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Crystallographic fragment screening is a powerful methodology that enables the identification of low molecular weight ligands and has shown great promises in drug discovery. In this work we report the results of a fragment screening carried out in an effort to further map the cavities of trypanothione reductase from Trypanosoma brucei (TbTR), a critical target for drug design against human African trypanosomiases (HAT), for which efficient and non-toxic trypanocidal drugs are lacking. Moreover, the conservation of trypanothione reductase among trypanosomatids, including Leishmania, could facilitate the design of a wide-spectrum drug against many parasitic diseases. At the XCHEM facility (Diamond Light Sources, United Kingdom) we performed the soaking of TbTR monoclinic crystals with fragments from DSIpoised and EubOPEN DSIp libraries and we identified eight new hits binding to different cavities of TR including the trypanothione and the NADPH binding cavities. These fragments exhibited affinities ranging from submillimolar to millimolar, as determined by surface plasmon resonance (SPR). While the newly identified fragments did not significantly alter TbTR’s enzymatic activity—consistent with the nature of low-affinity ligands—they provide valuable insights into key interactions of fragments with TR and, together with prior fragment screening campaigns, pave the way towards follow-up chemical optimization into lead compounds.
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1 INTRODUCTION
Trypanosoma brucei is the causative agent of Human African Trypanosomiasis (HAT), a neglected tropical disease also known as sleeping sickness, that is endemic mainly in low-income countries. The transmission of Trypanosoma brucei to the human host occurs upon the bloodmeal of the tsetse fly and causes fever, skin eruptions and pruritus. If the patient is not treated, the protozoan parasites reach the central nervous system inducing progressive neurological damage (Fall et al., 2022; Moreno et al., 2019). More precisely, the two sub-species, namely T. brucei gambiense and T. brucei rhodesiense lead to two different disease types: the first one is endemic in western and central Africa whereas the second one affects predominantly eastern and southern Africa. However, the main difference lies in the velocity at which the disease progresses towards its fatal outcome: the acute phase is reached over weeks to months or over years whether the host is infected by the rhodesiense or the gambiense strain (Lindner et al., 2025). Notably, the WHO 2025 guidelines regarding the treatment of T. brucei rhodesiense infections recommend the oral intake of fexinidazole, a 2-substituted 5-nitroimidazole whose trypanocidal activity has been established since the 1980s, as the primary treatment. However, it is not yet recommended for young patients (under 6 years old) and numerous side effects have been witnessed including nausea and vomiting, neutropenia, and neuropsychiatric adverse reactions including psychotic disorder and suicidal ideation (Barrett, 2025).
Considering the toxicity of such treatments and the ever-present risk of resistance development, it is of the utmost importance to keep on providing new and safer alternatives. Although an important effort has been put into drug repurposing and drug design based on SAR (structure-activity relationship) on pre-existing ligands and suboptimal inhibitors, it is mandatory to identify new potent lead-compounds.
Fragment-based screening (FBS) is an innovative and powerful technique to identify new ligand scaffolds (∼300 Da) binding to a protein using X-ray crystallography, a technique providing high resolution information and paving the way towards the development of tailor-made drug leads. X-ray crystallography represents a gold-standard methodology for the highly sensitive identification of weak binders, providing direct structural information for chemical follow-up. Technological developments, including crystallization and data collection automation, have made crystallography more efficient, and better suited for high-throughput applications, such as structure-based fragment screening (Thomas et al., 2019; Douangamath et al., 2021). As of now, FBS has been widely used to map out cavities of numerous proteins as shown by the ample number of so-called “PanDDA analysis group depositions” present in the Protein Data Bank (PDB). More precisely, PanDDA (Pan-Dataset Density Analysis) is a method that enhances the detection of weak or low-occupancy ligand binding in crystallographic fragment screening by statistically comparing electron density maps across multiple datasets to reveal subtle binding events that are otherwise hidden (Pearse et al., 2017). The “PanDDA analysis group depositions” entries regard the human proteome as well as proteins from pathogenic agents such as viruses (SARS Cov-2; (Gahbauer et al., 2023), Chikungunya, enterovirus, zika), bacteria (Bacillus subtilis, Pseudomonas aeruginosa, Porphyromonas gingivalis) and parasites (Trypanosoma cruzi, Trypanosoma brucei). Despite the great number of entries already deposited on the PDB, crystallographic fragment screening campaigns have largely remained undiscussed and have not been fully exploited by medicinal chemists in scientific publications (McIntyre et al., 2017; Bradshaw et al., 2024; Huang et al., 2024; Huang et al., 2025; Füsser et al., 2023; Wever et al., 2024; Exertier et al., 2024; Fiorillo et al., 2022; Ni et al., 2024; Gahbauer et al., 2023).
However in this context, we recently reported a first crystallographic fragment screening towards a protein from Trypanosoma brucei, namely the trypanothione reductase (TbTR) and we described the successful merging and elongation of the identified hits into potent leads, testifying of the potency of crystallography-based fragment screening (Fiorillo et al., 2022; Exertier et al., 2024).
Trypanothione reductase (TR) is a homodimeric enzyme crucial for trypanosomatids as it is essential to survive the extreme oxidative environment inside the host macrophages. In fact, TR carries out the NADPH-dependent reduction of the trypanothione, a peculiar molecule made of two glutathione linked by a spermidine, that is employed by trypanosomatids to maintain thiol homeostasis (Jaeger and Flohé, 2006).
Trypanothione reductase is a well-known target in drug discovery against trypanosomiases and leishmaniases. As a matter of fact, TR gathers several advantages: (i) it is well characterized and druggable (Baiocco et al., 2009b; Baiocco et al., 2013; Angiulli et al., 2015; Baiocco et al., 2009a), (ii) the trypanothione binding site significatively differs from that of its closest human homolog glutathione reductase (<40% overall sequence identity), therefore it enables the design of selective drugs, (iii) it is nearly impossible to generate viable Leishmania mutants devoid of TR catalytic activity (Krieger et al., 2002; Tovar et al., 1998a; Tovar et al., 1998b), (iv) the trypanothione binding site is highly conserved among all trypanosomatids and could therefore favor the design of a multi-parasite drug (Krieger et al., 2002; Tovar et al., 1998a; Battista et al., 2020).
In this study, we enrich the mapping of TbTR cavities through fragment screening, identifying novel scaffolds by leveraging the vast chemical space of the DSI-poised and EubOPEN libraries (Douangamath et al., 2021). Notably, the initial FBS campaign by Fiorillo et al. focused on soaking orthorhombic crystals with the first half of the DSI-poised library (Fiorillo et al., 2022). Here, we report the successful soaking of TbTR monoclinic crystals with fragments from the second half of the DSI-poised library, as well as the EubOPEN library, to further explore TR cavity mapping. The binding and inhibition activity of the most interesting hits were evaluated by surface plasmon resonance experiments and spectroscopic inhibition assays. The mapping of TR hotspots reported here contributes to the effort of providing new scaffolds amenable for chemical optimization into lead-like compounds.
2 MATERIALS AND METHODS
2.1 Expression and purification
TR from Trypanosoma brucei (TbTR) was expressed and purified as previously reported (Fiorillo et al., 2022; Exertier et al., 2024). In details, the gene of TbTR was subcloned in a pET15b vector. After transformation in E. coli BL21, a 10 mL starter culture was grown overnight to inoculate the next day 1 L of LB medium supplemented with antibiotics. The culture was incubated at 37°C, 180 rpm until the optical density reached 0.6. TbTR overexpression was induced upon addition of 1 mM IPTG. The cells were incubated at 37°C, 180 rpm for four more hours prior to harvest by centrifugation.
Cell pellets were resuspended in lysis buffer (50 mM Tris pH 8.0, 300 mM NaCl, 5 mM imidazole, 10 mM MgCl2, 0.1 mM PMSF and one tablet of Pierce antiprotease cocktail). Cells were lysed by sonication, cell debris were discarded by centrifugation and the soluble phase was loaded onto a HiTrap column for immobilized-metal affinity chromatography (IMAC). Elution of TbTR occurred upon application of an imidazole gradient. The His-tag was cleaved from TbTR construct using 1U of Thrombin per 0.1 mg of protein. Tag-free TbTR was further purified from the protease using a benzamidine resin and from the uncleaved protein by reverse-IMAC. Finally, TbTR buffer was exchanged into 20 mM HEPES pH 7.4 by dialysis.
2.2 Fragment screening experiment
Crystallization plates were partly set up at the XCHEM facility of Diamond Light Source using a Mosquito crystal robot from SPT Labtech and partly set up in our home laboratory using an Oryx4 robot from Douglas Instruments. In both cases, TbTR crystallizes at 17 mg/mL in 22% 2-Methyl-2,4-pentanediol (MPD), 14% PEG3350, imidazole 40 mM pH 8 and 50 mM NaBr. Surprisingly, the crystallization conditions were similar to those used in the previous screening, yet yielded crystals with a different symmetry (monoclinic vs. orthorhombic). This behavior, which we could not rationalize or control, is attributed to variations between sample batches. An ECHO acoustic liquid dispenser was used to dispense 503 fragments from second half of DSI Poised and the entire EubOPEN libraries onto the crystallization drops, resulting in a maximum concentration of 50 mM fragment and 10% DMSO (Collins et al., 2017). Soaked crystals were then incubated for 1 h at 20°C. Crystals were rapidly mounted on cryoloops thanks to the OLT shifter (Wright et al., 2021) and directly flash frozen in liquid nitrogen prior the diffraction experiments, which were carried out both at the I03 and I04-1 beamline. Data processing was carried out using the XCHEM Explorer (XCE) pipeline (Krojer et al., 2017). Hits were identified using Pan-Dataset Density Analysis (PANDDA) (Pearce et al., 2017), a first refinement was performed by Buster (Smart et al., 2012), implemented on XCE. The final refinement of the occupancy and geometry was performed using Phenix-1.21.2-5419 (Liebschner et al., 2019). Supplementary Table S1 reports the data collection and refinement statistics.
2.3 Surface plasmon resonance
Surface Plasmon Resonance (SPR) experiments were carried out to assess the thermodynamic parameters of the interaction between TbTR (ligand) and analytes (fragments) in a Sartorius Octet SF3 apparatus. The ligand was immobilized on an Octet CDL Sensor Chip, which consists of a carboxymethyl dextran 3D matrix which allows a highly stable covalent bond with the ligand. The ligand was immobilized with amine coupling chemistry. The amount of immobilized TbTR was detected by mass concentration-dependent changes in the refractive index on the sensorchip surface, and corresponded to about 3,800 resonance units (RU). Analytes were dissolved in 100% DMSO at a concentration of 50 mM, and subsequently diluted in sterile HEPES 20 mM, pH 7.4, NaCl 150 mM, 0.005% surfactant Tween20 to yield 2% DMSO final concentration (HSP-2%D buffer) and final analyte concentration: 1 mM. Further dilutions and all the experiments were carried out at 25°C in degassed HSP-2%D buffer. After ligand immobilization, analytes were injected at different concentrations, i.e., 33 μM, 100 μM, and 300 μM, into a moving stream of buffer (Valentini et al., 2022; Masciarelli et al., 2014). At higher concentrations, the signal traces became increasingly difficult to interpret, likely due to interference from non-specific binding and contributions from solubilized components in the solution. In all experiments, the increase in RU relative to baseline indicates complex formation between the immobilized TbTR ligand and the fragments (analytes). The plateau region, when present, represents the steady-state phase of the interaction. The decrease in RU after 200 s indicates analyte dissociation from the immobilized ligand after HSP-2%D buffer injection. As a negative control, sensor chips were treated as described above in the absence of immobilized TbTR. Values of the plateau signal at steady-state (Req) and full fittings with 1 and 2 sites were calculated from overall kinetic evaluation of the sensorgrams using the Octet SPR Analysis software with a one-site kinetic model.
2.4 Inhibition assays
Fragments were purchased from Enamine and were solubilized in DMSO to reach a stock concentration of 50 mM. Typically, TbTR enzymatic reaction at 25°C was followed in the presence of 50 nM TbTR, 100 μM fragments (2% DMSO final concentration), 150 μM trypanothione, 100 uM NADPH in 50 mM HEPES pH 7.4, 40 mM NaCl at 340 nm using a spectrophotometer (JASCO V650) equipped with a Peltier (JASCO EHC 716). Experiments were carried out only for the fragments identified in catalytic cavities (trypanothione and NADPH cavities). The reaction initiated upon NADPH addition was followed at 340 nm. Initial velocities were used to calculate the residual activity of TbTR compared to the activity in the absence of fragments. Each data point is the average of triplicate experiments. Data analysis was performed with Prism 9, and graphs were made with Labplot2.
3 RESULTS
3.1 Fragment screening at XCHEM
Fragment screening has been performed on TbTR monoclinic crystals grown in 13% PEG3350, 24% MPD, 40 mM imidazole pH 8, 50 mM NaBr. It is worth mentioning that although the crystallization conditions are rather identical, the previously reported fragment screening experiment was performed on orthorhombic crystals of TbTR (Fiorillo et al., 2022). The monoclinic packing did not affect the quality of crystals, as these TbTR P21 crystals diffracted at high resolution (1.62–2.11Å) compared to the orthorombic ones (1.65–1.97Å, Fiorillo et al., 2022). Molecular replacement revealed the presence of two TbTR homodimers in the asymmetric unit instead of the single homodimer observed for the orthorhombic crystals, and the different packing arrangement did not significantly alter the solvent-accessible surface area (SASA) of the TbTR dimer (Supplementary Figures S1, S2).
The 1-h soaking of monoclinic TbTR crystals with 50 mM fragments from the second fraction of DSIpoised and the entire EubOPEN libraries, designed for favoring a follow-up chemical expansion (Cox et al., 2016) was performed at the XCHEM facility while X-ray diffraction was carried out at both Diamond Light Source I03 and I04-1 beamlines.
Eight clear hits have been identified using the Pan-Dataset Density Analysis (PanDDA) implemented on the semi-automatic XCHEM-Explorer pipeline (Supplementary Table S2). These fragments were observed in five different sites with 0.6–1.0 occupancy (Figure 1; Table 1): (i) the most populated site is the trypanothione cavity, where compounds target several sub-pockets; (ii) the NADPH cavity, in the close vicinity of the doorstop pocket; (iii) three other sites accounting for pockets with no known enzymatic function. Notably fragment 79, a rather promiscuous compound, is found in three distinct cavities.
[image: Figure 1]FIGURE 1 | Fragment screening carried out on TbTR. Two 90°-related orientations of TbTR are shown at the center with the fragments identified by the PANDDA analysis. Inserts show more in details the pockets, cavities or surfaces with which fragments interact. Monomers from the TbTR homodimer are shown in light blue and light green and fragments are represented as colored spheres (center) or sticks (insets).
TABLE 1 | Ligand details and overall quality.
[image: Table 1]3.2 The trypanothione binding cavity is the most populated site
Over the years, the trypanothione cavity has been the preferred target for the design of TR inhibitors (Exertier et al., 2024; Baiocco et al., 2013; Battista et al., 2020; Ilari et al., 2018; Battista et al., 2022; Turcano et al., 2018; Colotti et al., 2020; Patterson et al., 2011). This is primarily due to the larger size of the cavity and its distinct surface charge distribution compared to that of the glutathione cavity found in the closest human homolog, glutathione reductase (GR), which provide a significant advantage in the development of selective inhibitors through structure-activity relationship (SAR) studies. We counted four fragments accommodating in the trypanothione cavity. The “trypanothione cavity” inset of Figure 1 clearly shows that fragments may be divided in two groups: those that interact with the so-called mepacrine binding site (MBS), i.e., a hydrophobic patch localized at the entrance of the trypanothione cavity; and those binding to the z-site, a more profound hydrophobic alcove.
In the z-site, event maps arising from the PanDDA analysis clearly indicated the presence of fragments 79 and 350 (Figures 2A,B; Supplementary Table S2). Importantly, 79 contains a piperazine ring linked to a phenyl group by an amide. The piperazine is stabilized due to interactions with E467; this interaction has also been observed previously with piperazine-containing fragments binding to TbTR (Supplementary Figure S3) (Fiorillo et al., 2022), although abolished upon merging and elongation of these fragments (Exertier et al., 2024).
[image: Figure 2]FIGURE 2 | Hits identified in the trypanothione cavity of TbTR. Fragments 79 (A) and 350 (B) were identified close to the z-site. Fragments 133 (C) and 28 (D) were identified in the mepacrine binding site (MBS), a more external region of the trypanothione binding site. Notably, fragment 133 accomodates in the same sub-cavity formed upon displacement of M113 (indicated by a light blue arrow) as dihydroquinazolinic (DHQ in grey) compounds (pdb entry 2WP5 from Patterson et al. (2011)). Residues and fragments are displayed as sticks. Less than 3.2 Å-long interactions between residues and fragments are displayed as follows: π-π stackings are represented as dashed lines with round extremities, hydrophobic interactions as dotted lines and electrostatic interactions as simple dashed lines.
Other two fragments, namely 28 and 133, bind to the mepacrine binding site but in rather separate and mutually exclusive locations (Figures 2C,D). Interestingly, fragment 133 occupies a sub-cavity generated by the displacement of M113. A similar mode of binding has been observed for dihydroquinazoline compounds (DHQ), that account for some of the most potent TR inhibitors (Figure 2C; Patterson et al., 2011). Indeed, fragment 133 enters deeper into this sub-cavity compared to DHQs, although the moiety exposed towards the cavity is less bulky.
3.3 One fragment targets the doorstop pocket
We identified only one hit in the NADPH binding region, close to the so-called doorstop pocket (Ardini et al., 2024). F198 plays the role of a gatekeeper: in the absence of NADPH, F198 is locked in a perpendicular position with respect to the FAD. When NADPH enters the cavity however, F198 swings out from its position to allow the nicotinamide moiety to interact with the FAD isoallaxazine ring (Battista et al., 2020). Ligand binding within the doorstop pocket can restrict the movement of F198, consequently hindering NADPH binding and TR activity.
Fragment 108 is stabilized in this position mainly through hydrophobic interactions. In fact, it is surrounded by numerous apolar side chains, amongst them F198, F230, L332, L334 and V362. Nonetheless, the position of this fragment is also supported by H-bonds with water molecules (Figure 3).
[image: Figure 3]FIGURE 3 | Fragment 108 accommodates in the doorstop pocket. F198 swing out movement is indicated by a black arrow. Secondary structures are displayed as ribbons, side chains and chemical compounds as sticks, and waters as red dots. Less than 3.2 Å-long interactions between residues and 108 are displayed as follows: Electrostatic interactions and hydrophobic/π-π interactions are shown respectively as simple dashed lines and dashed lines with dot extremities.
Fiorillo and colleagues previously reported the identification of several other fragments accommodating in the doorstop pocket, with the hypothesis that they could act as allosteric inhibitors. Amongst them, Fiorillo’s 68 (hereafter referred to as F-68) also contains two amide groups connected to a nitrogen heterocycle (piperidine instead of piperazine), and its position partially overlaps to that of fragment 108 (Supplementary Figure S4; Fiorillo et al., 2022).
3.4 Non-enzymatic cavities
Four fragments were found in other binding sites with no known enzymatic activity. One of these sites, containing the three fragments 35, 42 and 79 (Figure 4), was already detected in the previous fragment screening performed by Fiorillo and coworkers.
[image: Figure 4]FIGURE 4 | Fragments 35 (A), 42 (B) and 79 (C) binding to the main non-enzymatic site. Residue side chains and chemical compounds as represented as sticks, and waters as red dots. Less than 3.5 Å-long interactions between residues and fragments are displayed as follows: Electrostatic interactions and hydrophobic are shown respectively as simple dashed and dotted lines.
This site is rather exposed to solvent and close to the dimerization interface, involving both TR monomers through the protrusion of W61’ in the bottom of the cavity lined by M70, R74, V88 and K211. It must be noted that the binding of fragment 79 in this site is likely an artifact due to crystal packing. Indeed, although the binding pose of 79 is stabilized by a meaningful polar interaction between the amide oxygen and the side chain of K211, its benzene ring extends out of the cleft apparently towards the solvent but actually toward adjacent protein subunit. In contrast, 35 and 42 fully adhere to the cleft and share a common benzene ring whose position is conserved. Notably, other ligands have been previously detected in the same site, namely the fragment F-60 (Fiorillo et al., 2022) and a drug-like inhibitor binding this cleft as a secondary site (Turcano et al., 2020).
The two other non-enzymatic binding sites contain either fragment 79 or 115 (Supplementary Figure S5). These two sites are mostly superficial grooves that however show a certain affinity, although probably low, for these two fragments. While Fiorillo and colleagues already observed fragments binding to 115 groove, 79 binds to a shallow site that has never been identified before. In these last three binding sites, the occupancy of each fragment is relatively moderate (0.6–0.7) and interactions with the peptidic chains are rather scarce.
3.5 Fragment binding by SPR
The eight fragments identified here plus seven selected from the previous screen were tested by SPR to assess their affinity for TbTR. As previously stated, fragments are characterized by low mass (150–300 Da) and low affinity (μM-mM), making the characterization of their binding through SPR a challenging task that requires extensive experimental effort for optimization (Tiwari et al., 2021). However, in our study, we were more interested in obtaining a rough estimation of binding affinity rather than an exact measurement of the dissociation constant (KD) to rank the fragments for their binding properties. Thus, by testing three concentrations (33, 100, 300 μM), we could detect binding for 12 out of 15 fragments with TbTR, albeit with KD values in the submillimolar-millimolar range (Table 2; Supplementary Figure S6). The compounds endowed with the highest affinities were 28 and 350 in the trypanothione cavity, 108 and F-117 in the NADPH binding site, and 42 and F-60 in the non-enzymatic cavity. Although none of these ligands emerges as a particularly strong binder, their detectable binding indicates that some may potentially exert inhibitory effects on TbTR.
TABLE 2 | Inhibition assay and binding by surface plasmon resonance.
[image: Table 2]3.6 Inhibition assays
The fragments found in the substrate cavities, namely the trypanothione and NADPH cavities, during the fragment screening reported in this work and in Fiorillo et al., 2022 were tested against TbTR to evaluate their inhibition activity (Table 2). Most of these fragments do not significantly alter the activity of TbTR even at a concentration of 100 μM. This is not unexpected as fragments are usually small low-affinity ligands and, in this context, their binding may not be sufficient to impede the entry and positioning of the substrates. Consequently, these fragments do not substantially hinder TbTR’s ability to perform its full and effective reduction of trypanothione.
Unlike hypothesized above, 108 does not affect TbTR activity, suggesting that the fragment does not sterically hinder the swinging movement of the gatekeeper F198.
However, it is worth mentioning that fragment F-117 at least inhibits TbTR reduction of trypanothione of ∼11% (Residual TbTR activity = 89.4%). F-117 has been identified in the doorstop pocket and appears to be among the fragments that protrude the most towards the FAD gatekeeper F198 (Supplementary Figure S4). This suggests that F-117 is capable to obstruct the movement of F198 side chain, thereby preventing NADPH nicotinamide moiety from positioning above the FAD isoalloxazine ring, disturbing the transfer of electrons from NADPH to the FAD. Thus, F-117 emerges as a good candidate for elongation and merging and a promising starting point for the design of a potent inhibitors.
Notably, a similar a strategy has been successfully applied for the design of noncovalent inhibitors targeting the doorstop pocket of the thioredoxin glutathione reductase from Schistosoma mansoni (Petukhova et al., 2023).
4 DISCUSSION
This manuscript reports the findings from the second crystallographic fragment screening conducted on trypanothione reductase (TbTR) from Trypanosoma brucei, aimed at expanding the chemical space of binding fragments and enhancing the mapping of the protein surface. The screening, performed on monoclinic crystals, identified eight novel fragments distributed across five binding sites, complementing the 12 fragments previously characterized in orthorhombic crystals. Notably, all identified sites, except for one weakly populated and superficially engaged site, had been previously highlighted in earlier screening. While this experiment does not further extend the overall mapping of binding cavities of TbTR, it reinforces the classification of these sites as true hot spots that appear to be unaffected by crystal packing artifacts.
In the attempt to prioritize the fragments identified, we conducted binding studies using surface plasmon resonance (SPR) alongside enzyme inhibition assays, including both the newly identified fragments as well as selected fragments from prior studies. Overall, most of the fragments demonstrated varying degrees of binding affinity, although none achieved strong binding characteristics, with dissociation constants ranging from sub-millimolar to millimolar levels, and only one exhibited significant inhibitory activity at a concentration of 100 µM. This finding is neither surprising nor unexpected considering the nature of small ligands; numerous studies have demonstrated that crystallographic fragment screening is a powerful tool for detecting weak binders that may elude other biophysical techniques (Douangamath et al., 2021; Patel et al., 2014; Schiebel et al., 2016; Dubianok, 2021). Nevertheless, the presence of weak binding interactions should not lead to the dismissal of these fragments. Rather, various works have shown that structure-based optimization of weak fragments can result in the development of potent inhibitors (Gahbauer et al., 2023; Exertier et al., 2024; Wever et al., 2024; Ni et al., 2024).
Therefore, only a thorough structural analysis of the interactions, complemented by relevant activity data, can truly reveal the potential of each fragment and each binding site.
Fragment 108 binds to the region known as the doorstop pocket, located near the NADPH binding site, joining four previously identified fragments: F-64, F-68, F-90, and F-117. A closer examination (Supplementary Figure S4) reveals that only F-64, F-68, and F-117 can effectively prevent the swing of Phe198 necessary for NADPH binding, whereas fragments 108 and F-90, which bind more distantly, do not have direct interactions with the gatekeeper residue. On the other hand, fragments 108 and F-117 exhibit the highest affinities, as determined by surface plasmon resonance (SPR). Taken together, these observations provide a rationale for the fact that only F-117 demonstrates inhibitory activity and suggest that any follow up for fragments binding this site should focus on creating steric hindrance as close as possible to Phe198. Moreover, it is important to highlight that the activity of F-117 provides the first significant validation of the doorstop pocket as an effective target for inhibition of TbTR.
Regarding the trypanothione cavity, none of the fragments exhibited inhibitory activity, although several displayed detectable affinities. This finding is somewhat unexpected, as other fragments that bind to the z-site were able to reduce TR activity by approximately 15% (Fiorillo et al., 2022). However, it can be speculated that these fragments had a higher affinity compared to those tested here. Notably, fragment 133, despite its low affinity and lack of inhibitory activity—indeed, it appears to enhance TR activity—exhibits a particularly appealing mode of binding. As previously described, fragment 133 anchors itself in a subpocket it creates in the MBS, similarly to dihydrochinazolinic (DHQ) compounds, but penetrates deeper into the subpocket (Figure 2C), although it protrudes slightly into the trypanothione cavity and therefore does not provide inhibition. DHQ derivatives demonstrate potent activity against TR (submicromolar IC50), yet they have been sidelined due to toxicity concerns (Patterson et al., 2011). Fragment 133 offers a unique opportunity to utilize the same binding mode as DHQ while allowing for modifications to the chemical scaffold that could potentially mitigate toxicity concerns. Notably, the superimposition of fragment 133 and compound 29a, a derivative of DHQ, indicates that replacing the 4-methylphenyl group with a bulkier condensed aromatic group may enhance the affinity and selectivity of DHQ compounds when targeting TR proteins.
Finally, noteworthy observations can also be drawn from fragments binding to the non-enzymatic sites: while ligands such as 35 and 42 may initially appear insignificant due to their binding to a site not recognized for altering activity, they could hold considerable relevance for the development of non-inhibitory ligands, such as PROTACs and molecular glue degraders.
Fragments are a valuable starting point for the development of drug leads, but significant effort is required to progress them into potent ligands. Recent advances in artificial intelligence (AI) and computational methods are increasingly complementing fragment-based drug discovery workflows. These tools can effectively aid fragment elaboration, from the prioritization of fragments to the design and synthesis of derivatives, thereby accelerating the entire fragment-to-lead process (Yoo et al., 2025). However, they still face challenges in accurately identifying weak small binders and defining binding poses, particularly in cryptic pockets, which underscores the continued pivotal role of experimental fragment screening.
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