against trypanosomes. 

 

Another way to identify fragments capable of targeting specific sub-pockets is through 

fragment screening. The IOTA fragment set containing 1040 fragments was screened 

against TbrPDEB1 and HsPDE4 to identify selective fragments for further optimization 

using the Lonza assay.11 After the initial hits were retested and IC50 values were determined 

three compounds with IC50 values below 100µM were found to be selective as shown in 

Figure 1.  However, when these were rescreened along with hit expansion sets using the 

scintillation proximity assay (SPA), all of the fragments failed to show activity against 

TbrPDEB1 and the compounds were not optimized further. While fragment screening 

against PDEs failed to solve the selectivity issue and deliver novel scaffolds for 

optimization, the compounds showed more promise when screened against the parasites. 

Phenotypic screening of these fragments against the parasites Trypanosoma brucei, 

Trypanosoma cruzi, Leishmania infantum and Plasmodium falciparum provided several 

hits. Ligand based shape and pharmacophore similarity were used to build a structure 

activity relationship (SAR) around each of the hits. This however resulted in only minor 

improvements in the activity. Identifying the correct vectors and characteristics for the 

optimization of phenotypic hits is challenging and should these hits be pursued further, 

target identification studies may prove worthwhile.12 
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Figure 1: Cyclicity versus complexity plot of the IOTA fragment library showing the 

fragment screening hits identified as selective for TbrPDEB1 over HsPDE4D. Compounds 

that failed to inhibit TbrPDEB1 are shown as black spheres. Compounds that showed 

greater inhibition of TbrPDEB1 than HsPDE4D in single point measurements are colored 

blue. Those that were selective when validated by IC50 determination are shown in red for 

TbrPDEB1 pIC50 values below 4 and green for pIC50 values above 4. 

 

Fragment-based drug discovery was also performed through the design of several de novo 

fragments using structure based design (unpublished results). The fragments were designed 

using the homology model of TbrPDEB1 built with the crystal structure of LmjPDEB1 as 

a template (described in Chapter 3). In designing and then synthesizing the pyrazole 

fragment in Figure 2A, I aimed to find a selective scaffold on which to grow. The hydrogen-

bond accepters were predicted to chelate the nitrogen atom of Q874 and the pyrazole was 

predicted to form two contiguous hydrogen bonds, features expected to reduce the entropic 

cost of the individual hydrogen bonds. However, once prepared the compound showed no 



190 
 
 

inhibition of TbrPDEB1 or HsPDE4, illustrating the difficulties of de novo design. This was 

followed by another fragment series around the indenone core shown in Figure 2B. This 

series was designed to improve π - π interactions with F877 and improve interaction with 

the nitrogen of Q874 by including a carbonyl and a large electro negative region between 

the carbonyl and ether. The indenone series showed weak inhibition of TbrPDEB1 (pIC50 

< 4.5), however slightly stronger inhibition of HsPDE4 was found for each of the fragments 

in the series. The lack of selectivity in these fragments may be explained by an induced fit 

in HsPDE4. The lack of activity supports the suggestion in Chapter 5 that addressing the 

P-pocket may provide little if any favorable contribution to binding to the compounds tested 

so far and flexible side groups are likely to adopt conformations avoiding the P-pocket.  

 

 

Figure 2: De novo fragment designs used to probe the entrance to the P-pocket in order to 

attain selectivity for TbrPDEB1 over HsPDE4. The fragments (yellow) are docked in a 

TbrPDEB1 homology model binding pocket. 

 

Novelty and selectivity were also sought using the newly resolved crystal structure of 

TbrPDEB1 through virtual screening as described in Chapter 4. The information on PDE-

ligand interactions gathered when constructing the PDEStrIAn  database provided tools to 

support the virtual screening, however since the compounds addressing the P-pocket had 

not yet been crystalized, modeled binding modes of compounds addressing the P-pocket 

needed to be used as references. In order to perform this exploratory virtual screening study, 

a wide net was cast to fish for hit structures by deploying multiple hit selection pathways. 

The hits found showed the best selectivity for TbrPDEB1 over HsPDE4 at the time of 

publication. However the inhibitory activity of the compounds was poor (pIC50 < 5). 



191 
 
 

C
H

A
P

T
E

R
 6 

Looking to the future, virtual screening efforts against PDEs with a P-pocket will benefit 

from the crystal structures described in Chapter 5 and the protocols established for the 

research described in Chapter 4. 

 

Crystal structure guided design provided the most impressive success in overcoming the 

selectivity issue when targeting TbrPDEB1. The initial lead compound PPS54019, had been 

expected to target the P-pocket with the long flexible tetrazole tail. Although not seen in all 

docking runs a low energy binding mode showed it was possible for the tetrazole to sit in 

the P-pocket and form interactions. One anomaly with this proposal was that PPS54019 is 

selective for HsPDE4 over TbrPDEB1, which would not be expected if interaction with the 

P-pocket was significant. The pyrazolinone analogue VUF13525 (compound 4, in Chapter 

5) is also more active against PDE4 and the crystal structure showed a hydrophobic collapse 

of the flexible tail that interacts with the cycloheptyl ring. This finding is interesting for 

several reasons. First of all, it gives insight into the problems of optimizing the catechol 

series for potency and selectivity. In addition, the obtained structural information enables 

the design of new compounds that are better able to reach the intended selectivity pocket. 

By rigidifying the vector towards the P-pocket with a biphenyl and extending towards the 

P-pocket with a series of substituents, the most successful being a formamido-acetamide 

tail, a reversal of the selectivity profile was achieved (Figure 3). Identifying compounds 

with a 10 fold or greater selectivity for TbrPDEB1 over human PDEs and a sub micromolar 

activity was an important milestone of the project and an important part of the target product 

profile. Although crystallization studies can be difficult and time consuming they are also 

an essential part of the rational drug design process. The described studies show the value 

of continuous experimental input to better understand a target and ensure the effective use 

of resources. 
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Figure 3: Crystal structure of the rigidified compound PPS58083 that addresses the P-

pocket when bound to TbrPDEB1 (yellow). The compound shows a 10 fold selectivity for 

TbrPDEB1, with a TbrPDEB1 pIC50 of 7.5 and a HsPDE4B pIC50 of 6.5. 

 

Interestingly, the equilibrium binding constant used extensively for decision making in drug 

discovery can also lead to false assumptions about ligand-protein binding since differences 

in the kinetics and thermodynamics of the binding event are missed. In unpublished work 

obtained in collaboration with Marco Siderius and Anitha Shanmugham, surface plasmon 

resonance (SPR) biosensor measurements were used to probe the kinetics of PDE-ligand 

binding. The sensorgrams of experiments measuring PPS54019 binding to immobilized 

TbrPDEB1 and HsPDE4D indicate that indeed the equilibrium dissociation constants of the 

ligand binding to the different proteins is about the same, however the binding kinetics are 

very different (Figure 4). The binding and unbinding of the compound to HsPDE4D is much 

slower. The structural and molecular reasons for this kinetic selectivity are currently being 

explored, however the kinetic selectivity indicates that other metrics might be explored to 

support the discovery of TbrPDEB1 selective inhibitors. It is evident that a better 
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understanding of the PDE-ligand binding process is needed and this is currently being 

addressed both in kinetic studies and thermodynamic studies. The previous experience in 

exploiting thermodynamic selectivity and correlating thermodynamic binding profiles with 

ligand binding mode predictions will support these efforts.13, 14 The subtle differences in 

ligand-HsPDE and ligand-TbrPDE binding will soon be explored using isothermal 

calorimetry (ITC) measurements. These studies are expected to lead to new insights into 

PDE-ligand binding and the characteristics of interactions with the parasite P-pocket will 

be a particular point of interest. 

 

 

Figure 4: Sensorgrams measured with SPR (Biacore T100) of the binding of PPS54019 to 

HsPDE4D (A) and TbrPDEB1 (B). 

 

6.3 Future Challenges and Opportunities 

 

As drug discovery for the treatment of NTDs gains momentum the question of how best to 

search for novel drugs in a cost effective manner will be asked again and again. In this 

project several methods were deployed and in the end a combination of structural biology 

and insights from medicinal chemists yielded the desired compounds. However, each target 

is unique and there is something to be said for each method.  
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As project T4-302 approaches completion the success of the project in achieving its goals 

can be assessed. The control of Trypanosoma brucei proliferation by inhibition of 

TbrPDEB1 and TbrPDEB2 in vitro is shown in three project publications two of which are 

presented here in Chapter 3 and Chapter 5.9 A number of PDE inhibitors presented in 

these articles also control the proliferation Trypanosoma cruzi and Leishmania infantum. 

Further investigation of the parasite PDE inhibitors discovered during this project and 

through ongoing work is planned, including in vivo studies in infected mammals. 

Knowledge of the structures of parasite PDEs has been advanced during this project 

through: Extensive analysis of the PDE superfamily as presented in Chapter 2. The 

publication of structure-based design efforts using a homology model of TbrPDEB1, 

presented in Chapter 3. A virtual screening study using the first (unliganded) crystal 

structure of TbrPDEB1 presented in Chapter 4. Selective TbrPDEB1 inhibitors resulting 

from structure-based design efforts presented in Chapter 5, with the first liganded 

TbrPDEB1 crystal structures. Several project results are still pending publication, including, 

a number of phenotypic screening hits including fragments that were found to inhibit the 

proliferation of Trypanosoma brucei, Trypanosoma cruzi, and Leishmania infantum and 

structural biology and structure-based design efforts on the pyrazolinone class of PDE 

inhibitors. This project has improved the prospect of finding therapeutically applicable 

TbrPDEB1 inhibitors by overcoming a selectivity bias for human PDEs seen in all 

previously published TbrPDEB1 inhibitors. The structural basis for improving selectivity 

for TbrPDEB1 and methods used to achieve this should accelerate the development of PDE 

inhibitors for the control of other parasite targets in the future. 

 

Looking to the future of PDEs as targets for the treatment of NTDs there are several 

remaining hurdles. In the case of TbrPDEB1, improving selectivity and moving towards 

scaffolds with greater prospects for development are the first hurdles. A crystal structure of 

PPS58083 bound to HsPDE4 may help to identify additional opportunities to design clashes 

and improve selectivity. Scaffold hopping from the phthalazinone and pyrazolinone series 

to flexible and polar cores may provide better compounds for development. The focus on 

selectivity in the inhibition of TbrPDEB1 may be redundant if compounds fail on ADME-

Tox issues. 
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Specific suggestions for future work in targeting parasite PDEs include undertaking the 

following steps. Crystallographic fragment screening may yield groups that are able to 

interact favorably with the P-pocket and improve selectivity. These fragments can then be 

linked to known PDE scaffolds to improve inhibitory activity. Another interaction made by 

several PDE inhibitors is to interact with the catalytic metal ions (see Chapter 2), yet 

TbrPDEB1 inhibitors interacting with the metal ions have not yet been published. 

 

Targeting PDEs in other parasites may be aided by attempting to repurpose drugs and drug 

candidates developed as PDE inhibitors. A collection of all HsPDE inhibitors to have 

reached Phase I or beyond could be screened phenotypically against all NTD parasites. 

Selectivity and novelty could present problems, but at least ADME-Tox and efficacy would 

be known and the compounds would be likely to hit parasite PDEs, though validation 

studies would have to follow. 

 

Phenotypic approaches are receiving a lot of attention in drug discovery for NTDs. The 

ability to measure in vivo efficacy directly is definitely an advantage over target-focused 

approaches. However, rational approaches for hit optimization are seriously compromised 

when using phenotypic approaches. This thesis shows that hit optimization using target-

centric approaches does lead to novel insights and improved biologically active compounds. 

This information and understanding is relevant for the optimization of other hit series of 

TbrPDE inhibitors and can putatively be translated to other parasite PDE drug development 

programs that aim to cure other NTDs. As such, these studies can be valuable stepping 

stones that make drug development more efficient. This should be considered as an 

important advantage of using target-based approaches and also as an encouragement to 

select parasite targets that have a human homologue. The problems but especially the 

advantages and opportunities are reflected in this thesis. 
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